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The 7th International Workshop.«Isomers and Quantum Nucleonics» was held
at the Joint Institute for Nuclear Research, Dubna, Russia, from June 26 to July 1, 2005,
extending a series of Workshops supported by the United States Air Force Office of Scien-
tific Research. These meetings have been focused on research results that related
to the promise of nuclear isomer-energy release for applications, in particular on perspec-
tives for the creation of a gamma-ray laser and on the so-called induced, or triggered, re-
lease. Among the topics of the present Workshop were general approaches to triggering,
a problem of the isomeric nuclei production; the studies of nuclear excitation with pho-
tons, electrons and plasma interactions, and nuclear decay modification by external condi-
tions in atomic and solid-state surroundings. The Proceedings therefore collect papers into
six sections that reflect these different, yet interwoven subjects.
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7-e Mexynaponsoe copemmanue «/I30Meph! M KBAHTOBAS HYKIEOHHKa)» GBLIO Ipo-
Besieno B OObeANHEeHHOM HHCTUTYTE AAEpHBIX HecnexoBanuii (JlyoHa, Mockosekas o611,
Poccus) ¢ 26 mons no 1 urona 2005 r. OHO HMPOAOIDKIIIO CEPHIO COBELAHHUIMA, OpraHU30-
BaHHBIX NpH noaxepxxke OTxena Hay4HBIX UCCHEROBaHUH aMepuKaHCKUX BosmymHbix
cun (AFOSR). TemaTtuka 3TX coBenlanmnii CKOHIIEHTPHPOBAaHA HA PE3YNBTAaTaX UCCIE0-
BaHH}H, 00EIAOMIX IPUMEHEHHE H30MEPOB B KAYECTBE MCTOYHHKA SHEPIHH, B YACTHO-
CTH B HaNpaBIE€HHH IIEPCIEKTHB CO3JaHMA raMMa-Jlasepa M TaK HAa3blBaeMOro
TPUTTEPHUHTA WIH HHAYUHPOBaHHOIO BHICBOOOKAEHHA N30MepHOit aHeprun. Cpeau Tem
HacToALIero pabouero copelanus; 00NIMe MOAXOAH! K HpobiieMe TPUITEPHHTa, BO3MOX-
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Ja sAjiep BO BHEHIHeH cpelie, B aroMax 1 TBepaoMm Tene. Takum obpaszoM, cobpanusle B Tpy-
Jax pabGoTel paclpefelleHBl II0 INECTH CEKUMAM, YTO OTPAKaeT HX Ppa3IH4HYIo,
HO BHYTPEHHE B3aHMOCBA3aHHYIO TEMATHKY.
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PREFACE

The 7th International Workshop on "Isomers and Quantum Nucleonics” is a
continuation of the outstanding series of meetings initiated and supported by the US
Air Force Office of Scientific Research (AFOSR). Initial meetings were organized in
Romania between 1995 and 1997 and the international dialog and exchange of ideas
were continued during the past decade with subsequent Workshops being held at
various sites:

2nd AFOSR Isomer Workshop, Telluride, Colorado, USA, May 2001

3rd AFOSR Isomer Workshop, Tucson, Arizona, USA, December 2001

4th AFOSR Isomer Workshop, Albuquerque, New Mexico, USA, October 2002
5th AFOSR Isomer Workshop, Hamburg, Germany, August 2003

6th AFOSR Isomer Workshop, Nizhny Novgorod, July 2004

Traditionally, a group of Russian physicists have been quite active in -
exploring a number of areas of interesting research. Most recently, the 6th AFOSR
Isomer Workshop was organized by the Institute of Applied Physics, RAS, Nizhny
Novgorod within the International Conference "Frontiers of Nonlinear Physics." That
meeting was held aboard the cruise ship "Georgy Zhukov," traveling on the Volga
from Nizhny Novgorod to St. Petersburg. '

For the 2005 Workshop, the international nuclear science center - Joint
Institute for Nuclear Research - provided the infrastructure facilities, the
organizational efforts and great hospitality from June 26 to July 01, 2005. The
Workshop was supported by AFOSR and Youngstown State University (YSU) and
was headed by Professors J.F. Agee (Washington) and M.G. Itkis (Dubna). The
Organizing Committee included Program Co-Chairmen J.J. Carroll (Youngstown) and
S.A. Karamian (Dubna), and Scientific Secretary E.A. Cherepanov (Dubna).

The Workshop program surveyed the state-of-the-art in research in fields
related to mechanisms and means of inducing, or triggering, the release of energy
stored in metastable isomeric states as well as selected problems of isomer production
and decay. Following this general idea, six topical Sections of the Workshop are
presented herein:

Sec. 1. General perspectives on isomer triggering;

Sec. 2. Studies with selected isomers;

Sec. 3. Photon-induced processes;

Sec. 4. Electron-assisted nuclear transitions;
Sec. 5. Nuclear excitations in plasma: ) .
Sec. 6. Studies with Moessbauer techniques.

Among the submitted papers are reports containing new results on interactions
of isomeric nuclei with electromagnetic radiation or a slow neutron bath, also being
contained within plasma or in a condensed state and influenced by external fields.



Electron-assisted nuclear excitations may manifest themselves as the most promising
processes for efficient isomer triggering. More general discussions are included as
well, in particular on coherent wave processes and the associated gamma-ray laser
concept.

A total of forty scientists from five countries took part in the Tth AFOSR
Workshop on Isomers and Quantum Nucleonics. Their specializations are relatively
wide and interdiscipliniary and this was integral to discussions of the modern progress
in the field of interest. The volume of Proceedings includes most of the presented
talks, and it is hoped that this collection will give the reader a realistic view of issues
presented in the Workshop. To our regret, a small number of speakers failed to submit
papers for inclusion in this volume. The subjects contained in this volume nevertheless
demonstrate the value of the Workshop to the participants, and in providing important
communications between those participants and young colleagues and students
working at JINR, Dubna for their education.

Taking this good opportunity, we would like to thank all the partlcxpants for
their keen interest and valuable contributions to the meetmg We also thank the
Administrations of JINR, Dubna and YSU for their support of this endeavor. Financial
support by AFOSR grant via YSU is gratelfully acknowledged.
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SUMMARY OF GAMMA RAY LASER AND INDUCED GAMMA
EMISSION RESEARCH

FORREST J. AGEE & A.Y. MATSUURA

Air Force Office of Scientific Research, 875 N. Randolph St., Suite 325, Room 3112,
~ Arlington, V4 22203USA

The potential for achieving a gamma ray laser led some decades ago to an interest in
achieving induced gamma emission from spin isomers. Research has been conducted
in many countries including Russia, Ukraine, Romania, US, UK, Australia, Belgium,
France, and others. Many universities and scientific institutes have been in the
forefront of the research. The potential for many useful applications has been widely
recognized. The possibility of using substantial energy stored in isomeric states for
periods of seconds to years has motivated much effort to achieve a better
understanding of the field. This paper reviews the progress to date, present ongoing
efforts, and suggests a way forward.

1. Background

Research into gamma ray lasers and induced gamma emission (triggered release of
energy stored in spin isomers) is an area with a number of interesting and potentially
fruitful branches. Recent work followed the conference GARALAS 95 held in
Predahl, Romania in 1995 [1]. The International Commission on Induced Gamma
Emission (ICIGE) was formed at the conference and non-profit research foundation,
the IGE Foundation was created to foster international cooperative research,
headquartered in Bucharest, Romania. A number of useful meetings have followed
including two workshops in Bucharest in 1996, and the First International Induced
Gamma Emission Workshop in Predahl, Romania in 1997 [2]. More recently, The
Third AFOSR Isomer Workshop was held in Tucson, AZ and the extensive
international participation continued with authors from the US, Russia, Belgium,
Japan, Germany and the United Kingdom [3]. Subsequent workshops have been held
in Hamburg, GE and in Russia. Research has included associated studies of
mechanisms and means of triggering the release of energy stored in spin isomer states
as well as gamma ray laser concepts. More recently, efforts have been undertaken to
achieve independent verification of the triggered release of energy from the most
energetic spin isomer of Hf. Additionally, more fundamental research issues are being
addressed to focus on the physical understanding of nuclear excitations in Hf and in
other isomers. The goal is to develop a foundation of firm scientific data from which
the potential of specific nuclear isomers may be assessed for applications.



1.1. Areas of Research

The work has proceeded along a number of lines. There have been experiments
performed to define better the triggering of ¥ Ta ™ Work has also been done to
measure and confirm the triggering of '”® Hf ™. There have been efforts to study the
processes for production of " Hf ™ with a view to optimizing the process used at the
Joint Institute for Nuclear Research at Dubna with regard to accelerator energy and
feed stock. Coulomb excitation is being used to understand the nuclear structure of '”®
Hf ™. Similar investigations are being initiated on other isomers, such as 22 A, 12
Sn, ' Ho, and ' Lu. There has been work to define a new gamma ray laser concept
involving laser cooled atoms. There have been studies into the use of lasers to
manipulate nucledar transitions leading to electromagnetically induced (EIT) in
coupled nuclear and atomic systems.

1.2. Triggering the Longest Lived Isomer

The present interest in triggered gamma emission stems in part from the success
in triggering release of the energy stored in the longest-lived isomer, '*° Ta ™.
Although the energy stored is a relatively modest 75 kev, the triggered release of this
most inhibited isomer has been a motivator to seek other cases in which triggered
gamma emission might occur under more practically favorable circumstances. The

- potential for possible applications is indeed broad and extends to gamma ray lasing,
high energy density storage applications such as rocket fuels, portable power sources,
pulsed gamma ray sources, and a variety of potential applications in medicine [4].
Following the first measurement of triggered release of spin isomer energy [5], further
work accomplished much to clarify the anomalously large transition strength
associated with the triggering at 2.8 Mev [6,7,8]. The additional understanding
disclosed that there were'in fact a number of photon energies at work in the triggering,
and that therefore, the transition strengths were not out of line [9]. The further
identification of the triggering energies with energy levels determined from
spectroscopy data provides as well the ability to predict outcomes from triggering
events [10]. This is an important fundamental research finding that is essential to the
eventual practical exploitation of induced gamma emission [11].

1.3. Triggering the 31 Year Isomer of Hafnium

The isomer 7® Hf ™was identified as a high energy density material that might be
attractive for applications over a decade ago. There was discussion and interest in the
possibility of using the favorable 2.445 MeV stored energy for a variety of
applications on two grounds. The first was the obviously large energy stored in a
metastable state. The second was based upon the observations that systematics of
lifetimes for the isomers in this mass region pointed to a possible trigger level at or
below 2.8 MeV, as did other work that indicates that in this region, k no longer
becomes an effective inhibitor of transitions, a so-called k-mixing level [12,13].
Following incomplete but encouraging experiments with alpha particles, emphasis
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shifted to experiments with X-ray triggering. The initial experiments indicated
increased radiation from the sample of '"® Hf ™when exposed to X-rays from a
modified dental X-ray source [14.15]. Subsequent experiments have shifted for the
most part to the use of spectroscopic beam lines at the Spring-8 synchrotron and at
other synchrotrons, although not all with the tunable precision of the spectroscopic
lines. Some experiments have reported additional information about the triggering
[16,17,18,19]. Other experiments have been performed to look at various approaches
to observing triggered emission without confirmation of the triggered emission
[20,21,22,23]. Additional experiments are planned and others are as yet unpublished
that will add more information about the status of triggering of the Hafnium 31 year
isomer. In very recent work, the researchers at the University of Texas at Dallas and
their colleagues have reported additional details of the triggered release of isomeric
cascades based upon further experiments at SPring 8 in Japan and at the Paul Scherrer
Institute. The experiments show a correlation between the photon energy and the L-
shell atomic electrons, suggesting an atomic — nuclear resonance leading to a more
efficient triggering than would be expected for a photon — nuclear interaction unaided
by electrons. (A), (B), (C). A complication to the study of the triggering has been the
lack of a sufficient supply of the isomer and the poor quality of the samples that are
available. These are moreover contaminated by substantial background radiation from
other radioactive nuclides, with the fraction of the isomer being measured in the less-
than 0.1% range. A much better quantity and purity of samples would greatly enhance
research. In this regard, AFOSR is focusing research on other isomers that can be
more easily made and that can be provided without extensive contamination by other
isotopes. Such a focus is expected to provide a much faster path to better
understanding of triggered gamma emission and gamma ray laser possibilities.

1.4.Studies of Ways to Produce the Hafnium Isomer

Studies have been conducted at the Joint Institute of Nuclear Research at Dubna,
Russia on the spallation process in making the isomer '® Hf ™. The work has been
focused in two directions. The first was to study the effect of accelerator energy on the
process. The second was to vary the feed stock material used for spallation. The most
isomer made to date was produced at Los Alamos in a beam stop. The process was
obviously not optimized for Hafnium isomer production, and the resulting beam stop
was highly contaminated with very radioactive isotopes that required more than a
decade of cooling to reach at all usable samples. The goal of the work has been to
reduce the time required for radioactive decay of contaminants and to optimize the
production of the desired isomer.

The production of the high spin isomer state (K = 16") in '™® Hf ™is attributed to a
combined process of multi-step Coulomb excitation up from the ground state followed
by O-decay feeding into the K= 16" band [24]. AFOSR is investing in basic Coulomb
excitation research at Gammasphere, a high resolution 4z y-ray detector facility. The
result of this research performed by the University of Rochester is the observation, for
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the first time, of a dramatic breakdown in the goodness of the K quantum number in
low-K bands. This is in contrast to the high-K bands where K is a good quantum
number. The K mixing becomes almost complete at higher angular momenta in low-K
bands, whereas K remains pure for high-K bands. This result is a significant advance
in understanding the structure of states in '® Hf ™ that has important implications
regarding the population and stimulated depopulation of isomeric states.

1.5. The Gamma Ray Laser

One approach to a gamma ray laser that is under investigation is an attempt to
realize the concept of recoil assisted lasing with hidden inversion of a population of
nuclear states in free nuclear ensembles. This work involves a consortium of Russian
institutes including the International Laser Center, V. M. Lomonsov Moscow State
University, Moscow State Institute for Radio Engineering, Electronics, and
Automation, Lebedev Physical Institute, Russian Academy of Science, and Russian
State Science Center Troitsk Institute for Innovation and Fusion Research. The work
is focused on developing a demonstration gamma ray laser experiment. In this regard,
MIREA is doing the theory, LPI is selecting the nucleus and developing master lasers,
MSU is making the experimental arrangement including the laser cooling, using
femtosecond lasers to stimulate nuclear states, and TRINITI is working on the
Nd:YAG laser system [25,26,27].

1.6. Electromagnetically Induced T ransparency

It has been demonstrated that Nd:YAG laser radiation at 1064nm on MgO:Fe,
resonant to the electronic transition of the divalent Fe in MgQO, results in a new
doublet structure in the Mossbauer nuclear absorption spectrum [28]. AFOSR is
investing in this exciting new field of laser manipulation of -nuclear transitions.
Recently, the Kocharovskaya group has succeeded in demonstrating for the first time
Electromagnetically Induced Transparency (EIT) in solids (ruby) at room temperature.
The goal is to clarify the mechanism of the observed influence of laser radiation on
nuclear transitions. Ultimately, we hope to be able to observe transparency similar to
EIT in a coupled nuclear/atomic system. EIT can enhance or suppress transitions
between atomic orbitals. In nuclear systems, the analogous ability to suppress a
resonant nuclear transition in a coupled system using low energy lasers would greatly
reduce the requirement for incoherent pumping of a potential inversion-less gamma-
ray laser [29].

1.7. Future Course of Research

The planned course of research in this area at AFOSR will focus on giving a
better scientific basis for the areas of induced gamma emission and a possible gamma
ray laser along the lines outlined above. Our conclusion that for a better
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understanding, we need to consider other spin isomers that may be more available for
study and we need.to get a better understanding of the nuclear states, transition
possibilities,-and outcomes of such transitions. With regard to '”® Hf ™, we look to a
better definition of the triggering both to clarify the region of low energy x-rays
explored to date and to complete the work by looking at higher energies. Recent work
on the gamma rays emitted in the decay of the isomer will help guide experiments that
are above the energy levels explored to date [30].

There is also interest in other isomers in the same mass region A ~ 180 [31,32].
The 141 y isomer **' Am ™ is an interesting possibility for further study. Coulomb
excitation research on high purity 98% enriched samples of *** Am will be conducted
at Argonne National Laboratory in August 2005 by researchers at the University of
Rochester, Youngstown State University, and Dubna’s Joint Institute of Nuclear
Research. We look forward to further exploration of the best way to produce isomers,
initially for research purposes and to support evaluation of possible uses for them. The
ultimate goal of a gamma ray laser along lines not previously explored will take
advantage of the new science of laser cooled atoms and lasing with hidden inversion.
The international cooperation that is making progress possible is a pleasant and
productive way of conducting research in this field as it is in others. It has much to
offer for future progress, and the Air Force Office of Scientific Research appreciates
the good work and interaction among the participants.
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FOUNDATIONS OF ISOMER PHYSICS FOR ENERGY
APPLICATIONS

JAMES J. CARROLL

Department of Physics and Astronomy, Youngstown State University,
One University Plaza, Youngstown, Ohio 44555 USA

Nuclear isomers can store significant amounts of energy for substantial periods and the
potential to utilize this energy in a controllable manner has motivated considerable
study. Focused attempts to produce so-called induced, or triggered, energy release
from isomers have largely been carried out without explicit connection to established
nuclear structure data, with mixed results. The feasibility of any application wili
depend on the specifics of the isomer chosen, including its decay characteristics and
whether or not it is possible to cause, with high efficacy, an early loss of the stored
energy. Learning the lessons of previous experimental approaches, work by the YSU
Isomer Physics Project, with valued collaborations, seeks to provide a solid foundation
of nuclear physics data as a guide to the search for a practical controlled energy release
from isomeric nuclei. This paper surveys the present status of this effort to connect
traditional nuclear physics and focused studies of possible energy-releasing processes,
and looks to the future of the field.

1. Introduction

Nuclear isomers, particularly those characterized as metastable states, can store up to
MeV/nucleus for decades or longer, corresponding in the extreme cases to
1.3 GJoules/gram (‘"*™Hf) and T,, > 10" years ("®™"Ta). Between these limits, a
wide variety of isomers exist and just over thirty are known with halflives longer than
a day [1].

The ability of isomers to store large amounts of energy at very high densities has
suggested many applications [2]. For example, one could imagine a gamma-burst
device, perhaps used for the cleansing of bio-contaminated environments. Should the
stored energy within one gram of pure *™Hf be released within 10 ns, gamma rays
carrying more than 100 kW/m? could be delivered at a distance of 100 m and through
a standard 4 cm Pb brick. Another possibility might be to utilize an isomer like the
141-year-lived state of ***Am as a form of nuclear battery. A total of 3 ug of **™Am
in this state would have an activity of merely 33 pCi, but should an induced reaction
be capable of transferring its population to the 16-hour ground state, an activity of 2.5
Ci would be produced. One could suppose a “battery” from this material to be stored
safely until needed, then activated for use at a higher decay rate. Finally, it may

15



eventually be possible to produce the ultimate light source, a gamma-ray laser,
utilizing an isomer as an initial storage level.

To determine the feasibility of any application, it is first necessary to obtain
measured values for critical physical parameters, €. g. the cross section and interaction
energy of an isomeric nucleus with some external agent. To reach such a mature state
of investigation, it is valuable to assess the present stage of research and how it was
attained.

2. Reaching the present

A full history of the search for control of nuclear decays is beyond the scope of this
paper and more detailed background may be found in Ref. [1]. Insofar as induced
energy release from isomers is concerned, a major step was taken in 1987, when for
the first time it was demonstrated that an external agent could cause depletion of the
'80mpa jsomer [3]. It was shown conclusively that real photons in 6 MeV
bremsstrahlung could cause this depletion, but it was not possible to determine the
energy(ies) at which the reaction occurred or the corresponding cross sections. This
result largely re-energized the field of study into so-called (y, ¥’) reactions and led to
numerous experiments on the population of isomers over the period of about 1988 —
1993 as represented [1] by about fifteen related publications. Many of these
experiments were performed at the Technical University of Darmstadt, Germany, with
the injector to the S-DALINAC accelerator, including the 1990 measurement of cross
sections for the depletion of **™Ta via mediating transitions near 2.8 and 3.6 MeV

(4].

Despite this impetus, nearly a decade elapsed before a more detailed examination
of the isomer-depletion reaction on '"Ta was performed. ‘In 1998, a series of
experiments [5, 6] were performed using the world’s supply of enriched 180mTy and
irradiations with bremsstrahlung from the Stuttgart DYNAMITRON. This experiment
was a triumph of international collaboration and again demonstrated the depopulation
of that isomer. The increased sensitivity of those measurements made possible the
identification [5, 6] of new, lower-energy mediating transitions, with the minimum
energy required being about 1 MeV. Simply put, it took a quantum input of 1 MeV to
release the 75 keV stored by that isomer, which was therefore more of an energy sink
than an energy source. Nevertheless, the general process was confirmed again and in
greater detail. The next question would then naturally be “is there a better isomer?”

Before returning to this question, it is worthwhile to consider how these studies
impacted or were impacted by more traditional types of nuclear physics studies. The
field of study into nuclear structure and the underlying physics is very mature, but still
growing in the breadth of techniques based on new reactions (like multi-nucleon
transfer reactions [7]) and instruments [8]. Nevertheless, a new impetus came with
the '®™Ta results. Those results indicated that absorption of a photon by an isomeric
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nucleus could excite an intermediate level that could branch into the ground-state
band. This required at least some of the necessary transitions to exhibit a smaller K
hindrance than would be considered typical, suggesting a mixing of the K quantum
number in the participating states. The discovering of similarly K-mixed transitions in
the decay of the short-lived 17*H£ [9] isomer contributed a parallel motivation for study
of so-called “K-forbidden” transitions. It proved very difficult, however, to make the
essential connections between nuclear structure and the mediating states discovered
for depletion of "™Ta. In fact, only in 2001 was it possible to suggest a likely
identification of nuclear levels with those intermediate states [10].

It is important to note that the initial demonstration and subsequent tests of
depletion of "™ Ta were made without guidance from nuclear structure data of
potential mediating states — there simply was insufficient information from which to
identify the weak transitions required to make the process work. And despite the ever-
improving quality of nuclear structure studies, their results still would not provide a
priori any guidance as to what energies to try for a depletion reaction with "**"Ta.
This situation is the rule, not the exception, for long-lived isomers of potential value
for applications.

So how then to decide what would be a “better” isomer? The '**"Ta isomer, while
extremely long-lived, lies at a modest excitation energy. A reasonable supposition
was, therefore, to examine the possibility of induced depopulation of a higher-lying
~isomer. This approach was supported by systematics developed in the 1990’s for
~ related reactions [11, 12]. From this perspective, the 31-year isomer *™2Hf at 2.5
MeV became an obvious focus of attention. Spontaneous-decay transitions from this
isomer are inhibited from their hypothetical single-particle values by a K hindrance on
the order of (66)° [13], leading to its long halflife — only the extremely large channel
for electron conversion of the first decay transition prevents the lifetime from being
much longer. Nuclear structure results suggested that the nearest likely intermediate
state was 126 keV above this isomer [14], but there was more than enough motivation
to just try something. After all, no structural guidance was available for '***Ta and
still an important result was obtained. Thus, in 1996 began the search for an induced
energy release, triggered gamma emission, from '7*™Hf.

Studies into possible energy-releasing reactions on "*™Hf have for the most part
concentrated on real photons at energies on the order of 10 keV. This so-called low-
energy triggering remains extremely controversial with the conflicting results up to
early 2004 surveyed in Ref. [15]. Later, additional positive results have only served to
enflame the controversy (for example, see the suggestion [16] of induced energy
release through a single ~ 2.5 MeV transition of AJ > 10). New null results from
SPring-8 [17] cast even greater doubt on claims of low-energy triggering, based on
gamma-ray singles and higher-order coincidence measurements [18].
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In the same period, - however,
investigations into the nuclear structure of
'"Hf provided new information. Among
these were the observation of new natural-
decay cascades [13] and actual transitions
at 331, 990 and 1,676 keV that could
permit induced depletion of the 31-year
isomer with unexpected strengths [19].
Those strengths were due to significant K
mixing in the ""*Hf ground-state band at J >

rigure 1. ry sampie wumin ine 1d>U 14,
miniball =~ array at the SPring-8
synchrotron [17,18]. The study of induced (triggered)

depletion of nuclear isomers has faced
significant challenges beyond that of traditional nuclear physics research. Largely this
has come from the inability to find a connection between triggering results and
nuclear structure, even after induced depletion was established (for '**"Ta). Only now
is it slowly becoming possible to create the necessary synergy by which to provide a
foundation for focused depletion studies. Such a foundation is essential if this field is
to mature and lead to realistic evaluations of the feasibility of nuclear isomers for
applications.

3. Toward the future.

Maturity of the study of induced depletion of isomers must lie in a firm foundation of
nuclear structure data. The YSU Isomer Physics Project has undertaken to develop
this through a systematic and linked program of research. This program encompasses
direct experiments of potential trigger reactions, guided where possible by available
level schemes, in parallel with traditional nuclear physics studies of isomer production
reactions, isomer depletion reactions and associated structural investigations. The
following will summarize a few recent developments in this two-pronged approach.

3.1. Enhanced study of nuclear structure of "*Hf with gammasphere

In November 2004, a new experiment was conducted at Argonne National
Laboratory using the ATLAS accelerator and gammasphere. A pulsed beam of '"*Hf
ions was incident upon an enriched *®Pb target producing excitations at high angular
momentum for both species. Coincident gamma rays up to triples (y-y-y coincidences)
were recorded using the 101-detector Ge array. Lead excitations could be excluded
using the high-lying first excited level of this doubly-magic nucleus. The emphasis of
the experiment was to search for new ps isomers in "°Hf and transitions connecting
them or known isomers to freely-radiating states such as in the ground-state band.
Analysis is continuing and should be completed in 2006. At this time, there is no
evidence of intermediate states for isomer depletion within 100 keV of '"*"™Hf,
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and test the limits of the K quantum number.

Collaborating institutions included the

S | University of Surrey, TRIUMF,
University of Massachusetts-Lowell,

T |  Argonne National Laboratory and
YSU.

405 = -
3.2.Initial search fbr new isomers

ey - at GSI/FRS

In October 2004, an initial search

for new isomers was conducted at the

Figure 2. Transitions (in keV) feeding the 3I- Gegelighaft fir Schwerionenforschung
year isomer "*™Hf from higher-lying levels (GSI) using the FRS fragment

ited i 7] ] :
excited in the 2004 gammasphere experiment separator. A beam of 670 MeV/u 23_8U

¢

560 .

~beam was incident on a target of *Be and fragments were mass-separated with a

resolution of a few hundred keV prior to obtaining correlated gamma spectroscopy on
an ion-by-ion basis. Analysis is continuing. Collaborating institutions included the
University of Surrey, Michigan State University, GSI and YSU.

3.3.GSI-RISING campaign

- In 2005, the YSU Isomer Physics Project
joined the GSI-RISING campaign. This is a
multi-year systematic program to study the
production of exotic (high-spin, isomeric)
nuclei using the FRS mass separator and a

- Ge/BF2 array. The Rare ISotope INvestigations

at GSI (RISING) collaboration includes twenty-
six participating institutions: US participants
are Notre Dame University, Lawrence Berkeley
National Laboratory and YSU. The goal is to
systematically map the landscape of K isomers

Figure 3. FRS at GSI  Reaction
fragments are analyzed by mass and
gamma rays recorded ion-by-ion.

3.4.Measurement of production and depletion cross sections for "*"*Hf using
reactor neutrons

A recent experiment conducted at JINR [20] has revised the traditional cross
section for production of *™Hf by neutron capture. Also, the cross section for
depletion (burn-up) of the isomer due to reactor neutrons was deduced. This work
impacts the feasibility of large-scale production of this isomer.

3.5. Nuclear structure and isomer characterization of "*'°Tm at TRIUMF

~In August 2005 a study of the nuclei “Tm and ""Tm was performed at
TRIUMF-ISAC (Isotope Separation and ACceleration) using the 8n Ge array coupled
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experiments focused directly on energy-releasing reactions and on the parallel
development of a firm foundation of complimentary nuclear structure information. It
is the nuclear structure that will (or will not) support the use of isomers in
applications. The YSU Isomer Physics Project supplies the lead role in this synthesis
with valued colleagues around the world and a number of experiments have been
conducted or are in preparation to advance this program. A few of these efforts were
highlighted herein as providing significant steps forward.
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A FEW NOTES ON RESULTS OF ISOMER TRIGGERING
EXPERIMENTS

L.A.RIVLIN

Applied Physics Laboratory, MIREA Technical University
78 Vernadsky Ave., 119454 Moscow, RUSSIA
Phone & FAX: +7 (095) 434 9317, e-mail: rivlinl140322@mccinet.ru

Possible reasons of disputability of results of isomer triggering experiments may
consist in (i) unsatisfactory low spectral density of triggering radiation of broadband,
as well as narrowband x-ray sources and (ii) shortage of continuous duration of
triggering pulse in comparison with lifetime of upper level of trigger transition.
Elimination of discrepancy (ii) shall significantly increase a running value of trigger
transition and consequently a trigger efficiency itself. Another way to increase trigger
efficiency is application of Moessbauer type target with isomers embedded into cooled
solid matrix in conjunction with bright narrowband x-ray source.

1. The “Physics Today” reviewer had qualified results of a long set of well known
experimental efforts to observe the triggering decay of long-lived nuclear isomers as
“a conflicting” ones [1]. These experiments deal with perhaps one of the central
problem of modern quantum nucleonics, namely with the problem of controllable
energy utilization of metastable nuclear states. Current state of the art' together with
detail references is presented in comprehensive analytical review [1].

Triggering is a two-step process consisting radiative transition from a metastable
level (m) to an auxiliary upper level (a) by absorption of an external resonant x-ray
photon following by rapid spontaneous transition from (a) to a ground level. Generally
speaking such a process is not forbidden by basic laws of physics. It is well known in
optics and atom physics as an anti-Stokes transitions. So it is of general, as well as
pragmatic importance to analyze.the possible quantitative reasons of contradictious
status of similar experiments in nuclear domain. The following notes present brief
discussion [2] of some possible causes of quantitative experimental discrepancies,
namely first of all the influence of inducing x-ray source parameters (such as total

photon flux density @ (cm™s™), its spectral density (brilliance) d®/dw (cm™s™ Hz'!

= cm™), pulse duration Af (s) and so on) on efficiency of triggering process. It should
be emphasized that the types of x-ray sources used in experiments are very diverse —
from dental x-ray apparatus towards relativistic electron ondulators.

2. For the sake of practical comparison of different experimental 51tuat10ns it is
useful to introduce a quantity

7 dn
= _fm % 1
0 — (1)

m
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that is merely the ratio of rate —(dnm /dt) of forced triggered decay of metastable
states with concentration n,, to their spontaneous rate n,7. and can be called a
quality factor of trigger process (here 7, is spontaneous life-time of metastable level
and ¢ is time).

Disregarding transition mechanism the rate of whole triggering decay is

determined by the rate of its first stage (m —>a) that generally speaking is
proportional to effective absorption cross-section of inducing x-ray photons

A2 2T, +1
O-m—m ~ -
27 2J, +1

@)

where A is wavelength of inducing x-ray radiation, J,, and J, are angular momenta
of metastable and auxiliary levels correspondingly. So the quality factor is equal to

Q=aw(%)rmwa )

where Aw, ~ 7' is natural width of an auxiliary level a and 7, is its spontaneous life-
time.

3. It is necessary to distinguish two alternative types of experimental situation: a
broadband one, if the total inhomogeneous line-width Aw,, of transition m —a

significantly exceeds natural width of an auxiliary level (Ao,

ot

>>Aw,), and a
narrowband one with Aw@,, tending to natural width of an auxiliary level Aw,
(Aw, > Aw,).

In these two cases the total x-ray photon flux densities ® = (d®/ da))Aw,o, needed
to achieve fixed quality factors Q are quite different: '

» Aa)fol '
D,, = _—Q—_ (4)
O-m-baz.m Aa)ﬂ :
and
o, =—2 )
O-m—mrm
where the line-width ratio
Aw
= a 6
ﬂ Aa)lol ( )

is equal to #=1 in a narrowband and f <<1 in broadband situations consequently.
So that

@, >>D,,. Q)]
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4. At this point it is useful to give a quantitative model example. If 4 =0.124nm
(10 keV), 1, =28h~9x10's, o, =2.5x10""(2J, +1)2J, +1) cm?, z,=10ns,
Aw, /2 =10° 5, isotopic number = 100 and isomeric target is supported at room
temperature, Ao, /27 =6x10" 5", B~2x10°, and 0=0.01, then

d®/dw ~ 300 photons per cm’, ®,, ~2x10" photons per cm’s, ®,, ~3x10" photons
per cm’s. :

These estimates make it clear the irreproducible results of experiments with
sources of continuous x-rays (e.g. bremsstrahlung of dental x-ray apparatus) because
of their spectral densities d®/dw and total photon flux densities @ are unfortunately
lower than needed figures by many orders of magnitude, and the possibility to
heighten them is very questionable. '

Nevertheless, one can see the advantage of narrowband source with line-width
Aw, > Aw,. If such a source with sufficiently high spectral density would be
available, the needed total flux density, according to (7), could be decreased by orders
of magnitude. For this purpose the Moessbauer-type target must be used with isomers
embedded into cooled solid matrix which narrows transition line-width Aw,, — Aw, .

5. Another type of x-ray sources based on emission of relativistic electrons and
much more bright than bremsstrahlung ones were used for triggering, but also with
doubtful results [1], although their d®/dw and ® seems to be sufficient for reliable
observation of triggering effect. In this relation, it should be emphasized the role of
continuous x-ray pulse duration At : x-ray irradiation time should be accurately

adjusted to radiative lifetime z,_, of upper level of a transition a — m . This is why

—m

running value of any transition cross-section o-m_m(t) possesses an asymptotic
behavior: o (t) starts from zero value G,,,_,a(t=0)=0 and approaches the final

m-»a

stationary value only after time delay drawing nearer to [3]. Thus, to achieve a

satisfactory trigger efficiency, a irradiation pulse duration Af, must be close to

a-—-s>m

lifetime 7, [3]. In particular, this is of importance for mentioned triggering by
intensive hard radiation of relativistic electrons accelerated in LINACs and similar
microwave accelerators. In these types of accelerators electron pulse duration and
consequently continuous duration At of separate x-ray pulses are situated in

subnanosecond range, whereas in most cases the lifetime 7,_,, of an auxiliary level a

exceeds Af, by orders of magnitude. So in these experiments running value of cross-
section o,,_,, (0 <t< Atx) was also lower than its asymptotic stationary value by orders
of magnitude and therefore the quality factor was tending to zero Q — 0. Perhaps, this

was the main reason of disputability of results of triggering experiments with
relativistic irradiation sources.
6. The bottom line: to raise reliability of a new set of triggering experiments
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(a) it is necessary to increase the spectral density d®/dw of triggering x-ray radiation
of broadband, as well as narrowband sources;

(b) in the narrowband case the Moessbauer type target with isomers embedded into
cooled solid matrix seems to have significant advantages;

(c) continuous duration Az_ of triggering pulse must be adjusted with auxiliary level
lifetime 7, (namely, A1, —» 7, )to increase the running value of trigger cross-
section &, _,, (0 £t< Atx) and the quality factor Q; '

(d) and finally, it seems to be useful to enlarge list of experimental isomers.
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EXCITATION OF NUCLEI BY THE PHOTON BEAMS CARRYING
ORBITAL ANGULAR MOMENTUM

A.A. ZADERNOVSKY
Applied Physics Laboratory, MIREA Technical University

78 Vernadsky Ave., 119454 Moscow, RUSSIA
Phone & FAX: +7 (095) 434 9317, e-mail: zadernovsky@mirea.ru

Drop in the efficiency of nuclear excitation through transitions of high multipolarity is
related to the increase in angular momentum difference between the nuclear states
involved into the excitation transition. Such transitions need the photons with high
angular momentum. It is well known, that the photon beams carrying a well defined
and an arbitrary high value of angular momentum about the beam axis can be
produced. We discuss some features in the excitation of nuclei with the beams.

1. Introduction

In contrast to atomic case, in nuclei the quadrupole and higher-multipolarity
electric and magnetic transitions are rather commonly found to exist in many different
nuclides. As the multipolarity increases, the nuclear transition probability decreases
dramatically. The drop in efficiency of the nuclear excitation through transitions of
high multipolarity is related to the increase in the angular momentum difference
between the nuclear states involved into the excitation transition. Such transitions
need the photons with high angular momentum. Photons of an ordinary circularly
polarized plane electromagnetic wave each carry only one unit (in the units of #) of
angular momentum. It is well known, however, that the photon beams carrying a well
defined and an arbitrary high value of angular momentum about the beam axis can be
produced. Such beams, which are often referred to as the light beams with orbital
angular momentum, have been extensively studied during the last decade [1]. In this
paper we discuss some features in the excitation of nuclei with the beams.

2. Light Beams With Orbital Angular Momentum

It is well known that light can have an angular momentum. As early as in 1909
John Poynting [2] realized that circularly polarized plane electromagnetic wave must
carry angular momentum. However, the polarization does not account for all of the
angular momentum that can be carried by light. In addition, there is an orbital
contribution. In 1992 a group at Leiden University [3] recognized that the light beams
with helical phase fronts carry an angular momentum independent of the polarization
state. The orbital angular momentum arises from the phase structure and can be
directly deduced from the consideration of the Poynting vector. This vector gives the
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direction and magnitude of the linear momentum flow. For helical phase fronts, the
Poynting vector circulates about the beam axis, thus, producing an orbital angular
momentum parallel to the axis. Because of the linear momentum circulation, such
beams are often said to contain an optical vortex.

In terms of photons, angular momentum of a light beam is associated with the
quantum state of an individual photon. Total angular momentum of a photon is a sum
of spin and orbital contributions. Circular polarization relates to the intrinsic spin of
photons. Circularly polarized photons of a plane electromagnetic 'wave each have
angular momentum projection *# on the beam axis. Light beams with an
exponentional azimuthal phase dependence of exp(-ifp) carry an orbital angular
momentum independent of the polarization state. The angle ¢ is the azimuthal
coordinate in the beam cross section, and £ can take any integer value, positive or
negative. For any given ¢, the beam has ¢ intertwined (left or right) helical phase front.
In such a beam, the orbital angular momentum in the propagation direction has the
value of L=¢# per photon.

The most common form of a helically phased beam is the so-called Laguerre-
Gaussian (LG) mode. The LG modes are the solutions of the paraxial wave equation
in cylindrical coordinates expressed in terms of the product of a Laguerre polynomial
of radial index p and axial index ¢, a Gaussian envelope and a phase term exp(-i{p).
Since the mode amplitude distribution have an explicit exponentional azimuthal phase
factor, that makes them the natural choice for the description of beams carrying orbital
angular momentum along its propagation direction.

- The LG beams can be produced in different ways. Among them are controlled
production directly in a laser cavity [4], conversion of Hermite-Gaussian (HG) laser
modes into LG modes with the help of cylindrical lens [5], use of spiral zone plates
[6] or phase plates [7] and forked diffraction gratings [6, 8]. In practice, the most
common method employed for the generation of optical beams containing vortices is
the use of computer generated holograms [6]. The required hologram is formed by
calculating and recording the interference pattern between a plane wave and the LG
beam one seeks to produce. The result is a forked diffraction grating. Illuminating the
grating with a plane wave one can produce a first-order dlffracted beam carrying the
desired value of orbital angular momentum.

Forked gratings can be used for production of x-rays carrying orbital angular
momentum. In this case, the role of the diffraction grating might play lattice of a
specially grown crystal with a fork-like dislocation. Spiral phase plates also can be
used for generation of x-ray vortex beams. Recently, an experimental observation of
an optical vortex in a beam consisting of 9-keV x-ray photons has been reported [9].
The vortex was created with an x-ray optical structure that imparts a spiral phase
distribution to the incident wave.

Study of the excitation of nuclei through absorption of photons carrying orbital
angular momentum we begin with discussion on the nuclear interaction Hamiltonian.
Special attention is paid to the problem of choice of gauge for electromagnetic
potentials in practical calculations of transition probabilities.
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3. Multipole Interaction Hamiltonian

Hamiltonian of a nucleus interacting with electromagnetic field can be written as
the sum

Hszan + Hnucl + I{rad +Him (1)
containing the free-particle Hamiltonian
H, =P [2M ()

of the entire nucleus with mass M and momentum P, the nuclear Hamiltonian H
describing the internal interaction of the elementary nucleons, the Hamiltonian of free
electromagnetic field

Hrad = z ha)(al:aaka + %) ’ (3)
ko

where a,, and a,, are the operators for creation and annihilation of a photon with the

energy hw, momentum #k and polarization o and, at last, the Hamiltonian Hj, of
interaction between a nucleus and electromagnetic field.

In conventional perturbation theory the sum of the Hamiltonians Hp;n and H,, for
the material system and the Hamiltonian H..4 for free electromagnetic field is treated
as unperturbed Hamiltonian Hy . The eigenfunctions of H, provide the basis set of
states for the wavefunction of radiating system.

The interaction Hamiltonian H, , which is considered as a perturbation, is often
expressed in terms of electromagnetic potentials, so that in the Coulomb gauge of
vector potential A it can be written, in single particle approximation of non-relativistic
radiation theory, as

2

H, =--(Ap)+

i A%, 4)
mc 2me

2
where e is charge of a nucleon with mass m and momentum p and c is the velocity of
light. The vector potential in the place of a charged particle is determined by the
expression

2
ko

Since the interaction Hamiltonian in form (4) is obviously not gauge invariant,
this approach introduce a serious concern about calculated results for nuclear
transition probabilities. The expansion coefficients for the wave function look like
dependent on gauge of electromagnetic potentials and therefore cannot be interpreted
as probability amplitudes.

Difficulties of this type could be avoided if it is used the interaction Hamiltonian
expressed in terms of electric field E and magnetic field H strengths. Already in very
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early works in quantum radiation theory [10-12], the electron-photon Hamiltonian in
the dipole interaction form

H,, =—(dE) | (6)

has been used for calculation the probabilities of atomic transitions. Afterwards, the
interaction Hamiltonian in the form of multipole expansion has been established {13-
15], which contains only electric and magnetic fields strengths, thus, expressing
explicitly the well known gauge invariance of quantum theory. It can be represented as
a sum of three terms

Hn=He + Hy + Hp, x Q)
where Hy describes electric multipole interaction between a nucleus and radiation
field and it is given by the series

HE =HE[+HEz+...+HEL+...:-(dE)+... (8)

with dipole electric contribution Hg,, quadrupole electric contribution Hp,, and so on,
d - electric dipole moment of the nucleus,

= IZJ v e, (a,e"™ —a,e™) ©9)

is electric field strength in the center of mass of the nucleus and R - radius-vector of
the center of mass,

- The second term in (7), H,,, describes magnetic multipole interaction of a nucleus
with radiation field and can be written as the series

Hy=Hyg+Hpt+...tHpt+...=—(gH)+... (10)

where H,; - is the dipole magnetic contribution to the interaction energy, Hn -
quadrupole magnetic contribution, and so on, p - magnetic dlpole moment of the
nucleus and

H=—IZ~/ wle,, x T)(a,e"* - ae™) (11)

- magnetic field strength in the center of mass of the nucleus (t = k/k - unit vector).

The third term H) is proportional to H, ~ (H}, / mc?) and, taking into account
that H,, /mc* <<1, it can be neglected.

The series Hr (8) and H,, (10) are the power expansions on dimensionless
parameter a/l <<1, where a=12x10""4" - radius (in centimeters) of a nucleus
with the number of nucleons A and A - is a wavelength of radiation and

~(a) ), H,, ~(v/c)a/A)"*, where v/c is the ratio of a velocity of nucleons

to the velocity of light,
Collecting all terms together, we can present interaction Hamiltonian through the
multipole development
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H, =Y S [ + vy, + WE +vomy g | (12)
L ko

where both electric ¥.*” and magnetic ¥, multipole interactions can be written in

the form V¥ =(w/c) V¥ with V¥ which is not dependent on frequency of
emitted photon but only on the photon propagation direction assigned by the unit
vector T. '

The equivalence of the two forms (4) and (7) of interaction Hamiltonians and the
relation between the corresponding results for transition probabilities has been
extensively discussed by many authors [12-23]. In a number of simple cases this
equivalence can be shown [12, 16-18] by means of demonstration the formal identity
between the expressions for the transition probabilities obtained with the two
interaction Hamiltonians. A more general proof is obtained by applying a suitable
canonical transformation [13, 14, 19, 20] or gauge transformation [15] directly to the
conventional Hamiltonian (4). Since the difference between the two perturbations just
corresponds to a gauge or canonical transformation under which the theory is known
to be invariant, the both interactions must lead to the same physical predictions.

Nevertheless, a closer examination [18, 20-23] shows that the problem is not so
simple in practical calculations of transition probabilities. Being calculated in a
particular order of perturbation theory the transition probabilities turn out to be gauge
dependent. The reason is that one does not use in such calculations the exact
wavefunction (which differ by a phase factor in two gauges) but approximate it using
perturbation theory. In addition, only a limited number of states of unperturbed
Hamiltonian is usually used as a basis set for the wavefunction. As a result, transition
probabilities computed with the interaction Hamiltonians in forms (4) and (7) differ

by the factor of (hw, /E )* for a single photon transition with multipolarity L, by the
1 ¥ p ty

factor of (haw,/E, )" (hw,/E,f'" for two-photon transition and so on, where @, and
o, represent the frequencies of photons inducing the transitions and E; and E,

represent the energy differences between initial and intermediate or final states.
In the first order of perturbation theory the two interactions give the same results
due to the fact that only initial and final states are involved and the photon energy hw,

is equal to the energy difference E, (see, however, the remark of Lamb [24] that only
dipole interaction perturbation in form (6) gives the shape of atomic spectral line
which is in agreement with experiment). In higher orders, intermediate states are
involved and energy is usually not conserved in the virtual transitions to these states.
For this reason, when the photon energy is much less than the energy difference
between initial state and the closest intermediate state, the multiphoton transition
probabilities calculated with the interaction Hamiltonians (4) and (7) may differ by
many orders of magnitude [25, 26]. Thus, in this case the problem of choice between
(4) and (7) becomes extremely critical.

Summarizing discussion on the problem of choice between the two forms of
interaction Hamiltonian-(4) and (7) we conclude that they are fully equivalent when

31



summation is carried out over all intermediate states and over all orders of
perturbation theory. However, if only the leading term is retained it is preferable to
use the gauge independent Hamiltonian in the multipole interaction form (7) which
provides the most rapid convergence especially for multiquantum transitions with
nonresonant intermediate states.

It should be emphasized that the interaction Hamiltonian is expressed in terms of
electric and magnetic field strengths taking at the origin, that is at the place of a
nucleus. We take this fact into account in the discussion, addressed in the following
section, on some features in excitation of nuclei with x-ray beams carrying orbital
angular momentum.

4. Excitation of Nuclei With X-ray Beams Carrying Orbital Angular
Momentum

The existence of photon beams with a well defined projection of angular
momentum J, on the direction of its propagation is a direct consequence of the
possibility to construct field modes as the eigenfunctions of the commuting set of
operators for the projection of the angular momentum J, , projection of the linear
momentum P,, energy and spin of a photon. Note that these modes do not have well
defined total angular momentum, nor a definite parity.

Alternatively, one can construct field mode as the eigenstates of the four
commuting operators for the square of total angular momentum J, its projection J,
along the z axis, energy an parity. These modes are well known as multipole waves of
electromagnetic field. Photons in such states do not have well defined linear
momentum, so that the beams of mutipole waves with assigned direction of
propagation are impossible.

The electric and magnetic field strengths at the place of a nucleus can be
expanded into a set of multipole waves. The characteristic feature of the multipole
waves of different orders is their different behavior in the origin: the only electric
dipole wave with total angular momentum quantum number equal to unity has a non-
vanishing value of the electric field strength at the place of a nucleus, the only electric
quadrupole wave with total angular momentum quantum number equal to 2 has non-
zero first-order gradients of the electric field strength at the place of a nucleus and so
on. Such a property of the multipole waves is closely related to the low of angular
momentum conservation in absorption or emission of a photon. In fact, this property
ensures that the nuclear excitation through, for a example, an electric quadrupole
transition, is determined by coupling of the nucleus only to the electric quadrupole
wave of electromagnetic field. Therefore, the transition probability depends not on the
total intensity of the electromagnetic field, but solely on the amplitude of the electric
quadrupole wave. As only the quadrupole wave contributes to the quadrupole
interaction, the angular momentum is conserved. If such a wave does not contribute
the electromagnetic field, the excitation of a nucleus through the electric quadrupole
transition becomes impossible. In this case, however, the transition may occur through
a mode of higher-multipolarity and, thus, the nuclear excitation probability will be
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suppressed. On the contrary, the intensity of electromagnetic field strength may vanish
at the place of a nucleus, this does not prevent the quadrupole and higher-order
nuclear transitions to occur.

In order to illustrate this assertion we consider absorption of photons from the
beam possessing a well defined projection of angular momentum J, on the direction of
its propagation. Electromagnetic field on the beam axis can be expanded into a set of
multipole waves. Note, that for the beam with J, equal to, for example, 2, only those
multipole waves, which possess 2 units of angular momentum and higher, and a fixed
value of the projection of angular momentum equal to 2 are involved into the
expansion. This means that dipole waves do not contribute the field, so that dipole
nuclear transitions are unlikely to occur. Only quadrupole and higher-order transitions
can be induced by the beam. The latter becomes obvious if we take into account zero
intensity of light at the beam axis. In fact, photons of the beam with .J,=2 have, along
with the spin, the orbital angular momentum contribution. A feature of the beams with
orbital angular momentum is that the phase singularity dictates zero field intensity on
the beam axis. .

Accordingly, photons with 3 units of angular momentum projection cannot be
absorbed by a nucleus through quadrupole transitions. At last, photons of the beam
with angular momentum projection on the beam axis equal to Ji+J/;+1 and higher
cannot excite at all a nucleus from an initial state with spin J; to a final state with spin
Jy, in spite of the resonance between photon energy and energy of the nuclear
transition.

5. Conclusions

We have discussed excitation of nuclei by the photon beams carrying a well
defined angular momentum projection on the beam axis. We have argued that such
beams could be used for the fine tuning of the process of excitation. In particular:

e we are able to control the multipolarity of nuclear transition through which the
excitation of a nucleus is going to occur;

e we are able to suppress or even forbid the absorption of photons in resonance
transitions if the beam with a high enough angular momentum about the beam axis
is used;

e we are able enhance or suppress absorption of photons choosing the photon beams
with superposition of different angular momentum projection on the beam axis.
We have argued that improper choice of the photon beam can decrease

dramatically the nuclear excitation probability. The study performed in this paper can

be useful in search for the beam of an optimal configuration for excitation of nuclei
through transitions of high multipolarities.
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MULTIPOLE GAMMA-SUPERRADIANCE
OF THE EVEN-EVEN NUCLEI"
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SibirskyTirakt 10/7, Kazan, 420029, Russia

The specific features of gamma-superradiance of the inverted system of two or few
closely grouped even-even nuclei (cluster) are investigated theoretically. It is
determined that unlike from Dicke superradiance the intensity / of such superradiance
depends on the number N of active nuclei as /~N*, where a > 2. The attempt to explain
the existing experimental data on the multipole gamma-superradiance is undertook.

1. Introduction

This paper is devoted to the problem of multipole gamma-superradiance by
ensemble of even-even nuclei. The solution of this problem is important for a gamma-
laser creation, the feasibility of which was firstly shown in 1963 by L. Rivlin [1].
However a serious practical difficulty for realization of this idea is the provision for
the feedback mirrors, which should be opaque in the gamma-range. Because of this
very difficult technical problem the search for alternative method of the production of
the strong coherent radiation was carried out. The superradiant method predicted by
R. Dicke in 1954 [2] is such method, which may be realized without feedback mirrors.
In 1965, the gamma-superradiance (GSR) at the electric dipole transition (E1) was
theoretically studied in [3]. The corresponding expression for the intensity basically
coincided with the Dicke formula except for the introduction of the Debye-Waller
factor. The intensity of electric dipole GSR / is proportional to the squared number
N of active nuclei: 7~ N?. A number of later theoretical studies dwell on various
aspects of GSR. One can find the corresponding references in paper [4]. A significant
point established in these studies was the necessity of fitting a lattice to the Borrmann
condition [5, 6]: k=2xb, where k is the wave vector of a gamma-photon and b is
the reciprocal lattice vector. Thus, GSR may arise only in a regular system of active

* This work is supported by grant of U.S.Civilian Research and Development Foundation
(no. CGP RP1-2560-KA-03) and Russian Foundation for Basic Research (project no.04-02-
17082).
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inverted nuclei, when the distance between nuclei (i.e. between lattice knots) is a
multiple of the gamma-quant wavelength A, which is of an order of 10° cm. The
radiation coherence length /., =c/I" (where I' is the multipole gamma-transition
linewidth and ¢ is the gamma-ray propagation velocity) of the first spontaneously
emitted gamma photons was estimated at several tens of meters, which means that this
radiation is capable of uniting the nuclei in a single ensemble by means of the
common field. One can obtain the ensemble of inverted nuclei by means of the
external pumping of nuclei or by thermal neutron irradiation [7]. But in gamma-optics
the nuclei are often already excited as the '"*Hf isomer nuclei [8] and their lifetime in
this state is equal to 31 years. The problem is to realize a controlled transition of such
nuclei form this stable state to a shortlived state. For this purpose the nuclei were
irradiated with X-ray in order to realize triggered initiation of gamma-emission [9].
One of the most detailed theoretical papers on GSR was written by B. Balko with
colleagues [7], who used for his estimations the ®Co nuclei prepared from **Co by
thermal neutron irradiation in the isomeric level with a lifetime 637 s. The electric
dipole GSR may be realized on the *°Co nuclei if the thermal neutron flux with cross
section of 20 b is used for the pumping of the *Co nuclei. The intensity of such GSR
is proportional to N?. The spatial diagrams of natural spontaneous decay and GSR
borrowed from paper [7] are shown in Figure 1.

y . ® | RRSREE O

4% detselny o

P

‘Collimator

D ’(
_ , / ;
Superfluorescence ¢ /

Natural Detector
spotitdiseous decay

Superiluorescence Naural
spontaneous decay

Figure 1. Cross section of a polycrystalline sample and spatial distribution of spontaneous
gamma-radiation (a) and geometry of suggested experiment and main parts of experimental
arrangement (b).

2. Quadrupole gamma-superradiance

Note that a theory of multipole superradiance was discussed as early as 1973
[10], but this paper was not connected with gamma-range. In particular, it was shown
that the intensity of quadrupole superradiance at the double optical transition
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frequency is proportional to N*, where N is the number of emitters. This result may
be. interpreted in the following way. The collective states under consideration arise
when elementary multipoles stick together, forming multipoles of a larger size. In the
ideal case, N electrical multipoles with moment P, =e/, comprise a dipole with

moment P = ezjl‘, = Nel;, which entails the dependence of the dipole superradiance
intensity on N2. For quadrupoles, Q,=e/; and Q=e(Zj’=llj)’, so that the

superradiance intensity is proportional to N* in this case. Such a concentration
dependence is typical of the superradiance from an ensemble of exchange pairs, i.e.,
the clusters resulting from the exchange interaction of paramagnetic ions. The clusters
of three, four, etc., ions should emit multipole superradiance with an intensity
proportional to N¢, N*, etc.

According to the above mentioned paper the intensity of the multipole GSR may
be calculated by means of expression:

I(Amay) = G) Io(amao)Sp{ (R RS},

where Am=1,2,3,..., I,(Amw,) is the intensity of spontaneous multipole radiation of
isolated emitter, w, is the frequency of energy transition of this emitter, p(r) is the
density matrix of ensemble of emitters, R, =R xiR,, R and R, are the transverse

components of energy spin. This expression leads to the following formula for the
intensity of quadrupole superradiance (Am=2):

1 2
12} = (E) 10(2w0)Sp{p(t)RfRf} .
Note that this formula may be obtained under the semiclassical consideration of the

collective spontaneous radiation by ensemble of N emitters using the following
Hamiltonian of interaction of this ensemble with the radiation field:

H] =(AR3 +BR3&)+h.C.,

where 4 and B are the constants of interaction, R; is the longitudinal component of

energy spin. The collective states of such ensemble are described by the quantum

numbers /= -%/—, %— 1,..,0 and m=—/,—I+1,...,+/. Then, we have
1(20)0)=—£1IIO(2a)0)(1—m+1)(l+m—1)(l+m)(l—m+2).

When 1=%’- and m=0 for N >>1 we have

1(2wo)=%10(2w0)1v“ .
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Later the quadrupole GSR was theoretically analyzed in papers [9, 11]. It was
shown that quadrupole GSR may take place in even-even nuclei (‘**Ba, **Sm, **Ra),
i.e. in nuclei with an even number of protons and neutrons. In this paper the multlpole
GSR is considered in terms of the cluster model.

3. Cluster model of nucleus and GSR

It is well known that a radioactive nucleus decays with the emission of protons,
neutrons, and compound particles (alpha particles and other light and heavy nuclei)
whose compositions and properties significantly differ from those of the original
nucleus. These experimental facts are explainable within the nuclear cluster model
[12]. According to this model the atomic nucleus may be considered both as the
system of nucleons and as the reservoir of various clusters. The nucleus splits into the
large number of clusters under the collision with very fast particle, which energy is
equal to a few GeV. This process is shown in Figure 2 borrowed from paper [13].

Figure 2. Hlustration of nuclear cluster model in the case of collision of nucleus with fast
particle [13].
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A cluster is interpreted as a compact structure of two or more particles that may
emerge inside a nucleus. Therefore, an atomic nucleus can be considered either as a
system of nucleons or as a reservoir containing clusters with various compositions and
properties. The compound particles that arise during nuclear decay are formed from
the clusters that already exist in the nucleus. In terms of the modern representation of
a nucleon as a three-quark combination, atomic nucleus represents a conglomeration
of quark sacks containing six, nine, etc., quarks. It is also important to note that, at
every instant, an individual nucleon does not belong to one and the same cluster but
can with equal probability be a part of any cluster that possible in the nucleus.

The cluster. model is in agreement with the idea of Bogolyubov regarding the
nucleon coupling [14]. Such coupling of fermions results in the formation of bosons
and makes possible Bose-Einstein condensation. The state of a Bose—Einstein
condensate (BEC) represents a coherent state of all coupled nucleons. The BEC state
is most readily formed by the even—even nuclei. In the BEC state, the nucleon pairs
behave like waves rather than like elementary particles. Since such waves are capable
of interference and this capability is the decisive sign of coherence, we consider
gamma superradiance assuming that all the nucleon pairs are inphase, i.e., the system
is ideally suited for the formation of cooperative effects. Along with gamma
superradiance, such effects include collective gamma scattering and even gamma
echo. :

4. Generalized Dicke model of superradiance. Cluster GSR

Let us consider a system of N identical clusters in a nucleus that interact with
each other both via the common field of the emitted gamma photons and by means of
exchange forces, which are responsible, in particular, for the cooperative absorption or
emission of gamma photons by two clusters. The size of a nucleus is substantially
smaller than the gamma-ray wavelength. Therefore, the superradiance in such a
system can be described using the Dicke model [2], wherein the initial Hamiltonian is
supplemented with terms taking into account the cooperative effects. Thus, in the
interaction representation and the rotating wave approximation, the Hamiltonian
appears in the form

H= Zg,‘c'\.)ak\.R*'ei‘“’”‘"’)' +gPa R R'¢™ ) +hec.. ¢
ks

where g, is the photon-annihilation operator in the mode characterized by the wave
vector k and polarization s (at the frequency w =|k|/c); R* is the collective operator
of the cluster transition at frequency @, ; h.c. denotes the hermitian conjugate; and gi,
and gi? are the cluster—field coupling constants corresponding to the transitions at the
frequencies @, and 2w,, respectively. These constants can be used to describe

transitions of various multipolarity depending on the parity of the ground and excited
states.
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~ With regard to expression (1), the master kinetic equation for the density
operator p of the cluster system in the Born-Markov approximation is given by

Qp =-B"{R"R"p-2R pR* +pRR}-

ot ] ’ (2)
~BY{RRRR p-2R R pR'R" + pR'R'R'R}

2 . ..
g"”[ 8(nw,~w) is the rate of spontancous transition at the

where g7 =% x
frequency nw, .

Let us now change to the basis of the collective Dicke states |1m} :

Rgll;m)=m|l,m>,
R*|l,m>=«/ I-mY+m+ )|l m+1), 3)
R-|1,m>=,/(1—m+1)(14m)]1,m—1)'. |

Here, R; is the operator of half-difference of the excited and ground state populations
for the clusters with eigenvalues |m|</, where /=N/2 is the cooperative quantum
number characterizing the length of the collective Bloch vector. Then, from Eq. (2),
we derive the equation for populations

0

= Pom = =28 {g(,) pm = g, m+ 1) st} =

ot 9(4)

_2ﬂ(2) {g(l,m)g(l,m _l)pmm —g(lsm + l)g(12m+ 2)pm+2,m+2}

where g(/,m)=({+m)(I-m+1). v

Figure. 3- presents the time dependences of the correlation functions
(R*R‘):Zm Pmg(l,m) and (R*R*R‘R‘):Zmpmg(l,m)g(l,m—l) for the system of
N clusters at various N as obtained using the numerical solution to system of
equations (4) with the initial condition p,,=46,, (/=N/2) corresponding to the
completely excited cluster system. The solution implies that g =0, i.e., that only the
pairs of clusters emit gamma photons at the frequency 2w, , which takes place for,
e.g., quadrupole superradiance. In this case, the superradiance intensity is proportional
to (R*R*R‘R‘). According to  numerical calculations, the ratio

G=<R*R*R‘R'>/ <R*R‘>2 grows with N and the superradiance intensity is
proportional to N’ (see Figure 4). This is because the superradiance signal duration is

proportional to (ﬂ‘z’N 2)_l (the number of pairs is proportional to %) and the number

of emitted photons is proportional to N/2. So, the superradiance intensity proves to be
proportional to N*, which agrees with the experimental data of paper [15]. These
dependences also hold true in the general case A =0, but under the condition
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Figure 3. Time dependence of the correlation functions <R+R+R'R'> and <R*R‘ )2 of a N-
cluster system at various N: numerical solutions to system (4) for ,B(l) =0 and the initial

-
condition p,, =36, y,,. The time is expressed in units of ( BON 2) .
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BY << BPN?. Then, the relationship G >1 points to the super-Poissonian statistics of
photons emitted at frequency - w,. In the case A" >>p?N?, the dominant
superradiance signal is .at the frequency @, and has a’ duration proportional to
(,B“’N)_l. With increasing N, the value of G tends to unity, and we arrive at an

ordinary superradiance signal with its field staying in the cohetent state.
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Figure 4. The peak values Vof correlation functions <R+R+R'R'> and <R*R' )2 divided by

(N/2)* as a function of N: the result of numerical solutions to system (4) for ,B(l) =0 and the

initial condition p,,, =06, v,

The above discussion gives rise to another question as to whether it is possible to
observe multipole gamma superradiance in a cluster consisting of several nuclei. In
our opinion, the answer is affirmative. From this viewpoint, of much interest are the
nuclear highly strained molecular-type systems (nuclear molecules) that appear during
the nuclear reactions (for example, ?C+"2C, '®0+'°0, and others). “Nuclear molecule”
(for example, see review [16])-is a conventional term for the collective states of a
nuclear system, which are usually characterized by extraordinary high spectroscopic
factors (the degree of overlapping of wavefunctions) of the fragments (nuclei or
clusters) comprising this- system. The calculation presented above- predicts an
appreciable increase in the gamma-photon emission rate in nuclear molecules as
compared to that in the constituent nuclei, which may prove useful for studying
shortlived nuclear collective states with - the' methods of nuclear molecular
spectroscopy.
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5. Experiment on the multipole GSR

The experiment on the multipole gamma-superradiance (MGSR) was performed
by the authors of paper [15] in the sample Mg('>™Te), cooled to a liquid nitrogen
temperature, and in the same sample at room temperature. Gamma-spectroscopic
analysis was carried out by the setup consisting of the spectroscopic path based on the
COr-06 spectrometer (which amplified and formed a signal from preamplifier- of
detector) and of the ‘analyzer of pulse amplitudes AMA-02d01.The samples were
placed into a quartz ampoule with a length of 70 mm and a diameter of 8 mm. The
length of active part of ampoule was equal to 15 mm. Mass of radioactive matter was
about 2 mg, but the activity A of each nuclear isomer of Te was equal to 1.0 MBq.
The sample was fixed horizontally. The gamma-quanta emitted from the side of the
sample normally to the window of detector were registered. The germanium detectors
ArJK with a registration efficiency 7=0,42 near 159 keV were used. The resolution
time of detector was equal to 10 microseconds. The direct measurements of the half-
decay constant for each radionuclide were carried out both in the cooled sample
Mg('*®™Te + '"™Te) and in the uncooled sample of the same composition.
Measurements of uncooled sample showed, that 7;,,=119,1510,25 days for nuclide
1PmTe, It agrees with experimental data of paper [17]. Measurements of cooled
sample showed that 7;,,=118,65+0,25 days for the same nuclide. Thus, the decay in
cooled sample became more active and the decay constant increased. The authors of
experiment [15] state that the intensity of gamma-quanta emission by cooled sample is
proportional to N?, where N is the number of active nuclei. They attributed such
dependence to the multipole gamma-superradiance. The spontaneous radiation of
domains of polycrystalline sample is more collective at the liquid nitrogen
temperature. The authors of experiment [15] think that their results may be described
by means of theoretical model developed in our papers [ 9, 11].
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MEASUREMENT OF "’LUM TRIGGERED ISOMER BURN-UP
INDUCED BY BREMSSTRAHLUNG RADIATION
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A sample of the 160.4-day half-life '""Lu™ isomer was exposed to Bremsstrahlung
radiation at 280 kV and 8 ma. The irradiation duration was three weeks. Gamma
spectroscopy assays were conducted before and after the irradiation. Discrepancies in
the """Lu™ activity and the "’Lu ground state activity (6.734-day half-life) before and
after the irradiation would indicate an accelerated “burn-up” of isomer due to triggered
decay. The experimental setup is described, and results are given. With 99%
confidence, 0.10% of the isomer nuclei were lost during irradiation. An observed total
integrated cross section of 10" cm®keV is reported.

1. Introduction

For two decades, nuclear isomers have been a subject of intense study,1 with
research accelerating in the last five years.”? Much of this research has pursued a single
isomer, '®Hf"™, for a single application — rapid energy release through a chain
reaction. While controversy may exist in the value of the triggering levels of particular
gamma lines in '°Hf™, triggering has been shown in '*°Ta’ There are other
potentially useful isomers known to exist, and there are other potential applications
for which a rapid chain reaction is not the optimal method of releasing the energy.’
Other isomers have been investigated to answer questions of nuclear structure.’
Astrophysical applications of tantalum isomers have been useful in dating the
universe.>® The medical applications of isomeric materials are becoming practical as
well.? It is apparent that the power and energy uses of long-lived isomers are driving
more interest in these materials.”
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The motivation for this work lies in extended use power sources, particularly
long-lived energy-dense power for unattended sensors. An isomer with a radioactive
daughter product could make an excellent nuclear battery. This paper describes an
experiment to detect gamma induced triggering of ""Lu™

The properties of the lutetium isomer are discussed in Section 2. Experimental
techniques are described in Section 3. The details and analysis process are described
in Section 4. The results appear in Section 5 with conclusions identified in Section 6.

2. The "’Lu™ Isomer

"7Lu™ was selected as an isomer of interest for several reasons. It’s half life is
long enough to make it useful for applications as an isomer battery, but short enough
that the decay curve can be accurately measured over the course of the experiment.
The '"Lu daughter product’s shorter half-life is useful for applications (allowing
“charging” of an isomer battery by conversion of the isomer into ground state lutetium
at the depot) and can make it easier to observe an equilibrium disturbance during the
burn-up experiment. '

177Lum

2.1.Decay Properties _ IT
‘The 'Lu™ isomer has a 160.4-day half- 22.4%
life and decays by two mechanisms. 77.6% of ' 160.4 d

decays are by beta decay and proceed to the B-
stable '""Hf nuclei while the remaining 22.4% 77.6%

177
of decays-are by internal transition to the '""Lu 160.4 d L
ground state.® The ground state has a half-life
of 6.734 days. This is shown graphically in
Figure 1. The ground state is in equilibrium B- o
with the isomer parent. v 100%
The. stored -energy level of the isomer is YT 6.734d

970.1749 keV. The spin of the isomer state is

23/2-. The IT decay produces 12 unique  Figure I.Decay scheme for ' Lu".
gamma rays. 36 additional gamma rays are

measurable as a result of the beta decay from the isomer to '"’Hf. The beta decay from
""Lu to ""Hf produces six measurable gamma rays, but these gammas are
indistinguishable from six of the gammas produced in the '”’Lu™ to '""Hf beta decay.

2.2.Source Mdterial

The lutetium isomer material was obtained from the University of Missouri
‘Research Reactor (MURR). MURR produces isotopes, including the lutetium isotope
"Ly, for medical radiotherapy uses. One of MURR’s two production methods for
""Lu is direct neutron activation (n,y) of "Lu to '"’Lu. When this method is used, the
unwanted byproduct of '"’Lu™ is formed. This byproduct was made available to SRS
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Technologies for purchase in the form of seven vials with the lutetium in HCI
solution.

2.3. Experimental Targets

Two experimental targets were assembled for this burn-up experiment. One was
intended as the test article while the other was held as a control. The targets were
manufactured on 28 January 2004, each with approximately 62,335 Bq of '""Lu™, or
1.25x10" nuclei. The targets were created by evaporative deposition of a volume of
the HCI solution on a beryllium disk. A second beryllium disk was placed over the
deposit to form a “sandwich,” and disks were locked into an aluminum housing. The
aluminum housing was designed to mount against the beryllium window of the x-ray
tube.

3. Experiment Overview

The burn-up experiment was conducted in three phases. In the first phase, the
experimental and control targets were assayed in the SRS Technologies Spectroscopy
laboratory. In the second phase, the experimental target was irradiated at the Army
Research Laboratory (ARL). The control target continued to be assayed at SRS during
this time. In the third phase, the experimental target was assayed again at SRS, and
discrepancies in the activities were identified.

3.1. Expected Results

For both the '""Lu™ and ""Lu, the decay curves measured before irradiation were
extrapolated into the future. When assays were conducted after the irradiation, they
were compared to the expected values from the extrapolated decay curves.

If no burn-up occurs, then the measured values after the irradiation fall along the
extrapolated curves. If, on the other hand, burn-up of the isomer has occurred, then the
"Lu™ activity would be lower than predicted as shown in Figure 2.
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~ = = lu-177m projected Lu-177m post-burnup

Activity

Time

Figure 2. Sketch of expected results if the ' Lu" isomer experiences significant triggered decay
during the burn-up experiment.

If burn-up occuré in the form of IT decay, then the population of the ground state
will increase during the irradiation. This throws the paréent-daughter relationship out
of equilibrium. Measurements taken immediately after the irradiation would show an
increase in the -"’Lu activity, as shown in Figure 3. Over a couple of weeks,
equilibrium would be restored, and the '""Lu activity would stabilize at a value lower
than that predicted by the extrapolated pre-irradiation decay curve.

= = Lu-177 projected emmmlu-177 post-burnup -----... New Equilibrium

Activity

Time
Figure 3. Sketch of expected results of the "Lu activity if the isomer experiences significant
triggered decay during the burn-up experiment. An initial increase in the ground state activity
will eventually reach a new equilibrium value.

3.2.Spectroscopy Laboratory

Activity assays were conduced at the SRS Technologies Gamma Spectroscopy
Laboratory in Huntsville, Alabama. An ORTEC 10% GMX HPGe detector was used
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for the measurements. Both the detector and target were located in a fixed geometry
(active area 4 inches from detector crystal) inside a low-background shield. An
ORTEC DSPEC Plus was used as the power supply, amplifier, and multi-channel
analyzer.

Assays were conducted i in 24-hour increments, with spectrum files being saved
automatically. The experimental and control targets were alternated at varying
intervals, with nine days per target being the most common. Approximately once per
month a multi-gamma calibration source was assayed to prov1de independent
verification of the detector performance and calibration.

3.3.Irradiation Laboratory

The irradiation laboratory is housed in the former Aurora Test Cell at ARL in
Adelphi, Maryland. The 8 x 11 x 14 m radiation test cell volume is surrounded by 8-
foot thick concrete shielding. This shielded room, designed for pulsed radiation that
produced 300 krad (Si) during the 100 ns pulse width, is more that adequate for the
~45 Rads/sec dose rate from the continuous x-ray source used for the burn-up
experiment. However, the danger of the present situation is perhaps larger, as the
continuous x-ray source will generate enough radiation for 50% probability of death
within 24 hours after just 15 seconds of exposure. For this reason, the area is
interlocked.

The Norelco MG 300 bremsstrahlung source, manufactured in 1963, consists of a
control console, a high voltage generator, the x-ray tube, and an oil cooler. Using the
control console, we are able to vary the applied voltage (100 to 300 kV) and current (2
to 14 mA). The 240 VAC supplied from the wall is stepped up separately in two 150
kV transformers, one for the plus side (anode) and one for the minus side (filament
cathode). The full 300 kV potential appears across the anode-cathode gap,
accelerating the electrons towards the tungsten anode target. The electrons are stopped
in the tungsten target and in decelerating produce a brehmsstrahlung spectrum of x-
rays.

The experimental target was irradiated continuously from 3 May 2005 through 24
May 2005 for a total of 21 days. Expedited overnight shipping was used to minimize
the downtime between the irradiation and the assays on each end. The pre-irradiation
assays concluded at 1450 on 2 May 2005 and resumed at 1040 on 25 May 2005. Total
flux delivered is discussed in Section 5.3.

4. Activity Assay Analysis

The activity of the "’Lu™ isomer was determined using ORTEC GammaVision
analysis software. The ""Lu activity was then calculated using '"’Lu™ activity and one
of the shared peaks.
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4.1. GammaVision Analysis of Isomer Activity |

A custom gamma peak library was created for the analysis of the '"’Lu™ isomer
activity by GammaVision. Initially, this library contained the 20 most consistent
'7Lu™ peaks. The peaks that are shared between the "’Lu™ and '"’Lu beta decays were
omitted. When the systematic error discussed in Section 4.3 was discovered, the 20-
peak llbrary was replaced by a library with only three peaks. See Section 4.3.

Scripts were written to autonomously operate GammaVision to cycle through all
of the saved spectrum files and perform a peak-fitting analysis. GammaVision fit the
peaks, determined the number of counts per peak, calculated the activity represented
by each peak (using the number of counts, gamma intensity from the library, and
detector efficiency at that energy), and finally calculated a single activity by averaging
the activities for the appropriate lines. This activity is the value used to plot the '"'Lu™
decay curves. GammaVision occasionally required the use of a deconvolution
algorithm for ‘a peak. When this occurred, the data point was omitted from the
analy51s

“The exponential curve fit to the data from the experimental target before
irradiation corresponded to a half-life of 160.58 days. This is within 0.11% agreement
with the published value of 160.4 days. The measured half-life for the control target
was 160.56 days, within 0.10% agreement with the published value. After irradiation,
the experimental target had a measured half-life of 161.54 days, which is within
0.71% -agreement with the published value. This measured value is less precise
because the decay curve is fit to only 44 data points, rather than 239 and 95 points
respectwely for the ﬁrst two half-life calculations.

4.2. Ground State Acttvtty Calculation

The ""Lu activity could not be measured directly because all of the gammas
evident in the '"’Lu beta decay are also present in the '’’Lu™ beta decay. Therefore, the
activities were calculated in the following indirect manner. For-each data point, the
"Lu™ activity was calculated by GammaVision as described above. A single peak
was selected for the '"'Lu activity analysis. This peak was at 112.95 keV and was
selected for both it’s relative prominence and it’s isolation from interference by
nearby peaks Given the detector efficiency at 112.95 keV, the live time of the data
collection, and the corrected gammas per disintegration for the isomer’s contribution
to the peak, the number of counts in the peak due to beta decay of ""Lu™ were
calculated. These counts were subtracted from the total counts measured for the peak.
Finally, the remaining counts were used with the efficiency, live time, and gammas
per disintegration for the daughter’s contribution to the peak to calculate the activity
of the '""Lu daughter. The calculation is shown in Equation 1.

Ag = CT Am 5! t }/m,l (1)
6‘i ) t : 7 g,

m subscripts represent the m-isomer; g subscripts represent the ground state or

daughter state; 7 subscripts represent the peak in question, 112.95 keV in this case. 4
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is the activity; Cr is the total measured counts; ¢, is the detector efficiency at 112.95
keV; ¢t is the live time of the data collection; y is the branching ratio or gammas per
disintegration. When GammaVision required the use of a deconvolution algorithm on
the 112.95 keV peak, the data point was omitted from the analysis.

These calculated activities were plotted, and exponential curves were fit to them.
Since the daughter product is in equilibrium with the isomer, it should appear to have
the same half-life as its parent, or 160.4 days. The experimental target before
irradiation had a measured '"’Lu half-life of 156.81 days, which is within 2.24% of the
published value. The control target had a measured '""Lu half-life of 156.55 days,
which is within 2.40% of the published value.

Assuming. burn-up occurred, an exponential curve fit to the 44 data points taken
for the experimental target after irradiation would not show the same half-life due to
the disturbance of equilibrium. This was in fact the case, as the fit curve indicated a
half-life of 128.03 days, a discrepancy of 20.18%.

4.3.Systematic Error

After the decay curves were plotted, the residuals between the measured activities
and the curve fits were calculated. These residuals revealed a systematic error in the
data as shown in Figure 4. The residuals are given as percentages so that data from
both the experimental target and control target could be overlaid. (The two targets did
not have exactly the same activity due to pipette uncertainties during the evaporative
deposition.) This systematic error is attributed to the effects of temperature and
humidity changes on the spectroscopy electronics over the 1.5 years of measurements.
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Figure 4. Residuals from all data collected. A 5th order polynomial fit is added.
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Because temperature and humidity effects on spectroscopy equipment often
manifest themselves in an energy-dependent manner, the first mitigation step taken
was to change the """Lu™ library from 20 peaks to three peaks as indicated in Section
4.1. The three peaks chosen were 105.36 keV, 121.62 keV, and 128.50 keV. These
peaks were chosen for their proximity to the 112.95 keV peak used for the ""Lu
activity calculation so that any systematic error would be expected to have the same
effect on all analyzed peaks on a given date.

A proper analysis of the residuals is vital for this burn-up experiment because the
residuals are essentially where a burn-up effect would be identified. If """Lu™ nuclei
are “missing” after irradiation then the activities measured after the irradiation will
tend to be lower than the projection of the decay curve fit to the data taken before the
irradiation, i.e. they will appear as negative residuals. However, the chart in Figure 4
shows a fluctuation in the residuals (including data from the control target) that dips
below zero in the area where the post-irradiation assays of the experimental target
were taken. It would be fallacious to report a systematic error as evidence of burn-up.

A 5™ order polynomial curve was fit to the residual data as given in Equation 2.
The contribution of this systematic error as represented by the polynomial curve is
removed from the residuals (missing nuclei) before the final burn-up results are
presented. Full details are given in Section 5.2.

y=1.74x10"x" -3.33x10°x* +2.55x107 x> =9.77x* +1.87x10°x~1.43x10°  (2)

5. ‘ Results

Preliminary and detailed results are presented below.

5.1.Initial Results

At first glance, the results are indicative of triggered isomer decay. Figure 5 and
Figure 6 compare favorably to Figure 2 and Figure 3, although the magnitude of the
change is small.
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Figure 5. Post-irradiation '’ Lu™ assay data showing a slight decrease from the projected
" activity. 1-o error bars are too small for visibility. '
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Figure 6. Post-irradiation '’ Lu assay data showing an initial increase over projected activity
followed by a decline to a new equilibrium point. Error bars show [-¢ counting uncertainty.

5.2. Detailed analysis of Isomer Activities

The actual number of "’Lu™ nuclei can be calculated from the measured activity,
and the projected number of nuclei can be calculated from the projected activity. The
difference between these values represents the number of nuclei lost due to triggered
isomer decay during irradiation. For these 44 data points, the mean loss is 3.36x10°
nuclei with a standard deviation of 5.01x10%. Applying a confidence test to the null
hypothesis that the mean nuclei change equals zero and the alternate hypothesis that
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the mean nuclei change is less than zero (a decrease) gives a one-sided Z-statistic of -
4.45. This corresponds to a confidence of 99.9996% that the shift occurs, although the
shift is only 0.67 standard deviations.

However, a significant portion of this measured change in the activity is due to the
systematic error discussed in Section 4.3. This error is accounted for in the following
way. For each data point, the systematic error as a fraction is calculated from the 5®
order polynomial. This value is subtracted from the fractional loss calculated at each
data point. The result is a new set of nuclei change values that represent how far each
measurement deviates from the systematic error polynomial curve rather than the
projected value (which appears as the “0” line on Figure 4). For the region of interest,
this is a conservative adjustment, reducing the magnitude of the shift and the
statistical confidence discussed above.

After adjusting for the systematic error, the data set shows a mean loss of
1.76x10® nuclei with a standard deviation of 5.00x10%. The Z-statistic is -2.34 which
corresponds to a confidence of 99.0% that a shift of 0.35 standard deviations occurred.

At the beginning of the irradiation period, the experimental target had 1.76x10"
""Lu™ nuclei. A loss of 1.76x10® nuclei would indicate that 0.10% of the initial nuclei
were burned up by triggered decay over the three-week irradiation period. The natural
decay over this same period removed 1.52x10" nuclei, or 8.67% of the initial nuclei.

5.3. Triggering Cross Section Calculation

The total flux produced by the x-ray tube was 3.00x10'"* photons/sec/cm’. The
active area of the target was 11 mm’. Therefore, the total flux through the isomer
material was 3.30x10"! photons/sec. The total irradiation time was 1,823,040 seconds,
resulting in a total flux through the isomer material during the experiment of
6.02x10"7 photons. The cross section analysis conservatively assumes that the trigger
energy is at the peak of the flux spectrum, 85 keV. A trigger energy width of 1 keV is
assumed. The integrated area over this region is 0.573% of the total flux. This results
in a flux through the isomer at the trigger energy of 3.45x10"* photons.

The cross section observed for this reaction can be determined from Equation 3.

N,=N® .[G(E)F(E,,EO)dE 3)

where N is the number of triggered nuclei, N, is the number of initial isomer
nuclei, @ is the flux of the x-ray, and ¢ is the absorption cross section. From the
method of Collins, ef al.?, the balance of the equation simplifies as Equation 4.

jF(El,EO)dE =1 (4

The absorption cross section is calculated as 3x10"'° cm’keV. The total integrated
Breit-Wigner cross section for this transition is oI",. I', is given in Equation 5.

sl ()

T l+a
Where a is the internal conversion coefficient, taken as 0.5 for this calculation.
T'1o is calculated from the lifetime of the m-isomer state as shown in Equation 6.

4
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For ""Lu™, TI'rg is 1.1x10® and T, is 7.3x10”. The total integrated cross section,
oly, is on the order of 107" cm’keV, or 1 eV barn. This compares to an estimate by
Carroll, et al.' of an upper bound for the cross section of about 100 eV barn.

6. Conclusions

Triggered decay of the '”’Lu™ isomer is indicated by the results of this burn-up
experiment, but with a small magnitude and with less confidence than desired. A
repeat of the experiment with greater irradiation flux and less systematic error in the
detector system is desirable. Systematic error could be reduced through more rigorous
climate control and use of the gain stabilization features of the DSPEC Plus. Once
greater triggering magnitude and confidence is established, additional experiments
with lower endpoint energies can be conducted to narrow down the candidate
triggering energies.

A repeat experiment with a higher x-ray tube voltage is also recommended to
search for a higher triggering energy that might have a larger cross section.
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Abstract

‘In recent years, considerable attention has been focused on attempts to trigger a

“controlled energy release from long-lived nuclear isomers. The study of *Hf™ has
been of particular interest due to its attractive properties. In light of the controversial
nature of some experimental results, issues regarding methods of data analysis have
become extremely important. This article discusses analysis of multi-dimensional data
recorded at the SPring-8 synchrotron facility with the YSU miniball detector array,
including timing characteristics, y-y and higher-fold coincidences, and the development
of software tools for the analysis.

1. Introduction

Over the f)ast two decades, several experiments have been performed in an
attempt to demonstrate the controlled release of excess energy stored in long-lived
nuclear isomers. This process, called triggering, was successfully demonstrated for an
isomer of tantalum from 1989 — 1999 (as surveyed in Ref. [1]). A more attractive
candidate for applications may be 'H{™, storing tremendous amounts of energy and
~ having a 31-yr half life. In light of the controversial nature of some experimental .
results (see the review of Ref. [2]), issues regarding data analysis have become
extremely important. Experiments with the YSU miniball have been carefully -
conducted in order to investigate the claims of triggering success. The analysis has
received a great deal of careful attention and general techniques are discussed here.

2. Detector Array and Data Structure

The YSU miniball detector array consists of one high-purity Ge detector and six
BGO scintillators. The system is intended to perform time-resolved calorimetry -
measurements of y-ray energies released in the decay of 1™, The system has been
characterized in detail as discussed in Ref. [3]. The decay of 8 H{™ leads to separate g
cascades of transitions on time scales shorter than that of the detection system. The
transitions within each of these cascades are therefore considered to be simultaneous.
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‘In‘order to ensure that at least one transition in the cascade was detected with high
energy resolution, Ge detection served as the master gate trigger. Every Ge detection
triggered a 5 ps master gate for digitization of each detector’s energy and time
information. For each master gate, a total of nineteen parameters were digitized and
recorded and then inserted into the data stream for storage. Each group of nineteen
parameters recorded within a gate is referred to as an event. The final output of the
data acquisition (DAQ) system is a series of files each containing roughly 48,000
‘events. A tabulated representation of the data structure within a file is given in Fig. 1.

event] event | Ge abs. | :Ge +:BGO I-6 not BGO 1-6

#jheader| - time" |energy] energies used time stamps
Parameter 1 (23| 415678910111 121314151617
1] 49407 { 10712999 [+¥10607% | 200000 i 070 0 0 000]71 395523955 3955 3955 3955 3958
2.1 -49407: (20130709, 1604 .| 07 106 0 468 0 0 0.1 395673956 3956 1197.3956:3956
i 3:49407. |22 8530 | 186300 1m0 0 0050 BeS [0 39573957 3957 3957:39575150
-] event 44040728 152771 1702 | 3910, 05740 . 43% ] 0 3958 -3938::3958:1223 13958 3958
v 5.1.49a07; |30, 4700 156001000 081, 00 0 0 3959 3959,3959.,3059.:3959. 3959
6°[729407 13302841 ] 1603 | D 22322 0 000700 0 | 396071586 3960 3960 3960 3960
749407 | 332303241 2475 | 0 0 0 1003700 0: 0 | 3961 39613961 1511 3961 3961
849407 [34725124 ] 10s4 | 0 00 13070 070 396239623962 3962 5962 3962
9:149407._{'35 7915 1052 | 1853327 00 6500 0713963 396373963 3963 14263963
301749407135 11979 10701 0 05700 0000478 | 00| 3964 3964. 3964 13964 39641480

V 'Fig. 1; Tabulated representation of YSU miniball data structure showing parameter
designations and ten example events. Parameters 11, 18, and 19 were not used in the
1 raw data.

3,‘.‘ Data Sorting

+ In the summer of 2004 about 70 GB of data were collected at Japan’s SPring-8
“synchrotron facility. Analysis of the data required the ability to sort through them and
to extract useful information. A software suite has been developed at YSU in order to
perform the sorting necessary for the analysis with the program ProSort® being the
main tool in the suite. The suite is FORTRAN-based featuring a windows-style
“graphical user interface (GUI), made possible by Winteracter® software [4]. Also
_included is a tool called DataGin® designed to inspect each event to ensure that the
“structure is correct, i.e. each event has the correct number of parameters. Minor
- instabilities in the data handling hardware caused roughly 0.3% of the recorded events
" to be incomplete. DataGin removes the incomplete events from the data files prior to
- sorting and analysis.

3.1. ProSort®

“ProSort® is the tool used to extract useful information from stored miniball data.
Its GUI (see Fig. 2) allows a user to choose the conditions on which subsequent output
is-generated. Miniball data contain information about gamma energy and time. The

“user can choose any combination of conditions upon these parameters to focus on
~important events. Conditions are entered as ranges, such as on individual detector time
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stamps. The program also calculates additional information including the sum of the
energies of the BGO detectors and the total detected fold (how many scintillators
. fired). Sorting conditions may also be entered based on these calculated parameters,
e.g. to output events having a particular detected fold. The user may request output of
singles energy and time spectra as well as bi-dimensional histograms (matrices) of any
two parameters and projections of those histograms. The output files only contain
counts from those events which satisfy all the conditions chosen by the user. Sorting
may be done in steps, saving intermediate data subsets for later, additional sorting.

Fig. 2: GUI for ProSort®.

In addition to simple sorting of existing parameter values and of calculated
values based on them, ProSort® has been designed to handle compound conditions.
This occurs when the outcome of one conditional test depends on the outcome of
another. For example, suppose one desires output containing only events in which
three BGO scintillators fired in coincidence with the Ge detector. The program
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calculates a BGO fold that is based not only on how many of the detectors fired (had
non-zero energy value), but also on the timing characteristics of each detector; the
BGO fold depends on the time condition.

Another tool in the suite allows the inspection of BGO — BGO coincidences
without regard to the Ge. Since the peak in each BGO tfime-stamp histogram
corresponds to coincidence with the Ge detection, it is of no use in searching for
coincidences among BGOs. Instead, the entire histogram range must be examined for
time stamps occurring within some range of each other. To accomplish this, the
program uses a width, chosen by the user, and scans it across each histogram counting
the number of BGOs containing a time stamp within the width at each position. If two
or more BGOs contain a time stamp within the width at the same position then they
are said to be in coincidence. The highest number of time stamps occurring in
coincidence is taken as the detected BGO fold. Although available, this feature was
not part of the standard analysis procedure since it was desired that all events reflect a
gamma-ray detected by the Ge.

The software is also equipped with tools for quickly viewing graphs of the output.
The ‘Histogram Viewer’ button on the GUI launches a dialog containing a histogram
engine. The user can view any histogram by specifying the type of histogram (e.g. Ge
energy, BGO 2 time, etc.) and the name that was chosen for the sort that produced it.
The histogram display is controllable by zooming in and out and scrolling left and
right and is auto-scaled to the highest peak in view.

It is also useful, although more difficult, to have quick access to graphical display
of the bi-dimensional histograms. The ‘Bi-dimensional Histogram Viewer’ button on
the GUI implements a simple routine that assigns different colors to different value
ranges and then plots a color map of the histogram values in a window. It is not as
useful as a 3-dimensional graphing engine, but it’s certainly more convenient for
quick checks of output details.

4. Data Analysis

The purpose of this paper is to illustrate some of the tools and methods being
used to obtain the detailed results presented elsewhere [3]. As such, the following
consists of examples of such tools and methods.

4.1. Example 1: -y and Higher Fold Coincidences

The aim of the miniball is to separate prompt triggered events from natural decay
with the use of calorimetry [3]. Figure 3 shows part of the energy level diagram for
'BHf. The 31-yr m2 isomer lies 2.44 MeV above the ground state. Due to the 4-s m1
isomer in the 8 band, the total energy released in natural decay on a coincident time
scale will not be 2.44 MeV, but will be split into two parts. A coincident cascade from
the m2 isomer to the ml isomer will release about 1.3 MeV, and a cascade from the
ml isomer to the ground state will release about 1.1 MeV. Prompt triggering, as
suggested in some reports (see the review of Ref. [2]) would, however, release the full
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2.44 MeV plus the energy that triggered the decay. An example illustrates how the
miniball would separate natural decays from prompt triggered decays.

%)
gaundsicte
b

K=0 ‘ K=8 "

Fig. 3: Partial energy level diagram for "°Hf. Arrows indicate main natural-
decay transitions from the 31-yr m2 isomer.

Consider a pair of transitions emitting gammas from one nucleus within one
cascade such that they occur in coincidence. We will consider the Ge and one BGO
for detection of the pair. There are four ways that the total energy of the pair can be
deposited in the two detectors (neglecting Compton effects). If we label the two
distinct gammas y; and 7,, then we can list the four detection possibilities. 1) Ge
detects v, and BGO detects y,; 2) BGO detects y; and Ge detects ¥,; 3) Ge detects ¥y,
and v,; 4) BGO detects y; and y,. In each case a total of the sum of the two energies is
detected. A bi-dimensional histogram of Ge energy vs. BGO energy could be used to
display the counts for all four cases as in Fig. 4a. Each case is plotted at a different
location according to the energies caught in each detector, but they all share a
common total sum energy since they all represent the same pair of gammas. The peaks
plotted in the histogram all lie along a diagonal locus of constant sum energy. Figure
4b shows such a histogram created using real data taken during a '"*Hf" background
run. Circled in the histogram are two peaks resulting from a pair of gammas from the
ground state band, namely the 325 keV and 426 keV pair. The diagonal line upon
which they lie represents a constant energy locus of 325 + 426 = 751 keV. The case in
which both gammas are caught by the Ge (case 3) is not shown here because the 0"
channel has been excluded from the sort. The case in which both gammas are caught
by the BGO (case 4) does not appear because a Ge detection is needed to produce a
master gate. Since every event must include a Ge detection, the detected fold is
written as 1 + F, where F represents the number of BGO scintillators that fired.
Therefore, cases 1 and 2 correspond to a detected fold of 1 + 1, and case 3
corresponds to a detected fold of 1 + 0 (since only the Ge reports a signal).
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The example above involved only two gammas for simplicity, but the same idea
applies to higher folds of gamma detection. For higher folds, the bi-dimensional
histogram would plot Ge energy vs. the sum energy of all BGO detections. As stated
above, the total energy released in a coincident burst of gammas in prompt triggering
differs from that of natural bursts and would therefore appear along a different
constant energy locus. It is in this way that prompt triggered events may be identified
apart from natural decays. In a histogram of Ge energy vs. BGO sum energy, assuming
all gammas are detected, the peaks from each burst of gammas will appear along their
respective constant energy loci — one corresponding to 1.1 MeV and one to 1.3 MeV
from natural decays, and one corresponding to ~2.44 MeV from any prompt triggered
emission.

Nt Yo

T

Ge Energy
Ge Enerpy (keV]

N

...... RARARARSRARASALS RaARALS) Siids sy Ront ts;
£ 0 & & & &F
BGO Energy [keV]

BGO Energy

Fig. 4a: Illustration of count placement
in a hypothetical bi-dimensional
histogram for the four detection
possibilities discussed above. The
numbers correspond to the cases
considered in the text.

Fig. 4b: Bi-dimensional histogram of
real data showing gamma pairs along
constant energy loci. Circled are the
325, 426 keV gamma pair, which lie
along a constant energy locus of 751
keV. The numbers correspond to the

cases considered in the text where v,
=325 keV and 7, = 426 keV.

4.2. Example 2: Focusing on Coincident Gammas

In any recorded event, it is known that the Ge detector fired, for this is the origin
of the master gate and nothing would be recorded without it. This gate remains open
for 5 ps and allows anything entering the BGO detectors to be recorded. In such a
system random background radiation and decays from other nuclei will inevitably
enter the data stream. Because analysis is most interested in decays from single nuclei,
one desires only the BGO detections of gammas that originated in the same nucleus as
the gamma that was detected by the Ge. Although there is nothing in the data to
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identify a gamma’s origin, many unwanted data can be eliminated based on timing
information.

Again, consider a pair of transitions from one nucleus emitted within one cascade
such that they occur in coincidence. For this example, let the Ge detector catch y, and
let a BGO catch ;. When the Ge crystal captures y;, the master gate is opened and the
system’s CAMAC driver inserts a time stamp into the data stream for this particular
event. This detection also triggers a START signal in a TDC. The BGO caught v, at
the same time as the Ge detection, but in order for the BGO’s signal to be processed it

must fall within the master gate and therefore must be delayed a few ps. The signal is’

split for energy and time information and the timing pulse makes its way to the TDC
to produce a STOP signal. In this way the BGO detection is time stamped relative to
the master gate, or equivalently, to the Ge detection.

Each BGO time signal can be placed into one of two categories, those from
gammas originating in the nucleus whose decay triggered the gate, and those from
gammas not originating in that nucleus. The former will ideally all have a constant
TDC value due to the preset delay and will therefore appear in the time histogram at
some specific location (walk of START and STOP signals will produce shoulders on a
coincidence peak for real instruments). The latter will have no correlation with the
gamma that triggered the master gate and will therefore be distributed randomly across
the time histogram. The expected time histogram is a superposition of these two, a flat
background across the histogram with a spike at some location which represents real
coincidences with the gamma that triggered the gate. Using ProSort®, it is possible to
require that parameters only be included in calculations and output when their time
value falls within some range, chosen by the user. This allows the user to exclude
detections of non-coincident gammas from the output although it is impossible to
exclude the small number of random coincidences falling within the time-sort range.

4.3. Example 3: Matrix Cuts

The system’s detectors were chosen to achieve a balance of performance,
portability, and cost. The high-purity Ge detector was chosen to insure at least one
gamma in each event with good energy resolution, while the BGO detectors provide
the higher efficiency needed for calorimetry. Determining BGO system efficiencies is
complicated by the poor resolution of the scintillators. The efficiency calculations
involve the areas of peaks in the BGO energy histograms, but the many poorly
resolved peaks in the '®Hf spectrum overlap making them very difficult, if not

impossible, to fit in the pure BGO singles spectrum. By projecting onto the BGO axis

all the counts within a given range on the Ge axis (Figs. 5a, 5b), the peaks can be
separated out and fit with appropriate software, such as TV [5] which was used in this
work. This process is called a “cut” or a software gate.

The ability to separate peaks out in cut projections stems from the fact that only

certain sets of gammas are emitted in coincidence with each other. For example, a -

study of the energy level scheme in Fig. 3 reveals that only four specific gammas are
likely to be emitted with the 213 keV gamma in the ground state band (gsb).
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Therefore, if one makes a cut around the Ge energy of 213 keV, the BGO projection

will only include the peaks of those four specific gammas.
- !

Fig. 5a: Illustration of a cut selection. All counts within the black
lines will be projected onto the BGO axis and everything else will
be discarded. ,

Fig. 5b: Illustration of a cut projection (bottom pane). All counts within the black
lines in 3a have been projected into a one-dimensional histogram in BGO
energy. The narrow top pane shows a portion of the Ge spectrum with the cut.
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-In practice, the lower energy gammas are filtered out by discriminators and some
transitions are heavily converted. This leaves only three main gammas in the gsb that
are significantly detected, 213, 325, and 426 keV. A cut on any of these three peaks
will include peaks at the other two energies. Therefore, cuts on each of these three
energies in the Ge projection yield two efficiency values at each BGO energy. The
same technique applies to the 8 band.

5.  Summary

With the need for increasingly more careful examinations of triggering claims,
several techniques have been utilized to increase the quality of data analysis. The YSU
miniball was designed to perform calorimetry measurements on '*Hf"> and the
techniques described here maximize the potential for extracting useful information
from its data.
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NEW X-RAY INDUCED DECAY OF "*™?HJF DATA:
“MIXED J” INSTEAD OF “MIXED K” INTERPRETATION?"

E.V.TKALYA )
Institute of Nuclear Physics, Moscow State University, 199999, Vorob evy Gory,
: Moscow, Russia

This report reviews intriguing experimental result published by C.B.Collins et al., at
Laser Phys. Lett. 2, 162 (2005) about induced decay acceleration of long-lived isomer
I8M2Hf (16°, 2.446 MeV, 31 yr) by the low energy synchrotron radiation and
registration of the 2.457 MeV y-emission. Theoretical analysis shows that
experimentalists have to wait for the 2.457 MeV y-photon more than 10%° years. It was
established, that there is only one way to explain of the origin of these photons - to
proclaim the intermediate nuclear level is not “mixed K”, but is “mixed J”.

In the experiment with a beam of synchrotron radiation [1], where the isomeric nuclei
'8™2Hf were irradiated by photons with the energy 9567 eV (which is 6 eV higher

than the binding energy of an electron on the 2psp; shell of the hafnium atom, E, =

i

9561 V), a new gamma line with the energy @, =2457.20(22) keV was detected (see

Figure 1). This result appears to be highly improbable. The induced decay in the
experiment described in Ref. [1] occurred in approximately the same conditions as the
one described in Ref. [2]. (No value of the cross section was given in Ref. [1], but the
figure for the gamma emission is roughly the same as the one reported in Ref. [2],
while the synchrotron-radiation flux is more than 30 times higher: 2x10"? cm™ s in
the 1 eV range against 3x10'° cm™ s in the 0.5 eV range.) For effective excitation,
the spin of the intermediate state must be J* = 15" We assume else, following to
authors of Refs. [1-2], that the intermediate “mixed X level is connected to all other
nuclear states by K-allowed transitions. The multipolarity of the gamma radiation,
which in Ref. [1] is interpreted as the result of the decay of the intermediate state into
the ground state 0° of the ""®Hf nucleus, must then be E15. The ratio of the radius of

the nucleus R=1.2%/4 fm = 6.8 fm to the wavelength 4, =27/@, = 505 fm is
small: R/ A, =0.013. Hence, the probability of the E15-transition, e.g., in the

Weisskopf model amounts to only 2.5x10™° s™.

" This work is supported by grant no. 2651 of the International Center for Science and
Technology.

65



"Mixed K" level(s)

* E, keV .
J e of Collins et. al.
13 24333 823460,
K'=16
1174 2202.4 )
— 12 [§21365
K'=8,
117}y 1859.1
| —495keV
1044 1601.5
9 |gy 1364.1
[ 217keV
8y §1147.4
. 4s
1058.6
.8_____.I K":g'1
| 426keV
. 2457.2 keV
6" § 632.2 \
4"y 3066
| 213keV
2 93.2
0 ! 0.0 Y
K*=n"

Figure 1. Decay scheme of I78mpif Depicted are transitions in the spectrum of °Hf in which,

according to [1,2] and other works of Collins’s team an increase in the gamma-radiation
intensity exceeding the measurement errors were detected. The 245 7 2 keV line was discovered
by Collins et al. in 2004 [1].

The equation describing the excitation and decay of the “mixed K state in an
irradiated target containing Ny, "™Hf nuclei has the simple form (where we ignore
the natural decay of '™ Hf nuclei)
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dN ixe
_—Z’t—‘“{a: N,200 = (A + AN ypeax 4y

where A is the decay constant, which ensures the observed enhancement of ordinary
gamma transitions (see Figure 1) in previous experiments of Collins’s team (the list of

corresponding references see in Ref. [3]), and A, is the probability of the emission

of an E15 (2457.2 keV) gamma quantum in Ref. [1]. The activity of the target along
the indicated second channel is

Ois ® N,pop—"—

El5 1+ /1515
We take the value of the cross section of excitation of the intermediate state obtained
in the first experiment of Collins's group involving a beam of synchrotron radiation
[2]: o ~ 2x10"2 cm®, We estimate 1 in accordance with the hypothesis, that its value
must be comparable to the width of the Isomeric State — “mixed X transition. (This
assumption reduces the probability of the nucleus returning to the isomer level and
creates conditions for maximum population of the states from which enhanced-
intensity transitions were recorded in the experiments of Collins’s team.) In this case,
it will take more than 10°° years (!) of continuous irradiation of a target with about
10" "8mHf jsomers in an experiment similar to the one described in Ref. [1] for at
least one transition to occur from the intermediate state to the ground state of the
nucleus accompanied by emission of an E15 (2457.2 keV) photon. The result speaks
for itself. Actually, in such a situation, it is irrelevant what multipolarity the transition
has, E15 or, e.g., E13 (in the latter case, the cross section of excitation of the
intermediate level is much smaller). It is also irrelevant what the synchrotron-radiation
flux was or how many '"*™Hf nuclei the target actually contained. Modern physical
theories provide no explanation for this experimentally observed fact of the given
transition.

@

Possibly the simplest way to remove this contradiction is to pronounce the
intermediate level a “mixed J” level and to assign to it all the properties that the
authors of Refs. [1-2] assigned to “mixed K states.
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PRODUCTION OF LONG-LIVED HAFNIUM ISOMERS IN REACTOR
IRRADIATIONS

S. A. KARAMIAN,"" J. J. CARROLL,? J. ADAM,! E. N. KULAGIN,' AND
E.P. SHABALIN'

! Joint Institute for Nuclear Research, Dubna 141980, Russia
’Youngstown State University, Youngstown, Ohio 44555, USA

Metal "“Hf samples were activated in the Dubna IBR-2 reactor at positions
corresponding to different neutron fluxes. Samples were bare or shielded by Cd and
CB, layers. The gamma activity of the samples was analyzed with Ge gamma
spectrometers during a two-year period following their irradiation. In the presence of
the dominant activation products '"*Hf and "*'Hf, the high-spin isomers "*"?Hf and
1mI4f were also detected despite relatively low levels. The isomer-to-ground-state
ratios and cross-sections were determined from the measured yields. For '"*"’Hf, the
cross secticn for burnup (destruction) by neutron capture after its production was also
estimated, clarifying the results from earlier experiments. In the context of suggestions
for use of '"*™Hf for applications, the results confirm that large-scale production of this
isomer by reactor irradiations is not feasible. In contrast, the efficiency of production
for "°"?Hf is much higher and an amount of about 10'° atoms may be produced in
standard reactor irradiations.

I. Introduction

Total and activation cross-sections as well as resonance parameters for slow
neutron radiative capture may be found for stable Hf isotopes in the tabulations of
Refs. [1, 2], 1t is well-known that the main activity induced in natural hafnium targets
is due to the production of '"°Hf (70-day halflife) and '*'Hf (42-day halflife) after (1, 7)
reactions. In addition, the short-lived first metastable (m,) isomers of 1844f, '"Hf and
Hf are also formed with cross-sections that are sufficient for successful detection.
However, the production of high-spin second metastable (m;) isomer via (n,%)
reactions in isotopes like ""Hf and '"’Hf are more problematic. Only recently has a
measurement appeared in the literature for the production of J* = (25/27) '™Hf [3].
The production of the famous J* = 16" isomer '"*"’Hf was reliably detected from its
activity in 1973 [4], but the cross section was deduced using some assumptions that
deserve additional investigation.

The population of high-spin states following neutron capture may be expected
to have a rather low probability due to the need for their population by stretched
cascades of many y rays. This type of cascade is characterized statistically by a
relatively low yield. High-fluence irradiations are normally required in order to

" E-mail address: karamian@nrmail jinr.ru
T Permanent address: Inst. Nuc. Phys., Rez., CZ-25068, Prague, Czech.Rep.
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produce an observable activity for such low-yield products, but this introduces another
complication in that a significant "burnup,” or depletion, of the produced nuclei may
occur. For some products the destruction cross-section can be higher than 1,000
barns. Therefore, fluences above 0.5 x 10%' n/em’ should be avoided to produce
negligible burnup or the remaining activity after irradiation would suggest a
production cross-section that was significantly underestimated.

Fast neutrons within a reactor spectrum are sometimes useful for isomers
production via (n, n’) reactions. These reactions may complicate the analysis of
experiment and must be kept in mind when designing experiments for the
measurement of low-yield exotic radionuclides by reactor irradiations. In the present
work, the production of the high-spin isomers *"’Hf and ™Hf isomers was
observed and quantitatively characterized, taking into account such factors. These
measurements therefore serve to augment the existing data obtained in high-flux
irradiations for the former isomer [4] and to provide new information for the latter [3].

The burnup of ®™Hf by (n, #) reactions was also investigated, expanding the results
of Ref. [5].

II. Experimental detail

In a first series of experiments, metal Hf samples of about 20 mg were
irradiated in an outer channel of the IBR-2 Dubna reactor of the Frank Laboratory of
Neutron Physics, Joint Institute for Nuclear Research. Metal Hf targets of natural
isotopic composition are advantageous as compared to an enriched target in their
chemical purity and lower resonance-absorption factors. The standard method of Cd
difference was applied for the isolation of the separate effects of thermal and epi-Cd
neutrons. The neutron spectrum at the location of the targets was well-known from
previous experiments, but NiCr-alloy samples were nevertheless irradiated as
spectators. The activity of *'Cr served to calibrate the slow neutron flux while **Co
was produced in a reaction with fast neutrons at £, > 0.8 MeV and was used for
calibration of the fast neutron flux.

Following their irradiation, the activity of the samples was studied using a
20% efficiency HPGe gamma detector. The spectroscopic system allowed a count
rate up to 15 kHz while preserving a reasonable dead time less than 25% and a
spectral resolution on a level of 1.8 keV for the ®°Co lines. Standard test sources
(**2Eu and others) were used for energy and efficiency calibrations of the y
spectrometer.

In measured spectra from the activated Hf samples, y lines were observed and
their peak areas quantitatively determined for the following radionuclides: 'Hf,
179m21¢ 180mpy£ and '*'Hf. The bulk of the activity was due to ""Hf (70 d) and "*'Hf
(42.4 d) formed in (n, » reactions. Negligible activity was contributed from
admixtures of other elements in the Hf material. Only Zr was present in a quantity of
about 3%, while the concentration of other elements was estimated to be on the level
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of less than 1 ppm. The detected yields of "’Hf and "*’Hf were used as additional,
intrinsic calibrators of the neutron fluxes and then the thermal cross-section
0x=(0.4410.02) b and resonance integral I, =(5.8+0.7) b were deduced for '**"Hf
production in the '’Hf(n, 7) reaction. The resulting values were in good agreement
with the tabulated data [1], confirming the accurate calibration of the neutron flux in
these irradiations.

A yield of the high-spin '""’Hf isomer was detected and clearly originated
from reactions with fast neutrons, since the effect of thermal neutrons was found to be
insignificant for its production. This conclusion was definite because bare and Cd-
shielded samples showed the same activity of "°”’Hf within the standard error. No y
lines from "°"’Hf were observed in this first series of irradiations, reflecting its low
production yield and the presence of much higher activities of other nuclides.

A second series of experiments was performed in order to significantly
improve the sensitivity of the measurements for detection of the low-yield isomers. At
the same position in the outer channel, a larger Hf sample was placed for a longer
duration. The sensitivity was improved by three orders-of-magnitude, but this was
still insufficient for observation of '*"?Hf. A strong increase in the neutron flux was
then sought to increase the production of this isomer. In the reactor, an inner channel
was available that allowed an irradiation near, but outside, the active core within a
cylindrical region shielded by a 3-mm layer of CB,;. A Hf sample was exposed there
for eighteen days, after which decay of the resulting activity was followed for two
years. Finally, activity of "®™?Hf was successfully observed and its yield determined
after the third series of irradiations.

At the inner location, the thermal flux was determined in earlier experiments
to be about 0.5 x 10" neutrons/(cm?® s), thus during the eighteen-day irradiation a
fluence near 10'® n/cm? could be accumulated. In the present experiments, the value
of flux was not used explicitly since all measurements were carried out in a relative
mode by comparing the activities of *™Hf, ""™Hf and "*"Hf nuclei to those of
spectators and intrinsic calibrators '"Hf, '®'Hf and **Zr which were present within the
targets. Such a method is reliable and accurate in the presence of shields. Data
processing requires special care for high-sensitivity measurements of neutron-
production cross sections. The burnup of isomeric nuclei produced during the
irradiation must be taken into account when the neutron fluence exceeds 10%° n/cm’.
In the present irradiations, however, even in the inner channel the fluence was 100
times lower. This is due to the fact that IBR-2 is a pulsed reactor constructed specially
for time-of-flight spectroscopy, not to achieve a high mean power. With this fluence,
burnup of high-spin hafnium isomers or other double neutron-capture reactions may
be expected to have a probability below 10° compared to the probability for single
neutron capture. Nevertheless, some excess activity of '**Ta was detected beyond that
which could be attributed to single neutron capture on a small admixture of '*'Ta in
the target. This excess production of 'Ta was likely due to the double neutron
capture process: "°Hf(n, »)'8'Hf — "*'Ta(n, »)'**Ta.
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Also, in order to achieve a higher absolute yield of '™ Hf in the second and
third experimental series, relatively thick metal samples were used. Self-absorption of
thermal and resonance neutrons could not be neglected for these thicker samples,
which were rods of 1-mm cross-sectional dimension.

The well-known equation describing the reaction rate per target nucleus when
exposed to comparable fluxes of thermal and resonance neutrons is

17
r=(o,+PF, | )

where Fy, is the thermal neutron flux. The coefficient & reflects the particular
characteristics of the spectrum of irradiating neutrons, being a fixed constant for a
definite location of each irradiation station in a specific reactor. It may be defined
approximately as

k=2-In(E,/E) | : @

where E, and E, define the "resonance" range of neutron energies and F; is the flux
of resonance neutrons. For simplicity, one can introduce the notation:

1
Oy = (cnt+F) . 3)

In the first series of experiments, the numerical value & = 5 was determined and this
was in agreement with extensive previous measurements carried out in the outer
channel of the IBR-2 reactor. The outer and inner channels used in this work are
separated by only air and a shutter which is opened when the outer channel is used.
Thus, the same value of k& was used for irradiations at the inner location, while the
effect of CB, and self-shielding was considered separately as described below.

The production rate of some nuclide in a target of definite composition and
mass can be expressed as follows:

dN _ Nycam _12,_
=" Oy Ty, T () R @)

where N, is Avogadro’s Number, ¢ is the mass concentration of the element of interest
in g/g, a is the abundance of a particular isotope of that element, m is the total mass of
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the irradiated target and M is the atomic mass of the element. The 7 and 7, factors
are dimensionless attenuation coefficients reflecting self-absorption in the target layer
for thermal and resonance neutrons, respectively. Each may reach a maximum value
of unity for targets of negligible thickness or be significantly smaller for thick targets.

Equation (4) describes the (n,») capture reaction with slow neutrons. The F,
and k parameters represent characteristics of the reactor, while all but one of the other
parameters must be specified for a definite nuclide in the target, i. e. the capturing
isotope. The lone exception is the factor 7, which is a unique parameter
characteristic of all reactions with thermal neutrons in a target of specific composition
and thickness and is independent of the particular capturing isotope. Unlike 7, 7. is
individualized because the resonance energies and peak cross-sections are extremely
specific to each isotope and vary irregularly from one nuclide to another. - Strong
absorption near the resonance peak for one isotope may produce absolutely no
influence on the resonances of other nuclides. The partial thickness of the target
corresponding to the individual isotopes will also depend on ¢, a and M, and this is
important for resonance neutron absorption.

In the outer channel, neither the first nor the second series of irradiations were
sufficiently intense to produce a detectable yield of '"*™Hf. However, the dominant
activities of '°Hf, '®'Hf and **Zr were measured with high accuracy. Using Eq. (4),
the concentration of Zr was' evaluated numerically, as well as the 7, coefficient
specific to the target and the resonance absorption coefficient 7., specific to Byt
production via the 'Hf(n, ) reaction. For '’Hf and *Zr, resonance absorption was
insignificant due to the low concentration of '*Hf and **Zr nuclides within the target.
These evaluated parameters were then employed in the analysis of the measurements
carried out following the irradiation near the active core that had much higher flux.

In this inner location, the thermal neutron flux was strongly attenuated (almost
absorbed entirely) by the 3-mm thick CB4 shield, while the transmission of neutrons
was also influenced at other energies below 20 eV. No sharp cut-off occurs since the
total cross-section of boron varies smoothly with neutron energy. Therefore,
activation by thermal neutrons could be excluded and the effect of resonance neutrons
was characterized by a corrected resonance integral I(corr) as follows:

Emax

[ (Bl dE,

I, (corr)=1,6-

Emax . , (5)
[E:'erdE, :
0

where‘I, is the tabulated resonance integral, y(E,) is the calculated transmission
function through the CB, filter, and g7, is the resonance strength obtained from the
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data of Ref. [1]. Using so-calculated I,(corr) values, one can calibrate the resonance
neutron flux inside the CB, shield, again determined from the measured activities of
high-yield Hf and "' Hf. For both isotopes the self-absorption coefficients z,, are
known from the outer-channel experiment described above, but the 7, value
corresponding to production of 178m2HF in the '""Hf(n, ) reaction was not calibrated.
Although one may assume stronger absorption for "Hf than for "°Hf, taking into
account the resonance strengths for both nuclides. A more precise estimate for the z.,
of '""Hf was obtained on the basis of the resonance excitation function given in Ref.
[2], as compared to "*°Hf. : :

Finally, the total number of resonance neutron capture events by '"’Hf nuclei
in the target was deduced. From this value the isomer-to-ground state ratio o,/0, may
be determined for ""*Hf whenever activity of "*"?Hf is measured.

II1. Results

In gamma spectra measured after two-years cooling of the Hf sample exposed
to a fluence of about 10'® n/cm? (in the inner channel), characteristic lines from "™ Hf
decay were found as shown in Fig. 1. Their intensities were still much lower than the
lines resulting from the dominant "’Hf and '®'Hf activities. This could be expected
for the 31-year-lived isomer, which should be produced with a low yield that is
suppressed by its high angular momentum and resulted in an isomer-to-ground state
ratio on the level of about 10 or less. The spectrum contains many lines of different
origin, including those from activated admixtures within the sample, from natural
background and from summations of the gamma rays with characteristic X- rays of the
emitting atoms within the sample and the Pb within the detector shield. The panels in
Fig. 1 show gamma lines from "®"2Hf decay as well as some other lines that are not
related to this analysis.

. Table 1 gives the number of counts detected for gamma transitions from
178m2Hf decay at 426.4, 495.0 and 574.2 keV, in comparison with the major lines of
'"Hf and "*'Hf. Lines from '""?Hf at lower energies were completely obscured by the
large Compton background despite the cooling period. The statistical error in the peak
area of the line at 574.2 keV is poor because this lies near the strongly-manifested
Compton ridge due to 7y lines from *Zr and *Nb detected at energies of about 750
keV. Better accuracy was reached for the other two lines and the observed intensities
were sufficient to define the number of '™ Hf nuclei within the activated target,
taking into account all necessary factors of efficiency and decay. By comparing this
number to the calculated total number of ""Hf(n, ) events, as described above, this
gave the experimentally measured o,,/0, ratio for Hf. The latter value was
determined for resonance neutrons transmitted through the CB, filter. However, a
similar o;,5/0, ratio should be valid for slow neutrons in general, including thermal
neutrons. Such regularity has been experimentally confirmed in many cases when the
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0,/ 0, ratio was determined both from measured oy, and 7, values, e. g. the case of the
187"t isomer [1].

Taking the o,,,/0, ratio so-obtained and then using the known [1] oy and I,
parameters for the ""Hf(n, 7) reaction, the partial oy and I, for population of *"’Hf
were deduced.. The accuracy of this result cannot be expected to be very high due to
the modest statistics (see Table 1). In principle, however, the present data were taken
under more clean conditions than in previous measurements reported in the literature
and should be reliable. ’

Neutron capture cross-sections for Hf nuclides are summarized in Table 2
with literature data taken from Ref. [1]. The present results are given for the reactions
of particular interest, ""Hf(n, »'7*"’Hf, "*Hf(n, »'"°Hf and "*"’Hf(n, »)'™*"Hf.
The latter reaction which is responsible for '*™Hf destruction (burnup) may be
especially exotic and is discussed in more detail below.

More than thirty years ago, activity of the '"™Hf isomer was observed 4]
from isotopically-enriched hafnium targets irradiated within a high-power reactor.
Gamma spectra of this isomer were carefully studied using state-of-the-art techniques
available at that time. However, the production cross section given in Ref. [4] may
not be very accurate because it was determined by only considering the effect of
thermal neutrons, neglecting the resonance neutron flux, and assuming that the
“burnup” (destruction) cross section was at a rather low level of less than 20 b. It is
well-known that a purely thermal flux does not exist in any reactor near its active core
and the presence of resonance neutrons changes the yields of reaction products. Also
the '"*™2Hf yield could be strongly reduced due to the burnup process at the fluences
applied in the work of Ref. [4], 2 10?' n/em®. The degree of burnup definitely depends
on the values of oy, and 7, for the isomeric nucleus, but the relatively low oy, given in
Ref. [4] was unexpected.

Values of oy and I, for neutron capture show for many nuclei a correlation
with the level density of neutron resonances. Standard estimations using the Gilbert-
Cameron formula [6], verified by known neutron resonance densities for various
nuclides, predict a much higher resonance density for "7*™Hf than that known for the
""$Hf nucleus. The former nucleus may be characterized by a level density
comparable with the measured resonance density for '"’Hf, or perhaps even larger.
Thus, similar values of oy, and I, can be expected for "*™Hf and '’Hf nuclei and
these are much larger than the 20 b used in Ref. [4]. Recently, the burnup cross-
section due to thérmal neutrons was measured in Ref. [7] for the """Lu isomer and a
value of oy, =590 b was obtained, including both neutron capture and superelastic
scattering components. Noting that """Lu also possesses high spin and excitation
energy similar to "*™Hf; one may expect them to have comparable burnup cross-
sections. Such arguments motivated the present independent measurements of the
17821 £ production cross section in reactor irradiations and an evaluation of the role of
burnup which depends on neutron flux.
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There is no doubt that the number of produced *"?Hf nuclei was determined
correctly in the earlier experiment [4], although the cross-section was underestimated
by a factor of 10 using an incorrect approximation. Now that yield [4] may be taken
and combined with appropriate corrections so that it can be compared with the present
cross-sections. To make this recalculation of the cross section corresponding to the
earlier experiment, the following assumptions are made:

1. The effective cross-section of Eq. (3) is, in general, appropriate to account
for the contribution of resonance neutrons.

2. An effective, or net, production cross-section, g, calculated with the gy,
and I, from the current experiment, should be valid for the conditions of
Ref. [4] when an appropriate value of & = 20 (suitable for a well-
thermalized spectrum as would be expected for that experiment) is taken.

The yield of " 2Hf measured in Ref. [4] in a high-fluence irradiation may
then be reproduced with the calculated o, by taking into account a much
larger burnup effect than was assumed in the earlier work.

(93]

Following this approach, the effective cross-section for burnup in the
178m’Hf(n, ) reaction was deduced. The accumulation of a given product nucleus in
the presence of burnup is given by

ro [ef urn *G,(D
Nnet(q)) (o,- a'zu,,,) [e ’ —€ ] ’ (6)

where N,.; and N, are the net number of product nuclei and the number of target nuclei
at the start of the irradiation, respectively, @is the neutron fluence, o, and o; are the
capture cross-sections that take into account the burnup of the product and target
nuclei, respectively. The o, value is the physical production cross-section without
burnup. All o values are defined to be effective, as in Eq. (3).

Combining the present production cross-section results with the yield
measurements of Ref. [4] as described above, the effective burnup cross-section, Ghurm,
was deduced for the "*"?Hf isomer using Eq. (6). This effective cross-section is a
linear combination of oy, and I, values summed for two exit channels of the capture
reaction, together correspondmg to the formation of '"Hf product nuclei in either its
ground state (g) or its 25-day-lived m; state.

Fortunately, decomposition of 6,.» was possible because o, and I, parameters
have already been directly measured for production of 19mIHf after irradiation of
I78m2HIf in Ref. [5]. The ground-state yield may also be determined by subtraction of
the "™ 2Hf contribution from the total burnup yield of "***Hf. It was assumed that the
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ratio o;,,/ay for production of '"*"’Hf and ""*#Hf nuclei in neutron capture by "*"*Hf
should be approximately the same for both thermal and resonance neutrons. The
partial oy, and I, for the '"*"’Hf(n, 7)'"*Hf branch are therefore deduced and should be
added to the previously known values for the branch of the reaction that populates
I7mILf Thus, the burnup of '™Hf due to neutron capture reactions is now
characterized by the total oy, and I, values, although with only modest accuracy.
Nevertheless, the general behavior of production and burnup processes has been
clarified by the present experiment.

Table 3 compares the cross-sections for '*”’Hf production in reactions with
slow and fast neutrons. -The upper limit therein for the "Hf(n, n%) reaction was
determined based on the present measurements. Fast neutrons with E, = 3 MeV could,
in principle, activate the '*"’Hf state located at a 2.446-MeV excitation energy. Fast
neutrons can certainly penetrate through the CB, shield without significant absorption
and their flux was measured by activation of a Ni spectator. Thus, a cross-section can
be deduced for fast neutron production of "7*"?Hf if its production is attributed to the
(n, n) reaction. However, the values of o, and o;,,/ 0, obtained in such a manner are
unphysically large when the reaction’s the spin deficit of AJ7=31/2 is considered for a
hypothetical '®Hf(n, n’p)'"™HF reaction. Recall that A7 = J,, —J, — 1/2. Finally, it
was assumed that the deduced cross-section for fast-neutron production of "*™Hf is
just an upper limit, while the dominant means of producing this isomer is due to slow
neutron capture. The ’Hf(n, 2n) reaction with 14.5-MeV neutrons was characterized
in Refs. [8, 9]. The efficient production of ™™ Hf in that reaction makes it one of the
best methods for accumulation of this isomer, but the achievable flux of 14-MeV
neutrons restricts the real use of this reaction for large-scale manufacture. In the case
of reactor irradiations, neutrons with energies greater than 10 MeV appear with very
low probability.

Table 4 summarizes cross-sections for '"*"’Hf production-which are described
in more detail in Ref, [3]. In that work it was explained that the main production
mechanism was the (n, n'y) reaction, unlike the situation found now for '*™Hf
production. The difference may be attributed primarily to the spin deficit (4J) values,
which causes a preference in the (», ) reaction for 78m2Hf, but in the (1, n'7) reaction
for Hf. The absolute cross-section for '""’Hf production is not particularly low
and in standard reactor irradiations quantities as large as ug '7"’Hf could be
accumulated. Nanogram amounts are achievable for '"*"Hf, but this would appear to
be insufficient for applications or for using the isomer as target or beam nuclei in
experiments.

IV. Discussion

The results summarized in Tables 2 - 4 permit the plot of Fig. 2, showing the
systematics of the isomer-to-ground ratio versus spin-deficit for production of hafnium
isomers. This plot leads to some interesting points and, perhaps, a general conclusion.
It can be seen in Fig. 2 that the o,/0, ratio follows a regular exponential decrease with
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increasing AJ. The (n, 3), (n, ny) and (n, 2n) reactions demonstrate separate curves
with individual slopes in the log plot. A natural explanation for the appearance of
different curves is that the projectile angular momentum increases with the neutron
kinetic energy. In general, the systematics does not demonstrate any unexpected
behavior, but the plot allows a quantitative definition of real values for specific
reactions. It can, therefore, be used to make estimates of o,,/0, values for other cases.
It is important to note is that the systematics cover a wide range in angular
momentum, as high as J=16 for isomers populated in the (», ) reaction and
corresponding to a /0, ratio lower than 10®.  Such values are.not typical in
comparison with other measurements known in the literature for neutron-induced
reactions. '

The conclusion that '""Hf is produced in via (n, n7%) reactions while,
conversely, 7*"’Hf is produced via (n, 7) reactions is supported by Fig. 2 in addition to
the arguments given above. In this plot the upper limits determined for "*™Hf
production via the (n, n'y) reaction and for '*"?Hf production in the (n, #) reaction
deviate from the systematic pattern, both lying far above the curves corresponding to
the respective reactions. Following the systematic trends, it appears that the real
cross-section for production of '"™2Hf via (n, 7) reactions is negligible in reactor
irradiations as compared with the much larger cross section for (», »’y) reactions, and
vise versa for "*™Hf,

The present result that there are significant cross sections for burnup of
B2 in the '7*"?Hf(n, 3)'”"?€Hf reaction equal in total 4,=235 b and 1,=5600 b is
worth further discussion. Such large values are known for many other nuclei, e. g. the
"THf nucleus with odd neutron number is characterized by even higher values, as is
known from Ref. [1]. In the even-even °Hf nucleus, a pair of neutrons is decoupled
in the m2 state, so that the isomeric nucleus can manifest itself for as equivalent in
behavior to an odd-neutron nucleus. Thus, the observed large burnup cross-section is
not out of scale [1], unlike the extremely large (n, 7) cross-section for burnup of
"8m2L1f reported in Ref. [10]. That value was not reproduced by the present
measurements.

Table 2 shows that the population of the ground state appears with 4x higher
probability than the m?2 state, but stronger selectivity was not manifested. This can be
understood in the following way. Figure 3 shows a partial level scheme for '"°Hf, the
daughter of the burnup reaction on ™™Hf. Compound-nucleus states of '"Hf are
excited after neutron capture by '"*"?Hf and possess J* = 31/2" or 33/2" and a fixed
excitation energy near 8,546 keV. For the lower-lying structure, the important
features are the m; isomer in PHUf with J* = 25/2" at 1,106 keV and the two rotational
bands built on the ground and isomeric states. Many other bands exist [11] and the
population of m; and g states may initially proceed via such bands near the top of the
cascade that follows neutron capture. However, these decay paths will eventually
reach the bands shown in Fig. 3. Direct transitions can also take place from the
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compound-nucleus state to the ground or m2 bands, but, of course, many different
cascade paths cpntribute to the population of a given final state because the level
density above E* = (4 — 5) MeV is high in hafnium nuclei.

There is no spin deficit for the burnup reaction on '*™Hf leading to the high-
spin '""Hf state and it should be strongly populated. It is possible that some
preference for this final state may arise due to its high X value and the fact that there is
a similar structure of the target and product m2 isomers. However, this experiment
demonstrated a preference for population of the ground state. A first conclusion is
that the X quantum number and structure tagging do not survive past neutron capture
at E' above 8 MeV. This may explain the nearly equal population of the m, and
ground states.

A similar lack of selectivity to structure details at £ > B, was concluded from
the measurements of Ref. [12] on depopulation of the '**™Ta isomer by fast neutron
inelastic scattering, in accordance with the basic ideas of the statistical model. In that
work, no preferential population of the ground state was observed, unlike the present
case of capture on '™Hf. The question remains why there exists even a modest
preference for ground-state population following the (n, ) reaction on *™Hf. One
must take into account the presence of many levels of appropriate spin near and below
the compound-nucleus state and these will be populated after neutron capture with
equal probability without any influence of structure effects. Thus, selectivity for
reaching either the ground or m2 states cannot appear near the top of the cascades.
One must speculate that the modest preference for the ground state arises due to the
position of the m2 level at 1.1 MeV. Some cascades proceeding to the ground state
may obtain a higher probability simply because they possess a larger reserve of energy
above the ground state than those reaching the isomer, thus providing more
possibilities for branching. This idea has not yet been developed in detail.

The above interpretation can be modified if superelastic scattering (SES) [13]
contributes a significant part of the observed total burnup cross-section. Until now,
SES for '"™Hf was not measured and theoretical estimates allow a wide range for this
cross-section. This process was not accounted for in the present analysis. There is a
lack of sufficiently-developed simulation procedures for reactions with high-spin
isomers, despite interesting experimental data may be found in the literature [14-16].

V. Summary

Production of the high-spin ®"?Hf isomer in "™Hf targets was successfully
observed after their activation with the reactor neutrons at fluences lower than 10"
n/cm®. It was established that '"®"’Hf is mainly produced due to the capture of slow
neutrons in (n, % reaction, while *™?Hf is produced in the (1, n%) reaction with fast
neutrons. The production cross-sections are very different, so that it is possible to
accumulate '*"Hf in a microgram amount after standard irradiations, but only
nanograms of '*™’Hf. Comparing the present measurements with the published data,
the destruction (burnup) cross-section was deduced for '”*”?Hf due to a second neutron
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capture from the reactor flux. The partial o, and I, values were specified for the
burnup process leading to both m; and g states in 'Hf. Also, the isomer-to-ground
state ratios for hafnium isomers in neutron-induced reactions were systematized. The
potential application of the ""*"’Hf isomer as a reservoir for energy storage and pulsed
release has already been discussed extensively in the literature. However, the present
results, as well as those in the literature, do not support an optimistic view of reactors
as a source of large-scale manufacture of this long-lived isomer. Other reactions may
prove more efficient for production of '7*™Hf,
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Table 1. Number of peak counts in the y lines from
18m?qf compared to the lines of '"Hf and "*'Hf (see Fig.
1). The gamma spectrum was taken after two-years
"cooling” of a metal "Hf sample activated with reactor
neutrons.
Nucleus E, Counts . Statistical
[keV] error
1B g 426.4 19,321 6.3 %
495.0 12,461 7.6 %
574.2 16,627 10. 4%
Hf 343.4 1.086 x 10° 02 %
432.8 1.599 x 107 03%
Blge 482.0 1.487 x 10° 0.3 %
Table 2. Neutron capture cross-sections for hafnium isotopes.
Target | J% | Product | J, O I, [barn] On/ Oy Reference
[barn]
AHf 0 Byt | 5127 | 561 436 — [1]
eHf 0" YIHE | 7/27 | 23.5 880 — 1
e {72 | 'HE | 0F 373 7,173 — [1]
Imige | g 0.96 — 1.6x10° | [1]
TEMTHE 1167 | 26x | 5x10° | (742)x 10° | Present
10 »
18yf 0* 7%yt | 92 | 84 1,950 — (1
mige | 127 | 53 — 0.63 [1]
PmIME 1 25/27 | <2x | <13x107 | <2.4x10° | Present
10" }
mIgf | 16° | '8Hf | 9/2% | 190 4,500 (0.2440.07) | Present*
OmIE | 25/2° | 45%5 | 1,060+60 — (5]
Hf |9t | MHf | 0" | 41 630 — [
180mppe | g 0.45 6.9 1.1x10% | [1]
180 0" BIHf | 1727 | 13.04 |35.0 — [1]

* Obtained by comparison of present results with those of Ref. [4].
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Table 3. Summary of the production of """"“Hf via different neutron-induced
reactions.

Reaction Energy AJ | Cross-section Onl Gy Reference

[mb]
""Hf(n, ) Thermal 12 2.6 x 107 — Present
Resonance 12 , Bh=5x107 | (72) % 10° | Present

"Hfnny) | Enz3 MeV 312 | <7x10° [<25x10° | Present
" Uf(n, 2n) E,=14.5 MeV 11 7.3 3.5x 107 [8]

Table 4. Summary of the production of ""’Hf via different neutron-induced

reactions.

Reaction Energy aJ Cross- OnlOg Reference

section
[mb]
"*Hf{(n,y) Thermal 12 <0.2 <$2.4x10° | Present
Resonance 12 <13 <7x10°% Present
"Ufnny) | E,21.5MeV | 15/2 4.5+0.5 (1.6+£0.2) x | Present
10°?
Hf(n,2n) | E,=14.8 12 25 7x10% (8]
MeV
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Figure 2: Measured values of the isomer-to-ground-state ratio versus spin deficit (4J)
parameter for hafnium isomers produced in neutron-induced reactions.
Numerical data and references are given in Tables 2 — 4. For simplicity,
points according to the literature are given without error bars.
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Partial level scheme depicting population of the m; and ground states in
P Hf after the 178m2 1rfin, 3) reaction with slow neutrons. The cascades shown

illustrate the discussion in the text.
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Annex

COULOMB EXCITATION OF THE "*HF ISOMER: PROPOSAL

S. A.KARAMIAN

Joint Institute for Nuclear Research,
Dubna, 141980, Russia
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Ohio, OH-44555, USA

Possible experiment on Coulomb excitation of the '*™Hf isomeric nuclei is discussed
in some detail. A key role should play use of the isomeric material in a form of the
accelerated ion beam, not in a form of target. In this version, the effect-to-background
ratio should be improved by an order of magnitude. High-sensitivity detecting system,
like the combination of Gamma-Sphere and Chico detectors should be applied. It will
provide selection of events corresponded to the projectile excitation. Accounting an
available amount of '"*™Hf, one can estimate a number of events in gamma-spectra of
the isomer Coulomb excitation. It should be enough for observation of the isomer
triggering via transitions to the ground-state band in '"®Hf. Thus, a value of reduced
matrix element for triggering would be the main result of this experiment.

1. Introduction

The problem of isomer triggering, which may release the energy stored in long-
lived nuclear excited states, has attracted increased attention in recent years both in
terms of general scientific interest and for potential applications. In all cases, an
important parameter is the cross-section for triggered isomer depopulation by exposing
a metastable nucleus to some external stimulus, i.e. a flux of photons or particles. The
cross-sections of triggering reactions are generally reduced from their ideal values by
strong hindrance factors arising from a high multipolarity and/or a nuclear structure
mismatch for electromagnetic transitions between isomeric and triggering levels. In the
experiment described in Ref. [1], the population of levels in bands built on isomers
was successfully observed via Coulomb excitation reactions acting on the stable '”® Hf
isotope in its ground state. Surprisingly, the cross-section for this population was
moderately high and this was attributed to strong K mixing of different structure
configurations at high angular momentum.

This observation suggests a special experiment by which to observe triggering of
the "™ Hf isomer into the levels of the ground state band via Coulomb excitation,
essentially as an inverse of the reaction observed in Ref. [1]. Specific transitions are
implied for triggering and their energies are known, making possible experimental
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design and for quantitative estimations of the reaction rate. The magnitude of the
cross-section for the population of '"*Hf isomers [1, 2] promises likewise significant
probabilities for the reversed process of triggering. A successful new experiment will
quantify parameters such as the energies, multipolarities and reduced matrix elements
for energy-releasing trigger transitions. These parameters are needed to assess the
feasibility of inducing a release of isomeric energy under an intense photon flux as
suggested for some applications [3].

At this time, technical challenges restrict the availability of samples containing
78"2Hf in an amount sufficient for preparation of a target suitable for standard in-
beam y-spectroscopic experiments.  Therefore, it is necessary to consider the
possibility of performing an experiment with '*™2Hf nuclei as projectiles. Radioactive
ion-beam facilities operate routinely at many laboratories and the long-lived '™™Hf
nuclide should not be extraordinarily difficult for beam production.

2. Acceleration of isomeric ions

The most critical issues which define the cost of an experiment and the quality of
the measurements are the consumption rate for and total available amount of '"*™Hf.
The isomeric material can be produced using the "°Yb (*He, 2n)'®™Hf reaction, as
described in Ref.[4]. With a 100-uA beam of ‘He'" jons at 35 MeV, one can
accumulate 10" atoms of "*™Hf during an irradiation time of about one month. An
isomer-to-ground state ratio for '"°Hf nuclei as high as Om/0g = 0.05 could be reached
using this reaction with *He ions. Other reactions are characterized by lower Om/Cy
values and are less suitable for in-beam spectroscopic measurements. In the proposed
Coulomb excitation experiment, the accumulated isomeric material would be spent for
acceleration of ions of "™ Hf.

It would be difficult to separate the isomeric and ground-state '"*Hf nuclei during
acceleration. Some methods to do so have been discussed in principle, but they would
result in a reduction of the beam intensity by orders-of-magnitude due to losses of the
isomeric ions. One may assume that a realistic total efficiency of the source-
accelerator system is on the level of 1 %. This modestly-good value represents the
ratio between the number of ions reaching the target and the total number of atoms
consumed in the ion source. With such an efficiency, a total number of about 10"
isomeric atoms will be spent during 10 hours of beam with an intensity of
approximately 3 x 10® ions/s. The full current of the "®Hf ion beam will be about 1
particle nA, taking into account o,/c, = 5 %.

As indicated above, only about 10 hours of irradiation time will be available at a
beam intensity of 3 x 10® jons/s. The beam current can be reduced to extend the
irradiation time, but the integral number of ions reaching the target will be conserved
near 10" ions containing ™™Hf, It is necessary to determine if this is sufficient for a
successful experiment. Theoretical estimates may be conducted based on the idea of K
mixing for the interband transitions of Ref. {2] and they show in first approximation
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~ that such experiment may be possible. An estimation of the count rate is discussed
below. However, only the successful detection of triggering can lead to the real cross
sections for Coulomb depopulation of the "*™Hf isomer.

3. Choice of target and beam parameters

A schematic of the experiment can be given as follows. A target made of low-
background material (Pb) will be irradiated by a '"*Hf ion beam at an energy much
lower than the Coulomb barrier of interaction. The projectile-target spectrum due to
Coulomb excitation should be recorded in coincidence with the scattered ions. Use of
a multi-detector y array is needed to obtain y-y and higher coincidences. The spectra
collected with the “isomeric” (5%) beam will need to be compared with a pure ground-
state '"*Hf beam and the difference spectrum obtained. This difference spectrum may
contain cascades corresponding to population of high-spin levels both within the band
built on the isomer and within the ground-state band (g.s.b.). The latter case,
population of high-spin members of the g.s.b may take place due to single-step
Coulomb excitation from the isomer, if K mixing is indeed significant as discussed in
Refs. [1, 2]. Observation of the corresponding y-cascades would then serve as a signal
of isomer triggering.

As is the usual case in any experiment, the background intensity plays a significant
role. One may analyze some restrictions on the scheme that accrue from the presence
of different backgrounds:

1. The beam energy should be relatively low, about 3.5 MeV/nucleon, in order to
prevent population of J > 14 members of the g.s.b. due to excitation from the /=
0 ground state of Hf within the beam. The probability for such multiple
Coulomb éxcitation is drastically reduced at this low beam energy [2] and
triggering can therefore be clearly isolated.

2. A Pb target should be used because it will produce an insignificant Coulomb
excitation spectrum and does not contribute to the background. This is
particularly the case if an enriched target of **Pb, for example, can be used.

3. The need to obtain coincidences between y signals and scattered ions does not
allow the use of a thick target that stops the beam.

4. Doppler-correction is absolutely necessary. Otherwise it would be impossible to
distinguish narrow y lines when those gammas are emitted in flight.

5. Detection of the scattered projectile defines the direction of the emitter motion,
but the absolute speed varies due to energy losses in the target. The target
thickness should be optimized for successful Doppler correction.

6. Scattered radioactive nuclei produce an insignificant pollution in the detectors,
however the beam damp content should be added to the ion source elements for
the recuperation of isomeric nuclei past irradiation.

R7



4. Count rate estimation

According to Ref. [2], it is assumed that safe background conditions will occur
with a beam energy lower than 4.6 MeV/nucleon. Successful Doppler correction
requires that the emitter velocity should not vary more than + 5 % along its stopping
path in the target from entrance to exit. This corresponds to projectile energy losses in
the target of about 20 %. The Doppler correction procedure should be performed in
event-by-event processing with a velocity dependent on the scattering angle in the
laboratory system. With the known dE/dx parameter, one deduces that the Pb target
should have a thickness of about 4 mg/cm’®. A realistic intensity for the ""*"2Hf beam
was already introduced to be about 3 x 10° ions/s. Thus, the Coulomb excitation cross
section can be estimated and the rate of excitation events can be deduced in a
straightforward manner therefrom. - ’ :

- Here the single-step E2 Coulomb excitation from the 16+ isomeric level to the 147,
16" and 18" levels of the g.s.b. are calculated. The respective transition energies are
known to be 331, 990 and 1,675 keV. Weisskopf strength was assumed for these
transitions due to the observance in Ref. [2] of strong K mixing in the g.s.b. at spins J
> 10. Following Ref. [5], Bw(E2)T = 0.0297 ¢? b? is taken as the Weisskopf value for
all transitions.: With a mean projectile energy of 740 MeV, one finds values of the
Coulomb excitation parameter of & = 0.489 for 331 keV, & = 1.46 for 990 keV and &
=2.47 for 1.675 keV transitions. Thus, the excitation of the projectile nuclei should
occur with a relatively large cross section. This will depend on the assumed solid
angle for detection of the scattered projectiles.

The CHICO detector developed at the University of Rochester, as often utilized at
Argonne National Lab and at other accelerator facilities, provides wide-angle detection
of scattered projectiles over nearly 2n solid angle in the forward direction. Selecting -
c.m.s. scattering angles between 60° - 140°, these correspond to laboratory system
angles from 32° - 85°. Smaller angles are not useful due to the reduced probability of
Coulomb excitation. However, the given interval covers a solid angle of 4.8 sr or 75
% of 2. ‘

Using the above-described parameters, an excitation rate of about 245 events/s is
found for the 331 keV transition, about 3.2 events/s for the 990 keV and of about :.
1.5-107 events/s for 1.675 keV transition. The 14" level can be successfully excited
even using a lower beam energy of 3 MeV/nucleon.

A multiple gamma-detector system, coupled with CHICO for Doppler correction

and background suppression, should provide reliable detection of g.s.b. excitation
events in the form of multiple gamma cascades from the 14", 16" and 18" levels after
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their single-step excitation from the 16" isomer. The gamma background due to
Coulomb excitation starting from the 0* ground state would not be significant and, in
addition, can be removed by subtracting a spectrum taken under the same conditions,
but with a pure '"Hf ground-state beam. Thus, the triggering events can be reliably

selected and the corresponding cross section deduced. The excitation rate would be
“sufficient to accomplish an experiment with an integral number of 10" *™Hf jons

incident on a Pb target during a run, until a total of 10" isomeric atoms are spent.
~ Indeed, with an excitation rate of 250 events/s, 10’ events can be accumulated during
10 hours of data acquisition. The efficiency of 4n gamma arrays is typically very
large, especially for the detection of high-multiplicity gamma cascades as needed in
this proposed experiment.

Summary

Transitions beginning on the 16+ isomer and leading to states in the ground-state
band in ""®Hf would serve to trigger a release of energy stored in the metastable level.
Direct observation of such transitions and characterization of their cross sections is
essential for basic scientific knowledge and to assess the feasibility of applications.
While standard Coulomb excitation experiments are not possible with "*™Hf as a
target due to the small amounts of isomeric material likely to be available, an
experiment using '"*™Hf nuclei as a beam is promising and should be pursued.
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While the earliest attempts to affect the decay of isomers with x-rays applied broad-
band bremsstrahlung sources, many more recent studies of isomers have used x-rays
from third-generation synchrotrons. This paper highlights some synchrotron techniques
that may be useful for use with isomers but have not yet been applied. One is
concentrating the x-rays with x-ray optics, notably Ecopulse's lithium refractive x-ray
lens, the other is usage of the synchrotron radiation's time structure. The techniques are
offered as is, without adding any special considerations of how they might be applied
to a specific measurement on a particular isomers. This should be done in a more
complete experimental design that was planned for the future.

Introduction

In physical measurements of radiation-induced processes there are often two
principal and mutually contradictory issues: the desired signal is often proportional to
a driving influence, hence one difficulty is to get a large enough driver. In cases when
the driver must be large the signal tends to be relatively small, and the second
difficulty is then to suppress a background that is, in general, also proportional to the
driving signal. For isomer studies a synchrotron is often the most appropriate x-ray
source because of its well-controlled characteristics.

In this paper we highlight one way to increase the x-ray fluence on a synchrotron,,
with a refractive lens Ecopulse has made with lithium metal. In tests at Argonne's
Advanced Photon Source (APS) this lens increases the fluence of 10 keV x-rays 50-
fold. We also mention a technique, developed by others at the APS, that suppresses
the radiation background relative to the signal associated with nuclear transitions by a
time delay.

X-ray refractive lens from lithium metal

The advent of highly collimated x-ray beams from synchrotrons has allowed
practical use of x-ray refraction, in x-ray lenses that are conceptually identical to the
standard refractive lenses, used for radiation from microwaves to UV light. Together
with its colleagues at Argonne's Advanced Photon Source, Ecopulse has developed x-
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ray refractive lenses made from lithium metal. The motivation for the use of non-
traditional lithium is, of course, lithium's low x-ray attenuation: for 10 keV x-rays the
attenuation length in solid lithium is 60 mm. Since attenuation is dominated by the
photoelectric effect, which scales as the cube of the photon energy, for 5 keV x-rays
Li's attenuation length shrinks to 7.5 mm. Something similar is true for all materials
used in refractive lenses, e.g., beryllium, plastics, or even aluminum or silicon,
suggesting that refractive lenses have an optimum energy range. For lithium the useful
energy range is the lowest, around 10 keV and exactly where the oft-touted isomer
"8"2Hf may have an interesting transition that could, according to some reports, be
triggered and make 178-Hf suitable for some applications.
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Figure 1: Atomic and nuclear cross sections for Hf.

Figure 1 shows some of Hf's cross sections. The top straight line is the theoretical
cross section for excitation of the nucleus in an El transition as function of energy.
For Hf this transition is expected at the light vertical line, at 126 keV. Along this line
are indicated the expected cross sections for the higher order transitions E2 and E3.
The solid line is the total atomic cross section for Hf's 72 electrons, and the dashed
line is the Compton cross section for a single electron. The vertical line at 10 keV is
the nuclear trigger cross section as claimed for Hf. The figure illustrates the principal
difficulty in exciting nuclear transitions: they are very narrow. In fact, they are much
narrower than suggested by the line width at the resonance energy. Obviously, their
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integrated cross section is minute compared to the photoelectric and even the
Compton cross section of the many (72 for unionized Hf) electrons that surround the
nucleus.

Ecopulse's lithium lens may be useful in experiments aimed at verifying triggering
of 178-Hf at about 10 keV, but it is not particularly useful for experiments at the E1-
transition at 126 keV.

(a) single lens (b) stack of ¥ lenses

I mm 3

R —.

et ,/
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J8 optical axis’

Figure 2: Aachen-style parabolic lenses as used by Ecopulse [1].

Figure 2 is the design of Ecopulse's lithium lens [1]. Its geometry is identical to
that of the aluminum and beryllium lenses built by the x-ray lens group at Aachen
University. For a single refractive parabolic lens with radius of curvature r, the focal
length fis f = #/(25) , and for N lenses in series the focal length is N times smaller,

f=r/(2N5) . (1)

Here 5=1-n = (wy/w )2 is the refractive index decrement, w, is a characteristic
frequency of the electrons, and w is the frequency of an x-ray with energy hw/2m.
For lithium at 10 keV the refractive index decrement is about 1/1,000,000. Since the
radius of our lenses is 0.26 mm, the focal length of a single parabolic lens from
lithium is then 130 m. This is long, but not excessive: it is on the same order as the
typical 50 m distance to the x-ray source at the APS. Putting 80 lenses in series makes
the focal length 1.6 m and this lens can focus 10 keV x-rays in a useful manner.

Figure 3 is one result. To the left is an intensity plot of the unfocused 10 keV x-
ray beam that goes into the lens. It is square, 0.5 mm on a side, with intensity
striations that have since been largely suppressed through enhancements of the x-ray
optics upstream, by the scientists at the MHATT?XOR beam line where the
measurements were done. To the right is the x-ray intensity in the focal plane behind
the lens. Its intensity is reduced by x-ray filters in the beam to make the beam more
visible. The filters preferentially attenuate the 10 keV component, leaving unaffected
the small harmonic contribution at 30 keV that accompanies the fundamental x-rays at
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10 keV. As a result, the 10 keV x-rays focused in the center are visible together with
30 keV x-rays. For these harder x-rays the index of refraction decrement is 1/9 of that
for 10 keV x-rays, so that they are only slightly bent by the lens and they form a
slightly contracted version of the original beam. The 20 micron by 30 micron focal
spot in 10 keV x-rays is in its peak about 50 times more intense than the unfocused
beam. The focused beam contains about half the 10 keV photons in the original beam.
However, some of them are in a halo that surrounds the focus and is not separately
visible in Figure 3. Additional work can suppress the halo, and mitigate small-angle
scattering that is a principal reason why the focus is not as small as it should be
theoretically.

Figure 3. Unfocused x-ray beam (left) and focused but attenuated beam (right).

There are two reasons to consider focusing x-rays for isomer studies, either with a
refractive lens or with other x-ray optics (mirrors, zone plates). One is to have
additional flexibility to match the x-ray spot size to the sample size, the other is to
give additional options for time-resolved diagnostics.

Match spot size.

When the attenuation in a material is so large that the x-rays do not reach the sample's
back side, the atoms located there do not participate in the measurement. They may
just as well be absent. When the material is exceedingly expensive, as any isotopically
or especially isomerically enhanced material would be, samples that are too thick are
therefore wasteful. On the other hand, a sample that is too thin wastes precious x-rays.
The optimum is a sample with a thickness in between the two extremes. As can be
expected the optimum thickness is an attenuation length. A sample with N atoms with
cross section o then has an area 4 of
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Of course, if the cross sections for the different processes differ many orders of
magnitude, as they do for 178-Hf, there is substantial freedom in the choice of cross
section, and therefore in the sample area (which is often limited by other factors such
as fabrication requirements anyway).

When only a few interesting atoms are available the optimum sample size is
quite small. One of the Hf samples has about 10 of the 178m2 isomer. If the trlgger
cross section at 10 keV were to be as sketched, about 100 barns or 10 cm?, the
optimum area would be sub-micron, about 107 cm® The same sample with the 100 kb
atomic cross section would be just about as large as the x-ray focus in Figure 2, 20 by
30 microns. However, the actual sample contains the isomer only as a minor impurity,
perhaps 1/100,000. Then the optimum sample size is on the order of 1 cm?, as is the
size of the actual sample. Since the unfocused x-ray beam is about I mm high and a
few mm wide, the sample is too large. In measurements on a synchrotron the sample is
therefore put under an angle so that the beam illuminates it more or less uniformly, the
opposite of what the lens would do. However, samples with higher concentration of
the active isomer would be smaller and could make good use of x-ray optics.

Suppress radiation background by using the synchrotron's time structure.

The synchrotron's x-rays come in sub-ns short pulses at a rapid clip, at a MHz or
so. Some measurements can benefit from the time structure, including some that use
nuclear resonances. The reason is the resonance itself, which implies a typical time
scale At over which the resonance builds up or decays. Heisenberg's uncertainty
principle AE. At=h/2m =10 Js relates a time scale to an uncertainty in energy, an
energy width AE. As an example, the well-known nuclear resonance of >’Fe has a 140
ns decay time that corresponds to a very narrow width, 5 neV.

High Heat Losd Monoctromator | HighEnergy
: Resolution
Monochromaor

Figure 4: Monochromator chain needed to get x-ray beams with micro-eV width.

Figure 4 and Figure 5 show some of the x-ray optics elements that are needed to
take advantage of the synchrotron's time structure in using nuclear resonances for

95



measurements. The left side of Figure 4 sketches the usual monochromator that slices
out of the polychromatic (white) powerful (sub-kW) x-ray beam only a small energy
range of interest. The first monochromator crystal must withstand the full power of
the x-rays directly from the synchrotron, up to 1 kW. It is therefore cooled, to 77 K.
The second crystal narrows the width further, and redirects the beam so that it remains
horizontal. .

For the lithium lens the desired x-ray energy is around 10 keV, and the width is
not particularly important: the high heat load monochromator's standard width around
1 eV is perfectly acceptable. However, the nuclear resonance is so much narrower that
further monochromatization is essential. The right side of Figure 4 shows how to do
this conceptually: two additional channel-cut crystals reduce the intensity of unwanted
energies with four additional higher order reflections. While conceptually
straightforward, the demands on the hardware to get the energy slices within a desired
meV band are extremely severe, and aligning all these monochromators is very time-
consuming: it is not something to be attempted by the weak.

Electronic
scattering

log(intensity)

nuclear scattering

rm—.

" T,
S -

Time (ns)

~ Figure 5 shows schematically the intensity as function of time for a sample
containing *'Fe, 26 electrons surrounding a Moessbauer nucleus from which the
numbers in this section are taken [2]. The nucleus *’Fe has a decay time of 140 ns,
corresponding to a width of 4 neV.

The APS's x-ray pulses are about 0.1 ns wide and, depending on the operational
mode, can come as sketched in the figure, every few 100 ns or so. While the x-rays are
in a very narrow energy band, some meVs wide, most immediately scatter off the
electrons and appear as an intense peak that coincides in time with the 0.1 ns wide x-
ray pulse. A few photons are in the 5 neV wide band that can excite the nuclear
resonance. These photons are stored temporarily in the nucleus, and reappear as decay
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radiation with a characteristic decay time around 140 ns. The instantaneously
scattered radiation, the background, is suppressed by turning on the photodetectors
only after the x-ray pulse is gone: Figure 5 shows this as 1 ns. Suitable x-ray detectors
are amplified photodiodes, ADPs, for which a reference is given in [2].
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Figure 6. The nuclear resonance cross section clearly stands out above the background, in
a measurement of solid state properties (from [2]).

Figure 6 illustrates what can be achieved. The figure shows the intensity of the
scattered x-rays from an iron sample, in which the Moessbauer nucleus >'Fe is
affected by the phonons in the material. The shift in energy can be measured with an
accuracy of meVs, sufficiently to see the various components of the lattice vibrations
that are the subject of the investigation (see [2]). Contrast this figure with what has
sometimes been claimed to constitute proof of a nuclear resonance in '™™Hf, and the
difference is obvious: a strong peak as in Figure 6 convinces every reasonable
physicist that the measurement makes sense, and that the results can be trusted.
Conversely, a glitch in a bunch of data points that could equally well be caused by
statistics causes at best controversy and at worst destroys reputations if the glitch is
steadily mis-interpreted as signal.

It seems very worthwhile to measure isomeric triggering cross sections with the
help of the techniques highlighted here, and any other techniques that contribute to
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suppressing the radiation background. Doing this may be more difficult for naturally
radioactive materials such as '"*™Hf, where the natural decay supplies an additional
background that can not be suppressed in the manner suggested here.

Other difficulties abound. While a high resolution monochromator would work at
10 keV, so that Hf- triggering measurements with ~10 keV x-rays can be done better
with additional monochromatization and time delays, the narrower the energy
spectrum the more difficult it is to find the correct energy. And, triggering at higher
energy where the transition is known to exist, around 126 keV, would be more
difficult because monochromators and detectors at higher energies don't work so well.

Opportunities abound too. For example, a much slower nuclear transition than the
140 ns for *’Fe might make it possible to move the sample far enough away from the
x-ray beam so that it can be counted in a quiet environment. In principle it is possible
to move materials with a speed around 1 km/s, or 10 cm in 0.1 ms. A nuclear
transition that takes 68 microseconds, as the El-transition in "™Hf might, could give
enough time to take the sample to a remote counter in less than a decay time. In this
time perhaps half of the decays could have happened, but the other half would still be
there. The advantage is negligible background.

The purpose of: this presentation is achieved if you will consider doing
measurements that might use these or other advanced techniques.
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All the experimental data available on ™HF triggering are investigated in detail. An
attempt is made to define what mechanism could be responsible for the triggering of "*™Hf
isomeric state and how at least some of the problems of the first experiments can be solved.
While the main positive results of previous experiments on x-ray stimulated decay of '™*™Hf
isomer continue to be reliably confirmed, such experiments could be replicated now by other
teams and perhaps it would help not only to find all missing links in the chain of the triggering
phenomenon understanding, but to expand the research to other long-lived nuclear isomers
and nuclides suitable for such purposes as well.

Introduction

The pioneering experiments on '"“™Hf isomer triggering did produce a sort of
confusion throughout the scientific community since the observed high efficiency of the
triggering with low-energy x-rays stressed all models, which might have been able to
predict such an effect [1 — 6]. Moreover, there appeared to be not only one but at least two
distinct reaction branches for triggering. Different trigger energies in different series of
experiments produced absolutely diverse deexcitation channels, one that included "*™Hf
isomer (T, = 4 sec.) and another one — not. And though the experimental investigation of
8L triggering phenomenon has been continued using not only portable x-ray machine
[7 — 9], but synchrotton radiation (SR) sources as well /10 - 12/, significant efforts are still
being applied to find both proper explanations and correct mechanisms responsible for
such unexpectedly high efficiency of the triggering as well.

One of such mechanisms is Nuclear Excitation by Electron Transition (NEET), the
process inverse to internal electron conversion, when energy of one of the atomic
transitions that follow the ionization of atomic shells during the irradiation of '*™Hf
isomeric target by soft x-rays can resonantly be transferred into the nucleus taking
simultaneously away some of its quantum momentum and softening greatly the hindrance
of corresponding nuclear transition. In such an event one or even a number of additional
nuclear transitions not observed in the spontaneous decay of "®™Hf isomer should be
detected and some indications of such new transitions as in the single spectra [8] and as in
the coincidence spectra [9 — 12] have already been reported. Unfortunately, all the newly
observed transitions have been acquired with rather poor statistics, moreover they are not
numerous enough to propose any unambiguous scheme for the triggered decay of "*™Hf
isomer.
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Another perspective mechanism is Inelastic Electronic Bridge (IEB), the process
similar to internal Compton effect, when the electron is shaken up to a discrete state, the
vacancy in which can be produced during the irradiation of ""*Hf sample by soft x-rays,
rather than being emitted into the continuum. In this event atomic electrons could take
away extra quantum momentum of the nucleus and relax significantly the forbiddenness of
corresponding nuclear transition as well. From the experimental point of view, if IEB
mechanism is responsible for "*™Hf triggering, then one can hardly expect any additional
nuclear transitions and the only effect that could be registered is the accelerated decay of
M2 {someric state at certain energies of incident x-rays when necessary electron holes
are generated with high efficiency and such the accelerated decay has already been
experimentally observed also [11 - 13].

At the same time, one should not forget that -processes could be stimulated by x-ray
radiation as well. The point is that excitation energy of "™ Hf is high enough to allow B-
decay to '*Ta and EC-decay to ""®Lu, though no such decay was ever been detected in the
spontaneous decay of ®™Hf isomer. Recent calculations of weak processes stimulation by
synchrotron radiation have clearly shown [14] that the more forbidden a B-decay the more
accelerated decay should be observed and, for instant in the case of fourth forbidden B-
decay the decay rate: can be changed by about two orders of magnitude. The most
intriguing is that in the event of x-ray stimulated either B or EC-decay of "™ ™Hf isomer
the same 8 level at 1479 keV of ™Hf should be populated, though this level is not
populated during the spontaneous decay of "™ Hf isomer. It means that a new y-ray line at
the energy of 332 keV could be detected and the most interesting is that such y-ray line has
been registered though with not high confidence in the initial '*™Hf experiments when
baseline spectra were recorded just after x-ray irradiation of the isomeric target. Moreover,
I8m2Hf triggering can be of the same nature as the triggering of '"*Lu [15].

Experimental investigation of "™ Hf isomer triggering by low-energy photons
t Yy P

X-rays energies above L-edges

In the experiments at SPring8 [11 — 12] the accelerated decay of IB™2HF has been
registered when the isomeric target was irradiated by x-rays with energy about 6.4 eV and
12.8 eV above L; edge, respectively. It could mean that 7*™Hf triggering happens while
the ionization of L; shell goes with the photon energy high enough to ionize resonantly O,
atomic shell also, the binding energy of which is 6.4 €V, furthermore either once or twice
(Hf atom has only two electrons at O, atomic shell), respectively. In such occasion the
strongly K-forbidden E3 transition, through which the spontaneous decay of "“™“Hf
isomeric level proceeds (mostly by L; internal conversion), might go through IEB. As a
result, L electron fills a hole in O, atomic shell taking away some part of quantum
momentum and additionally monoenergetic photon with an energy E, given by E, = E; -
(Bs - Boy), where E; is the isomeric transition energy and By; and Boy are the binding
energies of the initial and final electronic states, is emitted as well taking away remaining
part of quantum momentum. In such event, the total angular momentum and parity
hindrance can be relaxed and the isomeric state will decay by E2 or E1 transition instead of
E3 one. Anyway, the corresponding nuclear transition would not be so highly hindered and
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K-forbidden as in the case of the decay by internal electron conversion and it could explain
the observed high efficiency of the triggering.

In fact ""™Hf triggering has been detected when the isomeric target is irradiated by x-
rays above L; edge as well [10], however due to very poor statistics now it is impossible to
determine precisely the triggering energies. On the other hand, '®™Hf triggering has
obviously been registered when the isomeric target is irradiated by x-rays with the energy
about 11275 + 11310 eV and 11650 + 11660 eV and it is just 5 + 40 eV and 380 + 390 eV
above L, edge, respectively. The first energy interval corresponds to the binding energies
of O..s and N7 shells, though what is the most surprising is that the second energy interval
corresponds exactly to the binding energy of Nj shell (Bn; =380.3 eV) or, taking into
account that the triggering energy cannot be determined precisely, even to the sum of
binding energies for N; and Oy shells.

20.825 keV x-rays

In 2002 experiments at SPring-8 a new and very significant result has been obtained
that seems to resolve the main and especially crucial discrepancies of the initial 178an2Hf
triggering experiments [16]. On the contrary to the case of incident x-rays energies above
L-edges when the acceleration of gamma emission rate is immediate, in the event of more
energetic x-rays having energies near 20.825 keV a channel for deexcitation resulting in a
cascade of gamma transitions that includes a 178mle isomer has been observed. Moreover,
taking into account that Hf atomic electron binding energies are 11.2707 keV, 9.5607 keV
and 1.7164 keV for L, L, and M, shells respectively, it is very exciting and simultaneously
surprising that the energy of x-rays at which the effect has been registered is 20.825 keV —
just about 6.4 eV and 12.8 eV below the sum of atomic electron binding energies for L, +

Lyand L, + L, + M, shells, respectively. Naturally, having the continuous and not well-

controlled spectrum of incident x-rays in the initial mmsz triggering experiments one
could stimulate any of the possible decay channels and with different efficiency and it
seems to explain why in several experiments absolutely different results were obtained,
though full understanding of such triggering mechanism has not been reached yet.

Irradiation Process Control

Simultaneously with the acquiring a huge amount of experimental information on
"SMHf isomer triggering, essential efforts have been applied to investigate all the
irradiation process and control it as much as possible, on the contrary to the initial
experiments when only scattered x-rays were recorded by heavily shielded Ge detectors.
First of all, a procedure for the alignment of the active part of the isomeric target with the
incident beam of SR x-rays has been developed in detail and it allows knowing very
precisely the target position relative to the beam spot center. At the same time, it has been
confirmed that there are harmonics in the beam, moreover their content comprised 10% of
all incident photons and odd harmonics were “on axis”, while even harmonics propagated
“off axis”.

Secondly, very simple and as it happened to be very effective method of irradiation
control has been used as well. The total counting rate for the detection of all y-rays above
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100 keV collected with Ge detector can be considered as a signature of the accelerated
'8m2HIf isomer decay induced by incident x-rays. Obviously, such technique should work
since in the case of about 10 keV x-rays and properly shielded Ge detector there are no
chances for the scattered x-rays to be registered at all and y-ray spectra above 100 keV
would surely be absolutely identical either the beam is on or off.

As a result, the confidence that incidence for the monochromatic x-rays upon the
isomeric content of the target caused an enhanced acquisition of y-rays is 91 ¢ [17], a
strong confirmation for the triggering of the decay. Furthermore, the levels of confidence
for the positive results being published considerably exceed those for the negative results -
only 2.6 sigma being reported for a negative SR experiment at Argonne [18].

This result can  happen to be even much more important and explain many
discrepancies and problems of the previous experiments on '*™Hf isomer triggering. The
point is that such high level of confidence for the triggering obtained from total counts
above 100 keV can surely support an idea that the triggering goes through numerous paths.
It may be a reason why at such large effect one cannot detect all the y-ray transitions with
confidence enough to construct the decay schemes of triggered '®™Hf isomer while they
are spread over too many paths. And although such idea should obviously be checked
experimentally as well, it sounds quite reasonable.

Triggering level at 2457.2 keV

If the mechanism of the direct interaction of a photon and nucleus or NEET is still
working, then a previously unobserved level of '*Hf in close proximity of *™Hf isomer
must exist. Such a level at 2457.2 keV has already been found [17] when the gain of the
spectroscopy amplifier was decreased enough to register y-rays in the range of energies up
to 2500 kev, moreover one branch of its subsequent decay has been identified populating
the ground state of ""°Hf.

At the same time, though the confidence that this is a new line at 2457.20 (22) keV in
the spectrum of the induced decay is 6.5 o, the proposed level at 2457.2 keV that decays
directly to the ground state of Hf can hardly explain how the triggering occurs.
Moreover, this level is surely populated by the first harmonic of x —rays and it means thata
loss of (19.13 - 11.15) = 7.98 keV should be explained as well. On the other hand, it looks
very intriguing that this level seems to lie at the energy around 11.15 (27) keV above
Im2Hf jsomeric level, while the binding energy for L; atomic electron of Hf is 11.2707
keV —too close to the energy gap between these two levels to be accidental.

Discussion and conclusions

Since 1998 a great variety of experiments using both a dental x-ray machine and
synchrotron radiation sources were performed. As a result, y-emission from the 31-yr
isomer of '®Hf induced by x-ray irradiation has been observed with very high level of
significance. The use of monochromatic SR sources did allow showing that the induced
decay of '"™Hf isomer can be detected at a number of x-ray energies, moreover at
different energies absolutely different paths of '™Hf isomer induced decay can
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registered: some of them populate the 4-s isomer of '™Hf and other ones — bypass the
I8mIEf {somer.

At the same time, experimental observation of ™™Hf isomer triggering when the
outer atomic shells are ionized opens a new direction of the isomer triggering research.
And although, on the one hand in order to use low energy X-rays one needs to have very
thin targets, on the other hand in the case of O, atomic shell ionization one could exploit
lasers as well, since it should be the energy range of eximer lasers. As a result, much more
intense laser irradiation can compensate a need to use the thin targets and allow studying
the triggering phenomenon experimentally as well.

Another very interesting observation is that no conductive target has ever trxggered and
no insulating target has ever failed to trigger. It could mean that half-lives of the holes in
the outer atomic shells are of the great importance since in the case of insulators the hole
half-lives can be orders of magnitude longer than in the event of conductors. Moreover,
according to recent theoretical estimates due to extremely high Debye temperature a target
in which the isomer was deposited in a bedding of insulating, diamond-like carbon opens
another interesting direction of the isomer triggering research as well.

For all such experiments one needs to have a target with the maximal concentration of
18m21f somers and it arises with the new force a problem of isotope separation. Moreover,
all the available "*™Hf isomeric material has been produced decades ago and in not the
optimal nuclear reactions so taking into account that there is a need to use picogram
quantities of "™Hf isomers one could use the most effective way of production, namely
"Lu (o, p) "*™Hf, "*Yb (a, 2n) "*Hf and ®1Ta (p, o) "*™Hf nuclear reactions with the
energy of projectiles up to 100 MeV [19].

As often happens in new directions of research, such measurements are complex and
efforts do not always succeed. At the same time, the levels of confidence for the positive
results being published considerably exceed those for the negative results. While the main
positive results of previous experiments on x-ray stimulated decay of "*™Hf isomer
continue to be reliably confirmed, any team could replicate such experiments now and
perhaps it would expand the research to other long-lived nuclear isomers and nuclides
suitable for such purposes as well. At the same time, further theoretical analysis is
obviously needed since it could help to plan much more effectively all future experiments
saving time, efforts and money.
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Abstract

The yields curves and reaction cross-sections were measured for reactions '’In (v,
Y) 'P™n (Typ = 1.7 h, J* = 1/27), "*Pt (1, ¥°) ""Pt (T}, = 4.1 d, J* = 13/2") and '**Hg
(v, v") "™Hg (T);, = 42.6 min., J* = 13/2"). The cross-section for the reaction '’In (y,
v’) "™In reaches a maximum at the energy about 9.0 MeV, while in the case of

reactions '*°Pt (y, y°) '**"Pt and '*Hg (v, y°) '™Hg it happens at the energy around 6.4
MeV. The resonance locations for all mentioned above nuclei coincide with the
corresponding (y, n) reaction thresholds.

Introduction

The photon scattering by atomic nuclei is the universal process that occurs in
all nuclei and at any energy. In all cases the process of inelastic gamma-ray scattering
associates with the radiative transitions. These transitions de-excite a nucleus and may
be separated into several groups. First, there are CC'-transitions between highly excited
compound states which lie in the continuous spectrum (C' — initial state, C — final
state). Secondly, there are transitions between highly excited C-states and low-lying S-
states (CS-transitions). And thirdly, there are SS'-transitions between the ordinary low-
lying states (S' - initial state, S — final state). Metastable (isomeric) states are excited
by gamma-transitions of all three types.

The investigation of isomer excitation in (y, ¥') reactions is relevant due to
works on the stimulated decay of isomeric states [1-3]. Now there is no theoretical
explanation for significant acceleration of "®"Hf decay during its y- or electron
irradiation. The understanding of isomer production mechanism during fy-ray
irradiation is very important for the astrophysical purposes as well.

Bearing in mind all the stated above, we have carried out the study of '"™In,
195mpt and **"Hg isomer excitation. The choice of Pt and Hg nuclei is topical for the
understanding of isomer excitation mechanism, since significant increase of the isomer
excitation probability is observed in this atomic mass region. The data on '""In are
very limited, so it is important that during the irradiation of natural indium target '"*™In
isomer is excited as well. Since '""™In has been well investigated in many works, it
may be used as a sort of the calibration sample.
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This paper is dedicated to the investigation of cross-sections for the production
of isomeric states in '“In, Pt and '*Hg nuclei during the inelastic gamma-ray
scattering in 4 - 12 MeV energy range. And though the isomeric states excitation in
(y, v")"-reactions was studied rather extensively [1], the corresponding cross sections
for mentioned above nuclei at the threshold of (y, n)-reactions have not been
investigated sufficiently yet.

The isomeric states photo-excitation in all investigated nuclei was studied
earlier during the photoactivation analysis for samples of different composition [2].
The (y, v)™-cross sections for '"*In, '*Pt and 199Hg were studied at 1 - 3 MeV energies
using as the isotopic sources [3], as the bremsstrahlung radiation [4]. '

Measurement technique and results

These investigations were carried out at the bremsstrahlung beam of M-30
microtron in the Institute of Electron Physics. '“In(y, v)!"*™In, '*Pt(y,v)'**™Pt u
199Hg(y, y)l99mHg reaction yields were measured with a step of AE=0.5 MeV. '*™In,
'%mpt and ™Hg isomer production was defined using 391.7 keV; 98.8 keV,
129.7 keV and 158 keV, 374 keV gamma-line intensities, correspondingly.

The spins and parities of isomeric J ,, and ground J7 levels, their differences

AJ = J,,- AJg, half-lives T, of the isomeric states, energies E, of the detected gamma-
lines and their intensities taken from [5, 6] are shown in Table 1.

Table 1. Spectroscopic properties of the investigated isomers.

Isotope J: Jg AJ Tin Ey, keV I, %
B 1/27 9/2* 4 99.4m 391 64.2
P3pt 13/2° Yy 6 402d | 98.8;129 | 11.0;2.7
“Hg 13/2° Ve 6 42.6m | 158;374 | 52;14

The induced activity measurements were carried out using the spectrometer
with Ge(Li)-detector of 100 cm’® volume. The fragment of indium target gamma-
spectrum is given at Fig. 1. The targets of natural isotopic composition were irradiated
at- the maximum energy E,,..= 12 MeV of the bremsstrahlung spectrum. The cross
sections of 'PIn(y, y')'™In, '**Pt(y, v)'*™Pt and '*’Hg(y, v")"**"Hg reactions are shown
at Fig. 2.

‘ All the obtained cross sections in 4 — 12 MeV range have one-hump nature
with a maximum at (y, n)-reaction threshold. For "*Pt (, y")™-cross section maximum
is found at 6.1 MeV, for 'Hg - at 6.5 MeV and for '"’In - at 9.2 MeV, while (y, n)-
thresholds for these nuclei are 6.12 MeV, 6.50 MeV and 9.2 MeV, respectively. As one
can see, within experimental uncertainties these values are practically the same.
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Fig. 1. The fragment of natural indium target gamma-spectrum.

The obtained cross sections allow us to find, using the total photoabsorption
cross section o, the experimental isomeric ratios » = o,/0,;. The experimental
isomeric ratios » were calculated at (y, y)™-reaction maximum, where the relative
mean-square errors are minimal and reach ~ 15% for the obtained isomer ratios.

Lorentzian values, which approximate o,, were taken as the total
photoabsorption cross sections at and below (y, n)-reaction thresholds. To determine
the r value for '"*In, o, parameters obtained for B1n [8] were taken since oy, for B1n
was not measured at all, on the other hand due to the proximity of masses for these
nuclei the giant dipole resonance parameters should be quite similar. o, value for
'%Hg was taken from [9)].

As a result, the following isomeric ratio values were obtained: for 31n at
E=7.0 MeV r=10.057, at E=8.0 MeV r=0.069 and at £=9.0 MeV r = 0.065; for
19pt »=0.014 at £E=5.5MeV and r=0.018 at E=6.0 MeV; for '®Hg »=0.0146 at
E=6.0MeV and r=0.013 at £= 6.5 MeV.

To estimate » value theoretically the isomeric ratios for investigated reactions
in 5.5 -9 MeV range were calculated. The calculation was carried out for the Fermi-
gas model [10]. In the calculations it was supposed that dipole gamma quantum is
absorbed by a nucleus and forms the compound nucleus, then it de-excites by El
gamma-transition cascade and last of these transitions populates the isomeric or ground
state. Bethe-Bloch formula was used for the description of nuclear level density and
spin J distribution [11]:
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Fig. 2. Cross sections of (v, y')-reactions for the investigated nuclei.

1 2
2J +1 +5)
pUY) = —=———exp{(2al - —é}
24247407463 20
where o - spin limiting parameter, which may be written down as’[12]:
1
6% =0,0899vaU - 4%
where 4 — mass number, a — level density parameter, U — excitation energy that should

be understood as the effective energy [12]. The calculation procedure is described in
more detail in [13].
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The calculations were carried out as without free parameters as by fixing the
spin limiting parameter o. The agreement between calculated isomeric ratios and
experimental data can be reached for ‘Pt and 'Hg at & = 2.5-3.0, while for 'In - at
o =4.5. Such o values agree within uncertainties with o= f{4) dependence given in
[14]. .

In conclusion, it should be noted that the isomeric states population in inelastic
scattering processes looks quite simple. If all the levels are equivalent, then the
statistical mechanism should work and sequential calculations should agree with the
experimental results.

However, in 0 +~ 2 MeV energy region the excited states are discrete and their
structure may be essentially different even for the neighboring nuclei. Thus, in general
the statistical approach is not applicable and we are formally compelled to extend it to
this region. Furthermore, for the nuclei at (y, n)-reaction threshold other mechanisms,
such as direct or semidirect population of the isomeric states, can make significant
contribution as well.
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The use of the bremsstrahlung gamma-rays produced by low energy electron beams of
about 30 MeV can provide effective transmutation due to a specific shape of the
photonuclear cross-section around the giant resonance. Such a method of transmutation
could be alternative to the accelerator driven systems utilizing high energy protons.

The general understanding of the nuclear waste “transmutation” of RIAR and
IPPE, the ones of leaders in the reactor technologies in Russia, consist in separation
and collecting the of fuel burning products, first of all of Np, Am, I, Tc in
development of the reactor conceptions of incineration of the fission products (FP)
and minor actinides (MA). In spite of our obvious success in application of fast
reactors [1, 2], the desired way of the waste disposal could be essentially improved by
introducing the Electron Driven Afterburner (EDA), the initiative project of the FLNR
JINR. The idea to drive fission by bremsstrahlung had become obvious since giant
dipole resonance has been found. Also the application of (y,xn) reactions for
transmutation of FP is not new, however, on the contrary to some other projects [3]
we propose to use low energy electron beams (LEEB) around the energy of 30 MeV.

Although it is difficult to imagine all the details of the construction nowadays,
but some general features of EDA can be proposed. A LEEB itself advantages in high
stability, in easy handling meaning also a simplified beam transport, in compactness
of the burning module, in absence of the radiotoxic products of the beam-target
interaction as well as in low activation of the constructional materials. The target
technologies for LEEB are already enough developed [4].The further attractive
properties of EDA are given in a favor of the comparison with that of the ADS
projects based on high-energy proton beams [5]. Due to the application of the electron
accelerators one can assume a multi-modular structure of the afterburner providing
such properties as a high serviceability, an optimized maintenance expenses, and,
perhaps, a portability of the entire system.

¥ Corresponding author. Email: kamanin @fobos.jinr.ru
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Another anticipated feature of EDA at the electron energy around 30 MeV consist
in the low beam power consumption per transmuted nucleus. In particular, our simple
estimates for the neutron production calculated for 1 kW of the beam power are given
in the table 1 below.

Table 1 Estimated neutron flux

Project Beam Neutron flux
IBR-30 e 40 MeV 2%10"

ADS p 1GeV 1.8%10"
IREN e 200Mev 10"

Even in the given table the neutron flux per 1 kW of the beam power for 40 MeV
is higher than that for ADS. Taking also into account that the result for ADS is
calculated for infinite target, on the contrary the range of gamma-quanta is very short;
this comparison will be even more obvious in the favor of EDA.

Main minor actinides are characterized by the so-called threshold fission cross-
section. Therefore their transmutation can be reached using only a small part of
neutrons available in the power reactors. The use of the bremsstrahlung produced by
LEEB can provide much more effective transmutation due to a specific shape of the
photonuclear cross-section around the giant resonance. Summarizing, EDA could be
alternative to the ADS utilizing high energy protons.

We have calculated the MA-transmutation efficiency of EDA by means of the
well known MCNP Monte-Carlo code using the cross-sections (v,F) = (y,f) + (y,nf)
and (y,n) from the EXFOR (Berman) library for the electron energies of 20 and 30
MeV [6]. We took Z*'Np as the MA representative due to the lack of photonuclear data
for other MA (Figure 1). On the other hand, the results for Cm and Am should be
similar to *’Np, because their photofission cross-sections near giant resonance which
contribution is dominating should not drastically vary from that for *'Np. In our
calculations the 2 mm thick tungsten target served as the converter, because it is
optimal value for the production of the photons.

We have calculated the direct fission rate in an idealized 10% water solution of
“"Np placed into the sphere of 30 cm in the diameter. The total rate per 10° incident
electrons amounted to 308 nuclei at 20 MeV. Increasing the electron energy by 50%
leads to doubling the transmutation rate due to the shape of the bremsstrahlung
spectrum given in the Figure 2.

The transmutation rate due to the direct reactions at 30 MeV found for the
metallic neptunium amounts to 15 kg per year counted for 1 GW of the beam power.
However, photofission alone provides only 30 % of the burning rate due to a high flux
of the secondary prompt neutrons from fission in the transmutation area. The total
fission rate inside the cylinder reaches more than 0.016 per 1 incident electron. This
intensity is enough to burn more than 40 kg of *’Np per GW per year. Taking into
consideration such processes like (y,n) and (n,2n) delivering short-lived 236py, the total
efficiency of Np-transmutation turn to be even larger than 50 kg/GW/year. This value

111



is already comparable with that amounting to 70-140 kg for the thermal and fast power
reactors. Our conclusions are in the good agreement with the independent calculations
implemented for the metallic B8y (71.
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Figure 1. While the individual photonuclear data are measured with the acceptable quality
level they vary from each other significantly.
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Figure 2. The shape of the bremsstrahlung spectra per one incident electron.

Compared to ’Np, which can serve as a fuel component, the feasibility study of
transmutation of FP in EDA is even more desirable since any significant amount of FP
could not be loaded into BR. As an example two radioactive isotopes which should be
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transmuted into less hazardous forms are Tc and '*L Both of these isotopes are very
long-lived and require disposal strategies that will isolate them from the environment
for long periods of time. Both iodine and technetium are considered difficult to isolate
because they dissolve readily in groundwater and move easily throughout the
ecosystem. .

The reactions like those given below lead to production of stable isotopes with
the reasonable cross-sections.

1297 (y,n) 1281 (T1/=25 min) — 128Xe (stable)

1291 (y,2n) 1271 (stable)

90Sr(y,n) 89Sr (T1/2=50 d) — 89Y (stable)

90Sr(y,2n) 88sr (stable) 4

The calculated cross-sections of 1291 (y,xn) in dependence of the photon energy
are given in the Figure 3. For the reactions of interest with emission of one or two
neutrons the most effective photon energy window is 12-22 MeV. Such the energy of
bremsstrahlung quanta can be provided most effectively by the incident electrons of
the energy of 30-40 MeV. The increase of the electron energy will increase number of
photons in the given energy window, but the non-effective beam power consumption
will also raise simultaneously.

400 1 n 1 n 1 " 1

— "1 {y,n)
"""""" 1 y,2n)
~— " (y,3n)
— " {y.xn) total

3001

200 +

Cross-section / mb

100 4

T - ¥ T T T
10 15 20 25 30
E(y) / MeV

Figure 3. The calculated cross-sections of 129 ¢ y.xn) in dependence of the photon energy.

The simple arguments presented above demonstrate the real possibility and
efficiency of the low-energy electron accelerators in resolving the problem of a
nuclear waste. Taking into account their briefly listed advantages and commercial
availability of the high-power low energy electron-accelerators one could assume also
comparatively low costs and short implementation times of the probe EDA device.
Nowadays the main difficulty of the EDA project consist in the lack of photo-nuclear

113



data. This obstacle, however, can be overcame incomparably faster and cheaper than
the development of the missing technologies for the high-energy ADS.
|
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ROLE OF AUTOIONIZATION STATES IN NUCLEAR EXCITATION
BY AN ELECTRON TRANSITION
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e-mail: izosimov@atom.nw.ru

In this report the nuclear excitation by an electron transition (NEET) is considered for
resonance excitation of electrons to the autoionozation (AS) states which have energies
higher than ionization potential (IP). For AS the excitation energy concentrate on two or
more electrons and at the decay of AS states simultaneously one electron escape from
atom (ionization) and other one go to the ground state (photon emission or NEET).
Emission of € may compensate the difference in the energy and multipolarity for NEET.
Specific quantum characteristics of the AS open new possibilities for different kinds of
nuclear isomers excitation and triggering driven by AS and NEET effect. Possible
experiments are discussed.

1. Autoionization states

It is very attractive to use nuclear excitation by an electron transition [1-3]
(NEET) because of high cross section for electron shells excitation in different
processes. The process consists in that the electron shell excitation energy is
transferred to the nucleus without photon radiation. But for effective NEET scheme
realization it is necessary compensate the differences in the multipolarity and energy
between electron shell and nuclear transition. One of the possible mechanism of such
compensation using NEET via autoionization states is suggested in the present paper.

Autoionization states (AS) are unstable related to ionization of atomic state
(escape of electron) with two or more excited electrons [4,5]. AS are the quasi
stationary states and were observed as a resonances. For external electron shells
excitation AS are well known and were observed practically for all elements up to Pu
[6,7]. Multistep laser excitation schemes [4] may be very effective for AS excitation
with the energies up to 15 eV. For internal electron shells excitation AS may have
energies up to 10-100 keV and electron or ion impact may be used for such AS
excitation, AS for internal electron shells excitation practically were not studied.
Because of electron-electron interaction at the AS decay simultaneously one electron
escape from atom (ionization) and the other one go to the ground state by photon
emission (electron shell transition). At a suitable conditions instead of photon
emission the nuclear excitation by an electron transition (NEET) may take place. For
NEET via AS decay the excitation energy is distributed between emitted electron and
NEET (similar as energy is distributed between electron and antineutrino in §° decay).
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Emission of e may compensate the difference in the energy and multipolarity for
NEET and it is not necessary to have the precise coincidence between energy and
multipolarity of electron shell transition and nuclear transition.

For example let us consider the AS of two electrons atoms or ions connected with
configurations ninl’ and n=2. The energy of such states (EAS‘nzzz-ZzM) is higher than
the energy of single charged ion (E~-Z%/2) and nlnl’ states with n=2 are the unstable
AS states. Due to electron-electron interaction AS may decay (Figure 1) with
simultaneously escape of one electron from atom and other electron transition to the

1s state.

Figure 1. Scheme of autoionization states (AS) structure and decay. Simultaneously one
electron escape from atom (ionization) and the other one go to the ground state by photon
emission or by transfer the energy to the nucleus without radiation (NEET). Emission of e may
compensate the difference in the energy and multipolarity for NEET.

For electron configuration 2s®> we will have 'S" autoionization state, for 2s2p
configuration — P~ AS states and for 2p” — 'S*, 'D*, *P* AS states. Electron-electron
interaction mixed 'S* states from 2s” and 2p* configurations and one of 'S* (with more
weight of 2s? configuration) AS will have the lowest energy and other 'S* ( with more
weight of 2p? configuration) AS will have the highest energy.

The decay width I is different for different AS and weekly depend on Z. For
lowest 'S" AS state 'D" and 'P” AS states I'~0.2eV. For highest 'S* and *P" AS states

~(0.02-0.005)eV. Decay of *P* AS states to 1s state is forbidden as E1 and its decay
width may be much smaller compare to other AS. So the width and half-life for AS
may change in wide range and I' < 0.2eV, T};>10""s.

2. NEET via AS in eV region (**"Th 3.5¢V isomer excitation)

Scheme of the autoionization states excitation using laser radiation is presented in
the Figure 2. Ionization potential (IP) for Th is 6.08eV. Using three step excitation
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scheme (hv,+ hv,+ hv; <12eV) it is possible to study NEET via AS for nuclear
isomers with excitation energy E<6eV.

AS

.

o= 1013 cm?

o= 1019 ¢m?

0~ 1010 cm?

Figure 2. Three steps scheme of autoionization states (AS) excitation in atom using laser
radiation. Efficiency of AS excitation in atoms during three synchronized lasers pulses > 10%.

®Th is believed have a nuclear ground state corresponding to the 5/2°[633]
rotational band head [8] and a low-lying (3.5+1 eV) isomer [9] corresponding to the
3/2°[631] rotational band head. **™Th 3.5eV isomer is indicated in the decay schemes
of **U, *Pa and *Ac [10]. Decay scheme of ’Pa and *Th energy [10] are
shown in Figure 3.
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Figure 3. **Pa decay scheme [10] and **"Th energy.
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29™Th can decay by direct M1 photon emission (nuclear light) to the ground state
or by alpha decay to **Ra. It is hard to predict quantitatively Ty, and partial widths
for isomer decay. Alpha decay measurements indicate that if the isomer exist, its half-
life must be T, <6h or T, >20d [11]. Theoretical estimations for M1 photon
emission depends on nucleus-electron interaction and isomeric state energy. Results
are: Ty,=3s-9min [12] and T,,~20-200 hours [9]. Up to now, there is no direct
evidence for the identification of **™Th.

2mTh 3.5eV isomer is a good candidate for nuclear isomer excitation by NEET
via AS. For AS excitation three step laser scheme plan to be used (Figure 2). We plan
to find optimal scheme for NEET isomer excitation via AS. Isomer will be excited
only at definite laser radiation wavelengths and its decay may be detected with high
selectivity. Only when three lasers radiation wavelengths are in resonance with **Th
atomic transition one may observed signal from **"Th decay with proper half-life.

For NEET via AS the energy of emitted electron (E,’), AS excitation energy
(Eas), ionization potential (IP), electron energy (E.) when instead NEET photon with
energy Ey, is emitted and isomer excitation energy (Enggr) are connected as:

‘Eas — IP — E." = Enger, (1)
Epy + (Ee — Ee*) =~ Enggr- )

Due to electron emission for NEET the differences between E,, and Exger may be
compensated. Also electron emission may compensate the differences in multipolarity
between electron shell transition and nuclear transition. For M1 nuclear transition
(*™Th) it is not necessary to compensate multipolarity, because for NEET the proper
AS (for which E1 transition is forbidden, similar to >P* AS) may be used.

3. NEET via AS in keV region (""*"2Hf isomer triggering)

When the direct transition between initial (isomeric) and final state has a low
probability than excitation to the intermediate (trigger) state may deexcite the
isomeric state. The trigger level may be excited by X-ray [13-20] and X-ray triggered
gamma emission may take place in the process initial-to-intermediate-to-final state
transitions. '"*"?Hf 31-year isomer is interesting for triggering because its high energy
accumulation (1.2 gigaJoules per gram, excitation energy 2.445MeV) and a pure
gamma-burst applications (stable ground state). The autoionization states may be
used for an intermediate state excitation in NEET via AS. For "*™Hf isomer the
possible trigger levels may be near 10keV and 100keV [13-20]. Autoionization states
excitation in the 10keV — 100keV energy region and NEET process may solve the
problem of '"*™Hf isomer triggering. In the case NEET via AS the compensation of
the energy and multipolarity differences, due to specific of NEET via AS, may play a
key role.

For excitation of the AS in thelOkeV — 100keV energy region it is necessary to
create two or more holes in internal electron shells of Hf atoms or ions. Simultaneous
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emission of one electron and transition of the second electron to the atomic ground
state without photon radiation (NEET) at AS decay may compensate the differences in
energy and multipolarity with the corresponding energy transformation into the
excitation of a nuclear intermediate state (NEET via AS). Schematic diagram
showing the triggering emission of y-ray driven by NEET via AS is presented in
Figure 4 (initial-to AS-to-intermediate-to-final state transitions).

AS ﬁe'

NEET

intermediate state

initial state

final state
Figurd. Scheme of the NEET via AS triggered gamma emission.

For AS excitation in internal electron shells the electron or ion impact may be
used. Now there is no detail experimental data on AS excitation in internal electron
shells and the finding of effective mechanism of such AS excitation may allow to
make the next step in triggered gamma emission processes study and applications both
for "™ Hf and other long-lived isomers. The other problem is the ability to mass
produce of '™ Hf is remain a question at this moment [21,22]. One if the possible
way for produce '*™Hf is to use Coulomb excitation to the trigger level.

4. Conclusion

Nuclear excitation by an electron transition (NEET) via autoionization states may
be an effective instrument for both nuclear isomers excitation and for triggering of y-
ray emission and depopulation of isomers driven by NEET via AS. For eV isomer
excitation (**™Th) the laser radiation may be effectively used for proper AS excitation
with high efficiency and selectivity. For the triggering emission of y-ray driven by
NEET via AS it is necessary to find an effective way to excite AS in tens keV energy
region.
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Abstract

Many aspects of studies of NEET and TEEN processes in 2?°Th
and !"m2Hf atoms are undertaken. Experiments on induced photo-
deexcitation of 178™2Hf are reviewed. Theoretical description of pos-
sible triggering channels is presented. Influence of the ionization of
the electron shell on ICC and nuclear lifetimes is studied. Values of
internal conversion coefficients and trnsition ebergies are presented
from relativistic self-consistent-field Dirac-Fock (DF) calculations.

1 Introduction

Recent experiments on photo-induced deexcitation of "®Hf and some other
isomers arose a wave of great interest [1, 2, 3, 4]. Earlier, the isomer of
180mTa was successfully triggered (5, 6, 7, 8]. The deexcitation was induced
by irradiating a sample with gamma-ray beam. In the case of Hf, the results
obtained are rather contradictious, which arose discussion. Spesifically, the
magnitude of the measured cross-section of triggered 17®™?Hf was doubted 1,
9, 10, 11]. Some of the criticism remains however to be of purely speculative
character. Specifically, it was argued in [9] that the value of the reported
cross-section exceeds the upper limit derived from the sum rules for the
nuclear photoabsorption.

Our present purpose is to demonstrate that such a consideration should
not be conducted without due account of the role played by the electron
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shell [12, 13, 14]. The shell drastically afects the nuclear deexcitation rates
through internal and, specifically, resonance internal conversion process. In
this relation, consider diagram of Fig. 1 for a nuclear transition of multipo-

o, B
2s %Zp‘ 3d 5_23

16* 137

Figure 1: Feynman graph of the photo-induced deexcitation of the 178 H f isomer
through the E2 transition in resonance with the electron shell.

larity E3. The role of transitions of high multipolarity in internal conversion
was pointed out in refs. [12, 15]. We shall calculate the electron transitions
from the 2s level, supposing E;, = 0. For simplicity, we assume that the en-
ergy of the nuclear transition wy, is less than the atomic 3d energy E3; = 10.2
keV. As an example, let us consider the 2433.328-keV 13~ level, lying 12.7
keV below the isomeric one, as a nuclear triggered level. This can also
be some unknown level, as it was suggested in ref. [1]. In contrast with
the 189™Ta case [5, 6, 7, 8, 16, 17, 18], we consider the situation when the
triggered nuclear level lies below the isomeric one. In this case, irradiation
acts as to induce the deexcitating transition of the isomer directly to the
low-lying nuclear level, from where it cascades down.

Moreover, in our case, the nuclear transition energy w, turns out to be
more than the energy of the related two-photon electron transition. Con-
sequently, the excess energy is taken away by an induced emission process,
instead of absorbimg energy from the external radiation. The consideration
in both cases is conducted, however, in a similar way, with essentially the
same results [19], by means of the induced resonance conversion.

The isomer can also undergo the radiative decay via the nonlinear pro-
cess of the two-photon resonance conversion. This decay mode is represented
by the same Feynman diagram, but in another cross-symmetric channel
[20, 21]. In the above case of induced resonance conversion, the vertex cor-
responding to the radiative 2s — 2p transition is stimulated by externally
applied radiation. Therefore, its effect can be considered in terms of the
related cross-section, which is obtained from the transition probability per
unit time by dividing it by the incoming radiation flux. As the transition

probability is proportional to the intensity, due to the Einstein’s coeflicients,
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the division gives an invariant value. Note that experimental search for this
decay mode can be conducted apart from test triggering, as the energy of
the emitted dipole photon is represented by a line at the energy of

Wp = Wy — W3d—2s » _ (1)

derived from the energy conservation. Observation of such line would offer
a calculable tool of triggering the 1"*™?Hf energy.

2 Method of calcu‘lation

Let us calculate the diagram of Fig. 1. By virtue of the resonance two-
quantum transition, a 2s electron undergoes excitation to the-3d state. The
corresponding amplitude is

Fina(we) = Wa,(r3) AL (ra)¥*G (2, 13)7" X
X G’V,\(rl, rg)AiI(rl)\Ilgs(rl)Ju(R) , (2)
where W,4(r) is the electron wave function in both the initial and final states,
G,x(r1,r2) is the electron Green’s function, ¥ — the Dirac matrices, and

J,(R) is the four-vector of the nuclear transition current.
We make use of the spectral representation of the Green’s function:

Galryra) = 3 T2l

3
E—E, +i2 3)

Summation in eq. (3) extends to the full basis of the electron states, in-
cluding those occupied by the other atomic electrons [22].

Assume that w; &~ Eyp, wy +w, =~ E34. Then one can omit the contribu-
tion from the other terms in expansion (2). As a result, one arrives at the
following expression for the amplitude (2):

L PO, (4)

_ — Fla)
Fina(we) = I, (3d—#28)A3d+iL§j‘ CA2p+i£?'£ "

where Azy = wp + wyn — Eag, Aoy = we — Eap, and Iy is the total width of
the corresponding level. Furthermore, F, is the discrete conversion ampli-
tude, correS})ondlng to the energy transfer from the nucleus to the electron.
Finally, F}"’ is the electron photoabsorption amplitude.

Squamng amplitude (4) in a usual way, and averaging over the initial and
summing over the final magnetic quantum numbers, one gets the expression
for the cross-section of the induced isomer deexcitation as follows:

doina(we) asTM/2r T4 (3d — 1s)/2n (5)
=0 .
duM aA%p+ (%)2 A (Fsd)
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The discrete conversion width I'. is factorized into the product of the ra-
diative nuclear width ng") and the discrete conversion coefficient ay(E3)
(13, 19, 23, 24]:

T = as(E3)I. : (6)

Expression (5) has two poles. The first pole corresponds to A = 0. That
is the electron virtually turns out in the 2p real state. This does not bring
about any new physics, therefore, as there are already six atomic electrons
in that state. Normal discrete conversion can take place in these electrons,
as shown in section 4. .

New physics is related to the conditiion A, = 0, which corresponds to
the second pole. In this case, we lift up the electron to a nearly real 3d
state. It is the Pauli principle which does not allow the electron to dwell in
this state [22], and makes him to perform a radiative transition back to the
2s state, with the corresponding width I',(3d — 1s). Thus again, as in [22],
the radiative width of the back transition generically enters the formula,
involving the corresponding next order term into the overall cross-section.

Integrating the expression (5) over dw, within the interval of Aw around
the second pole, we arrive at the following expression for the mean cross-
section in the interval:

| ()
| ! : SI /2
Oindlwr) = 3 / d%d(w—f)dw: f—aa(w)%
AW We Aw A2 n Iy
2p 2
d—1
><I’.,,(3 — s). "
34

After summation over all the 3d — 1s transition channels, the last
fraction in eq. (7) becomes unity. We therefore omit it below.

It is then convenient to express the photoabsorption cross-section in
terms of the radiative width Iy of the inverse transition [25]:

N 2
— (ZY )
o.(ls — 2p) = (w) IY(2p — 1s). (8)
The final expression reads as follows:

1 (7 I¥(@2p - 1s) sl o)
Aw \wy AL or

Oind(we) =

For illustrative purposes, eq. (9) may be compared to the photoabsorp-
tion cross-section for the inverse nuclear transition 13~ — 16%:

2
w_ L [ n
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Dividing eq. (9) by 10, we get the enhancement conversion factor R as f as
follows: , @
wn\ asly
R={— .
(wg ) 2m Agp (11)

3 Numerical results and discussion

Values of the radiative widths Fﬁ,a), atomic energies E,, and discrete conver-
sion coeflicients ag(£3) were calculated within the framework of the Dirac-
Fock method, using package of the cemputer codes RAINE (27, 28, 29]. The

Table 1: Calculated energies, transition probabilities and discrete ICC as(E3) in
178Hf atom. Decimal order is indicated in brackets behind the number. Nuclear
transition energies are used for the ay values.

Transition Multipolarity | w,,keV | IV, eV | as(E3), eV
2p1j2 — 2s El 0.536 1.6 -
sz = 25 E1 1730 | 0.3 -
3dy3 — 2s E2 9.618 | 0.64(-2) _
3ds g — 2s E2 9.674 | 0.95(-2) -
1z — 3ds2 E3 12.7 - 0.70(10)
paj2 — 352 E3 12.7 - 0.37(10)

calculated values are represented in Table 1.
A reasonable value for the averaging interval Aw in eq. (9) is around
the total atomic width of all the related virtual states [?}:

\

Awp 2 Tos +Tgp+ T3 . (12)

In view of the values presented in Table 1 for the radiative widths, we put
with a considerable reserve Aw 2 1 eV. (The less is Aw; the more the R
value). We put the value of wy = F3y—w, = 1 keV. The discrete conversion
coefficient ap(E3) value, as one can see from Table 1, is ag(E3) ~ 10'°
eV. Substituting those values into eq. (10), one arrives at the enhancement
R—factor value of about

2 (e) 10, 4
R~ <ﬂ> aply”’(2p — 1s) 101 -0.0leV ~10° . (13)

we 2r A T 27 - 108eV
That is making use of the resonance properties of the electron shell enhances
the cross-section by three orders of magnitude in comparison with what
would be expected in the case of triggering bare nucleus.
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4 Isomer deexcitation via discrete conver-
sion

The isomer can also undergo the resonance conversion decay via the elastic
electron-bridge mechanism, shown by the Feynman graph in Fig. 2. Nuclear
quanta are resonantly scattered in the 2p electron shell, with virtual excita-

Wn
2p 3d % N 2p

167 137

Figure 2: Feynman graph of the 17H f isomer deexcitation through the reso-
nance electron bridge mechanism.

tion of the 2p electrons to the 3d state, and re-emitted with the same energy
wy, in the course of back electron transition to the primary 2p position. The
expression for the bridge probability reads as follows [19, 24]:

_ aaFﬁ,")

T oo2rA?
Using in eq. (14) values from Table 1, we arrive at the R value of approx-
imately R ~ 1. Account of this channel leads to renormalization of the
experimental internal conversion coefficient by R times [26], like in the case
of the 76-eV E3 transition in 2*U. Study of the electron bridge mechanism
is of great interest, and can be performed with beams of heavy ions [30, 31].

(14)
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We have concluded that transmutation of nuclei at low energies is possible in the
framework of the -known physical laws - excitation and ionization of atoms and
universal resonance synchronization principle are responsible for it Investigation of
this phenomenon requires knowledge of different branches of science: nuclear and
atomic physics, chemistry and electrochemistry, condensed matter and solid state
physics,...

1. Introduction

One of the fundamental presentations of nuclear physics since the very early days of
its study has been the common assumption that the radioactive process (the half-life or
decay constant) is independent of external conditions. Rutherford, Chadwick and Ellis
[1] came to the conclusion that: )

® «the value of A (the decay constant) for any substance is a characteristic constant
independent of all physical and chemical conditions».

This very important conclusion (still playing a negative role in cold fusion
phenomenon) is based on the common expectation (P. Curie suggested that the decay
constant is the etalon of time) and observation that the radioactivity is a nuclear
phenomenon since all our actions affect only states of the atom but do not change the
nucleus states. We cannot hope to mention even a small part of the work done to
establish the constancy of nuclear decay rates. For example, Emery G.T. stated [2]:

o «Early workers tried to change the decay constants of various members of the

natural radioactive series by varying the temperature between 24° K and 1280° K,
by applying pressure of up to 2000 atm , by taking sources down into mines and up to
the Jungfraujoch, by applying magnetic fields of up to 83,000 Gauss, by whirling

sources in centrifuges, and by many other ingenious techniques. Occasional positive
results were usually understood, in time, as result of changes in the counting geometry,
or of the loss of volatile members of the natural decay chains. This work was reviewed
by Meyer and Schweider [3], Kohlrausch [4], and Bothe [5]. Especially interesting for
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its precision is the experiment of Curie and Kamerlingh Onnes [6], who reported that
lowering the temperature of radium preparation to the boiling point of liquid hydrogen
changed its activity, and thus its decay constant, by less than about 0.05% . Especially
of Rutherford and Petavel [7], who put a sample of radium emanation inside a steel-

encased cordite bomb. Even though temperatures of 2500°C and pressures of 1000
atm were estimated to have occurred during the explosion, no discontinuity in the
activity of the sample was observed». ’
It seems (in that time) that this conclusion was supported by the followmg very clean
and strong arguments (Common Sense):
1. Nuclear processes have characteristic energies = 1 MeV, whereas chemistry
has a few eV per atom, molecules have a part of eV, The inner atomic shells
are bound with many keV in the medium and heavy elements.

2. The localization of electrons in atoms is ~ 107 cm, whereas the localization

of nucleons in nuclei is 107" cm.
Therefore, the nucleus should be unaffected by superficial atomic changes: nuclear
processes should not be influenced by the surroundings. The constancy of nuclear
decay rates was firmly established, confirming evidences from experimental studies of
o — and (- decays and theoretical estimations.

The constancy of nuclear decay rates acquired the strength as a classical law. Any
papers contradicting this law were ignored by all the scientific journals as erroneous
ones.

The history of science has own laws. The ground of the [ — decay of nuclei was given
by E. Fermi in 1934 year. It was very easy to prove that certain processes of
radioactive decay should be intimately connected with the presence of atomic
electrons and may be affected by the changes in the electronic structure produced by
chemical compounds. It took 13 years to understand this very simple phenomenon.

The possibility of altering the decay rate of Be’ was suggested in 1947 by Segre [8]
and by Dodel [9, 10]. In the case of electron- capture decays the decay rate is directly
related to the density of atomic electrons in the nucleus and that the effects of different
chemical environments should be measurable. The theoretical foundation was the
following [8]:

® «The radioactive decay constant of a substance decaying by orbital electron capture

is proportional to [1,//(0)|2 of the electrons. In the case of a light element like ' Be it

may be possible to alter this quantity by an appreciable amount by putting the Be in
different chemical compounds. We would then have a slight change of the radioactive
half-life of the Be in different compounds. the magnitude of the effect may be in the
neighborhood of one percent, but it is practically impossible to give quantitative
estimate because the total change of y/(0) is affected by certain factors such as the
density of the crystal, nature of the chemical bond, etc. they are both positive and
negative, and have comparable magnitudes. To obtain a reliable estimate of the effect
we require a more detailed knowledge of the wave functions for various compounds
than is at present available. Experiments are in progress to detect the effect by

comparing the half-life of " Be in Be metal with that in BeO or BeF, ».
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The confirmed altering decay rate for 'Bein different chemical compounds were of

the order 0.1% [2]. The 6-hr isomer **"Tc decays by internal conversion of a 2.2-
keV E3 transition. The observed effects in different chemical forms were of the order
0.3% [2]. The greatest chemically induced half-life changes of the order 3.5% were
established in [11].

The half-life of "Beelectron capture was measured [12] in endohedral fulleren
"Be@C(60)and ’ Be metal: T, =52.68+0.05and 7, =53.12£0.05 days,

respectively. This 0.83% difference between the electron capture in C,; and in "Be

metal represents a strong environment effect on the ' Be EC capture rate, caused by
the different electronic wave functions near the ’Be nucleus inside a C, cage and

inside . Be metal.

A weak interaction which is responsible for electron capture and other forms of
beta decay are of very short range. So the rate of electron capture and emission
(internal conversion) is proportional to the density of electrons at the nucleus. It
means that we can manage the electron-capture (emission) rate by the change
of the total density in the nucleus. It can be carried out with in the different
macroscopic ~ ways using available environmental effects. These questions were
highlighted in different reviews and books [2, 13-19] at the end of the seventies of the
20 the century. The reader should compare the common accepted conclusions about
the decay rates in the thirties and seventies of the 20 the century.

Data on pleochroic halos led to the conclusion [20] that those data do not provide a
convincing proof that the laws of radioactive decay are constant in time. Shnol S. and
coauthors [21] came to the conclusion that the decay rates of radioactive nuclei
change in time with the period of 24 hours, 27, and 365 days. Periodic variations in

[ - decay rates of ®Co, *Sr and “’Cs were discovered [22-25). The 27-day and

24-hour period in these changes were found.

The aim of this talk is to discuss the possibility of inducing and controllmg the nuclear
reactions at low temperatures and pressures by using different low energy external
fields and various physical and chemical processes. Main question is following: is it
possible to enhance LENR rates by using the low and extremely low energy external
fields?

2. Cold fusion and transmutation

In 1989 Fleishmann M. and Pons S. reported about their observation of nuclear
products and excess heat on a palladium electrode during the electrolysis of solutions
in heavy water. The electrochemical experiments were interpreted by the authors as a
result of nuclear fusion reaction (named cold fusion) but the scientific community
rejected this interpretation. More than 3000 papers in the field of cold fusion and
transmutation (further the low-energy nuclear reaction LENR) were published.
Various anomalous results were observed at low temperatures and pressures which are
beyond the framework of modern theoretical paradigm. The theoretical models are not
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able even qualitatively describe these anomalies. The reader can find the history and
problems of cold fusion in the Proceedings of the International Conferences on
Condensed Matter Nuclear Science, the Russian Conferences on Cold Nuclear
Transmutation of Chemical Elements and Ball Lighting, and also in a recent review of
the Department of Energy of the USA [26] and books [27, 28]. The Russian
experimental data on the low energy nuclear reactions are published in {29-32] and
their new theoretical interpretation were given in [33-36]. :
The general important conclusion can be drawn from the studies performed during 15
years:

® The poor reproducibility of experimental results and extreme difficulties of
their interpretation in the framework of modern standard theoretical physics are the
main reasons of the persistent non-recognition of cold fusion and transmutation
phenomenon.
Recent progress in both direction is remarkable (see Abstracts ICCF-11, Marseille:
France: 2004, 31 October - 5 November) nevertheless the understanding of rejection
by physical society this phenomenon is a key point for further success correspondmg
fundamental research.

2.1 Reproducibility of Low Energy Nuclear Reaction Experiments

Reproducibility of experiments within and between laboratories is a fundamental
requirement and cornerstone for any scientific investigations. There are many
fundamental factors that are relevant to the issue of reproducibility (see details in
37).

Everybody with a perfect ear will say that the play, for example, on viola will have
never be reproducible: it dependent on too many factors (resonance conditions) which
is impossible to repeat. The semiconductor effect in a transistor is extremely sensitive
to damages and impurities of crystal which were impossible to control in the initial
experiments. The degree of reproducibility was increasing over the years when the
properties of used materials were improved and standardized, and the process was
optimized and controlled with high accuracy. The same would happen for
reproducibility of LENR [27]. We will show that this expectation for LENR is correct
only partly'.

The targets in standard nuclear physics using accelerators are the substances in the
ground states: the gases, amorphous solids or crystalline solids. The projectile particle
interaction with

target nuclei has taken place in vacuum. Therefore, the influence of the surrounding
matter (say, atomic electrons) on the velocity of such nuclear processes (especially at
high energies) should be negligible. It seems these expectations supported by

estimations of energy and size differences (10~ —107°) atoms and nuclei and
experiments show almost a full reproducibility.

! References to original and review cold fusion literature are
not given in our talk. They are available in Proceedings of
ICCF.
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We come to the following conclusion:

e A greater part of processes in nuclear physics takes place in closed systems.
Reproducibility of such experiments should be independent of the place and time of
measurements - a cornerstone of the modern scientific method.

LENRSs occur in the surroundings (gases, condensed mater, water, solutions,...) which
are induced by low-energy external fields as ultrasounds, electromagnetic fields,
lasers, .... So atoms, molecules in the surroundings and atoms of interacting nuclei are
in excited states or ionized. Nuclei, atoms, the surrounding medium and external fields
representing interacting subsystems are form a dynamical open system. Frequencies
and phases of subsystem motions may be coordinated according to the universal
resonance synchronization principle (see Appendix) and the resuit may be a creation
collective (coherence) state for the whole system. We will call such a system an auto-
oscillation system in which the frequency of an external field and frequencies of the all
subsystem are commensurable. The demand for frequency commensurability means
that all motions in a system are in co-ordination (in resonance) which is difficult to
fulfil. This is the cause of poor reproducibility of LENR.

We formulate as a working hypothesis the following assumption:

¢ LENRs take places in open systems in which all frequencies and phases coordinated
according to the universal resonance synchronization principle - main reason of poor
reproducibility. Poor reproducibility and unexplained results do not mean that the
experiment is wrong.

2.2. The Bound State [ — Decay

Bound state B~ decay (f,), in which the decay electron remains in an electron

bound state of the daughter atom and the monochromatic antineutrino carries the total
decay energy (), was first predicted by R. Daudel, M. Jean, and M. Lecoin [38] in
1947 and discussed in [39-43].

This new decay mode, the bound state 3~ decay, was for the first time experimentally
observed for bare '®Dy [44] (Bare means that the atom ' Dy is ionized fully. We
will use designation for this case as 163Dy(’6+) and '¥Re [45]. Nuclei '® Dy are stable
as a neutral atom (0, =-2.565keV’) and become radioactive when fully ionized
atoms (bare nuclei163Dy66+) decay to '®Ho®** (Q/]f,, = +50.3 keV) via the bound
state [, decay with a half-life of 47 days. Nucleus ' Hois unstable  and it is
transferred to ' Dy by electron capture with a half-life of 4.6- 10° yr.  Difference
of masses m(‘®Ho)—m('*Dy) = 2.6 keV, therefore the electron capture is only

possible from M- or higher orbits. Unstable nuclei '3 Ho became practically stable due

to ionization of atoms '® Houp to these orbits because the electron capture in such
cases is only possible from continuum states which have an extremely small
probability. The ionization of atoms changes the beta decay direction of nuclei: in
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neutral atoms '®Ho (163Dy) the electron capture lead to the
transition'® Ho — ' Dy (' Dy are stable}, in fully ionized atoms bare nuclei

"% Ho™ (! Dy®*) are stable (unstable).

® General conclusion: in neutral atoms the some ground state nuclei are decay via
orbital electron capture, for bare nuclei (fully ionized atoms) the electron capture
branches are blocked.. In such cases (if in addition the positron decays are lacking)
bare nuclei became stable. This conclusion is a very strong and well-known in nuclear
society.

For neutral '*” Re®* only a unique, first forbidden transition to the '®’Os ground state
is energetically possible. The small matrx element and the small O, value of O, =
2.663(19) keV lead to the long half-life of 42 Gyr. The measured half-life [45] for bare

187 R 75+

(Qﬁ =+72.97 keV) of T}, =(32.9+2.0) yr is billion times (BILLION -9 ORDERS

of MAGNITUDE) shorter than that for neutral '!TRe.
® The ground state [3 - decay (orbital electron capture) properties of nuclei cardinally

change when all electrons of the atomic shells are removed: stable (unstable) nuclei
become unstable (stable) and a half-life may decrease up to billion times - 9 orders of

magnitude. The interpretation is very simple: magnitude of Q, (7,, ~ AQ ﬂ_s) and

phase volume increase for the ionized atoms rather than for neutral ones and it is
evident that the Pauli principle plays a different role in neutral and fully ionized atoms.

2.3. The Nuclear Decay of Coulomb Excited and Isomeric States for Fully Ionized
Atoms

The half-lives of isomeric states of fully ionized “"T5%**, **" Dy** and '*"" Er®*

have been measured [46]. The increase was observed of the half-lives of bare isomers
by factors of up t0.30 to their neutral counterparts. The authors [46] give the correct
and evident interpretation of experimental results:

¢ This is due to the exclusion of the strong internal conversion and electron-capture
channels in the radioactive decay of these bare nuclei.

Experiments with highly -ionized *’Fe?* (g =19 —25)(q=19-25) projectiles at 6
MeV [47] and '*Te?* g =46 — 48) projectiles at 27 MeV/u [48] have demonstrated

a growth (ranging from a few 10% up to 670% ) of nuclear half-lives of Coulomb
excited levels due to the direct influence of the electronic configuration on the
internal-conversion coefficients.

2.4. The Effect of Host on the Half-life of " Be

Norman E.B. et al. [49] measured 'Be decay rates in gold ( Au ), graphite, boron
nitride and tantalum (7@ ). Among these materials, they found that the *Be half-life
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was the longest in Au and the shortest in graphite. According to their experiments,
the decay rate of "Be in Au is lower than that in graphite by (0.38+0.09)%.

Ray A. [51] measured the difference ' Be decay rates in Au and 41,0, and found

that the decay rate in Au was lower than that in A/,0, by(0.72£0.07)%.

Ray A. et al. [50] pointed out that the apparent disagréement between the two sets of
experimental results was most likely due to the choice of different reference samples
with which the comparisons were carried out. Indeed, Norman E.B. et al. [49] used
7Li beam for their implantation studies, whereas Ray A [51] used proton beam. The
radiation damage by "Li on gold lattice sites, where ’ Be nuclei stop, would be much
larger [52] (3-10™ vacancies/Angstrom/ion) than the corresponding damage (107°
vacancies/angstrom/ion) for proton. Therefore, the radiation damage effects on lattice
due to heavy ion irradiation might also be partly responsible for apparent
discrepancies. It means that to speak about reproducibility in this case we should take
into account at least atomic physics effects that are usually ignored.

The ratio of L to K -shell electron capture in ' Be bare nucleus shows [53] that the

measured ratio is less.than half of the existing data for free " Be .

o These discrepancies are most likely due to the distortions of L and K -shell orbitals
by the host medium.

2.5. Controlled Gamma-Decay of Excited Nuclei

According the modern theory, the spontaneous gamma-decay of excited nuclei in free
space without any material bodies is a noncontrolled process. Probability A4,, of this

decay

-~ 12 3103 2
d,| pla,) do,d,
Ae =7 3 S

d

1 N 47r2a)eg

is fully determined by the matrix element of the nucleus dipole moment and

eg
energy of the nuclear transition ho,, = E, — E,.

The total lifetime 7, = 7(1 +a) and radiative lifetime = of this excited nucleus in

free space are the constants. Here & is the coefficient of internal electron conversion
for the nuclear transition £, - E .

Problems become very complicated in the important case when material bodies are
present in the surrounding space. Vysotskii V.I. [54] considered the general system
which included the

excited atom nucleus, the system of atom electrons, the system of zero-energy (in
vacuum state) electromagnetic modes and the screen-the system of N resonant or
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nonresonant atoms situated at the distance d >> 4, = 2% . The authors of [55]
eg

concluded that

e It is usually stated that in all cases with the presence of any material bodies at a

macroscopic distance d >> Ay = 2% from the excited nucleus the expression
€g

for the lifetime 7 and 7, remains the same or changes by an unmeasurable small

value. Such a supposition is erroneous. It was shown [54] that a spontaneous gamma-
decay is a process of an excited nucleus relaxation, the phase promise of which is
caused by interaction with a fluctuating state of the thermostat at the distance

d >> A,, from the nucleus. The phenomenon of a controlled nucleus gamma-decay is
a result of interaction of the nucleus with zero-energy modes, interaction of these
modes with the atoms of controlled (and controlling) screen, and interaction of the
nucleus with the system of atom electron.

The increase in radiative lifetime ¢ of an excited nucleus by 10—40% and total
lifetime 7, by 1% was observed in the experiments [55-57] with gamma-source

Co(*" Fe) and with gamma-absorber made of stable *’ Fe isotope. So these results

prove the possibility of controlled essential influence of a thin resonant screen on the
amplitude, space and temporal characteristics of a spontaneous decay and excited
nuclei radiation.

2.6. Okorokov Effect

Let us consider the interaction of an incoming particle (atom or nucleus having the
ground state K, and the excited state £, ) with the crystal target. It is possible to
choose the conditions [58,59] when the frequency of a collision particle with the atoms
of crystal v, =V, /a, (the velocity ¥, of a particle motion a, is the distance
between the atoms in the crystal) will be commensurable with the transition frequency
v, of the particle

— |
Vi = h - n_ Vol s
where #», - integer numbers. It is clear that at such conditions the interaction between

the particle and atoms of the crystal should have a resonance character.
If the particle interacts with the n atomns of the crystal, then the probability to excite
the particle is equal to

W(n)=WwQ)n?,
where W (1) is the probability of excitation of the particle by one atom of the crystal.
This is a collective (coherent) amplification mechanism of the excitation for the
projectiles in the periodic field of the crystal predicted first by Okorokov V.V. [58,57]
and observed experimentally by Okorokov V.V. too [60-62].
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The resonance and coherent amplification of atoms and nuclei excitations by the
periodic fields of crystals is now well established and recognized by the physical
society and is used in different applications but is not known for the cold fusion
society.

From a modern point of view water has a very complicated geometrical structure as'a
collection of quasicrystal clusters (see [63] and references in it). The hydrogen atom,
atoms and molecules, water and solutions, solid states and condensed matter have the
same homology in the geometric structure where the de Broglie wave length of
electron in the ground state of hydrogen atom plays the role of the standard one [64].
The puzzle of poor reproducibility of experimental data of LENR is now evident:

¢ Electrolysis in solutions, discharge in gases and any external influence on atoms
means

1. The atoms are ionized thus changing radioactive rates by bound state 3, — decay of

nuclei.

2. The ions can be accelerated a such way that they come to resonance conditions to
intensify of excitation of nuclei, atoms, ....

3. Even small external fields can induce large responses as an avalanche in the
mountains stimulated, say, by an accident cry.

A mechanical analogue of the observed phenomenon is the synchronization of
oscillations of the pendulum clock suspended from the moving girder - the Huygens
synchronization principle [65]. The universal resonance synchronization principle for a
microsystem (for nuclei, atoms, molecules for living and nonliving sells,...) was
established in [66].

The decrease and increase radioactivity of tritium with increasing temperature in small
titanium particles was observed [67] that current experiment and theory overlooked
this effect.

2.7. Nuclei and Atoms as Resonators

In 1953 Schwartz HM. in 1953 [68] proposed to consider the nuclear and the
corresponding atomic transitions as a unified whole process. This process contains the
[ - decay which represents the transition of nucleon from one state to another with
emission of electron and antineutrino and simultaneously the transition atomic shell
from the initial state to the final one. A complete and strict solution of this problem is
still waiting its another time (see, for example, review paper [69]).

The division of decay energy into nuclear and atomic energies has only a conditional
sense, especially, in the resonance case. The process has a resonance charter and its
probability is large when energy differences of nuclear and atomic transitions become

close to zero. The drastic acceleration of decay time in H -like ions of **"Th may be

up to 10° [69], the electron shell serves as a trigger, reducing the lifetime of the
isomer by up to five orders of magnitude.

The probability of the resonance transfer of energy by electrons from the nuclei can be
increased by application of laser, which compensates the defect of resonance. The

corresponding enhancement factor in some cases may be 10° . It is important to note
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that the knowledge of isomer energy is not necessary, the laser should be synchronized
on the atomic frequency. ;

o This is a real phenomenon of resonance synchronization (see Appendix) of nuclear,
atomic, and laser frequencies to control the decay processes.

It is also predicted [70] that the lifetime of the hindered photo-fission can be reduced

up to 10° —10* by application of laser. Laser in a such case changes the angular
momentum of decaying state by unity practically without altering its energy.

e Low energy external fields in LENR can play a role of a trigger changing the
quantum numbers of the hindered or forbidden processes so that the first should be
enhanced and the second should be allowed. This mechanism inducing LENR may be
the main reason for poor reproducibility of LENR experiments and main mechanism
of geo- and biotransmutations.

2.8. Geo-, Bio- and Alchimical Transmutations

All the above-described mechanisms of LENR are grounded on the universal
resonance synchronization principle (see Appendix). The main requirement of this
principle is that the frequencies v,(exr) of external fields should be commensurable

with the frequencies v;(in) of subsystems making a whole system:
v,(ext) =v (in)n( j)/n@). We strongly emphasize that the frequencies of an
external field can be infinity small in comparison with the corresponding frequencies
of subsystems. The frequencies v,(ext) are as a triggers starting emission of internal

energy. The enhancement (resonance) effect on LENR induced by external fields can
be extremely large (small) when maximal values of density distributions for external
fields and the corresponding distributions of a subsystem coincide (do not coincide). It
means that:

® Even extremely low-energy external fields may induced nuclear transmutations with
emission of internal high-energies according to the universal resonance
synchronization principle.

Natural geo-transmutations in the atmosphere and earth occur at the points of strong
change in geo- and electromagnetic fields [71-73]. V.I. Vysotsky and A.A. Kornilova
published an excellent book: «Nuclear Fusion and Transmutation of Isotopes in
Biological System» [74], we refer a reader to this book.

It seems (for F.A.Gareev) that some alchemists may [75] «change base metals into
noble ones, silver or gold» do not contradict with the mechanisms of LENR described
above.

2.9, Ball lightning as macroscopic low energy nuclear reactor

All internal contradictions of the previous theories of a ball lightning were based, by
default, on an assumption that the ball lightning is a plasmoid. In order to maintain the
macroscopic volume of air (the mixture of nitrogen, oxygen, water vapour, etc.) in
ionized condition it is necessary to provide a great amount of energy from some kind
of a source. Many experimenters, among them such well-known experts as P.L.
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Kapitsa, made repeated attempts to create a long-living spherical plasmoid in
laboratory conditions. However, no efficient ways of supplying the isolated plasma
clots with energy and maintaining them in a stationary condition for a few minutes
(that is the lifetime of a natural ball lightning) could be found.

The purpose of this paper is to substantiate a hypothesis that the natural ball lightning
is an area of space where the chain nuclear reaction of the bound-state [3-decay of

radioactive phosphorus nuclei takes place. It is shown that the analyzed phenomenon
is related to the physics of electrical discharge in gases indirectly. Therefore the term
globular lightning is not sufficiently correct.

The main hypothesis which is asserted hereinafter, was formulated for the first time in
[76]. The logic of the creation of this hypothesis is as follows:

1. Ball lightning always leaves a smell of sulphur, ozone and nitrogen oxide after
itself [77].

2. Sulphur can be generated only as a result of phosphorus 3 -decay [78].

3. Rate constant of [-decay depends on a lot of the ionization degree of decaying

radionuclide [33]. The half-life of ionized radiophosphorus is approximately 1-2
minutes and is comparable with the lifetime of ball lightning in natural conditions.

4. Radiophosphorus is abundant in nature. It is found in rain-water in macroscopic
amounts [79].

This model was proved in [76] and we can say, that it is now confirmed. Thus ball
lighting is a type of a natural low energy nuclear reactor.

3. Conclusions

We have concluded that LENR is possible in the framework of the modern physical
theory - the universal resonance synchronization principle and based on its different
enhancement mechanisms of reaction rates are responsible for it’. Investigation of this
phenomenon requires the knowledge of different branches of science: nuclear and
atomic physics, chemistry and electrochemistry, condensed matter and solid state
physics, .... The results of this research field can provide a new source of energy,
substances and technologies.

The puzzle of poor reproducibility of experimental data is due to the fact that LENR
occurs in open systems and is extremely sensitive to parameters of external fields and
systems.3Poor reproducibility and unexplained results do not mean that the experiment
is'wrong’.

? Intensification of LENR using superwave excitation [80] is based on
this principle.
3 Solutions of salts, electrolytes and living systems contain a large
amount of ions. In these cases the bound state /3,-decay and other

described above enhancement mechanisms of LENR can play an
essential role. Unfortunately we do not know the works devoted to this
problem. :
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Appendix. Atoms as open systems

The conservation laws fulfill for a closed systems. Therefore, the failure of parity in
week interactions means that the corresponding systems are the open systems. Periodic
variations (24 hours, 27, and 365 days [21-25]) in [ -decay rates indicate that failure

of parity in week interactions have a cosmophysical origin.

The charged particles moving with acceleration should radiate (absorb)
electromagnetic waves ~ the fundamental classical electrodynamics low. The stable
orbits of electrons in atoms are exist, but electrons do not radiate on them according to
third Bohr’s postulate (third Bohr’s postulate in 1913 - “Despite the fact that it is
constantly accelerating, an electron moving in such an allowed orbit does not radiate
electromagnetic energy. Thus, its total energy E remains constant.”). Why electrons
do not radiate on the stable state of atoms — nobody knows it. We formulate as a
working hypothesis the following assumptions: ‘

e The classical lows of physics are valid for macro- and microsystems. Contradiction
between classical electrodynamics and quantum theory should be solved a very simple
way. Proton and electron in hydrogen atom move with the same frequency, their
motions are synchronized. A hydrogen atom represents radiation and accepting
antennas (dipole) interchanging of energy with the surrounding substance. This energy
is the relict radiation energy.

¢ The relict radiation (T=2.725 K) should play a role of conductor for proton and
electron motions in the hydrogen atom due to the universal resonance synchronization
principle. The external field — relict radiation field and hydrogen atom form an auto-
oscillation system in which the frequencies of an external field and frequencies of the
whole subsystem are commensurable. The demand for frequency commensurability
means that all motions are in a co-ordination (in resonance).

o The sum of radiate and absorb energies by electron and proton moving in an
allowed orbit is equal to zero. THUS, ITS TOTAL ENERGY E REMAINS
CONSTANT - only the last part of the third Bohr’s postulate is correct.

o The relict radiation is a result of the selforganization of stable hydrogen atom
according to the universal resonance synchronization principle.
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Theory of the nuclear decay accompanied by the
electron shake-off in the crystal

A.Ya. Dzyublik *

Institute for Nuclear Research, Kiev, Ukraine

Abstract

The nuclear exponential decay accompanied by the output of shake-off atomic
electrons with the energies of the order 1 eV is analyzed in the framework of the
unified theory. W('a analyzed the shape of the energy spectra of shake-off electrons
as well as of the satellite peaks in the internal conversion spectrum, associated
with this shake-off. The role of the of the electron wave reflection on the frontier
crystal and vacuum is studied.

1. Introduction

Migdal [1]and Feinberg [2] have been the first to indicate that sudden al-.
teration of the nuclear charge Z — Z =+ 1, caused by the 8 decay, gives
rise to emission of the atomic electrons with low energies, which are called
"shake-off electrons”. The same shake-off is provided also by another nu-
clear decays and reactions (the electron conversion or capture, o decay
etc.}, which can be treated as sudden processes [3-9]. The shake-off proba-
bility is determined by familiar squared overlapping integral [10]. The same
magnitude of such a probability is provided by the perturbation theory, if
an abrupt alteration of the Hamiltonian can be regarded as a small pertur-
bation [10]. This is valid for nuclei with large charge number Z. However,
all the calculations for the shake-off of electrons are being done only in the

2E-mail: dzyublik@ukr.net
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first order of the perturbation theory, not taking into account the previous
nuclear decay. Naturally, it would be desirable to consider the nuclear de-
cay and subsequent shake-off as an unified process in all the orders of the
perturbation theory. 4 .

Always the energy distribution of the shake-off electrons has the form of
a peak centered at the energy ~ 1 eV, having the width of the same order
of magnitude with a smooth tail, expanding up to the energies of ~ 20 eV
(8, 9]. On the other hand, Porter et al. [6] investigated the distortion of
the high-energy internal conversion spectrum for K electrons, caused by the
emerging of the complementary shake-off electrons from the upper shelis.
They discovered a weak additional spectral line, shifted with respect to
usual K line by the binding energy of the L electron. They interpreted this
satellite as a complementary spectrum to the shake-off one.

Here we shall represent a two-step decay theory, which describes on
an equal footing first the nuclear transition and then the emission of the
shake-off electron.. We discuss also the influence of the crystal medium on
the shake-off.

2. Basic equations

For definiteness, below we shall talk about the internal conversion with
emission of the K electron followed by the shake-off of the L electron. Their
radius-vectors are r for the K electron and r’ for the L one.

The Hamiltonian of the whole system (nucleus+ two electrons) is writ-
ten down as

H(t)=Ho+V(t). (1)
The unperturbed Hamiltonian is given by
- -~ Ze? Z'e? '
Ho=Hy = =—g(r) = —-4(r') + U, ()

where H)y is the Hamiltonian of the nucleus with the charge Ze; the mean
field "seen” by the L electron is approximated by the Coulomb field of
the nucleus with an effective charge Z'e. The factor g(r) describes the
screening, having the radius R (see also [11]),

1, 7<R, 7 '
g(r) = {0, r> R . (3)

The unperturbed Hamiltonian includes also the effective potential U,
caused by the atoms of the crystal affecting on the electrons. This poten-
tial is taken to be Uy, when the shake-off electron moves inside the crystal
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(ReUp < 0) and 0 otherwise. Since the energy of the conversed electros
largely exceeds |Up|, this potential is not significant for them.
The perturbation Hamiltonian is taken in the form

V(t) = Vo(r) + AH(Y, ). (4)

The first term V, is responsible for the internal conversion. In the Coulomb
gauge it reads

- 1 Ze?
Vi(r) = -2y et _f_ (5)
where r; are the radius-vectors of the protons in the nucleus.. The second
one determines the shake-off of the L electron. Following [6], we assume
the K electron to screen one unit of the nuclear charge, so that after its
removal from the atom at the moment ¢t; > 0 the Hamiltonian of the L
electron suddenly attributes the additional term

2 .
AH(t) = —%—e't/TRG(t), (6)

where
1, t>0,
6(t) = {0, t <0. O
and Tg is the recovery time of the hole in the K shell due to transitions of
electrons from the upper levels with emission of X-Rays.

The eigenvalues E} and eigenfunctions @y of the operator Hy are deter-
mined by the equation

By = Evpy. (8)
The functions ¢, form a complete orthonormal set, i.e.
{0olpy) = Sy , 9

Let at the initial moment ¢ = 0 the system be described by the wave
function”

o0 = P ar, (O DX (), (0)

where the function 9]’ 5, (€) describes the nucleus in the excited state, while
xx(r) and x1(r’) the electrons, moving in the K and L orbits respectively.
Then the corresponding eigenvalue is

E,=FEy— A — AL, (11)
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where Ej denotes the transition energy in the nucleus, Ax and Ay the
binding energies of the atomic electrons. In the intermediate state |c) one
has the nucleus in the ground state w?g’ m, (€) and K electron, emitted into
the continuous spectrum with the energy E. The corresponding energy
equals

E.=E—Ar (12

In the final state |b) there is also L electron, ejected from the atom as a
result of the shake-off. It has the wave vector K inside the medium in the
region, where the Coulomb field of the parent atom is completely screened,
and k in the vacuum. This electron energy is given by

R2k? K2k?

, —
E'=——=——+Uo (13)

The final energy 6f the whole system will be
Eb =F+ E. (14,)

The wave functions of the electrons in the Coulomb field are well-known
(see, e.g. [10, 11]). In particular, for the L1 electron bound in the atom,
whose equilibrium position is determined by the radius-vector R, the wave
function has the form k

xi1(t') = —}g-u — p/2) exp(=p/2), (15)
where’ ‘ '
p=("-R)/a (16)
and _
o= /me® (17)

represents the Bohr radius of the atom.
At p < R the radial part of the continuous wave function for the electron
with the orbital angular momentum ! is

Y (r) ~ exp(—2/2)2'B(L+ 1 — 16,2 + 2 2), - (18)

where ®(a, c; z) is the confluent hypergeometric function, z = 2ix’r and §
is the so-called Coulomb parameter:

=T 19)



3. Two-step decay

Since the Hamiltonian H(t) depends on time, we cannot apply standard
decay theory [11], developed for the stationary Hamiltonians. Instead one
must solve time-dependent Schrédinger equation for the wave function ¥(t)
of the system

Ut N
z’h-a—-gg—z = H(t)¥(¢). (20)
For this aim we expand the wave function ¥(¢) in basis functions ¢y:
U(t) = co(t)ppe™ Bet/R (21)

b
and reduce Eq. ( ) to equation for the expansion coefficients
ihey(t) =) Vi (£)eEo=Eu)t/ Ry, (1), (22
bl
It is useful to break the time axis by the intervals of large duration T
and impose periodic boundary conditions for the Hamiltonian
H@) = H(t+T). (23)

and respectively for the wave function. Such procedure is quite analogous
to that with quantization box, frequently used in three-dimensional space
z,v, 2 especially in solid-body physics. Then the matrix element Vi (t) can
be expanded in the Fourier series:

)= S Vaw(men™, (24)

n=—oo

where the circular frequency Q = 2# /T, and

T/2 . :
Vi () = / dte="MY, (1) (25)
-T/2
The initial condition at t = 0 is
cb(0) = bpa. . (26)
For the exponential decay law ‘
co(t) = exp (-I't/2h), (27)

where I' is the width of the excited nuclear level. Following [12], we substi-
tute (27) into Eq. (22) and replace the energies of the intermediate states
E. by their complex values E.—4I"/2, where I determines the attenuation
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of the intermediate levels. As a result, we arrive at the following expression
for the expansion coefficients:

Vbe(n)Vea(m)
Z B Batmh i —T7)/2

n,m=-—

[ 1 —expli(Ey — E)t/hi+init — T't/2R]
- By — B+ nhQ+i0'/2

1 — exp[i(Ey — Eg)t/h+1i(n+m) — /2k] } :
Ey — Ey + (n+m)RQ +4'/2

In our case the matrix element V., responsible for the internal conver-
sion, does not depend on time. Therefore at ¢t — oo one has

Vie(n) Ve
Z (Ey — E; + nhQ +117/2) (Ey — Eg +nhQ +i['/2)’ (29)

" For T — o0 and w, = n{l — w we pass from the Fourier summation
over n to Fourier integration: e

1 & 1 [

T2 %),

n=-~-o0
14

Let us take into account that at 7' — o
. | oo |
Vie(n) = Myome / dbeith, (31)
. T Jo
where v = h/7r defines the recovery width of the hole in the K shell,

Myo = —(ble?/plo. | (32)

This shake-off matrix element on the Coulomb wave functions has been
calculated in a lot of papers (see, e.g., [1-4]).
Combining Egs. (29)-(32), one easily gets

VicVea
(%) = T AL T + 1)/ 2E + E + Ar ¥ A = Eo il +7)/2]
| (33)
The transition probability to the final state [b) is determined by
Py(00) = |ey(00)[*. | (34)
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4. Energy and angular distribution

In order to obtain the probability A P of ejection of the conversed K electron
and shake-off L electron in the energy intervals AE and AE’, respectively,
within the solid angles AQy and AQys one has to multiply Py(co) by the
number of final states in these intervals, namely by
_ Ak AK'
P G G )

3
@%@ 2—;2— VEAEAOGWE AE AQy.

In order to find the energy distribution of the shake-off electrons Wy, (E')
we should integrate AP over the energy of conversed electrons E. As a
result one has
AYYA '
" Won(E') ~ —g”fizgz vVE. (36)
This expression describes the peak, observed in energy distribution of the
shake-off electrons.

In addition, we should multiply this quantity by the transmission co-
efficient T(E) of the low-energy shake-off electrons through the surface of
the crystal slab, containing radioactive nuclei. Let the crystal occupy the
region z < 0 and the axis 2z be perpendicular to its surface. The wave
vectors of the electron inside the crystal &' and outside it k' are related by
_the expression (see, e.g., [13])

Ky =Koy Ky =ky, K, = k2 +2mUy/R2. (37)

The penetration coefficient of the electron ‘wave'through the surface jump
of the potential at z = 0 is.given by
- 4Kl k.,
IRCETAL
Note that k. = k’cos, where 8 is the angle between the direction of the
shake-off electron beam, emitted from the crystal, and the normal to the
crystal surface. Then we see that T — 0 if # — =/2. Recently simi-
lar angular distribution of the shake-off electrons yield has been observed
experimentally by Kupryashkin et al. [9].
In order to find the energy spectrum W;.(E) of the electrons, which
suffered the internal conversion, followed by the shake-off electron emission,
one must integrate AP over E’. Such integration gives

Mye(Emas — E)|?
~ (IE bC( :m.g + Al),)z (Emaz - E)I/ZT(E""-G“’ - E)’ (39)
mazx

(38)

Wic(E)
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where Emqz denotes the maximum energy of the complementary electron
spectrum provided by the internal conversion,

Emas = Eo — Ax — Ap, (40)

The curve W;.(E) describes the satellite in the spectrum of internal
conversion, which is concentrated at the energy E.,..z and is shifted with
respect to the central line by the binding energy Aj of the L electron.
Its shape is a mirror image of that for the shake-off electrons, which oc-
cupy initially the L level. Our Eq. (39) is consistent with more intuitive
calculations of Porter at al. [6].
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A NEET model in plasma at Local Thermodynamic Equilibrium (LTE) has recently
been developed. In this model, the microscopic NEET probability is described by a
dynamic model. The atomic spectrum is assimilated to a gaussian distribution around
the mean value of the transition energy given by an average atom model, which allows
us to derive a transition rate as a function of the temperature and the density of the
plasma. A complete calculation of nuclear excitation by NEET rate of the first excited
state of 2°U in LTE plasma is presented and compared to experimental results. The
variations of nuclear lifetime under LTE plasma conditions will be discussed.

1. Introduction

The Nuclear Excitation by Electronic Transition (NEET) [1], observed in '’Au
and '*Os [2], [3], is both the excitation of the nucleus and the de-excitation of the
atomic system. The NEET process becomes resonant when the energy of the nuclear
excited state matches the energy separation between two atomic bound states. The
main difficulties in observing this effect are, on one hand, that the coupling matrix
element between atomic and nuclear systems may be very low because it strongly
depends on the presence of the electrons near the nucleus. On the other hand, the
matching between the nuclear and electronic transitions may be poor. Because both
quantities depend on the electronic .configuration, the NEET and its inverse process
the TEEN, probabilities could be enhanced by modifying the atomic environment of
the nucleus. The hot dense plasmas where the ions undergo large changes by means of
the thermodynamic conditions are ideal laboratories to observe these modifications of
nuclear rates. We report here the calculation of the NEET and TEEN transition rates
in thermodynamic equilibrium *°U plasma.

The first state, J* = %", of U, located at 76.8 eV, is a good candidate to test that
mechanism because it may be possible to create, through plasma ionization, an excited
atomic configuration in uranium that relaxes towards the excitation of the isomeric
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level. However characterizing the phenomena requires counting the excited nuclei
produced in the process, and this can only be done if the lifetime of the nuclear state is
long enough. This is the case for the isomeric state of the *°U, with a lifetime of 26.8
minutes which allows a measurement after the system has cooled down.

Many attempts were made to observe the excitation of this isomeric level in plasma. In
1979, a Japanese group [4] claimed that they excited the nuclear level using a CO,
laser. The excitation rate obtained was greater than 1 s™. A Russian group attempted
to reproduce the experiment without success, although they used a more enriched “*U
[5]. More recently, in a French collaboration between the CEA/DAM and the
university of Bordeaux , some experiments, dedicated to the excitation of the 2°U
isomeric nuclear level, have been performed using various lasers: a one shot
Neodymium laser (300 J), called PHEBUS, located at Limeil-Brevannes (France), and
a high rate YaG laser (1 J) at the CENBG (University of Bordeaux). The intensities
were, 10”? W/ecm’® and 10® W/ecm®. No signal could be extracted although the
experxmental limits for the excitation rate are appreciably lower than the previous
ones [6], [7]. It is why we think that the nuclear excitation of-the ***™U in plasma is
still an.open question and need to be calculated.

In the framework of the formal theory of reaction, we described the NEET
process. A crucial point in.the understanding of such a process in plasma holds in a
good description of characteristic times of the different physical phenomena to take
into account: the NEET process itself, the atomic widths, the plasma evolution and the
duration of the LTE regime. The most relevant hydrodynamic parameters, such as
charge state, density or temperature were calculated under the hypothesis of Local
Thermodynamic Equilibrium (LTE) using a relativistic average atom model. To get an
accurate description of the statistical nature of the electronic spectrum we went
beyond this model assuming a Gaussian distribution of the electronic transition around
the average transition. From this approach, we derived NEET and TEEN rates
depending on density and temperature.

2. Dynamics of the NEET process

The probability to populate a long lived nuclear excited state through its coupling with
electronic transitions was calculated using the formalism presented in reference [8]. It
allows describing the properties of decaying states as a function of time. The details of
the calculation of the probability are made in reference [8]. We are content to give
here the probability of exciting the isomeric level by NEET after a time t is:
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M

(1'\+l'z)l 5
- Iy I cos(—t+¢)
1—e”+£1—e”— LT +1) h
574 (r +T, /

with tano =

I“1+I“2

where I'y and I, are the widths of the electronic configurations and & is the mismatch
energy between the atomic and nuclear transition. v
This expression reaches an asymptotic value after a characteristic time, given by the

exponentials, lying around:
mzﬁ(_l_ L)
N

This asymptotic probability is in fact the usual expression:

2
w R, r
Pyger (S,t = °°) = Pyger (8) = l l 2’ 3 (] + sz (2
62 + (Fl + rZ J !
2

The coupling matrix element |R,,2 ‘2 is slightly different from that of internal

conversion because it depends on the energy mismatch. Its expression is:

2L . . . 2
2 ) 2j, +1 J J, L 2
R, =4nooiloy+—| ——2—u| R B(EL
’ l,2| N( N 2) L2 [(2L+ 1)”12 [1/2 _1/2 0 n)K),N0,K, ( )
where R is the radial electronic matrix element and B(EL) is the reduced

nyK,NK,

nuclear matrix element.

3. Atomic calculations

The mismatch 8, which characterizes the resonance, could be obtained with a
relativistic average atom model. This model, first proposed by B.Rozsnyai [9], solves
the Dirac-Fock equation for bound electrons, assuming the atom is in a spherical box
with a radius dictated by the density. The self-consistent treatment starts with the
relativistic Thomas-Fermi-Dirac model in the iterative procedure. The free electrons
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Termporature {e¥)

are treated statistically by means of the Fermi-Dirac distribution. In such a model, the
occupation numbers of electronic orbital may be non-integer and are given by the
Fermi-Dirac statistics.

We applied this calculation to the excitation of the first isomeric state of 2°U
and found two atomic transitions in resonance with the nuclear transition: the (6ds,-

6p12) and (6pi2-5dsp). This result is in agreement with the work presented in reference
[10].
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Figure 1. Mismatch B Jfor the (6p,,,-5ds,;) and (6ds,-6p,,,) versus the temperature and density
of the plasma

We have plotted, on figure 1 the isovalues of & in the density-temperature map, for
the (6ds;-6p12) and (6p1»-5dsp) atomic transitions of an uranium ion. The average
atom model is the first step to extract the region of interest in terms of density and
temperature. On figure 1, two valleys corresponding to the (6ds;,-6p12) and (6py,-

5dsp,) transitions under matching conditions (& ~ 0) can ;)e extracted.

The coupled atom-nucleus matrix elements R1,2| are also calculated in the
framework of the average atom model. The coupled atom-nucleus matrix element is a
slowly varying function of the density along the resonance valley observed in figure 1.
It is worth around 1.9 10°'® eV? for the (6ds,-6p,,;) transition and around 0.6 10™'® eV?
for the (6p1»-5ds,) one.

4. NEET probability

Inside the valleys of minimum mismatch, the probability reaches its asymptotic value
around 10" s. We have to make sure that the thermodynamic conditions remain
stationary during this time so that the asymptotic value has been reached before the
mismatch and other atomic physics related quantities have changed. If these
conditions are fulfilled, we can use the asymptotic expression to calculate the NEET
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rate in the plasma. On figure 2, we plotted the asymptotic value of the NEET
probability as a function of the temperature for a density of 10”" g/cm’.

The calculation of the NEET rate from the asymptotic NEET probability needs to go
beyond the average atom model. This calculation requires taking into account the
complexity of the atomic spectra. When many thermally excited states become
available, the number of configurations rises dramatically and a statistical approach
must be used. In this case, an average atom description does not provide an accurate
description of the atomic problem because the large number of configurations tends to
split the average atom transition into many components with significantly various
mismatches. However, in some cases, when the number of transitions is so high that
the energy difference between two consecutive configurations is smaller than their
width, a strong overlap takes place. Then, a statistical approach using a distribution of
the configurations around the average transition is a good approximation.

6dsi 604y

\"\--wn..
R

6041 Sdsir

| SN NEVHE Y SR SRR S S he bbb
o 0 40 €0 80 100 P20 140 1EQ 18y 200
Temperature (eV)

Figure 2. Asymptotic NEET probability versus temperature, p=0.1 glem’, for the (6p,-5ds)
and (6ds,-6p ;).

5. NEET and TEEN rates

From the asymptotic NEET probability, the NEET rate of isomer creation may be
written as a sum over every initial atomic configuration o

Reff (1.1

el TS B oo 4 ﬂ)

EET(P ):; (,0 J h52ﬂ+(1“a:!2~1”ﬂ)2\ T
a,

157



where P, is the probability to find the o configuration and B is the final atomic
configuration after NEET has occurred.

The huge number of different configuration forbids any exact calculation. Thus the
mismatch 9 is described by a distribution over every possible configurations around
the average atom conﬁguratlon whose mismatch is . So, we replace the discrete

summation over the real configurations by an integral on a statistically broadened
averaged transition [12, 13, 14]. Thus we can write:

A (T, )=
’ ‘ 2 ’ (Ju —5-)2
r |Ra/)“ ( FpJ 1 “‘iz—
P.(p,T,) =2 : 1+-2 |———e 7 45,
L) . (ra+r,,j2 T, )v270? ’
. Oupt 5

The energy variance o, defined in reference [14], describes the dispersion of the
electronic transition energy of real configurations around the average atom value.

If the energy variance is much larger than the collision widths I'y and I's, we may
neglect the variations of the functions in every term under the integral except the first
one and get:

52
2 s
NEET
A (p,T,)= 7 —Dip|(l szszl
270
where D; is the i shell degeneracy.
ot %0
635 “\% Atomic width (eV) ws i Statistical dt:spersion (eV) ~
- \\\_ o 6p1sz 5dsp2
v \\\\ o b —
025 - 6dss2 6p12 \
T — ,
! —

6dsi2 6pan

Figure 3 Atomic width and statistical dispersion versus temperature, p=0.1 g/em’, for the
(6p12-5ds72) and (6ds/2-6pir2)
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We can observe that the expression of the NEET rate no longer depends on the atomic
width but only on the statistical variance. The figure 3 shows the atomic widths and
the statistical dispersions for both atomic transitions at p=0.1g/cm’ as a function of
temperature. We clearly see that the statistical spreading is one or two orders of
magnitude higher than the atomic width. :

Because we assume the thermodynamical equilibrium, the principle of the detailed
balance allows calculating the inverse process of the NEET, the TEEN process or BIC
for Bound Internal Conversion:

2J7 +1
TEEN — _ZJ,—*"I Anger €Xp| — ﬁ

The figure 4 shows the maps of the NEET and TEEN rates for the first isomeric state
of #°U. We clearly recognize the two favorable zones corresponding to (6py,5pss)
and (6ds,2,6p1,). For a given density the variations of the rates versus the temperature
show large fluctuations. These variations come mainly from the evolution of the
mismatch shown in figure 1. The experimental limits on the excitation rate, obtained
in {6} and [7] are consistent with these calculations.

22U N (57 Bl N (57

L

Figure4 Maps of NEET and TEEN rates
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6. Isomer lifetime in plasma

From the U NEET and TEEN rates we can determine the lifetime of the first
isomeric state in plasma. Because the decay by internal conversion is the dominant
channel (o= 10%°) and the excitation energy of the isomer is very low, 76.8 eV, the
ionization of low lying atomic shells may induce a drastic change in the half-life. On
figure 5, the dashed line represents the lifetime where only the Internal Conversion is
taken into account. The higher is the temperature, the higher is the lifetime. It
increases by eight orders of magnitude when the temperature goes from 0 up to 70 eV.
However, if we take into account the TEEN process the lifetime (solid curve) keeps
rather constant until the effect of the resonant atomic transitions disappears.

18

10

B e 76.8 oV —»-v---ICQnIy " -
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50 1ﬁ0 l 150
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Figure 5 Lifetime of the first isomeric state of 35U versus temperature

7. Conclusion

In this work, we exposed a calculation of the NEET and TEEN rates for the first
isomeric state of *°U in equilibrium plasma. We showed the influence of such
processes on the lifetime of the isomeric state in plasma. Our calculation is in
agreement with the experimental upper limits.
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The possibility to excite the 6.2 keV, 6.8 s isomer in '*'Ta within a plasma was

studied with the high repetition rate laser available at the CELIA facility at Université
de Bordeaux I. The laser is a 10mJ, 1kHz, 30fs Ti:sapphire laser. Excitation of the Ta
isomer can be effective through electron excitation or photon absorption by the Ta
nuclei inside the plasma produced in the interaction of the laser with solid Ta targets.
We have, in a first step, characterized the photon production issued from the
Bremsstrahlung of electrons for 1=1-6 10'® W.cm™ laser intensities. The photon
spectrum extends up to 500 keV. The plasma expansion was also studied. We have used
several set-ups to optimize the direct detection of the 6.2 keV gamma line which is a
definite signature of the Ta de-excitation. This 6.8 |Ls isomer lifetime is short compared

to nuclear physic electronic time scales and a special care is to be taken for the
detection system in order to observe the gamma-line.

1. Introduction

Nuclear excitations in plasmas have been the subject of many theoretical and
experimental approaches, especially with the availability of high intensity lasers.
These excitations can involve a coupling of the atomic and nuclear levels in
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presence of the laser radiation. S.Matinyan made a survey of the direct use of a
laser radiation for the study of low-energy nuclear physics phenomena [1]. A
review of the main nuclear excitations as NEET, NEEC, photoexcitation and
inelastic electron scattering in competition in a plasma was given by M.R.Harston
and J.F. Chemin [2] and applied to the ***U™ isomer case.

Beyond these effects of the laser on the atomic/nuclear characteristics one may
expect effects due to the plasma itself where electron-ions collisions and high flux of
radiations are produced in the laser-solid target interaction. In the domain of
femtosecond class lasers and I~10'® W.cm™ intensities, hot electrons(10-500 keV) are
produced and may excite, directly, low energy levels in nuclei or, indirectly, via
photons produced by Bremsstrahlung (eventually through several Intermediary States
(IS) higher in energy). In the noisy background of the laser-target interaction
s lifetime isomers are ideal study cases since their decay can be observed after the
laser pulse. The first isomeric state in '*'Ta at 6.2 keV is a good candidate with a
lifetime of 6.8us . Evidence of the excitation of the isomer would be particularly
interesting for subjects related to gamma-lasing or energy storage for example.
A.V.Andreev [3,4] reported a large amount of excitation of the '*'Ta 6.2 keV isomer
in two experiments with two different lasers. The 6.8sisomer population was
estimated with an oscilloscope through the study of the scintillation detector
electronic pulses rising above the background level or with a microchannel plate
(MCP) coupled to a CCD camera. Both studies were conducted as a function of the
time elapsed after the laser pulse (at least ~3 s ). Data were subtracted from similar

measurements with a Tungsten target. Final results, obtained by fitting the 6 Ls Ta
isomer lifetime, lead to the excitation of (2 +0.5)x10* nuclei per laser shot
(t=200f5) at I =1-4x 10"*W.cm? and (5+2)x 10" (t = 1ps) nuclei at [=3-
7% 10" W.cm? respectively. These large production rates cannot be explained by
“classical” excitations due to electrons diffusion or photon resonant absorption on the

Ta nuclei in the plasma. As regard the inelastic electron scattering excitation, the
6.2keV isomer can be excited, in this non-resonant process, by any electron with an

energy above 6keV but the cross section is very low , ¢ =107"cm’ for ~20keV
electrons [5]; as regard the photon excitation, the cross section is higher,
o =1.7x10"%cm?, but the process is resonant and the energy width of the Ta isomer

is T'=6.7x10"eV . For a plasma volume of ~470um’ (see further) and, with an

estimate of 10" photons/keV/shot taken as a reference value, these considerations
give N" = (9 +4)x 107 isomer per laser shot for inelastic electron scattering and

N* = (10 £ 5)x 10 for photo-excitation. With these estimates in mind evidence for

these excitations can only be produced with a high intensity laser with a very high
repetition rate. Our intention is to search for the Ta excitation in a laser induced
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plasma since A.V.Andreev results have not yet been confirmed. A first unsuccessful
attempt to observe:the 6.2 keV isomer excitation was done at the LUCA facility at
CEA/Saclay [6] with a 20Hz, 800nm and 60fs laser. The availability of very high
repetition rate laser at the CELIA facility at Université de Bordeaux I allowed a new
attempt with a 1kHz Ti:sapphire laser, with a 10mJ energy and a 40 fs laser pulse
duration. :

- We report here on the characterization of the photons produced in the interaction
of the CELIA laser with the solid Ta target, in order to infer the electron spectrum as a
function of the laser intensity.- An attempt to measure the 6keV de-excitation, with
different set-ups is also discussed.

2. Experimental set-ups

2.1. Laser performances

The CELIA Ti:sapphire laser delivers 10mJ pulses at a 1kHz repetition rate, with

a wave length A =800 nm. The Chirped Pulse Amplified beam is p-polarized; it is
focused through a leris on a target located in the middle of the vacuum chamber. The
pulse duration, T=40fs, was measured with a second order auto-correlator; the focal
spot was @ =10umin diameter (at I../e). Typical laser intensities used in this

experiment were 1= 1-6 10" W.cm™. The main pulse was preceded by a pre-pulse at
4ns with a contrast ratio of 6.10”° and the ASE contrast ratio was 3.107. These
characteristics were measured carefully since they fix the pre-plasma conditions which
influence strongly the laser-solid target interaction.

. The high repetition rate imposes also to use computer driven motors for the target
to have a fresh impact zone at each shot. The rotating Ta target was a 2 mm thick,
10cm diameter disc. The rotation was programmed for 50pm displacement between

consecutive shots; with this value, the photons rates was steady from shot to shot.

2.1. Detection techniques for the photon spectra characterization

Various techniques have been implemented around the target to characterize the
photon emission. The schematic set-up is presented on Fig.l. The laser incidence
angle on the target could be changed. The results presented here are mainly for a 45°
incidence angle. The 5.08cmx0.5cm Nal scintillation detector was surrounded by a
shield of 5mm Cu and 5mm Pb defining only a 2cm aperture in the front face; a
permanent magnet (not presented on the drawing) was positioned between the target
and the Nal detector to avoid the contribution of electrons with energies below 1MeV.
The data acquisition for this detector was triggered with the laser pulse; the energy
collected in the Nal and the time signal relative to the laser trigger were registered as
well as the signal of a photodiode looking at a laser beam leak before the compressor.
This Nal was used as a monitor of the beam quality during the focus of the laser on
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the Ta target. The photodiode was also used as a monitor in all other set-ups. The
CCD camera was used to characterize the soft X-rays (1-20keV); several filters (C,
Al) allowed the scanning of different energy bins. The Nal was also used to
characterize hard X-rays (30-500 keV). Additional absorbers were set in front of the
detector to avoid the pile-up of the high rate of low energy photons. The choice of
absorbers was done by checking that, at the most, one photon was detected only each
10 shots. In addition to the X-rays characteristic studies, the plasma expansion speed
was measured with two Langmuir Probes (LP) set inside the vacuum chamber at
different angles.

Laser beam Ta
rotating

target

X-Ray X-rays
CCD

Camera

v

, e Shielding

LP
Nal

scintillator

Figure 1. Schematic view of the experimental set-up for photon characterizations. LP
is a Langmuir Probe to characterize the plasma.

2.3. Set-up for the 6.2keV isomer detection

We tried several set-up geometries to observe the 6keV isomer decay. The
optimum configuration, to have less noise at low gamma-ray energies, is different
from the one used by A.V. Andreev [2]. Our set-up is shown on Fig.2. The geometry
is optimized to have the biggest solid angle for the Nal scintillator (with a Be entrance
window). The Nal detector does not have a direct view of the bulk of the target. No
front shielding of the Nal was used.
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Figure 2. Schematic view of the detection geometry for the search of the 6keV isomer
decay in the expanding Ta plasma. The Nal, as all other elements, is inside the vacuum
chamber.

3. Characterization of the photon spectra and of the Ta nuclei number in the
ablated matter

The soft X-rays energy distributions were measured at different laser intensities
with the CCD camera (Fig.1). The study of the 6keV region was done using an Al
filter (25um thick). Associated X-ray spectra, corrected for efficiency and the filter

absorption show a 2.5keV Maxwellian temperature in the region of 6keV photon
energy [7]. This CCD allowed also estimating the number of X-rays photons
produced around 6keV; the results are presented on Fig. 3. From these data there are
~2.10° X-rays/keV/st/shot.. This is a too low value to expect the observation of the
nuclear resonant photo-excitation in Ta, in our experimental conditions.
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The characterization of the high energy photon spectra was performed using the
Nal scintillator. A special care was taken to avoid pile-up detection. The initial
photon energy distributions measured at different laser intensities have been unfolded
to take account of the absorbers and of the response function of the Nal detector.
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Figure 3: Number of X-rays in the 6keV energy region as a function of the laser energy on
the target, as deduced from the CCD camera measurements.

The final results presented in Figure 4 show an increase in the temperature of the
photon energy distributions when the laser intensity is increased. The distributions
have different shapes with the development of a higher energy component for
intensities on the target greater than 2.10'°W.cm?. Clearly the photon energies are
higher than those predicted for the plasma emission in Ref.[8], this higher energy
component can be explained with the onset of the preplasma or related to a change in
the interaction such as vacuum heating [7].

A measure of the number of ablated Ta nuclei was done by collecting the matter
on a 50um Mylar foil set parallel to the Ta target. This foil was then analyzed with

the Rutherford BackScattering technique (RBS) with 2.3MeV “He particles at the Van
de Graaff accelerator at CENBG. Figure S presents the measured number of ablated
Ta nuclei as a function of the laser intensity. The number of Ta ions estimated from
the Langmuir probe data are also presented on the same figure, in the hypothesis of a
mean effective charge Z*=10 [7]. The ablated Ta nuclei number is a crude maximum
value of the “possible” excited nuclei. A scaling law seems to emerge, but a more
detailed analysis is needed to conclude.
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Figure 4: Photon energy distributions as a function of the laser mtenszty (in W.cm).
These spectra are unfolded for the Nal response function and corrected. for the
presence of absorbers in front of the detector.
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Figure 5. Evolution as a function of the laser energy: a) (squares) of the number of
ablated Ta nuclei as deduced from RBS measures; b) (diamonds) of the number of Ta
ions in the plasma deduced from the Langmuir probes assuming a 0.86 sr emission
cone angle and a Ta average charge of 10.
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4. Search for the 6keV isomer decay

The set-up shown in Fig.2 has been used to search for the 6keV decay of the '®'Ta
isomer. The photomultiplier high voltage was switched on just after the laser pulse.
An electronic gate triggered the acquisition 10 lus after the laser pulse in order to let

the electronic and the scintillator recover from the high radiation flux (electrons,
photons) emitted at the instant of interaction. Events occurring within an 18 s time

window were collected. Even with these precautions background signals are still
present and extend beyond 10 keV as can be seen on Fig. 6. These data were taken at a

laser intensity of I ~ 2.5 1016 W.cm2 and result from a sequence of ~ 4 000 000
shots.

This figure presents also a comparison of the hard photon spectra for a Ta target
and a Tungsten target differing by only one Z unit. In this comparison one expects
similar “background” spectra. This is not the case at low energy the noise is very
different on the two targets. Hence, no comparison of these two targets is possible
under these conditions at the contrary of the hypothesis done by A.V. Andreev [4] to
infer its conclusions. We have not been able in this experiment to measure the
excitation of the Ta target.

1,E+05
1,E+04
1,E+03 -
1,E+02 -
1,E+01 -
1,E+00
1,E-01

Ta ——tungsten
— tantalum

----------------------------------

Number of events

0 200 400 600 800
channel

Figure 6.Photon spectra measured with a Ta and a W targets. The energy region
between the dotted arrows is the 6keV region of interest.
5. Discussion and conclusion

We have done a set of experiments to characterize the interaction of a 40fs high
repetition rate laser and to clarify the experimental conditions for a search of the
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excitation of the 6keV isomer in '®'Ta. We have measured the properties of the soft
and hard X-rays as a function of the laser intensity. We measured also the velocity of
the expansion of the plasma. All these informations conduct to a very low probability
for the isomer excitation by photon resonant excitation. Within the focal spot we have

~1.5 10" Ta nuclei per cm’ and per shot in the ablated matter. An X-rays amount of
~2.10° photon/keV/sr/shot (Fig. 3) in the 6keV region lead to an estimate of 0.17
isomer per 10° laser shots due to nuclear photo-excitation. This is impossible to
observe in our experiment. Concerning the electron inelastic scattering, the probability
to excite this isomer with electrons is also very low due to the process cross-section.
More analysis is needed to obtain an estimate of the contributing electron number.
The energy distribution of the electrons will be deduced from GEANT simulations
reproducing the hard X-ray spectra. In any case we need to find experimental
techniques which allow to avoid the detection of the prompt and very intense flux of
radiation produced at the interaction time.

Acknowledgements
This work was supported by the Region Aquitaine under contract #20040208004A.

References

1- S. Matinyan; Physics Reports 298, 199 (1998)

2- M.R. Harston and J.F. Chemin; Phys.Rev. C 59, 2462 (1999)

3- AV. Andreev et al.; JETP Letters 69, 371 (1999)

4- A.V. Andreev et al.; JETP,91, 1163 (2000)

5- V.S. Letokhov and E.A.Yukov; Laser Physics, 4 382 (1994)

6- J.F.Chemin ; Bilan d’activité GIAS, CEA Internal Report 2001.

7- R.Fedosejevs et al. 32™ European Physical Society Plasma Physics Conference,
Tarragona, Spain, June 27-July 1st, 2005.

8- A.V. Andreev and R.A.Chalykh, Hyperfine Interactions 143, 13 (2002).

170



EFFECT OF SURFACE CLEANING ON DECAY OF LOW ENERGY
NUCLEAR ISOMERS EXCITED DURING FEMTOSECOND LASER-
PLASMA INTERACTION
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Decay of low energy nuclear states excited during femtosecond laser action onto the
surface of a target can be much influenced by surface composition. We consider how
surface cleaning could affect nuclear decay through electronic conversion (IC) process.
We show that surface cleaning leads to prominent increase in charge and energy of bulk
ions, eliminating signal from light ions (hydrogen). This could be used for deep IC
blocking and also might help IC electrons detection.

1. Introduction

During past years nuclear physics using ultra short laser pulses became one of the most
“hot” and intensively investigated areas of super strong laser-matter interactions [1, 2].
A wide range of nuclear processes have been observed experimentally: from nuclear
fusion and fission to photonuclear excitation and positron production. The primary
source for impinging these reactions is electron acceleration up to 1 MeV and above
by laser field in plasma. This happens if light intensity exceeds ~10'° W/cm®. Though
in the plasma produced upon irradiation of a target surface by a femtosecond laser
pulse with a moderate intensity of 10" - 10'” W/cm?, the electron temperature reaches
1 keV and the average energy of hot electrons is 5 — 20 keV. This hot electron
component and its x-ray emission are also capable of initiating nuclear processes [1].
Among them isomeric low energy level excitation seems the most interesting one
because of both fundamental physics involved and a wide set of possible applications
[3, 4, 5]. Even for low energy levels of stable isotopes their characteristics could be
still unclear or as yet unknown (for example only calculations exists for both lifetime
and conversion coefficient of 201Hg 1.56 keV nuclear level). Usually, still fewer data
are known for metastable isotopes. This means that excitation in hot dense laser
plasma could provide for new methods of nuclear spectroscopy of low energy nuclear
levels.

The most probable channels of decay of excited nuclei are the gamma decay and
the internal electronic conversion (IC). For low energy nuclear isomeric levels the
probability of the latter one exceeds the radiative transition probability by an order of
magnitude and even more, depending on the energy of the nuclear transition and its
multipolarity. Population depletion of electron atomic shells in plasma should result in
a decrease in the total IC coefficient o and an increase in the lifetime of the isomeric
nuclear state. .M.Band and co-authors [6] discussed this phenomenon in the case of
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single ion in 1970. Experimental data were obtained for *’Fe with ion charges of 19-25
[7] and "**Te with ion charges up to 48 [8]. In [9, 10] we discussed the feasibility of IC
blocking in the case of 1.561 keV nuclear level of **'Hg isotope excited under
femtosecond laser plasma interaction. The measurements of y-decay rate of the low-
energy nuclear state in tantalum (Ey=6.238 keV, T1/2=6.05 ps), excited by irradiating
of the target with 200 fs and 2-10'® W/cm? laser pulses was reported in [S5], while IC
electrons detection has not been accomplished yet.

To detect electrons emerging from IC decay of a low energy nucleus excited in
hot dense plasma one needs to avoid signals coming from plasma negative particles
such as electrons and negative ions. The most effective way to distinguish between IC
electrons and plasma particles is time-of-flight detection with electrostatic energy
separator: In fact, time-of-flight of fast plasma electrons with energies of few keV is
much shorter than excited low energy nuclear level lifetime (typically greater than 10
ns). The most interfering signal comes from fast negative ions (mostly hydrogen) [11],
having the same energy and comparable time-of-flight as few keV electrons from IC
nuclear decay.

Ton bunches formation under interaction of ultra-short laser pulses with solid
targets to date attracts considerable attention. Under moderate intensities (below
10""W/cm?), plasma ions are mainly accelerated by the ambipolar quasi-electrostatic
field appearing due to the charge separation at the plasma-vacuum interface
[12,13,14,15]. This field is generated by both thermal and hot electrons, and the energy
spectrum of accelerated ions clearly exhibits two components usually referred to as the
“slow” and “fast” ions [16,17]. Under usual experimental conditions, the target is
covered with a thin surface layer consisting of oxides, hydrocarbons and water
molecules. Previous investigations showed [18,19] that mainly protons and partially
carbon ions are accelerated at the plasma-vacuum boundary by hot electrons. The
cleaning of target surface from contaminating layer by either the resistive heating
[19,20,21], ion sputtering [22] or pulsed laser cleaning [18,23] leads to acceleration of
ions of target main substance.

In this paper we consider how surface cleaning could affect nuclear decay
through electronic conversion process. First case is IC inhibition due to high ionic
states of ion in plasma. Using clean surface one can obtain higher ionization states at
the instant of plasma creation and nuclear excitation as well as prolonged ionization
freezing due to higher ions velocities. Besides highly energetic negatively charged
hydrogen ions emerged from femtosecond laser-plasma interaction prevent IC
electrons to be detected by electrostatic time resolved technique. Surface cleaning
nearly eliminates signal from all kind of hydrogen ions.

2. Expérimental setup

The diagram of experimental setup is shown in Fig.1. The p-polarized 616-nm
radiation from the femtosecond dye-laser system, delivering pulses with a 200-fs
duration and energy of 0,5 mJ [24], was focused onto the target at an angle of 45
degrees, providing the peak intensity at the target of 3- 10" W/em?. The energy density
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of 10 ps ASE prepulse was less than 0.2 J/cm®. To clean target surface we used the
radiation of XeCl excimer laser (1,=30ns, E=20mJ, A=308nm, W=3J/cm?), which
passed ahead of femtosecond laser pulse by 100us. The energy of cleaning laser pulse
and time delay between cleaning and femtosecond laser pulses were chosen from our
previous experiments [18]. The cleaning laser pulse was focused in spot with 500 um
diameter in the target area coinciding with focal spot of femtosecond radiation. We
used tungsten target in our experiments. The target was placed in the vacuum chamber
with the residual-gas pressure not higher than 2:10” Torr. After each laser shot the
target was shifted by 100 pm. ~

Fig. 1. Diagram of the experimental setup: 1 - femtosecond laser pulse, 2 -
cleaning laser pulse, 3 - target (Si or W), 4 - electrostatic mass spectrometer, 5 -
micro-channel plate, 6 - aperture, 7 - Nal(Tl) x-ray detectors, 8 - x-ray filters.

Ion currents from the plasma were detected in the line of target normal by the
electrostatic time-of-flight spectrometer, described in detail in [25]. This spectrometer
consisted of the semi-cylindrical analyzer including the chevron micro-channel plate
(MCP), which served as a detector of ions. The full distance between the target and
MCP was 62 cm. Each ion trace, detected at a certain voltage on the plates of the
analyzer (which will be hereafter called “the analyzing voltage™), was treated with the
time-of-flight technique. For every negative peak in the MCP signal, corresponding to
a certain instant of the detection (i.e. time of ion flight), we determined the ion energy
E and mass-to-charge ratio M/Z, using the formulae:

M |k
t=e |—.— sec,

Z \2U ’ ey
E=kUZ eV
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where U is the analyzing voltage, ¢ is the time of ion flight, e is the electron charge;
k=3.9+£0.4 eV/V is the constant determined from the geometry of the analyzer. The
analyzing voltage was varied from 0.1 to 8.5 kV, thus ensuring the detection of ions
with the values of energy-to-charge ratio E/Z of 0.4 — 33 keV. The relative energy
resolution of the spectrometer was equal to 8% FWHM. The solid angle of registration
was 8-10™ steradian. :

Jointly with ionic current measurements we registered hard x-ray yield by means
of two channel analyzer based on pair of Nal(Tl) detectors with different X-ray band-
pass filters (Al, Be). The measurements of hard x-ray permit us to estimate hot
electron temperature in each laser shot [26]. We experimentally observed that these
quantities are nearly the same in both cases being equal to y=10° % and E,*”
=712 keV, respectively. Thus, we conclude that the pulsed laser cleaning strongly
changes only the elemental composition of plasmas and does not influence the
properties of hot electrons.

3. Experimental results

Figure 2 shows typical ionic currents from tungsten plasmas registered by electrostatic
spectrometer. One can see that with increasing energy per charge mean ion charge also
increases. For ion energy per charge of 1.8 keV (figure 2a) W ions with charge from
1+ to 7+ were registered. For energy of 10.1 keV per charge (fig. 2b) ion charge
increases up to 26+. The maximum charge of W ions registered in our experiments
reaches of 29+ (ionization potential ~800eV). The maximum energy of registered ions
reaches 980 keV. Besides, ionic currents contain small amount of carbon, oxygen and
hydrogen ions. The full amount of contaminant ions does not exceed of 2.5% from all
ions. Among all contaminant’s ions fully stripped ions are observed (ionization
potential of 0% ion is 870 eV, ionization potential of C*"ion is 490 eV). Figure 2 also
shows ionic currents from uncleaned tungsten target (fig. 2d). Comparing signals from
uncleaned and cleaned target, one can easily reveal the following striking changes in
the current from the front of the cleaned target: (i) an essential increase in the main
substance ion energy, (ii) broadening of the charge distribution, (iii) growth of the
mean charge, (iv) presence of the deeply ionized ions.

In order to reconstruct the full energy spectrum of ions for each ion charge, we
registered ion traces for the spectrometer analyzing voltage varying in the range from
0.1 to 8.5 kV. This corresponds to ion energies per charge from 0.4 to 33 keV. At each
value of the analyzing voltage at least 20 ion traces have been collected. For every
peak in an ion trace, obtained at a fixed value of voltage, the ratio M/Z was
unambiguously (one for each peak) determined using Eq.1. After obtaining the ion
charge Z, we found the ion energy and then calculated the integral under the peak
value of the ion trace and averaged the result over all laser shots at a fixed analyzing
voltage.

Figure 3 shows energy spectra of of tungsten ions for charges of 2,9,19,24. One
can easily distinguish two components: slow and fast ions. One can also notice that
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ions with small charges are accelerated mainly by thermal electrons while ions having
big charges are accelerated by hot electrons.
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Fig. 2. Typical ionic currents from tungsten target (a, b, ¢ — cleaned target, d —
uncleaned target;, a — E;,,/Z=1.8 keV, b, d - Ei,/Z=10.1 keV, ¢ - E;,,/Z=28 keV.
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Fig. 3. Energy spectra of ions from tungsten plasma and its exponential fit,

The energy E; gained by an ion with a charge Z during its acceleration at the
plasma-vacuum interface is proportional to the mean energy of plasma electrons E,: In
the case of the plasma with the 1D Maxwellian electron population the energy
spectrum of ions with the charge Z can be approximated by the exponential curve
[12,13,14,15,17]:
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where E.™™® and E.*Y are the mean energies of thermal and hot electrons,
respectively. In addition, traveling from the plasma to the MCP detector, the ion
recombines; as a consequence, the charge state of ions at the instant of detection is
different from that at the instant of the ion acceleration in the plasma. Therefore, the
mean energies of electrons E, can not be directly determined from the energy spectra
of ions with the given charge Z. This fact is illustrated by Fig. 4, which presents the
dependences of the mean energy and mean energy-to-charge ratio of slow ions on their
charges at the instant of detection. Although all the ions of different charges gain
approximately the same energy per charge during the acceleration [4], the subsequent
recombination proceeds faster in the case of slower ions, inasmuch as they occur in the
higher electron-density region and the time of their flight to the detector is longer.
Indeed, from Fig. 4 one can see that the mean ion energy increases with the charge,
while the mean ion energy per charge decreases with charge as a result of
recombination. Increasing of energy-to-charge ratio for tungsten ions with charge more
then 8+ caused by acceleration of such ions by hotter part of thermal electrons.
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Fig. 4. Mean energy of slow ions (® and their mean energy-to-charge ratio (o)
as functions of the ion charge at the instant of detection for the tungsten target.

At the same time by fitting the energy spectra of the fast ions with the exponential
function we found that E.™ does not depend on the charge (see Fig. 5). At the
average, the value of £.%" is equal to 5.6x1.2 keV for tungsten plasma (see dashed
horizontal line in Fig.5). This value well agreed with value of hot electron energy
obtained from x-ray measurements, Thus, the fast ions really gain the same energy per
charge and the measured charge distribution of fast ions is equal to that occurring in
the plasma at the instant of acceleration. The charge spectrum of fast ions is shown in
Fig. 6. ‘
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Fig. 5. Mean energy-to-charge ratio of fast ions as a function of the ion charge
(dashed straight line corresponds to hot electron energy average value, see text.

4. Numerical simulation of plasma dynamics

To describe plasma expansion we used two numerical codes. First one models the
interaction of power ultrashort laser pulse with a solid target [27]. The code takes into
account laser-radiation absorption at the moving plasma-vacuum interface, the
ionization kinetics, flux-limited Spitzer and ballistic thermal conductivity, electron-ion
heat exchange and hydrodynamic plasma expansion. Input parameters of the code are
the intensity, wavelength, polarization and duration of the laser pulse as well as the
elemental composition and density of the target. All the calculations were made for the
input parameters meeting the experimental conditions. Code permits us to consider
plasma dynamics on a sub-picosecond time scale.

To model the process of ions recombination during plasma expansion we used the
second numerical code [28). This code calculates hydrodynamic plasma expansion into
vacuum or low-pressure neutral gas on the nanosecond time scale, taking into account
the ionization and recombmatlon kinetics, thermal conductivity and electron-ion heat
exchange. It uses the results from the previous code [27] as an input data. Both codes
do not include hot electrons since their contribution to the plasma energy balance does
not exceed one percent in our experimental conditions [29].

So our consecutive numerical simulation allows us to investigate spatial and
temporal profiles of electron temperature, ion concentration and mean charge of ions
in plasma and far from plasma. Finally, to estimate ion charge distribution we
exploited Saha equation. Saha equation is valid for the equilibrium-state plasma and in
our case it predicts wider charge distribution. Since we experimentally found that fast
ions do not recombine during plasma expansion and their charge distribution repeats
plasma charge distribution then we can compare fast ions charge distribution with
charge distribution obtained from Saha equation. We calculated charge distribution for
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electron temperature corresponding to the laser pulse maximum and for ion density in
the area of fast ions acceleration, i.e. plasma corona.
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Fig. 6. Temporal profiles of ion concentration (dashed line), electron temperature (solid
line) and mean ion charge (dotted line) in tungsten plasma at the target surface (a) and at a
plasma depth of 60 nm (b).

Firstly we considered spatial and temporal changes of electron temperature, mean
ion charge and ion concentration for the instant of laser pulse interaction with target.
The results of calculation of temporal dynamics of T., n,, and Z at the target surface
(x=0) and deeper into the target (-60 nm) are shown in figure 6. One can see that ions
at the targét surface gain mean charge of 22+ while deeper into the target ion mean
charge reaches only 13+. We assume that hot electrons accelerate mainly ions situated
over the target surface, i.e. in the area of hot electron acceleration. The result of
calculation of ions recombination during plasma expansion is presented in fig.7a. Here
one can see the dependence of mean ion charge on ion velocity: fast ions do not
recombine during expansion and their experimentally measured mean charge is as high
as 23+,
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Fig. 7, Average ion charge of W ions as a function of the ion velocity (B - experimental
data, o - calculated data) (a) and charge distribution of fast ions (open columns -
experimental data, gray columns - calculated data) (b).

178



The results of calculation of ion charge distribution are shown in figure 7b.
Experimentally measured charge distribution of fast ions is wider then calculated one.
Broadening on the low charge (left) side of distribution can be easily understand from
recombination of small part of highly charged ions. At the same time, the distribution
broadening on the high charge side can not be attributed to any income from impact
ionization. Alternatively, high ionization multiplicity of part of tungsten ions can be
connected with barrier suppression ionization at the target surface by electrostatic
ambipolar field. Such ionization mechanisms was considered in [19] for ions flying out
from rear side of a target irradiated by fs laser pulse with intensity more than
10"°W/cm?, Our estimations show that ambipolar field can exceed field in the ion up to
28+ ion of tungsten [30].

5. Concluding remarks

Our experiments revealed strong dependence of ionic current from laser-produced
femtosecond plasma on the presence of contamination (or oxide) layer at the top of
the target. With relation to internal conversion decay of low energy nuclear levels
excited in plasma such a dependence could be crucial at various aspects. From one
hand by surface cleaning one can achieve more bulk ions (possessing low energy
nuclear state) in hot plasma region thus enhancing excited nuclei yield. Moreover, as it
follows from our experiments, at cleaned surface the interaction of hot electrons with
~ bulk ions becomes more efficient — more bulk ions are located in the same plasma
volume as hot electrons are. This also should lead to an increase in the number of
excited nuclei.

From another hand fast light ions, which come mostly from contamination layer
have time-of-flight that is comparable to the low energy nuclear level life-time. Thus
elimination of contaminant layer greatly decreases the “noise” signal from negative
ions. It is this signal mostly preventing IC electrons detection by electrostatic time-of-
light separator in the case of *'Fe or '*'Ta isomeric levels. Finally the observed
increase in the charge multiplicity of fast bulk ions could enhance IC blocking giving
rise to gamma decay events. The appropriate candidate to observe this phenomenon
could be *'Hg isomeric state.
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In search of laser-induced effects caused by changes in the hyperfine interaction due
to .electronic excitations, MO0ssbauer spectra of CaF,:Eu** single crystals were
recorded. A Nd:YLF laser was used to illuminate the CaF,:Eu’* sample with 527 nm
laser radiation, and fluorescence and absorption optical spectra were recorded. The
Maossbauer spectrum observed in the presence of the laser radiation showed a
reduction of the central peak intensity and an appearance of weak shoulder at the right
wing of the resonance line. The latter might correspond to a certain contribution from

- the europium ions in the excited state *Dy . However the amplitude of this shoulder
was less than the value of experimental error (£0.1 %), while reduction of the central
peak-intensity was ‘about 0.15 %. Therefore, we attribute the observed Mossbauer
spectrum transformations mainly to the decrease of the recoil-free fraction as the
temperature grows due to laser heating. The statistical significance of the electronic
excitation effect under 1.2 W laser irradiation is not yet sufficient.

1. Introduction ,

One of the most interesting and rapidly developing fields in quantum optics and
laser physics deals with interference phenomena in multilevel coherently-driven atomic
systems. They include electromagnetically induced transparency, lasing without
inversion, and ultra-slow group velocity of light [1]. It would be very attractive to
extend these ideas into two new directions, namely to the nuclear matter and to the
novel range of wavelength of radiation shorter than 1A where no coherent sources of
radiation are available today.

Recently, a new spectroscopic technique was proposed in [2], which deals with
modifications of the Mdssbauer spectra under the action of laser radiation. The
modifications can appear as a suppression of gamma-ray absorption, the appearance of
additional or vanishing of existing lines in a Mdssbauer spectrum, changes in
linewidths and line positions, and additional splitting of the lines.

The laser-induced spin transition is a well-known phenomenon in the coordination
chemistry of solids [3]. It occurs in various types of transition metal ion-activated
compounds, demonstrating light-sensitive electronic structural transformation
accompanied by substantial changes of magnetic and optical properties, as well as
drastic modifications of Mossbauer absorption spectra. These changes can be
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interpreted in terms of the laser-induced redistribution of the population of .vibronic
sublevels of high- (HS) and low-spin (LS) states.

There is also another type of compounds attractive for observation of laser-induced
effect by means of Mdssbauer spectroscopy. These are so-called Jahn-Teller crystals,
where the configurational instability due to the Jahn-Teller effect can also result in
many metastable electronic states, which can be populated by laser radiation. In Ref.
{4] the experlmental observation of laser-induced changes of the Mdssbauer spectrum
of a MgO:Fe?* single crystal was reported. It was initially suggested that the changes
were caused by the modification of relaxation processes among electronic sublevels of
the Fe** ion due to the laser-induced change of energy separation between them.
Subsequent work [5] has shown that after laser irradiation, the position of the
Méssbauer line was changing in time as a decaying oscillation of well-defined
frequency. This oscillation of the Mdssbauer line was attributed to the vibration of the
sample induced by the laser pulse [5].

The alkaline-earth fluoride crystals doped with Eu ions are very attractive objects
to be used for proof- of—principle experiments on laser control of nuclear transitions.
The spectroscopy of europium-doped fluoride crystals has ~been - thoroughly
investigated [6-8]. The Eu** multiplets of the °D; term have absorption transitions in
the visible region. One of them, °D,, has an absorptlon line at 527 nm which is very
suitable for pumping Wwith commercial Nd:YLF laser. The f-f interconfigurational
transitions are well shielded from the lattice, giving relatively long fluorescent
lifetimes and sharp atomic-like spectral lines even at room temperature. The lifetime of
the 5D0 level is of order of several milliseconds. As a result, a detectable populatlon of
the °D, level can be reached at-a moderate laser power due to the pumpmg of the °D,
level.

The hyperfine mteract10n between a nucleus and the surroundlng electromc shell
depends on the properties of the electronic state, and therefore the changes of
electronic state population will affect the shape of the Mssbauer spectrum. Thus, the
laser control of the populations of the atomic states could be used, in principle, to
influence .the properties of the nuclear gamma-ray transitions in' a determined way.
Recently the shape of the Mdssbauer spectrum of 21.5 keV.transition of *'Eu*" nuclei
in'a CaF, lattice was calculated, assuming ‘that.a population of the excited electronic
state is maintained by optical pumping [9]. As up to now these theoretical predictions
have not been verified experimentally, in this work we have studied the laser mduced
modlﬁcatlons of CaF,:"*'Eu M&ssbauer spectra experimentally, :

2. Experimental

The CaF, crystals containing EuF5; were grown by a Bridgman-type technique. The
Eu®* ions readily substitute into CaF, without altering the overall cubic symmetry of
the lattice. However the rare-earth atoms substituting for calcium must be charge-
compensated by an additional fluoride interstitial. The main sites seen
spectroscopically have tetragonal and cubic symmetry. The tetragonal site has been
identified as having a fluoride in the nearest-neighbor interstitial position, and the
cubic site must be charge-compensated by an excess fluoride at a distant locat1on As-
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grown crystals were colored a light violet because of the presence of Eu®* ions. The
Eu'/EW’" ratio for them was about 3, as it was determined from Mdssbauer
measurement (Flg. la). The divalent species is created through the reduction of some
of the Eu’* during the growth process. To increase the concentration of the Eu®* centers
the samples were annealed at 800 °C in air. The sample annealing leads to an increase
of the number of trivalent Eu ions (Fig. 1b). However, after the annealing the Dy —
’F , fluorescent line intensity decreased significantly in comparison with the as-grown
crystal fluorescence. The tightly-bound nature of the oxygen-compensated centers
results in the significantly different optical properties of the Eu®* ions from those
typically observed for an isolated europium centers in as-grown crystal. Therefore all
measurements” were performed on as-grown crystals of CaF, with a europxum
concentratlon about 2 % by weight. :

All crystals used in the experiments were transparent plates with aperture 7x8
mm?; and the thlckness was of about 0.5 mm. To avoid overheating, the sample crystal
‘was mounted using metal-lmpregnated grease on a copper holder, and its temperature
was momtored by a thermocouple.

R
<3
S
2 98 |
€
@
P =
g 97}
2
= e
il s
. .
a) . o . sk b)
97 L s —_ . N L ) . L
20 a6 -0 © 10 20 -20 10 a 10 20
Velocity, mm/sec L . Velocity, mm/sec

Fig. 1. Cé_le:E‘u Mﬁssbauer spectra, a) as-grown, b) annealed at 700 °C.

Mdssbauer spectra were recorded with a Wissel Mdssbauer spectrometer operating
in a constant acceleration mode. The source used for measurements was **Sm in a
SmF; matrix at room temperature. A symmetrical saw-tooth velocity signal was used
and the baseline distortion was corrected by folding the double spectrum. The isomer
shift was determined relative to EuF;, and the velocity scale was calibrated using
metallic iron at room temperature.

. A Nd:YLF laser (Photonics Industries, model GM30-527) was used to illuminate
the CaF,:Eu’* absorber. It was capable of delivering up to 1.5 W of CW power at 527
nm, and could also be Q-switched with a repetition rate from a single pulse up to 10
kHz. The pulse duration was about 250 ns. The laser beam was focused onto the
sample down to a spot about 6-7 mm in diameter corresponding to the aperture used in
the Mdssbauer experiment. The fluorescence and absorption optical spectra were
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recorded with an HR2000 Spectrometer (Ocean Optics). The wavelength resolution
was 0.1: nm. The lifetime measurements were performed with a digital oscilloscope
(Textronix, model TDS544). :

3. Results and discussion
3.1. Results of optical and Mdssbauer measurements

To observe laser induced effects caused by changes in the hyperfine interaction
due to electronic excitation, one should have samples possessing suitable optical and
5 Mdgssbauer properties. The optical
D

3 active centers should have a sharp
D optical resonance that can be efficiently
2

o driven by laser radiation, and these
I centers must possess Mdssbauer nuclei
Dy with high recoilless factor. A CaF,
crystal doped with Eu’* ions meets
. gl ¢ these requiregments.
gl 1l .18 g g Tne 4f conﬁguration, appropriate
= |2]8]e gl2} 8 @ el = for trivalent europium, consist of more
i 81 3| £ than three thousand electronic states.
b I Four multiplets of the °D, term (with
1 I:J J=0,1,2,3) have absorption transitions
- s in the visible region. The ground
- = mu]t;plet is 'F, and fluorescence to all
o — t} 0 ! the 'F; multiplets could be observed.

Typically, the optical transitions of Eu**
are weak because of the spin selection
rule. They could only be observed due
to intermediate coupling effects that
mix states of the same J but different L
and S. Crystal-field J-mixing of hlgher-lymg states also occurs [7] In Fig. 2 the
energy-level diagram of the levels of the “F; and °D, multiplets in CaF: Ev**
presented. ;

The absorption spectra of the as- grown Can Eu’* crystal in the spectral region
correspondmg to the ’F; —» °Dy and "F; — °D, optical transitions is shown in Fig. 3
The "F; — D, transition is spin-forbidden, and the optical absorption at 578 nm is very
weak, as can be seen from Fig. 3a. The absorption at 527 nm corresponds to the Fy >

°D, transitions, and it is much stronger that the absorption at 578 nm.

The excitation of the D state leads to a strong fluorescence radiation from the °D,
state with 578 nm wavelength (Fig. 4a). According to the lifetime measurements, the
lifetime of the *D, state in the our CaF,:Eu** single crystal was of the order of 2 msec
(Fig. 4b). -

Flg 2. The energy-level dlagram of the "F; and
°D; multiplets in CaF,: Eu®*. The transition
wavelengths are taken from [10].
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Fig. 3. The opt1ca1 absorptton spectra of the as-grown CaF,:Eu’* single crystal: a)
Absorption at the "F; — D, transition, b) absorption at the ’F; — ’D; transition.
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Fig. 4. a) Fluorescence spectrum of the CaF,:Eu’ single crystal in the region of °D, —»
7F(,, F ) transitions under 527 nm excitation, b) decay of the 3 D, excited state.

The room temperature BIEy Méssbauer spectra of the as-grown CaF,:Eu crystal
consist of two lines corresponding to di-'and trivalent states of Eu ions (Fig. 1a). The
isomer shift values for the Eu** (8 = 0.38 mm/sec) and Eu** (8 = -13.99 mm/sec)
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centers are consistent with other Mdssbauer measurements. In order to estimate the
Debye temperature of Eu** sites in the CaF, crystal, Mssbauer spectra at 295 and 345
K were recorded. The observed temperature shift of the Eu’* line agrees with
calculation based on the Debye model, with the Debye temperature 6 =340K.

3.2. Predicted modifications of "' Eu Méssbauer spectra in CaF,

The contribution to the Méssbauer spectrum due to the Eu®* ions in the *D, state is
mixed with the regular Mdssbauer spectrum of the Eu** ions in the ground state "Fj , so
that the final shape of the Mossbauer spectrum depends on the fraction of ions in the
excited state. That is why we should determine the magnitude of the quadrupole
splitting and isomer shift corresponding to the electronic excited state *Dj. The values
of quadrupole constant and isomer shift of the electronic ground state ", are available
from a Mossbauer measurements and high-resolution laser spectroscopy data.

The electric field gradient of the electrons acts on the nucleus and produces a

hyperfine splitting. For a center of axial

0. symmetry of Eu®* ion in CaF, this

quadrupole interaction is described by a
Hamiltonian having form [11,12]

Hy=(P+P)[I? - I(1+1)/3],

_g1x1o"~

ks

2 where I is the angular momentum of the
= nucleus, P is the quadrupole constant and
?,M’ P is a pseudoquadr}lpole term‘due to 2
E second-order magnetic contribution. Since

we have considered 2 nuclear levels,
namely the nuclear ground state g and the
- S S nuclear excited state e, and 2 atomic levels,
200 150 -100 50 0 50 100 150 200  pamely the electronic ground state “F, and
Energy, MHz the electronic excited state °D, , we shall
have 4 quadrupole constants, which we
shall designate as P(g’Fy;), P(g D),
either in the ground state "%y or in the P(eFy), P (e‘5,D ), and 4 pseudoq.uadrupole
excited electronic state *Dy , assuming an const7ants, Whl?h we s};ell demgjnate as
isomer shift of 6 MHz. P'(g."Fy), P'(8"Dy), P'le,'Fy), P'(e,"Dy).
The hyperfine structure of the optical
absorption spectra of the Eu’* ions in CaF, has been measured with the aid of high-
resolution laser spectroscopy, and the values of the quadrupole constants for the
ground nuclear state of ''Eu’*:CaF, are P(g,"F;) = 7.81 MHz, P'(g,Fp)= 0.45 MHz for
the ground electronic state _7F0 and P(g,’Dy) = -22.23 MHz, |P'(g,’D;)|<0.01 MHz for
the electronic excited state >D, [12 ]. Using the relations (2)-(5) of Ref. [9], the sums of
the quadrupole constants are then P(g Fy ) + P'Yg’F) = 826 MHz

Fig. 5. Comparison of Mdssbauer spectra
of Eu®* nuclei in CaF, when the atoms are
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P(g,°Do)y+P'(g,°Dy)=-22.23 MHz, P(e,’Fo)+P'(e,’Fy)=5.40 MHz, P(e,’Dy)+P'(e,’Dy)=-
15.00 MHz. ‘

. The Mbssbauer isomer shift AE), existing between states 'Fj, and *D, of the Eu’*
ion can be calculated from the isotopic shift AE,, for the ground state 'F, between the
1Ey and **Eu nuclei using the relation [13]

a8, _ A7),
AE,, A<rg2> B

where A<r2>M is the difference of the square of the nuclear radii for the 21.5 keV

excited state and the ground nuclear state of "*'Eu and A<rgz> is the difference of the

square of the of the nuclear radii of the nuclei *>Eu and "*'Eu, and where the mass shift
contribution has been neglected. The optical isotopic shift AE,,, for 'Eu with respect
to ""'Eu has been measured in EuCl3-6H,0 and has the value AE,, = 0.15.GHz [14],

A<r2>M =19.2:107 fm? [15] and A<rg2> = 0.522 fm® [16]. With these values we
obtain AE,,;= 5.2 MHz [9]. | '
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Fig. 6. Comparison of Mssbauer spectra of "*'Eu’* nuclei in
CaF, for a ’D, population of 17 %, a linewidth of 16 MHz and ar
isomer shift of 6 MHz.

Using the intensities of the allowed y-ray transitions between the nuclear hyperfine
levels, the values of the quadrupole constants and the value of Mssbauer isomer shift,
it is possible to obtain the Mdssbauer spectrum for the case when the electrons are in
the ground state “Fy, and for the case when electrons are in the excited state °D; as
shown in Fig. 5. In Fig. 6 the shape of the Mdssbauer for the case in which a fraction of
17 % of the Eu®" ions are in the °D, state and the reference spectrum for which all
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atoms are in the ground state "F is presented. In Ref. [9] it was calculated that a
population of 10 % in the excited electronic state produces a variation of the central
peak of 1.9 %.

3.3. Laser induced effect in "' Eu: CaF, Mossbauer spectrum

We have excited the °D;, electronic state of Eu®* ion by 527 nm laser radiation. To
avoid laser-induced vibrations [4,5] we have used a Nd:YLF laser operating in CW
mode. The life time of the "D, state is very short and its decay populates with high
efficiency the Dy state, which has a lifetime of milliseconds. Since the predicted
quadrupole coupling is considerably larger for the optical excited state >D, than the one
for the ground state F, [9), the quadrupole splitting in the Mdssbauer subspectrum
arising from this optical excited state should be correspondingly larger. As a result, we
expect to observe in the Mdssbauer spectrum a reduction of the height of the central
peak and the appearance of a weak peak in the right wing of the main line {9]. The
experimental '*'Eu Mdssbauer spectra of the as-grown CaF,:Eu single crystal taken
under 527 nm laser excitation (“Laser On™) and without excitation (“Laser Off ) are
shown in Fig. 7a. The difference between them is presented in Fig. 7b.

As can be seen from Fig. 7, the changes in the Mdssbauer spectrum recorded in the
presence of 527 nm laser radiation are similar to the changes of the Mdssbauer
spectrum shape predicted in Ref. [9]. The observed reduction of the central peak
intensity was about 0.15 %, while the amplitude of the shoulder in the right wing of the
resonance line was less than the value of experimental error (0.1 %).

05
100,0 04
0,3}
g 995 r - -
- \O 0,2 () 4 r .
& 990 PO 1 I A REi T
0 @ 0.1 . *nlle v . oo
D gg5 £ 0,0 <
g 0.1 '..\’ §o ol .‘.M (1 ﬁ
€ 98,0 e S T Tue
= 0-0.2 -
=~ 97,5F "Laser On" 0,3
A 527nm,P=1.2W
-0,4
970 a ~ "Laser Off" 1 .
% ) L { i L -0,5 b) A . " s
-0 -5 0 5 10 15 40 5 0 5 10 15
Velocity, mm/s Velocity, mm/s

Fig. 7. a) “Laser On/Off ” Mossbauer spectra of 1By nuclei in as-grown CaF,:Eu single crystal;
b) Difference between “Laser On/Off ” Mdssbauer spectra.

We estimated that the fraction of atoms excited in our experiments to the °Dj state
could lead to a reduction of the absorption line intensity comparable to that observed in
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the Mossbauer spectra. However, there may be a different explanation of the observed
laser-induced effects. Thus, the laser beam heats the sample, and according to
temperature measurement the sample temperature was .about: 70 °C during the
experiment. The temperature increase could lead to a decrease of the Mdssbauer factor
/ and consequently to a reduction of the central peak height. The thermal reduction of
the Mossbauer line intensity is proportional to
_6ER(T-295)
—p e
NDf295) =€

where Eg = 2.64 x 1072 J is the recoil energy for *'Eu nucleus, 0p is the Debye
temperature, kp - the Boltzmann constant. In the case of a sample temperature 7=343 K
and of a Debye temperature 6 = 340 K, the M&ssbauer factor ratio is equal to
NT)/f295)= 0.93(3). Since the height of the central peak is 3 %, the difference between
the Mossbauer line intensities for “Laser Off” (7=295 K) and “Laser On” (7~343 K)
Mdssbauer spectra due to thermal reduction of Mgssbauer factor will be agam of order
of 0.15 %.

The thermal effects cannot lead to changes of Mossbauer line shape and to the
appearance of additional lines. However, the statistical significance of the shoulder in
the right wing of the resonance line reported in this work-is not yet sufficient.
Therefore, the thermal effects are regarded at this stage as the primary cause-of the
observed Mossbauer spectrum transformations. At the same time, the laser-induced
changes reported in this paper contam a certam contribution from the europium ions in
the excited state °D, .

4. Conclusions

The changes in the Mossbauer spectrum recorded in the presence of 527 nm laser
radiation are similar to the changes of the Mdssbauer spectrum shape predicted in Ref.
[9]. The observed reduction of central peak intensity was about 0.15 %, while the
amplitude of the shoulder in the right wing of the resonance line was less than the
value of the experlmental error (0.1 %). While we have searched laser-induced effects
caused by changes in the hyperfine interaction due to electronic excitation, the
reduction of the central peak intensity can be attributed to the decrease of the recoil-
free fraction as the temperature increased due to laser-induced heating, The statistical
significance of the electronic excitation effect under action of 1.2W laser is not yet
sufficient. The more pronounced result of an electronic excitation effect may be
obtained performing the experiment at low temperature (using a more effective cooling
system) under the action of much stronger laser power on the sample with longer
lifetime of *D, electronic state. An alternative way is to perform laser-Mossbauer
experiment with synchrotron Md&ssbauer source in which active aperture can be
reduced down to sub-millimeter size and, consequently, much higher laser intensity at
the sample position can be achieved with moderate laser power.
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THE INFLUENCE OF MAGNETIC FIELD DIRECTION ON THE
RESONANT ABSORPTION OF LONG-LIVED ISOMER '*MAG
'GAMMA-RAYS *

V.G.ALPATOV
State Scientific Center of Russian Federation Institute forT. heoretlcal and
Experimental Physics. -
Moscow, Bol’shaya Cheremushktnskaya street 25, Russza

YU.D.BAYUKOV, A.V.DAVYDOV, YUN.ISAEV, GRKARTASHOV,
MM KOROTKOV AND D.V.L’VOV
State Scientific Center of Russian Federation Institute for Theorettcal and
- ExperimentalPhysics
Moscow, Bol’shaya Cheremushkinskaya Street 235, Russza ,

The experiments are described in which resonant absorption of '®™Ag gamma-rays
was revealed by influence of temperature, gravity and the changing of magnetic
field dihection on gamma-ray resonant self-absorptlon in silver plates contained
parent nuclide '®Cd. The pair of Helmholtz rings was used for periodical
compensation of vertical component of Earth’s magnetic field. This caused the
change of gamma-ray resonant absorption probability by 60 % for gamma-quanta
emitted in horizontal direction at liquid helium temperature. Such effect was absent
for gamma-rays emitted in vertical direction via the gravity influence on gamma-
resonance and weak influence of magnetic field change in this case. The values of
M@dssbauer gamma-line broadening factor were estimated for single crystal as equal
to 21" s and for polycrystalline silver gamma-sources as equal t0 22"

1. Introduction

Atomic nuclei of silver isotops, '’Ag and ]°9Ag, have similar properties. Both
nuclei have low-lying excited states with mean life times about 1 minute. This corres-
ponds to the natural level width ~ 10" eV. The observation of M&ssbauer absorption
of gamma-rays emitted from these states is a very tempting goal because the
resolution of Mdssbauer spectrometer based on these isomers would be by ~ 8
orders of magnitude better than in the case of the most widely used Méssbauer
nuclide *’Fe. More of that the observation of Méssbauer effect with these nuclei would
permit in principle to perform the experiments on the study some properties of induced
gamma-emission and to estimate in particular the scale of the time interval between the
registration of inducing and induced photons.

~ However the Mossbauer gamma-lines of silver isomers must be broadened by 10°
~10° ‘times in accordance with existing theoretical conceptions. The main reasons of
this broadening are the dipole-dipole interactions between the magnetic moments of
excited nuclei and those of the neighbouring nuclei and of conduction electrons. First
experiments on the Mssbauer excitation of 93.1 keV and 88 keV levels of '“’Ag and
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1% Ag correspondingly which were performed by ITEP group in 60-ths and 70-ths years
of last century [1-3] using the method of resonant absorber activation by gamma-rays
of strong gamma-source at low temperature confirmed as it would seem these
theoretical predictions. However the conditions of these experiments do not permit to
explain unambiguously the observed very low cross section of resonant gamma-ray
absorption by the large gamma-line broadening solely. Gamma-sources for these
experiments were fabricated using the irradiation of corresponding samples
at cyclotrons and in reactor after which they could have the structure and the chemical
composition differing from those of the resonant absorbers which were not exposed to
such treatment. So the isomeric shift could play the role also.

In 1979 the work [4] was published in which the attempt was made (successive as
it would seem) to observe the Massbauer absorption of 88 keV gamma-rays of '™Ag
isomer by the new method. It consisted in the measurement of temperature dependence
of gamma-ray yield from single crystal silver plate in which the parent nuclide '®Cd
was introduced by thermodiffusion. When gamma-source was cooled from the room
temperature to 77 K the detected gamma-ray intensity decreased in consequence of
silver compression. At the further cooling to 4.2 K this compression must continue but
in the much lower degree. One may calculate the result of this compression using the
data on the temperature dependence of the compression coefficient which are known
up to very low temperatures. However the observed decrease of gamma-ray intensity
after the gamma-source cooling from 77 to 4.2 K turned out to be much larger than one
could expect on the base of the data on silver compression. The authors of [4] ascribed
the surplus weakening of gamma-ray intensity to the Mossbauer effect which is not
observable practically at 77 K but must reveal itself at 4.2 K because the probability of
recoilless emission (and absorption) is equal to 0.0535 for gamma-rays of 88 keV
energy in silver metal at this temperature. The magnitude of surplus gamma-ray
absorption corresponded to the M&ssbauer gamma-line broadening factor equal to 30.
Henceforth the analogous experiments were performed in USA [5-7)] and the surplus
gamma-ray absorption was observed also. The magnitudes of Mossbauer gamma-line
broadening factor from the data of these experiments were lying in the range from 16
to 100. Note that not in one of these works one presented any explanation of the
mysterious disappearance of dipole-dipole interactions.

2. The methods of new experiments by ITEP group

We have conducted a series of experiments in which the Mssbauer absorption of
199mA s gamma-rays must be revealed at simultaneous influence on it of temperature,
gravity and the direction of terrestrial magnetic field. Near the Earth surface the
gravitational shift of '™Ag gamma-resonance by the magnitude of the natural gamma-
line width takes place at the difference of vertical positions of emitting and absorbing
nuclei equal to 1 micrometer. This means that one may observe the strong difference
between resonant gamma-ray absorption in horizontal and vertical directions if the
broadening factor of M&ssbauer gamma-line is small. The Earth’s magnetic field splits
the Mdssbauer gamma-line of '®™Ag by 14 components and the spacings between
them exceeds the gamma-line natural width by ~ 10° times. It is known that the relative
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intensities of Zeeman hyperfine structure components depend on the angle ¢ between
the direction of gamma-quantum emission and the magnetic field direction. This
situation for '®™Ag isomer was analyzed in paper [8]. It is shown on the Fig. 1 how the
probability of '“™Ag gamma-ray resonant absorption depends on the angle a. The
Earth’s magnetic field in Moscow is directed downwards at the angle ~ 70° with
respect to the horizon. If one compensates the vertical component of Earth’s magnetic
field then the probability of resonant absorption of gamma-rays emitted in
the horizontal direction would be increased by ~ 60 %. For gamma-rays emitted
vertically this effect would be much less as one may see on the Fig. 1

},00
P, /]
J
* f
0,75 i
- \’\ \’\/\/
0.25
a
0 45° 90° 135¢ 150°

Figure 1. Factor P, proportional to the resonant absorption probability as a function of angle
a between the direction of gamma-quantum emission and that of magnetic field.

To observe all three appointed effects the experimental set-up was made
which main part was a small cryostat permitting to cool the gamma-sources
to the temperature of liquid nitrogen or liquid helium. The main gamma-source
was a silver plate (single crystal in most cases) in which the parent nuclide
%Cd was introduced by thermodiffusion. This gamma-source served
simultaneously as a resonant gamma-ray absorber. The second nonresonant
gamma-source on the base of **'Am was used as the control one. It was a disc of
chromatographic paper saturated with americium nitrate and packed hermetically into
aluminium foil. Both gamma-sources were mounted on the bottom of cryostat helium
volume which was inclined by the angle 45° with respect to the horizon. This permitted
to detect gamma-rays in horizontal and vertical directions under the similar conditions
by means of two germanium detectors. The pair of Helmholtz rings was mounted
coaxially with the cryostat. One could use it to compensate the vertical component of
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Earth’s magnetic field at the site of gamma-sources. One of the set-up variants is
described in our paper [9]. The version of the set-up used in our last experiments
differs from that by using of high purity germanium detectors located at the distances
of 40 cm from the sources, by presence of optical laser to observe and measure the
possible turns of gamma-source plane which could be caused by deformations of inner
cryostat parts at the temperature changes, and by some additional measures for
decrease of such deformations. When one could expect the appearance of such
deformations, for example at the temperature changes, then one has to use the
ratio of silver and americium gamma-line intensities instead of their separate values.
If the detector is located at the distance of 40 c¢m from the gamma-source then the
change of this distance by 1 mm lead to the relative change of the detected gamma-ray
intensity equal to 0.005. This value is comparable with the expected effect of resonant
absorption. However if one would use the ratio R of silver and americium gamma-ray
intensity then the relative change of R under the same conditions would be equal to
2.5x10” only even at the distance between two sources equal to 2 mm.

As it will be seen below the errors of our experimental results are rather large. This
permits to use the approximate methods to extract from them the data about Mé&ssbauer
gamma-line broadening factor. At first we propose that cadmium is deposited in silver
in two thin layers at the identical distances from both source plate surfaces equal to the
mean values of real depth distribution, Then we determine this mean depth comparing
the ratios of x-ray and gamma-ray intensities measured for silver gamma-source and
for very thin source made by saturation of filter paper by 'CdCl, solution with results
of calculations for various values of mean depth using the known values of
corresponding absorption coefficients. After that we find the value of gamma-ray
resonant absorption cross section comparing the experimental value of relative effect
of resonant absorption with its calculated values obtained for a set of cross section
values and using the found mean depth of cadmium bedding. The cross section for the
case of the emission of gamma-line along the direction of magnetic field at the absence
of gamma-line broadening is equal t0 Ome = ~ 8.5x10% cm® The gamma-line
broadening factor is determined as the ratio of o, to the cross section value following
from the experimental data.

- The calculated value of the relative effect of 109""Ag gamma-ray resonant absorption
in vertical direction under the conditions of our last experiments is equal to
0.00004 + 0.00001 and does not depend practically on the gamma-line broadening
factor. This is explained by the increase of the way on which gamma-rays could
experience a resonant absorption proportionally to the broadening factor and the
simultaneous decrease of the resonant absorption cross section by the same degree.

3. The results of the experiments

The influence of magnetic field direction on the '®™Ag gamma-ray resonant

absorption cross section revealed itself firstly in our experiment [10]. All
measurements at liquid helium temperature were performed in this work with
Helmholtz rings switched on constantly. that is under the optimal conditions for
resonant absorption of gamma-rays emitted in the horizontal direction. The value of
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Méssbauer gamma-line broadening factor was obtained in this work equal to 2 + 1. If
one interpret the same experimental data in such manner as it was made in the works
[4-7], that is scorning the influence of magnetic field on the resonant absorption, one
would obtain the value of broadening factor equal to 35f,‘g. This value is in good
agreement with the results of works [4-7].

After this experiment we made three experiments more: two measurements with
the same single crystal silver gamma-source and one with polycrystalline source. In all
three cases the measurements were carrying out at three temperatures (room, 77 K and
4.2 K) in the mode of operation when Helmholtz rings were periodically switched
on and off. The first experiment with single crystal source was performed as a main
part of the INTAS project Ne 97-31566. The relative effect of resonant absorption
which revealed itself for horizontal direction at the transition from 77 K to 4.2 K
turned out to be equal to 0.00116 + 0.00080. The measured relative effect of switching
Helmbholtz rings on was equal to 0.00113 +'0.00075 for gamma-ray intensity change in
horizontal direction and that for the vertical direction was equal to 0.00006 + 0.00068.
The full relative effect of resonant absorption in the horizontal directions may be
determined from appointed value as 0.0019 + 0.0013. Both results for the horizontal
gamma-beam are in the mutual agreement and being united give the value of relative
resonant absorption effect equal to 0.00136 + 0.00068.

In the last experiments with: polycrystalline and single crystal gamma-sources we
couldn’t see the effect of gamma-ray resonant absorption at cooling of gamma-sources
from 77 K to the liquid helium temperature. More of that the weak increases of the
counting rates were observed corresponding to both silver and americium gamma-rays
in the horizontal and vertical directions. However the decrease of gamma-ray intensity
must take place even in the absence of resonant absorption because of the silver
compression at cooling. The absence of such decrease indicates that the cryostat inner
part deformations took place apparently which were not observed by used methods. As
a result of such deformation the gamma-sources could approach slightly to the
detectors. One of the possible causes of this gamma-source displacement may be
connected with the method of gamma-source fixing in the cryostat. The silver gamma-
sources were soldered to the thin copper bottom of the helium volume and so the
bimetallic pairs were formed which could bend without the displacement of very
helium volume (we should observe such displacement) because of a large difference
between the coefficients of temperature expansion of silver and copper at low
temperature. However at the steady temperature state the appearance of additional
deformations is impossible and one may attempt to observe the result of the magnetic
field direction influence on the gamma-ray resonant absorption. The measurements
performed at room temperature and at 77 K with both gamma-sources showed that the
influence of magnetic field direction change on the detection efficiency of americium
gamma-rays and silver x-rays was absent for both gamma-beams. For silver gamma-
rays such influence was found for vertical gamma-beam were the relative effect turned
out to be equal to 0.00028 + 0.00013. This effect may be ascribed to influence of
magnetic field on the carrier collection in Ge-detector. As the mean way of silver
gamma-rays (88 keV) in germanium is essentially larger than that of americium
gamma-rays (59.54 keV) and especially as that of x-rays (20-22 keV) the mean way

195



length for the carriers moving to the front electrode of the detector turns out to be the
largest one just for the silver gamma-rays and the losses of the carriers on this
way must be the largest in this case. In our detectors such carriers are the holes and the
observed effect means that the probability of hole recombination in our detector is
larger than that of electrons. The special measurements performed with constant
magnet created the field ~ 1.3 Qersted at the site of detector have shown that at some
mutual orientations of magnet and detector the influence of magnetic field on the
efficiency of the detector reached ~ 0.3 %. The influence of magnetic field direction
change on the efficiency of the horizontal gamma-beam detector was not observed
because of the much smaller alteration of the magnetic field magnitude at its site than
at the position of the vertical gamma-beam detector.

On the Fig. 2 the results are shown of the experiment with polycrystalline gamma-
source. It is seen that the influence of magnetic field direction change on the
detected intensity of '®™Ag gamma-rays reveals itself clearly in the horizontal gamma-
beam at the temperature of liquid helium. This influence told on both the number of
counts corresponding to gamma-line 88 keV and the ratio R of count numbers of silver
and americium gamma-lines. For the very americium gamma-line such influence is
absent. It is absent also for both gamma-lines at the increased temperatures and under
all conditions in the vertical gamma-beam. So there is every indication that resonant
absorption of silver gamma-rays takes place in this case. The relative effects of
the magnetic field direction influence on the 19mA g gamma-ray resonant absorption are
equal for the number of counts of 88 keV gamma-line to 0.00048 + 0.00025 and for the
value of ratio R — 0.00041 %+ 0.00034. The first, more precise, value corresponds to the
relative effect of resonant absorption equal to 0.00079 + 0.00041. The Mdssbauer

gamma-line broadening factor is equal from here to 223;5 .

The data of the experiment with single crystal gamma-source are shown on the
Fig. 3. They are less convincing at the first sight than the results of the experiment with
polycrystalline gamma-source. Really, the measured with switching of Helmholtz rings
ratio of silver gamma-ray intensities in the horizontal gamma-beam at the temperature
of liquid helium does not differ from unity in the limits of errors. Note, however, that
corresponding ratio for americium gamma-rays turned out in this case much higher
than unity. This could take place owing to the drift phenomena in electronics. But if
it is so that such drift could influence analogously on the intensity ratio of silver
gamma-rays because intensities of both gamma-lines were measured simultaneously by
the same detector. Therefore one has to use in this case the ratio of R values to find the
influence of magnetic field direction. For this values such influence gave the relative
effect equal to 0.00068 + 0.00040 and the relative effect of resonant gamma-ray
absorption is equal from here to 0.00113 + 0.00066. So far as this experiment was
performed with the same gamma-source as the experiment on the INTAS project one
may unite both results. It gives the value 0.00125 + 0.00047. This corresponds to the

value of broadening factor equal to 211';3 .
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Figure 2.The results of the experiments with polycrystalline silver gamma-source and control
1 4m gamma-source. The gamma-ray intensity ratios are presented which were measured with
Helmholtz rings switched on and off The quantity R is the ratio of silver and americium
gamma-ray intensities measured simultaneously by the same detector.
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Figure 3. Results of the experiments with single crystal silver gamma-source and a control
source of ** Am. All designations are the same as on the foregoing figure.
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4. Conclusions

Thus in all experiments performed until now with gamma-sources made by
thermodiffusive method of '®Cd introduction into silver the data were obtained
indicating in any degree on the small broadening of '™ Ag Mossbauer gamma-line.
However it is early yet to admit this fact definitively proved. The effects are smali
and the errors are large. The further more precise experiments are required. And if as
result of these future experiments the conclusion about small gamma-line broadening
would be confirmed it would lead to the important changes in theoretical conceptions
connected with forming of long-lived isomer gamma-resonance. In particular the small
Mdssbauer gamma-line broadening would turn out to be the confirmation of the point
of view presented in [12] in accordance with which the processes of gamma-ray
emission and absorption are comparable by their durations with mean life time of the
nuclei in corresponding excited states. Really, if gamma-quantum is emitted (and
absorbed) during the time ~ A/c (A — wave length of gamma-radiation) as A.B.Migdal
stated in his book [13] then the gamma-quantum energy would be a sum of the nuclear
transition energy and the instantaneous value of dipole-dipole interaction energy which
changes by the magnitude and by the sign but during the time much farger than Asc.
The great broadening would be inevitable in this case. If gamma-quantum is emitted
and absorbed “long” then one can put a question about some averaging mechanism of
dipole-dipole - interaction over the time of photon emission (absorption). If such
mechanism will not be found within the framework of quantum electrodynamics then
one has to postulate the insensitivity of the long emitted (absorbed) photon to such
influence. It may be noted that the rather large spread of the broadening factor values
from various experimental works may be connected with inhomogeneous isomeric
shift related to the nonuniform distribution of cadmium over the gamma-source
thickness. These distributions are most likely different in various gamma- sources
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COHERENT POPULATION TRAPPING IN RUBY AT ROOM
TEMPERATURE

ROMAN KOLESOV

Department of Physics and Institute for Quantum Studies,
Texas A&M University, College Station, Texas 77843-4242

Coherent population trapping in room-temperature ruby crystal is reported at
Zeeman transitions of Cr’*-jons under the action of an optical pulse train
under the condition of Zeeman transition frequency being a multiple of pulse
repetition rate in the train. The demonstrated technique allows one to study
the influence of atomic coherence on the properties of resonant nuclear y-ray
transitions.

In recent years, attention was paid to a possibility of manipulating nuclear
resonant properties with external electromagnetic radiation [1]. There are several
reasons for that. The first one is that such studies allow one to understand better the
electron-nuclear interactions in solids and, consequently, would result in obtaining
new spectroscopic data about solids. In other words, a new type of spectroscopic
technique can be developed if the influence of electronic excitations on nuclear
properties is studied by means of nuclear resonant spectroscopy (Mdossbauer
spectroscopy). The second issue is that such a technique would result in obtaining y-
quanta with desired properties, for example, generation of ultrashort pulses of y-
“radiation. The third instance is a possibility of exploiting the phenomenon of lasing
without population inversion, well-known in conventional optics, to the problem of
creating of a y-ray laser. Though the latter is an extremely challenging task, the
problem of y-ray laser itself generates many interesting physical issues with potential
applications in science and technology.

It is well-known that electronic surrounding of the nucleus strongly affects
properties of resonant interaction of the latter with y-radiation. Thus, if electronic
surrounding is changed by some means, the hyperfine structure of nuclear y-ray
transitions would also alter in a more or less predictable way. The most efficient way
of changing the properties of electronic surrounding is resonant optical excitation of
electronic degrees of freedom of an ion or an atom. Such an excitation would lead to
the appearance of the hyperfine structure of the excited electronic state in the
Mossbauer spectrum. However, there is even more profound possibility of
manipulating Mgssbauer transitions, which allows one to study interference effects of
y-rays due to atomic coherence. In that way, one can realize electromagnetically
induced transparency (EIT) and, possibly, lasing without inversion (LWI) in the y-ray
range.

Overall, the challenge is as follows. Suppose, we have a sample doped with ions
exhibiting Mossbauer effect. Suppose also, that there is a possibility of exciting
electronic coherence in those ions by some external means. Méssbauer spectroscopy
can reveal interference effects in y-ray range arising due to this coherence.
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So far, EIT in solids was studied only at very low temperatures in the optical
range [2]. Under this condition, most optical transitions of impurities in solids are
broadened inhomogeneously. Thus, it is possible to excite electronic coherence only in
a small group of ions within the inhomogeneous linewidth. Typically, the number of
ions participating in EIT is only 0.01-0.1% [2]. At the same time, a/! ions contribute to
the Mossbauer spectrum of the substance. Thus, it is very difficult to extract the
change in the Mdssbauer spectrum caused by such small fraction of ions. In order to
increase the number of ions in which the coherence is excited, it is natural to turn to
room temperature solids in which most electronic transitions are broadened
homogeneously. The latter leads to the fact that al// ions interact with the external
driving optical field responsible for the creation of the coherence. However, so far no
experimental evidence of efficient coherence excitation in a considerable fraction of
active centers in room-temperature solids was demonstrated.

In this paper, the first observation of coherent population trapping (CPT) in a
ruby crystal is reported. Laser-induced fluorescence drops under the condition of two-
photon resonance. The magnitude of that fluorescence decrease allows one to estimate
the number of ions in which electronic coherence is excited. It is experimentally
shown that the fraction of coherently prepared ions can be as high as several percent.
Though Cr-ions in ruby are not Mdssbauer-active, the presented proof-of-principle
results demonstrate the way in which atomic coherence can be excited in Mdssbauer-
active ions, such as Fe** and Eu”*. In that way, the effect of atomic coherence on the
Mossbauer spectrum can be easily detected.

Before turning to the experimental results, we have to identify the class of
solid-state materials in which the phenomena of EIT/CPT can be observed at room
temperature. Only optical crystals doped with either rare-earth or transition metal ions
possessing discrete electronic states within the bandgap of the host material will be
considered. The class of ions, in which electron paramagnetic resonance (EPR) can be
observed at room temperature, is of particular interest. It includes Cr’*, Ei', Fe’,
and several others. The most important feature of those ions is that, when incorporated
into a crystal, their first excited electronic state lies several thousands cm™” above the
ground one. Consequently, Orbach relaxation process [3] between the ground-state
Zeeman or hyperfine sublevels is suppressed. As a result, the room temperature
decoherence rate at the transitions between Zeeman/hyperfine sublevels can be as low
as a few MHz. Some of those ions, namely, Cr3+, Eu**, and G& *, offer very favorable
optical properties as well. For the proof-of-principle experiment ruby, i.e. Cr*:ALO;,
is chosen because it has the simplest structure of electronic levels and because the
properties of this crystal are studied very well.

Typical lifetimes of the excited optical states in solids are much longer than
Zeeman decoherence rate. Thus, the population of so-called “dark™ state of the
medium (the one which does not interact with the incident radiation under the
condition of two-photon resonance) cannot be accomplished by population decay from
the upper optical state as in conventional CPT experiments in alkali metal vapors.
However, one can remove population from the “bright” state (the one orthogonal to
the “dark™) in a pulsed regime with optical pulse duration being shorter or comparable
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to the Zeeman decoherence rate. Thus, room-temperature CPT experiments should be
pulsed. This situation is considered in the rest of the paper.

To understand how the A-system required for observation of CPT can be
realized in ruby and how the condition of two-photon resonance can be fulfilled, let us
consider the energy levels of C+°" in that crystal (see Fig.1). Its ground state is
described by the following spin Hamiltonian: :

— 2

H=gBS +g B S, +D(SI-S(S+1)/3),
with g, =1.982 and g, =1.987 being the ground-state g-factors in the directions
parallel and perpendicular to the crystal c-axis respectively, B, and B, being the
corresponding magnetic field components, 2D =—-11.47 GHz (-0.38 cm™) being
the zero-field splitting of the ground state, and S=3/2 being the spin of Cr’". The
width of both optical transitions is 11cm™ while the total oscillator strength is
75107,

In a situation when B 1 c-axis, the optical matrix elements indicated on

Fig.1. They are normalized so
that the sum of their squares
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discussion, two independent CPT resonances can be expected for R;-line and only one
for R,-line as long as two-photon resonance condition is fulfilled.

The latter condition can be realized in two ways. In the first one, the two-
photon resonance is fulfilled when the crystal is illuminated with a nanosecond optical
pulse interacting with both transitions forming a A-system. The CPT resonance is
expected whenever the frequency of Zeeman transition is zero. This situation is
analogous to the well-known Hanle effect. In the second case, CPT can be observed
with a nanosecond train of ultrashort (picosecond) optical pulses whenever the
frequency of Zeeman transition becomes multiple of the pulse repetition rate in the
train. In both cases the frequency of Zeeman transition can be controlled by external
magnetic field.

The experiments were performed on a 3x3x5mm’ dilute ruby crystal
(0.002 % of Cr’") with c-axis being perpendicular to one of 3x5 mm’ sides (Scientific
Materials Corp.) A homemade tunable Ti:Sapphire laser pumped by the doubled
Nd:YLF pulsed laser could operate both in a nanosecond pulse regime (pulse duration
~30 ns FWHM) and in a mode-locked regime delivering ~30 ns pulse trains with
repetition rate 2260 MHz. The typical output energy per pulse or per train was several
tenths of a mJ at a 100 Hz

3 P repetition  rate. The laser
— ‘% s polarization was linear. The
MY 1} i - E - ,,-N“”"" typical shapes of pulses in. both
= o il regimes are shown on the insets
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Fig.2. Fluorescence vs. magnetic field in a state population, was detected as

nanosecond pulse regime. Upper trace: laser is in & f"un(.:tlon Of. slowly varying
resonance with Ry-line. Lower trace: laser is in  Periodic magnetic field.

resonance with Ry-line. The experimental results

v for the case of nanosecond pulse

excitation for both R, and R; lines are shown in Fig.2. The spectra were averaged over

several hundreds of magnetic field sweeps. In the case of Ri-line, there are two

features present in the spectrum: the broad3one with the plateau on the bottom and a



sharp one of much smaller amplitude. The smaller one corresponds to less than 0.5 %
decrease in the fluorescence amplitude and has a width of 18 G. It corresponds to CPT
resonance due to G;¢(E,E)«>G; A-system, thus its width in terms of frequency
units is ~/00 MHz since g-factor for G,«G, transition is 4. The broad drop in
fluorescence signal has an amplitude »7-8 %. Its FWHM is close to =950 G. The
presence of plateau at the bottom of that feature indicates that this is a CPT resonance
in the G;>(E}, E;) G, A-system with levels G; and G, being split very slowly as the
magnetic field increases. Its width recalculated into frequency domain is ~40-50 MHz,
i.e. this CPT resonance is, in fact, much sharper than the one corresponding to
G (E L E) G, A-system. This can be easily explained since G;¢»G, transition is
magnetic-forbidden, thus the contribution due to dipole-dipole interaction with
neighboring 2’4l nuclei to the line broadening is much smailer than in the case of
G,; G, transition. In turn, that interaction is known to be the most severe mechanism
of broadening of EPR lines in ruby.
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Fig.3. Fluorescence vs. magnetic field in case of
nanosecond trains of picosecond pulses. Upper trace:
laser is in resonance with R;-line. Lower trace: laser

is in resonance with Rj-line.

For the Ry-line only one CPT resonance, represented
by a sharp feature at the bottom of a smooth background, is observed. It has the same

width of 18 G, thus it corresponds to G;<»(E3 E,)«>G, A-system. The decrease in the
fluorescence is 3-4 % at the center of the resonance. The smooth background
originates, probably, from level mixing in high magnetic fields and consequent change
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in the optical selection rules. That was confirmed by removing the A/4-plate. With
linearly polarized light all changes in the fluorescence disappeared, indicating no CPT
for linear optical polarization, while the smooth background did not. This is a good
confirmation that this broad feature has nothing to do with CPT.

The results for ultrashort pulse trains are shown in Fig.3. CPT resonances
corresponding to G3>(E ), E)) G, A-system of R)-line are not equidistant because of
nonlinear dependence of the levels G; and G, separation on the magnetic field
strength. However, if recalculated into frequency domain, their positions exactly
correspond to the harmonics of laser repetition rate (260 MHz). The widths of these
resonances are in good agreement with the one obtained in a nanosecond pulse
regime. CPT resonances corresponding to G;«>(E,E;)¢>G; A-system were not
observed because of poor signal-to-noise ratio. The latter occurred due to very small
amplitude of the CPT effect (<0.5 %) and rather unstable operation of the laser in a
mode-locked regime. ’

For Rx-line 13 CPT resonances for both positive and negative sign of the
magnetic field are detected (see Fig.3). This number is probably even bigger, but the
range of magnetic field sweep was limited to 700 G in order to keep more data points
at each resonance. The magnetic field separation between each pair of resonances is
245 G. This value corresponds to 252 MHz of frequency separation which is
somewhat close to 260 MHz of laser repetition rate. The linewidth of each resonance
corresponds rather well to the value of /8 G obtained in a nanosecond pulse regime.

The magnitude of the fluorescence drop was several percent. Thus, Zeeman
coherence was excited in several percent of all chromium ions. If applied to Fe**- or
Eu?*-doped compounds, the proposed method would allow one to study the influence
of Zeeman coherence on the Mdssbauer spectra of these elements. One can expect the
such effects as EIT and slow light in y-ray range. Moreover, observation of CPT in a
room-temperature solid medium is an important step towards applications of
EIT/CPT-related effects in real devices.

The author is grateful to F.Vagizov, P.Hemmer, Y.Rostovtsev, E.Kuznetsova,
and O.Kocharovskaya for stimulating discussions and to S.Lissotchenko for technical
assistance. The work was supported by NSF and AFOSR.
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MAGNETIC RADIOFREQUENCY QUANTUM BEAT APPROACH
FOR TEST OF REVERSAL INVARIANCE OF THE
ELECTROMAGNETIC INTERACTION IN RU

A.V.MITIN, L.P. ANISKIN

Kazan State Technological University, K. Marx str.68
Kazan, 4200135, Russia

Magnetic radiofrequency quantum beats, stimulated by gamma magnetic resonance for
study of 90 keV M1-E2 mixed transition of *Ru is considered. The peculiarities of
gamma magnetic resonance are coherent excitations of the interference between
isomeric Rabi-states and temporal quantum beats also. This method has additional
degrees freedom and therefore takes precedence over ordinary nuclear Faraday effect
test of time-reversal invariance in “Ru. The analysis time-amplitude converter spectra
in thin Mossbauer absorber (99Ru in iron) shows the strong dependence on relative
phase factor between the individual multipole amplitudes of a mixed gamma transition.

1. Introduction

The apparent violation of CP invariance in 27 decay mode of the K, has led
Bernstein et al. [1] to bring attention to the fact that there is no substantial
experimental evidence that the electromagnetic interaction of the strongly interacting
particles is invariant under C and T. These authors show that strong violation of T
invariance of the electromagnetic interaction may reveal itself, through higher order
effects, as a T-noninvariant impurity of 0,1 to 1% in the amplitude of the nuclear
gamma-decay matrix element. The invariance under T requires that the relative phase
angle a between the individual multipole amplitudes of a mixed gamma transition be
either 0 or 7 . A finite value of sina would be equal to the fraction of T-nonivariance
amplitude presence.

The Mdssbauer spectroscopy has broad applications for features and structures of
solids and one may been employed to determine the time-reversal noninveriance in
nuclear gamma decays as well [2, 3]. Meanwhile the coherent time-frequency
magnetic gamma-resonance methods can investigate these effects by more direct way.
Quantum beats induced by gamma magnetic resonance (GMR) [4-6] are depended on
a phase of magnetic radiofrequency field. So, the phase factor a between individual
multipole amplitudes of mixed gamma transitions may change the gamma radiation
absorption of quantum beat temporal harmonics [7]. ‘

In the given paper the example of the 90-kev M1-E2 mixed transition in ’Ru in
iron demonstrates opportunities and challenges of the time-frequency GMR method.
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2. Theory

Let us assume that the scattering and absorption of the gamma rays is done
entirely by the nuclei of the absorber, so that electronic effects are neglected. Then the
refraction index is given

e (B, o

where 4" is the coherent forward scattering amplitude tensor; p =+1 determine left

and right circular polarizations, N is the nuclei number into a volume unit, 5% is
Kronecker symbol.

The gamma radiation intensity which passed the distance z may be described by
the formula

P(=)=5p{2(=)} ' - ®
where the polarization density matrix 7(z) satisfies the equation [8]:
dy(z . o '
. —%:ik(n;{(z)-;{(z)n*) 3
with the boundary condition
n IfTa faa
(2, = —2-[E +(So-)]. @

Here the three parameters S, S, and S; give the Poincare representation of the
incident radiation polarization, and &,, 6, and &, are Pauli matrices, £ is unit
matrix.

So, we have gamma radiation intensity change in thin absorber

AP=—4—Z-N:ImSp{;I;2(O)}, (5)
where the track of matrix A ,{'(0) is taken on polarization states. In more detailed form

Ao ZZexp[:z(M M’ )(Qt+(o)] *(O)x

MM’ p.p'e.8 elg, +l (6)
(:uM €2, qu elg,csexp( Ia)) (luM @8 _p qM 48 (56Xp(1a))
Hias = S ()L exp(pw)di (O)C (1, L1 gMe) ) (-8,)  (6)

e —Zde(,'e)(ﬂ) 2L+3)" exp(ipy)dlss® (9)C(1gL+IIe;gMe)dgf)(—ﬂg) (6b)

¥ =a,e,-a,g,-MQ+D (6¢)

8y

where ¢7 is mixing ratio E2/M1, « is relative phase angle between the individual
multipole amplitudes of a mixed M1-E2 gamma transitions.
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Here r =e, g denotes excited and ground nuclear states, respectively and a, and
B, are satisfied by equation system
a,sinf, =w,/2
{a, cosf, =, +Q2

M

where o,,, o, are Zeeman energy due to interaction of magnetic nuclear moments
with constant or alternating magnetic fields in 7, units, respectively.

We consider *Ru in case of iron, which magnetic hyperfine field is 500 kOe.
Hence the amplification coefficient of radiofrequency magnetic field on nucleus is
equal more than 5-10°. The Larmor frequency in excited nuclear state o,, /27 ~ 70
MHz. Let us assume the frequency of alternating magnetic field is equal to Larmor
frequency and so that 8, =0, B, ~7/2.

If in Kistner’s experiments the magnitude member of the interference between
MT- and E2- poles has been due to cosa then GMR inserts the sina dependence
and phase harmonics shifts.

We’re considering results of numerical calculations to the next cases: natural
polarization of gamma radiation, linear polarization of gamma radiation along to the
radiofrequency field and transversely to the field.

The cases are interesting because of their experimental realization is the most
convenient in practice.

In according to Eq. (6) we have:

exp[i(M -M)(Qt+ (p)]

AP =—-sIm x 7 (0)x
mE I ey A0
x[’ulf’velgl #IZ';’I& +pp'q1€1a"|g|q’(;',:’|gl - (8)

'6<#A,;,e,g, P'Girer, €xp(ic)+ By e POl e, exp(—ia))]

To establish an effect we choose a terms depend on «:

F=s6Im ) > % eXp[i(M_M’)(QH'(D)]

M)
MM p.p'e.g —Le,g, +1

x 7(0)x

X4l s, P' B, €XD i)+ 1f1" o P o exp(=icr)) =

= sd(sin (a)%’{cos[(M -M')(Qt+ @) |F (M, M)+ ©
+sin[(M - M")(Qu+ 9) B (M, M)+
+ cos(a)M%’{cos[(M -M")(Qu+ qo)] F(M,M")+

+sin[ (M - M')(Qu + ) | E (M’M’)})
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(9d)

a8

B (M) =-

1 4 r o pe ! -
2 Z Z Re)(pp (O)(#}CI,elg, 14 q}l,fl',e]g, + #Afl',e,g, pq:},elgl)
(L(M)) +1 e p=tl

€8

+

The analyses concludes, that in general case we have only three harmonics with
frequencies Q, 2Q and 3Q. But in the cases of polarization gamma radiation, which
we consider there is only 2Q -harmonic. In according to Eq. (6) we can write:

F=s6 (sin (a){sin [2(Q+9)]F + cos[ 2(Q1 +9) ] F,'} +
(10)

+cos (a){sin [Z(Qt + (p)] F, +cos [Z(Qt + (0)] Fz'})

Amplitude of sin(a) depends on factors F, " and, respectively, amplitude of
cos(r) depends on F;', F,". As we can see (Figs. 1-4), factors F' and F have a
dispersion character, but factors F," and F,” have a symmetrical character relative to
the zero point of gamma spectrum. The complex different character of the behavior

allows to in future pick out terms which are liable to T-nonivariance.
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3.

Conclusion

The offered method allows to combine phase temporal analysis with energy

scanning. Thereby this method is more many-sided than the polarization scheme [3].
But this method has a number of difficulties of experimental character. Firstly, the
stimulation of gamma magnetic resonance is carried out on the rather high frequency
(70 MHz), and so the method of time-amplitude converter detection demands the
nanosecond accuracy. The more suitable isomer with mixed valence is the object of
future investigations.
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In this report we focus on the Quantum Interference (QI) of gamma photons studied by
the Mossbauer resonance scattering method. Actually this problem naturally arises in
the investigation of the external control mechanisms of nuclear radiations.
Undoubtedly the experimental observation of QI effects is a very important step
towards solving the problems declared at this Workshop. That is why we consider
various mechanisms and ways of preparation of a nuclear spin system in order to
provide controlled QI. We propose the mechanism of state mixing under the
“dynamical level-crossing” conditions in addition to well-known mechanisms of
radiofrequency (RF) mixing of nuclear sublevels and mixing of states under the “level-
crossing” conditions.

1. Introduction

The interference - one of the basic principles of a quantum theory - displays itself
in all microscopic physical processes. At the same time the specific conditions are
needed the macroscopic consequences of interference in physical systems to be
effective [1]. For example, such requirements are satisfied at Mossbauer scattering in
the conditions of coherent dynamics of nuclear spin in resonant RF field. As will be
shown below, QI leads to the redistribution of the elastic and Raman scattering
intensities [2].

2. Resonant fluorescence of Mossbauer radiation in the regime of RF
resonance in excited nuclear state.

Let's consider before three-level model system (Fig.1a). The level 1 represents the
ground state of the nucleus, and 2 and 3 - spin sublevels of the excited nuclear state.
The strong RF field of frequency o, (@, =@, =&, —¢, ) is set up (in exact resonance
to transition 2-3). The Mdssbauer source radiation tuned (probably, with detuning) to
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M

(Ek}gz)/r 20 %

Fig.1. (a) Three-level model system; (b) Equivalent scheme using dressed states;
(c) Expected spectra of resonant scattering (Q, =1.5, I'=1, E,, = ¢, are used).

transition 1-2, and one may be considered as probe field. The Hamiltonian of such
system looks as follows:

f[:ﬁo+ﬁf_,,_+1:lf+1?,4‘,4+I?7(k), €))]

where H, represents nuclear and hyperfine interactions, #2, n A - the operator of

RF and gamma radiation fields, A, ;M 1:1, (k) represent the nucleus interactions with
RF field and with gamma quanta.

f}o = Z gaja;, & =0 Hff =a)01;*[;; ]f];’ =Zwk5;5k , ()
j=1,2,3 F3

H,, =Q,ba;a, + b'a;a;, G

A (k)= A6.a38, + AGG;d,, o =Gk, @

where 47, 4, and &, - creation and annihilation Fermi operators and energy of j-th

state of H, (Fig.1a), 5%, b and &, ¢é, - creation and annihilation Bose operators of RF
and gamma photon, respectively, 4, 1 Q, - constants of interaction of gamma photon
and RF photon with nucleus. Further we assume that 4 =1, ¢, — velocity of light.

Let us consider first the pair of spin states interacting with strong RF field:

S £,d0a, +0,b b+ Qud d,b + Qarab’ . )
j=2,3
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The eigenstates of this Hamiltonian ¢] (r) , g=1,2 are well known as dressed states [1].

The explicit expressions for ¢] (r) are given below through basic states of #,, A7,
for conditions of exact resonance:

e (t)= exp(-iE{'t - inwot)%(—ll n)+exp(ip)|3,n-1)), 6)
e (1)=exp (-—iE;'t - ina)ot)%(exp (-ip)|2,n)+|3,n~- 1)) , @)

where |j,n)=|j)|n) ,|n)- n — photon state of RF field, ¢ - is defined by equality
Q, =|Q,|exp(ip).

The states (6) and (7) can be classified also as quasienergy states [3] (steady states
[4]). It means that time dependence of these states satisfies to relation:

& (1) =exp(~iE)1) 2 (1), 2, (t+T) = 2, (¢), ®)

where T =27/, - period of RF field, E/, =%|Q,|Vn +&, - quasienergy, |€2)+/n - Rabi
frequency. Classical RF field may be represented by coherent state [5] as linear

@ 2 ©
combination of Fock states |a)=exp(—[oz|2 /2)z£_|n>, where |a|=7=) nP(n) is
n=0'\/n_! n=i

large. The Poisson's distribution P(n) describes the population of Fock states |n) and

it has sharp maximum at n~ 7. In this case we can describe the effect of classical RF
field on spin states by expressions (6) and (7) with a high degree of accuracy when
nxn.

Further we will use scattering amplitudes as second order perturbation on
interaction H (k) [6]. The “dressed” states are used as basic states. The exact account
of RF influence is achieved by using of the “dressed” states.

& 1) (e (0)

4, -3 Jarexp(-Te2){f 0|, () a,(R)}i0), ©

where I' — natural width of Mossbauer level, |i(0))=|i(r=0))=|1)[n)|k) and
|f (t)>=exp(—'iE,t)|l)|n‘)|k2) - initial and final states of system, with total energies
E =& +nw,+E, and E, =¢ +n'e,+E,,, k and k, are wave vectors of incident and
scattered gamma quantum.

The probability of Mossbauer scattering is described by following expression:

S, ~ [dE 4, 6(E, - E) 1, (Eq - E,)- (10)
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In this expression energy conservation law for whole system is taken into
consideration and averaging over photon energies from Mossbauer source E,, is

curried out using line form function (ordinary of Lorenth type) f, (E“ E,). Here
E,, - is energy of source corresponding to maximum of this function.

In Fig.1b the scheme of resonant scattering of photons in dressed states
representation at E,, =¢, is presented. We shall consider transitions (9) with »'=n
and »'=n-1 corresponding to elastic scattering (S,) and Raman scattering (S,). The
following transition amplitudes describe these two processes:

;) (O] A ()]

Ao Jdt (Lnk, | A (E,)

> IE“1+irmJu!—l'l/2 , (1 1)

Alnk,,l(n-l)k, - Z ,[d <1 n-1k IH( )

90

> < 0)| f[ (k‘l ) | 1n, kl ) e-['l/2+iE“l+i(ﬂ-1)m(,1 '(1 2)

Substituting amplitudes of (11) and (12) in (10) and making executed integration
on energy of an initial photon, we have spectral forms of elastic and Raman scattering
(at E,=5,)

1 2
R e = L L LT I
1 1!
k)= Seoncancs ~ -
SZ( 2) kln k2n-1 |ip—Q’ '—CUO ip+Q’ _wol xb, v (14)
- 2 i
xfy (Exa - )(2|H(k,)|1>|

p=—i(E,—&)+T12, Q, =|Q|Vi - Rabi frequency of RF field. '

In Fig.1c the expected spectrum S, (k,)+S,(k,) under the assumption that matrix

elements of transitions 1-2 and 1-3 are equal is presented. It is easy to see that in the
(13) and (14) expressions the interference has constructive and destructive character at
small values of Q, . In particular, S, tends to zero as Q, tends to zero. However with

growth of Q, (namely at Q, >I/2) the character of the interference in the (13) and
(14) expressions under the same conditions (£, =¢,) is reversed. Now, at enough
large values of Q, the intensity of Raman line becomes more than the intensity of the
elastic scattering line. The ratio of line intensities is defined as I, /7, where I, and 1,
- the areas under lines S, and S,. The dependence /,/1, versus Q, is shown in Fig.2a.
When the value /, /], exceeds unit (it means that in conditions under discussion the

nucleus excited to sublevel 2 prefers to emit gamma photon from a level 3) the Raman
scattering instead of the elastic scattering takes place. Such preference in a nuclear
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Fig.2. a) Ratio of line intensities; b) (I) Q, =0.5; (II) Q, =1; (IIT) O, =3; c) Expected
spectrum of resonant scattering on isotope Fe’ in condition of the RF resonance on excited
nuclear state; Eq-the energy of Mossbauer level. The probing Mossbauer line is tuned to the
sixth line of the Zeeman sextet, S, - the line of elastic scattering, (Sl’ ,S,2 ), (Szl ,Sz2 Yand S, -
Raman lines of the first, second and third order respectively.

scattering channel has been named by us as "valve" effect (intuitively the relation
1, /1, should asymptotically tend to unit with growth of Q, ). This result indicates that
at enough large values of Q, the intensity of the elastic scattering decreases because
of destructive interferences of amplitudes (at the same time the Raman intensity
increases as a result of a constructive interference). The effect of the interference is
maximal at £, =¢,, in this case interfering terms in (13) and (14) are comparable in
value. The detuning of equality E,, =¢, decreases the “valve” effect value, and the
dependence of (1,/1,) versus the probe photon energy, E,,, has resonant character
(Fig.2b).

The “valve” effect value monotonously depends on value Q, /T, as it is shown in
Fig.2a. However, when the Q, /I" increases the total intensity of scattering (7, +1,)

quickly decreases. It is worth noting that first of all this circumstance must be taken
into account at experimental realization of this effect. Thus, the optimal condition of
experiment looks as Q, ~I". This is a condition of the phase-correlated excitation by

one photon of two dressed states, which interference underlies the phenomenon under
discussion.

Let us now consider the scheme with number of levels more than three suitable for
isotope Fe*’. In this case there is a necessity to take into account that the intensities of
hyperfine Mossbauer transitions are different and have various angular dependences.
It is worth to note that the “valve” effect will take place even this case, if driving field
mixes sublevels of the excited state of a nucleus. The intensity of elastic scattering
will be reduced (at Q, >I'/2) due to destructive interference. The intensity of Raman

lines increases, if the odd number of RF photons participates in forming of the Raman
line and decreases at even number of photons. In Fig.2c the expected effect for isotope
Fe* is presented.
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Next, we shall discuss what is the relation between the effect under discussion and
other RF effects in Mossbauer spectroscopy described earlier [7,8]. The purpose of the
first works in this field has consisted in study of quasienergy structures of the
Mossbauer spectra, proposed for the first time in work [7]. Such structure in
absorption spectra was observed in works [9] and [10]. These experiments have the
direct relation to QI effect discussed here. The possibility to observe by Mossbauer
effect the coherent nuclear spin dynamics (for isotope Fe®’) in magnetic materials has
been shown in these works. One is the main condition for realization of the effect
discussed above. Moreover the results of works [9] and [10] have showed, that values
of Rabi frequencies necessary for observing the “valve” effect can be realized in case
of isotope Fe’” in magnetically ordered systems. From experimental spectra [9] it is
easy to estimate the amplitude of RF hyperfine field induced on a nucleus as
h, =88 kOe , one corresponds to Rabi frequency Q, =1.5 used in Fig.2c.

Let's note that in Mossbauer absorption spectra (at least, in approach of a thin
absorber) there is not a reason to expect the QI effects for the given (RF) mechanism
of excitation. Indeed, according to the optical theorem, the absorption cross section is
represented as an imaginary part of forward scattering amplitude, and the absorption
spectrum depends linearly (instead of quadratic dependence) on amplitude of
scattering and an interference between the split amplitudes does not arise. Therefore
in works [7,8] the QI effect could not appear. As to early theories of resonant
scattering of Mossbauer radiation in the regime of RF nuclear spin dynamics
[6,11,12], the QI effects were not accented in them.

3. Resonant fluorescence of Mossbauer radiation in the conditions of nuclei
spin levels anticrossing.

Effects considered above arise due to the mixing of basis states 2 and 3 by RF
field (see (6) and (7)). Analogous mixing of the states takes place.also in conditions of
level crossing if there is a small static interaction between crossing levels., For
example, at simultaneous action of Zeeman and axial quadrupole hyperfine
interactions the crossing states |-3/2) and |1/2) (Fe”’, see Fig.3a) may be mixed by
small nonaxial quadrupole interaction [13]. As a result we have new linear
combinations of these states: W, ={|-3/2)+|1/2)) /\/_ﬁ (1M,)+|M,)) /J_ and

. =(-3/2)-1]1/2)) / J2= (|M,) - | M,)) / J2  which have different energies
EL2 =E, + A ata“crossing” point ("anticrossing” effect, Fig.3b). Here E, - energy of

the “crossing” point, A - the shift of energy depending on mixing parameter. It may be
shown easily that the effects of quantum interference in resonant scattering spectra are
possible also in this case.
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A=1.7T

@

-2 2

0
(E -E)T

Fig. 3. (a) Level anticrossing scheme; (b) Equivalent scheme using mixed
states; (c) I, /I, versus the initial quantum energy.

Let's consider scattering process, which starts from the ground state m, =|1/2),

as the simplest case (Fig.3b). The amplitude of resonance scattering looks analogous
to (9). For the elastic scattering channel we have:

1 1
+

ip'+A p'-A

Apom, ~1(mu | H, (k)| M,) (M, | H, (k1)|ml>[ j (15)

For inelastic channel (which is ended on a sublevel m, =|-1/2) ) we have:

e, =0 8, 50808 5, ) - i )

(16)

il 8 ) 8, )

here ¢, — splitting of a ground state of a nucleus, p’=—i (Ek? - EC) +T/2.

Probabilities of scattering are given by formula (10) of previous section:

S~ 3 |Anan| fi(Eq ~E.). )
S~ 3 lAnom| £ (B, ~E.+5,) (18)

for a elastic scattering and for inelastic one. We note, that the averaging over
polarization is supposed in (17) and (18) for unpolarized Mossbauer source.

The amplitude (15), as well as in a case (13) reduces due to destructive
interference for a line S, (for A>TI"/2) while expression (16) displays both

destructive and constructive interference.
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The ratio of inelastic and elastic line intensities I, /I, may be considered as a

measure of quantum interference again. The dependence of this ratio versus the initial
quantum energy for different values of A is presented in Fig.3c. The asymmetry of
this curve is explained by different type (constructive and destructive) of interference
terms in the amplitude of inelastic scattering. The dependence of I, /I, versus the

splitting A (Fig.3c) behaves analogously to a case of the RF mixing (it increases
monotonically with the increasing A). The dependence of total scattering intensity
(I, +1,) versus A is completely analogous to the RF mixing case, i.e. this sum

quickly decreases with the increasing A .

(a) (b)

N
T

I], a.u.

-
T

3 0 1 B, (radz)
Fig. 4. Angular dependence of intensities for (a) elastic line I, and (b)
inelastic line I, .

Unlike to
the preceding three-level abstract example, in this “anticrossing” case we deal with
concrete nucleus Fe*’, and that is why the angular dependence of the matrix elements
(m;|H, (k;)|M,) must be taken into consideration. The ratio of intensities I, /I,

depends only on a direction of scattered gamma photons (angle 8,). One does not
depend on the direction of absorbed quantum (angle g,). The intensities of lines I,
and I, as functions of g, are shown in Fig.4.

4. “Dynamical” anticrossing.

Let’s return to RF dynamics of Mossbauer spins. Now we will consider the
nonresonant RF fields with the amplitude comparable or larger than the external
constant magnetic field. The hyperfine field in this case (we mean Mdssbauer atoms in
magnetic material) consists of constant field and alternating field with large
amplitude. One of the interesting situations is the case when there is no constant field
and the hyperfine field is rotating as whole in plane. The nuclear spin wave functions
(quasienergy states (QS)) now look as [14] (we mean further *’Fe and a)(f =0):

312
Wy =™ 3 digy (Bon)|3/2,M)exp[i(M - Mot ~iMy ], (19)

M=-3/2
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E, = —wM'—M’((wé _w)z +(af )2 \)“2 , B = arctg[a)ll /(o +co)], I - nuclear spin, @/

and @] - Larmour frequencies corresponding to alternating (RF) and constant parts of

hyperfine field, M’, M - magnetic quantum numbers in rotating and laboratory
systems, respectively, y — phase of RF field.

We can see from (19) that each QS identified by-M’ is a linear combination of
basic (Zeeman) substates M with different time-dependent exponents. In the Fig.5 the
energy parameters of the whole set of QS E,., =E, . +o(M'-M )are shown as
functions of field rotation frequency w. There are level-crossing points of different
types: 1) at frequency satisfying3w = /o +@ _in laboratory system (with transition
rules AM’=+1 and AM=43); 2) at 2w=\w!+w (AM’=+1 and AM=+2); 3) at
3w=2Jol+o (AM’=t2 u AM=13). The crossing point frequencies may be
interpreted as resonance conditions in rotating laboratory system. -

In context of this paper, the level crossing in rotating field is of interest as a model
leading to dynamical anticrossing effect in analogy with the static anticrossing effect
considered above. The question is, is there any perturbation, which leads to the
anticrossing effect in this case? It may be easily shown that in case 2) the non-axial
quadrupole interaction H, =&(/?+1%)may serve as such-small perturbation. The
problem is solved using the perturbation theory for a degenerate case (at:crossing
frequencies). One needs to diagonalize the matrix consisting of elements which have
to be calculated in the space of periodic functions (in composite Gilbert space).

(2 (Fot) e (1)) = ( ] j [, (F) Hy ¥y (Fot) el (20)

T is the period of RF field.

The calculation of matrix elements must be curried out at values of QS parameters
corresponding to the crossing point of second type: o, =0, w=a, /J_ a ,83,2 =x/3.
So, we have

100{ M M=-3/2 <<‘PM; (F.t)H,¥,, (F,t)>> =
5043/2 [ o 35 0 o ]
=1/, 4 .
s o1/ 3 .
N Za 0O 0 O .21
-50-] =
c o0 © §5
-100- 4
0 10 20 30 0 0 E5 0
o/T L 4 J
Fig. 5.
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New eigenstates (and energies) are:
36 .

—i—t '2
Wi=e * (Y,,-V,,), ¥ =¢ 4I(W-l/2+q’—3/2)’

2 -2 @2)
Yizet (W,,-¥,,), Vi=e ¢ (¥,,+¥),).

[t must be noted that in all expressions (22) only the crossing substates are mixing. In
this case the state ¥’; includes the linear combination of the crossing substates
multiplied by common time exponent. All other terms in Y°; are the linear
combinations of the substates oscillating with different frequencies. In this case the
influence of H, is negligible.

We see from (21) that the anticrossing of QS pairs (¥ _,,, with ¥_,, and ¥,,,
~with ¥,,,) is possible. In each case we have two new functions ¥’; with close
energies. So, the possibility of exciting of these two states by single quantum in phase
correlated way may be realized in this case again. At the same time the anticrossing
of¥_,,, with ¥,, is not possible.

The peculiarities discussed for the scheme of resonant scattering of gamma -
photons are equally valid for a spontaneous emission of nucleus in above mentioned
conditions if the another method of phase correlated "population" of excited states is
used instead of initial gamma quantum.
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