


Production cross-sections in neutron capture reactions with thermal neutrons are typically
low for high-spin isomers with I > 10. The isomer '""™Lu (I" = 23/2) is an exception that
confirms the general tendency, because the high spin of the target '"¢Lu (I" = 7°) nucleus
provides a rather modest spin deficit Al = 4% in the "*Lu(n, y)'""™Lu reaction. In contrast with

neutron capture, fast neutron reactions supply additional possibilities. The production of high-
spin isomers in micro- and milligram amounts would be important for using them in
experiments on triggering and controlled release of energy, as is discussed in Ref. [1]. The
properties of 179m2Hf isomer (T1z=25.1d,"=25/2, E" = 1.106 MeV) make it one of the best
candidates for triggering experiments, even in comparison with the "*™Hf isomer widely
used during recent years in many studies.

The yields of high-spin '"®™Hf and '"™Hf isomers were measured in reactions with
neutrons [2-4], with bremsstrahlung photons [5,6], with a “He -ion beam [7,8] and with
protons at intermediate energy [9,10]. The spallation reaction with protons shows [9,10] the
best absolute productivity, ~3 - 10''/s, bécause a massive target can be irradiated with a high-
current proton beam. However, many undesired radioactive nuclides are produced at
intermediate energies and radiation-safety restrictions require a long “cooling” time of the
target before chemical processing. This delayed processing is possible for the 31-years-lived
1782Hf, but not for the 25-days-lived "™ Hf. The spallation reaction is therefore not the best
for "*m2Hf production. The 176Yb(oz, n) reaction was used for the population of the '*™Hf
state when it was originally discovered in Ref. [11]. The yield of the reaction was not
discussed in [11], but later [8] when I"mI4f was detected from the same projectile-target
combination (*He + 178Yb) in the accumulation of the '"®™Hf isomer. It was shown that a
rather low production yield, of about 107/s, can be reached for "™ HTf at an optimum energy
and with the *He-ion beam current as high as 100 pA. This means that a method of "™ Hf
production with high yield and efficiency has not been known until now. Obviously, neutron
irradiation is potentially the method of highest productivity and the yield of '*™Hf in reactor
irradiations should be examined.

Metal "Hf foils of 1-mm thickness were activated in an external channel of the IBR-2
reactor at FLNP, JINR, Dubna, and were then studied using a 20% efficiency Ge gamma
detector. This was accomplished by spectrometric electronics that allowed a count rate up to
20 kCs/s with a reasonable dead time and conserving spectral resolution on the level of 1.8
keV for ®Co lines. Standard test sources were used for energy and efficiency calibrations.



The neutron spectrum at the location of target was known from previous experiments. But in
addition, NiCr-alloy samples were used as spectators for the calibration of the thermal and
fast neutron fluences in each irradiation by the resulting 31Cr and **Co activities. The Hf
samples were irradiated with and without Cd shields and the method of Cd difference allowed
the isolation of the effect of thermal neutrons and the deduction of the thermal cross-section.

In measured spectra of activated Hf, the y lines were observed and quantitatively
determined for the following radionuclides: '"*Hf, '*™Hf, '**"Hf and '*'Hf. The bulk of the
activity was defined by '°Hf and "*'Hf formed in (n, y) reactions. The contribution due to the
activation of admixtures of other elements in the Hf material was negligible. Only Zr is
present in a quantity of about 3%, while the concentration of other elements can be estimated
on a level < 10”° g/g. As was expected, the self-absorption in the 1-mm Hf sample attenuated
fluxes of both thermal and resonance neutrons, and the reduction factor was estimated by the
detected yield of "°Hf and "*'Hf. With such internal calibration of the fluxes, the deduced
values of the thermal cross-section and the resonance integral for '**™Hf isomer production in
the 'Hf(n, v) reaction appear to be in good agreement with the tabular data [12]. Low
intensity y-lines of 18m2Hf could not be found in the spectra because of much higher count
rate of other nuclides listed above.

The yield of the high-spin '"®™Hf isomer was not high and obviously originated from
reactions with fast neutrons. Such a conclusion is definite, because the effect of thermal
neutrons was found to be insignificant in that bare and Cd-shielded samples showed the same
activation within the standard error. The possible reactions leading to '*™2Hf are listed in
Table 1. The upper limit on oy, is the result of the present measurement. Formally, one may
assume that the detected yield of '*™Hf reflects the resonance integral and then the value of
13 mb is deduced. But we suppose that the (n, y) reaction with slow neutrons makes a
completely negligible contribution and thus 13 mb is again the upper limit. Most favorable is
the (n, n'y) reaction, because the spin deficit Al is not so high in this case compared to the
other reactions listed in Table 1. The '”™Hf isomer has an excitation energy of 1.106 MeV,
thus one should assume an effective threshold value of about 1.5 MeV for its population in (n,
n'y) reactions. The number of neutrons with E, > 1.5 MeV was determined using the
mentioned-above calibration with the NiCr spectator and the known fast-neutron spectrum at
the location of the target.

After all, the cross-section and isomer-to-ground state ratio 6,/cy were determined for
production of the 179M2Hf isomer in the "Hf(n, n'y) reaction. The latter values were found to
be promising for the accumulation of 179m2Hf in reactor irradiations. The relatively good ratio
of om/c, is understood because the modest spin deficit in the reaction is partially covered by
the angular momenta of the bombarding and emitted neutrons. The effect of particle angular
momenta should be stronger for the (n, 2n) reaction at 14.8 MeV, and indeed an even higher
isomer-to-ground state ratio is deduced for the O f(n, 2n)' ™2 Hf reaction, accordingly to the
experimental results of Ref.{3].



Table 1. Production of the "*™Hf isomer in reactions with neutrons.

Reaction "BHY (n, y) "*HE '®Hf (n, n'y) HE (n, 2n) | "2Hf
l79m2Hf
Energy thermal resonance E,>1.5MeV E.= 148 MeV
Al [A] 12 12 1572 12
o; 1, [mb] <02 <13 45105 257
G/, <24-10° | <7-10° 1.6-10° 7-10°

) Ref. [3]. The value may include some contribution from the (n, n'y) reaction.

In Ref. [4], it was proposed that the (n, n'y) reaction could make a comparable
contribution at 14.8 MeV comgared with the (n, 2n) yield. But in the case of reactor
irradiations, the production of '>™Hf due to the (n, 2n) reaction should be neglected, because
the reactor spectrum falls exponentially and the effective threshold of the '*Hf(n, 2n)' "™ Hf
reaction is as high as about 10 MeV.

In Figure 1, the systematics are shown for the "™ Hf isomer-to-ground state ratio versus
mean angular momentum of the reaction product. The latter parameter is determined from the
standard recommendations of nuclear reaction physics. The spin difference, Al, of the
entrance and exit channels of the reaction is also included. Fig.1 is plotted using the results of
Dubna experiments [6-8,10], plus the measurement [3] for the (n, 2n) reaction. One can see a
strong growth of the o/, values with the angular momentum and this is explained by the
decrease in the Al value. The spin deficit Al should be covered by the cascade of statistical y
rays during the later stages of the reaction. Naturally, a low Al value can be reached easier
than high values and the probability is correspondingly changed as shown in Fig.1. The mean
angular momentum of the spallation product has not been known, and the measured /o,
value is shown as a strip in Fig.1. The strip width reflects the standard errors of the
measurements. The intersection of the strip with the regular curve of the systematics may
serve to estimate the angular momentum of the spallation product. The discussed regularities
are more or less typical for the production of high-spin isomers in nuclear reactions. In
particular, similar manifestations were observed and discussed for '"*"2Hf in Refs. [7,13].

Using the production cross-section measured for the l79Hf(n, n'y)'®™Hf reaction (see
Table 1), one can estimate the rate of production and the absolute quantity that can be
accumulated. Assuming that 1 g of enriched '"Hf is exposed at the reactor core to a flux of
about 5 - 10" n/cm?s during 1 month, more than 10'® isomeric "™ Hf nuclei should be
produced. This quantity is definitely enough for the preparation of a '*™Hf target for use in
triggering experiments.

Fortunately, the neutron irradiation of '"Hf in a reactor leads only to the production of
'™ Hf and '*"™Hf activities, and the latter one is short-lived, with Ty, = 5.5 h. No significant
background activities are created if the '“Hf material is chemically purified and highly
enriched. The admixtures of '"*Hf and "°Hf should be suppressed, otherwise long-lived
backgrounds from '"Hf and '*'Hf will arise. Anyway, the use of pure isotopic "’Hf target
allows one to suppress the backgrounds and to avoid a strong activation.



However, this method of isomer production has some disadvantages. The feedstock '"Hf
material cannot be separated from the produced isomeric '"™Hf either by chemical
processing or by isotope separation. For many experiments with isomeric targets, the presence
of large amount of stable ground-state nuclei would create backgrounds much more intense
than the useful signal. The separation of isomer from ground state is a technically difficult
problem, but laser separation methods may be capable of solving it. In the literature [14]
experiments are described along this direction and they are promising specifically for Hf
isomer isolation from the ground state of the same nuclide.

Finally, let us discuss the problem of the “burn-up” of the produced isomeric nuclei in
reactor irradiations. Thermal neutron capture is the most destructive process, because the
cross-section Gy, can be as high as thousands bams for isomers. Unfortunately, they are not
yet measured and this is a challenge for modern neutron experiments. Nevertheless, if the
fluence of neutrons in reactor irradiation reaches a value near 10*' n/cm?, then the
accumulation process can be disturbed by destruction due to the thermal neutron capture
reaction on the produced isomer. The same is also true for resonance neutrons, but their flux
1s typically lower than that of thermal neutrons. The feedstock isotopes are also in danger of
useless depletion under high-fluence neutron irradiations because of their possible
transmutation to the neighboring (A+1) isotope of the same element instead of (n, n/y)
production of the desired isomer.

The restrictions due to the transmutation and “burn-up” processes are insignificant for the
present experiment because the fluence values used are low, being of about 10'¢ n/cm?. Even
a 30-day irradiation at the flux of 5 - 10" n/cm’s discussed above should not be extremely
dangerous. But strictly speaking, this is dependent on the unknown oy, and resonance integral
I, values for the '°™Hf nuclei.

Attempts to produce "7BmIHf in massive neutron irradiations, like the experiment of Ref.
[2], should be definitely influenced by “burn-up” of the isomeric nuclei. The destruction of
EmIHT was tested in experiments [15] when its transmutation to '°™Hf was observed in the
8mIHf(n, v)' "™ Hf reaction. The o, cross-section and I, value had been determined by the
method of activation for this partial branch of the neutron capture reaction. And the yield of
the stable ground state of '"Hf could not be measured. However, for the “burn-up” the total
capture cross-section is important, including both isomeric and ground states population.
According to Ref. [16], the isomer and ground state can be populated with comparable cross-
section after neutron capture to highly-excited compound states. Consequently, we may
assume now that the total oy and I, values are just two times higher that ones measured for
the '™ Hf final state.

In such an assumption, the fluence dependence of '*™Hf isomer accumulation is
calculated and shown in Fig. 2. The transmutation functions are also given for stable
feedstock isotopes. The cross-sections of neutron capture and I, values are accounted for
following Ref. [12]. The 178m2pyg production cross-section was taken from Ref. [2] and the
destruction process is estimated as described above based on the results of Ref. [15]. One can
see that at fluences above 10*'/cm? the accumulation curve deviates strongly from a linear
function and even decreases. This is due to both the transmutation of the feedstock '""Hf
target nuclei and to the burn-up of the accumulated '"¥m2Hf The conclusion can be drawn that
the destruction role is underestimated in Ref. [2] for '78m2Hf One note more: the stable '"Hf
1sotoPe is long-lasting in the neutron flux, so it can be effectively used for the accumulation of
the '”™Hf isomer within the irradiation time restricted by the isomer lifetime.
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Fig.1. Systematics of the isomer-to-ground state ratios for the production of the '"™Hf

isomer in different reactions. The solid curve is used to guide the eye.
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Fig.2. Fluence dependences for the transmutation of the stable Hf isotopes (a) and for the
accumulation of the "®™*Hf isomer in (n, ) reactions (b).



In summary, the 179Hf(n ny)”g"‘sz production reaction is shown to be a method of

accumulation of the '"*™2Hf high-spin isomer. It can be stored in an amount of 10'® atoms for
a reasonably low cost, observing the radiation safety conditions in standard reactor
irradiations. Other neutron-induced reactions with Hf nuclides are also discussed regarding
aspects of production and transmutation of their isomers.
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Kapaman C. A. u 1p. E15-2003-180
OGpasoBaHHe BHICOKOCIHHOBOTO M3oMepa ' ™2Hf
B obnyyeHHAX Ha peakTope

Bropoii usomep B " Hf (T, =25,1 cyT) npencTasiseT MHTepec (Cpeau Heko-
TOPBIX APYTHX AAEPHBIX COCTOAHHMIA) C TOUKH 3PEHHS BO3MOXHOCTH CTUMYTHPOBAH-
HOTO BLICBOOOXIEHHS «4UCTOH» SACPHOil 3HEPIUM, TOCKOINLKY 3anaceHHas u3oMe-
poM yhenbHast 3Heprus cocrtasigeT okono 0,5 MJx/Mr. Beixod naHHOro usomepa
B ANEPHBIX PeaKiUiX OrPaHHYEH B CBA3M C €r0 BBHICOKHM CIIMHOM (/ =25/2). Tlpo-
AYKTHMBHOCTb M3BECTHBIX METOHOB IMoiydeHHs Oblma DOCTATOYHA JUIS UCCNEN0Ba-
TeNbCKUX PaboT, HO He Ui NpuMeHeHuH. TTokazaHo, 4yTo 06IyYeHHs TOTOKOM Gbi-
CTPbIX HEHTPOHOB AENTUTENLHOTO CMeKTpa 06/1analT NPOXYKTHBHOCTBIO, 1OCTATOY-
HOW mna Hakorienus 'P™2Hf B xonmuecte 10'® amep. B axcnepumenre,
nposeaeHHOM Ha peaktope HUBP-2 B [lyGHe, ObUTH M3MepeHBI BBIXO[, CEYCHHE O,
M H3OMEPHOE OTHOLIEHHE G, /G, M1S PeaKUHH SHF (n, n'y) 1T9™2HS.

OO6cyxpaeTcsl TakXe CHCTEMATHKA 3HaYEHUH G, /G, , MOCTPOEHHAS HA OCHOBE
HMEIOLIMXCS DKCNEPUMEHTANBHBIX NaHHBIX.

Pabora Beimonnena B JlaGoparopuu snepHbix peakuuid um. [. H. @neposa
OHAn.

IMpenpunt O6benHHeHHOro HHCTHTYTa sSnepHbIX HecnenoBanuid. lyGna, 2003

Karamian S. A. et al. E15-2003-180
Formation of the High-Spin '"*™2Hf Isomer in Reactor Irradiations

The second isomer (T;,, =25.1d) in " Hf is one of a number of nuclear states
that is interesting from the point of view of triggering a release of «clean» nuclear
energy because it stores a specific energy of about 0.5 MJ/mg. The yield of this
isomer in nuclear reactions is restricted due to its high spin, I =25/2. The pro-
ductivity of previously known methods was enough for the creation of experimen-
tal amounts but not for potential applications. We show that irradiations in a reac-
tor by the fast neutron flux within the fission spectrum are useful for the accumu-
lation of "™2Hf in an amount of 10'® nuclei. In an experiment performed
at the Dubna IBR-2 reactor, the yield, cross-section o, and isomer-to-ground state
ratio g, /cg were measured for the "Hf (n,n'y) '79"‘2'an reaction. The systematics
of the 6,,/6, values deduced from the experimental data available for this isomer
are discussed.

The investigation has been performed at the Flerov Laboratory of Nuclear Re-

actions, JINR.
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