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INTRODUCTION,

Nuclei in excited atates with very high probability of
spontansous fission end strongly forbidden radiative transi~
tions are called spontaneously fissioning isomers,.

The expsrimental svidance currently availsble testifies
that such isameric states are characteristic of hsavy nuclei,

The study of spontansously fissioning isomars consiste
in scoumnlating expsrimental data on the properties of meta~
stable siates and the characteristios of different nuclear
reactions leading to thesa states. An analysis and systemuti-
sation of such data, based on theoretical predictions, allow
ona to draw conclusions about the nature of the phenomenon.

I. DISCOVERY OF FISSIONING ISCMERS AND THE MAIN STAGES
OF THRIR STUDY.

Spontaneously fissioning ispmera were first observed
in I98I-at the JINR laboratory of Nucleer Reactions (Dubna,
USSR).At that time the 3-m cyclotron of this Laborstory pro~
duced intense heavy ion beams and experiments on tiw synthesis
of the spontanecusly fissioning isotopss of transuranic elementa
wers started. In the bombardment of an 228y target by 1% ions
an unknown spontansously finsioning activity with a half-1iZe
of 0.0I4 sec was oburndn. The observation of this activity
was .xtremely unexpected since the known isotopes with half-
lives sxceeding I min and with a weak sponcanscus fission
branching wore Imown to be produced only in the reactiom
23“(14-160. Therefore, the only possible interpretation of the
sffect observed could be that «n isomeric state of some known
isotops underwent fiasion in that osse, By using cross bombard-
ments ( tho appropriate targets wers bosbarded by alpha parti-
oclea and doiﬂorouz’ as well as by neutrons®) ) it has been
shown that the isomerie state of the *4Zum nucleus undergoes
spoutanecus fissiom with a half-life ef 0,014 sec, The estimates
made on the basis of the systematics of spontansous fission
1lifetimes suggest that the spontansous fission half-life of
thia nucleus in the ground state lies between 1012 ana 0%
years, Consequently, the spontansous fission probebility of



the imsomeric state is about a factor of IO2I higher than that
for the ground atate.

The subsaquent experiments using the cyclotron of the
JINR laboratory of Nuclear Reactions resulted, in 1964, in
the observation of another spontaneously fissioning activity
with a half-life of 0,00I sec in the reaction 242m+nﬁ
(ref.m)). The identification of this activity made at the
Berkeley Radiation laboratory showsd that such a lifetime
was characteristic of the two spontanscusly fissioning iso~
mers, 240, ona 244, Tef.5)

At that time a new concept of spontansous fission of
miclel in isomeric states became firmly eatsblizhed in nuclear
physios. The studiss of this phenomenon were initiated in
nmany laboratories throughout the world,

In 1965-67, physical sxperiments were primarily eimed at
the determination of the main properties of ths known amari-
cium isomers, their uxcitation ensrgies and spins,

Information about these characteristics is generally
gained from the spectra of gamma-rays, conversion electrons
or alphe perticles emitted from ths excited states, However,
up to now spontaneous fission resains the only obaervable
decay mode of fissioning isomers. In principle, the fission
process can yield some data on the charactaristics of isoma=
ric states, For instance, the excitation snergy of an isomeric
state should be mssociated with the mesn number of fission
neutrons. The angular distribution of the fragments of polae
rized nuclei is determined by the spin of the initial state,
However, it is rather difficult to extract this kind of infor-
nation from the fiseion process experimsntally, eapecially
as the production cross section for all known apontanecusly
fissioning isomers is by a facter of I0%.105 1ess than tie
induced fiseion cross section, As a result, at that period of
tims the studies of spontaneouely fissioning isomers were
restricted to the investigation of differsnt reactions lesding
to the formation of ieomerio states.

In I966, at the Niels Bohr Institute in Copenhagen
measurements were sade of the threshold of the reaction



2“.I:l’n(p,Zn) l which 1sd to the spontaneously fissioning isomer,
40,0 (ref.%)), This threshold turned out to be 3.IS MeV
higher than the threshold of the reaction »roducing the 400
nucleus in the ground state, The difference between the t{hresh-
0lds wes interpreted as the energy of the isomeric state,

It wes shown subsequently °) that the measured sxcitation fun-
ctions were treated not correctly enough in nr.”, which
resulted in the higher threshold value ( a detailed conside~
ration of this will be given below). Nevertheless, the sub~
soquent measuremsnts indicated that the ensrgy of the isomeric
state was rather high ( up to 2.5 MeV),

In I965-66, at the Institute of Aiomic Frysiecs in Bucha-
rest and at the JINR Iaborstory of Nuclear Reactions at Dubna
msasurements of isomsr ratios were carried out ( the ratios
of the production oross sect.ions for the nucleus in an isoms-
ric and in the ground states, 3'%5",) in different reactions
leading to the “4Zin gpontareously fissicning iscmer 519,

A large set of bombardimg particles ranging from low energy
neutrons to T ions, was ussd in these messurements. It has
besn found that the isomer ratio remains practically constant
and. eqQuals 4 x IO"‘.u the momentum imparted to the nucleus
chenges from (2-3)h ( I MeV neutrons) to (I5-20)h (80 MeV
Iy ioms) Such a behaviour of the isomer ratios was the basis
for the hypothesis that the value of the ieorsric state spim
should be smsll. )

In 1088~87, at the Institute of Atomic Physics in Bucha~
rest detailed studies of the excitation function of the resce
tion lecding to the U2, spontaneously fissioning isomer in
radiative neutrom capture were carried out, As the energy of
the isomeric state was 2,5-3.,0 MeV and the spin was low, the
spontansously fissioning isomer of 2“211 could be expected to
be formed at low psutron energiss ( at an excitation energy
of about 5.5 MeV and with the compound nucleus spin of 2 or
3), and the cross section for the reaction (n, §) would not
vary substantially with neutron energy. The measurements
have however shown the threshold character of the reaction,



i.e., & sharp increase in the excitation ensrgy at a neutren
energy ranging from 0.3 to I,0 MeV, .followsd by

a smooth decresse, . later on it has been shown tbat a similar
shaps of the excitation function is slso characteristio of

the resction producing 2“"&: in radiative neutron clpturol ).
The initial part of the excitation function ( at energies
lower than I.5 MeV) was analogous to the energy depsndence of
the oross section for fission ol the 241h and 2"3h isotopes
by nsutrons,

The first atudies wers restricted to amerioium sponta-
neously fissioning isomers (2"°An, 2‘2Al, 244,4) with relati-
vely long lifetimes. Sinoe those iacmers wers 0dd-odd nuclei,
it was important to estabiish whether or not analogous iso-
meric atates exiated in nuclei with even numbers of protons
and neurons, On the basis of the systomatios of the sponta=
neous fission half-lives of nmuolei in the ground state, one
oould arsume that the isomerio lifetime for nuolel with an
sven number of nuoleons would bs shorter than that in the
osse of odd americium isomsrs. Therefore; a search for fission-
ing isomers with balf-lives of 10™° -13° se0 wes of great
interest.

To oarry ovt searohes for spontsnecusly fissioning
isomera with lifetimes shorter than I _«sec, a special tech~
nique was developed at Dubna based on maasuraments of the
distance between tis target and the decay point, i.e., of
the flight path of the recoil nuoleus, This techrigqus was
used to observe am about 0™/ esc spontanscusly fissiening
:luuu-n). Suhksequently thias technique amd ite variamte found
extensive spplicatioms st the Niels Bohr Institute, where in
the course of 1988-1970 a large mmber of new spontaneocusly
fissioning isomers with lifetimes ranging from 1079 g0 to ,
10~ sac were produced in the isotopss of U, Pu, Am and CIn’If'

The existence of spontanscusly fissloning isomers
#ith different lifetimes in a wide range of nuolel '
has made it possible to extenmd subatantially the studies of
tha properties of isomeric states, Yor the tims being,
studies along this line are under wey im a mmber of sclentifie
research centres in the USA (Loa Alamos, Seattls, ete,) and



in the Faderal Republic of Germeny (Heidelberg)ls'm) .

Experiments carried out with light charged particles (p,d,

He) provided a large amount of information on the characteri-
atics of nuclear reactions involving isomers (cross sections,
isomer ratios and the isomer~to-prompt fission ratio) and
permitted the emteblishment of mome properties of the sponta—~
neously fissioning isomers,

II, THE MAIN FROFERTIES OF SPONTANEQUSLY
FISSIONING ISOMERS.

Spontanecualy fissioning iaomers cre observed ln nucles
ranging from uranium to berkelius, Searches Zor anslogous
isomeric states in the lighter nuclei have produced negative
resultnm'al . One can assume that the existence of fiesion
imsomers is specific for ruclei with comparatively low fission
barriers, Fig. I shows the variation of ihe fission iscmer
half-lives with proton and nsutron number: in the nucleus.
For comparison, & similar dependence is shown for the groumd
states of the same nuclei, One can see from f£ig.I that in the
case of isomeric atates the dependence of the half-life on
neutron number hes & parabclic shape for all nuclei., This
dependence is caarac teriatic of nuclei with both ewen and odd
numbers of prctons and neutrons, while for the ground etates
the dependence of the same shaps is obasrved only for ever-
even nuclei, As one nucleon is added to an even-even nucleus,
the half-life increases by a factor of 10%-10%. The sam
inorezss is also observed when snother nucleon is sdded end
an o0dd-odd nucleus is formed., In & numbsr of even-even Pu
jactopes 22) two isomeric atates are obaerved, which decey
by spontanecus fission, the lower ststes having shorter half-
lives, In the case of 0dd nuclei, a couplc of isomeric states
{with half-lives of I0O0 and 900 nsec) were observed only in
one nucleus, 237py (rtrl.m’n’za))o

The only obeervable decay mode of isomeric states is
apontaneocus fissica. Attempts to observe alpba and gaama
rsdistion from isomeric states have been no success. The upper
lisita were obtained to be 0,0 of sn alpha particle per



spontaneous fission event of the Pu, 24°Am 242

uomars?“) and IO gasma-rays for isomers in 2360 (ref, 25))
and in %4%pn (ref, 26 Yo

The energy spectra of fiasion fragments from tha
isomeric states does not show any difference from the ana-
logous induced fission spectrum at a low excitation ener-

H)

The isomeric state energles determined from measure-
ments of the thresholds of the production reactions for thess
states are about 2,5 MeV, No systematic differences are obser~
ved in isomeric atate energies between nuslei with even
and odd numbers of protons and neutrons or with cheanging 2
and A, In those Pu isotopss that have & couple of isomeric
states uchi the highest isomaric states have an energy of
3.5 MeV

The independsnce of the isomer ratio of the momentum
imparted to the nucleus, observed in the 24 Am nuoleus, indi-
cates that, as it has been already noted, the epin of the
isomsrio state is low, The sams situation occurs also for
the majority of other spontaneously fissioning isomers. The
experimental ratios of the isomer cross section to ths indu-
ced fission ona for the Pu, Am and Cm isotopes at the same
excitation energy but with different projectiles (grotonl,
deuterons, alpha particles) turn out to be close s At the
same time, in nuclei with a couple of isomerio states obeer-
ved, the higher-lying state may have high apin, This is
suggested by the projectile energy dependénce of the ratio.
of the productiom cross asction for the 23 micleus in the
second and first isomeric states 22 { this ratio incresses
with incressing projectile snsrgy), as well as by the anguler
distribution of fission fragments from the isomeric state
( in tha case of the 290p; jsomer with a half-life of 35 naec
and an excitation energy of about 3,5 keV a large anisotropy
is cbserved in the angular distribution of the fission
fragmenta 29& The lifetime measursment for the high-lying
ieomeric states yielded a valus considerably larger tham the
lifetime of the low-lying isomeric state, Thia cen bs explained
assuming the fission barrier for this atate to b higher or
wider comparsd with that for the lew-lying isome ic state,

241



The menifestation of the high spin in experiment allows one
to assume that the second isomeric state is a two~quasipar-
ticle one, end as & result of the decoupling of a pair of
mcleons, a certain amount of energy is edded to the fission
barrier,

It has also been shown experimentally that though the
enargy of the isameric state 1s 2.5-3,5 MeV, the formation
of the nucleus in an iszomsric state takes place preferentiallv
at the excitation of the levels lying in snergy not lower
than at 5,5~8.0 NeV IO'II). The excitation enargy depsndence
of the production crosa section for the spontsneously fisaion-
ing lsomer displeys the sams threshold shape as that of the
induced fission cross section, This suggests a correlstior
between the processes of isomer production and induced fission,
A similar correlation alsc exiats at the radiative capture of
thermal noutrons %00, the 24Tjn nucieus undergoes fission by
thersal nsutron capture and at radietive neutron capture
the 2‘231 spontaneously fissioning isomer is produced. The
243, nucleus does not: undergo fisesion by thermal neutron
capture and no corresponding isomer (a“ll) is formed in this
case with a noticeabls cross section,

I11, SPONTANREQUSLY FISSIONING ISOMERS AND
FISSION BARRIER STRUCTURR.

The mentioned properties of spontansously fissioning
isomers cannot be explainmed in the framework of tle commonly
used soncept of an isomeric state, In fact, though tle sharp
incresss in spontansous fission probability can be explained
by a high energy and low spin, the etrong forbiddennsss for
gamms~transitions from the isomeric state remains still unclear,
The correlation betweem the isomer production droes section
m@& that of induced fission is also difficult to understand,
This correlation seems to be associated with the existence of
a certain barrier ssparating the isomeric state from the main
system of nuclear levels,

One could assume that the unususl properties ef sponta=-
neously Tissioning isomers suggest the existencs of & new



¥ind of nmuclear isomerism, In 1964, G,N.Flerov and i.Bohr
advancad the hypothecis thet the nucleus in its isemeric

atate is characterized by extraordinarily large equilibrium
deformation 31/%) mnin nypothesis was confirsed by the theo~
retical calculstions carried out by V.M.Strutinsky 33,

In these calculstions the nuclesr potential snergy was regard-
ed as the sum

V = Vou +d ’ (1)
where Voo is ths p=ot of the potentisl snergy, deascribed by
the liquid drop modei, snd & is the shell correction,

The first term of thie sum varies smoothly as one goss from
one nucleus to another, while the shell oorreotion strongly
depsnds upon the level density in the vicinity of the Fermi
boundary and changes notiocesbly with slight variations ia
froton and neutron numbers. It follows from thass caloulations
that the dependencs of the potential energy on nuclear defor=
metion ( in the region of positive deformations) hes the stape
of a curve with a couple of minims eand a coupls of maxims
rather than the shaps of a parabola (fig.2). as a result,

the concert of a two-humped fissiva barrier of nuclei has
appsared. The model suggested by V.M.Strutinsky provides at
lesst & qualitative explanation of all main properties of
fissioning isomers 35). One of the minima, the desper one,

is asgocisted with the ground state, while the othsr, corres~
ponding to larger deformaticn, is related to the isomsric state.
For a nusber of nuclei the second minimum is deep enough to
contain & system of quasistationary states, the lowest of which
being isomerice, The forbiddenness for gamme-transitions is
sssociated #ith a large difference im deformatioma and the

X It is noteworthy that the occurrence of iscmsric levels in
nuclei at chmges in their equilibrium shapss wes already
disonssed iz the paper by Hill and Whaeler 32, in which they
considered the transition of the mucleus from the oblate
shape to the prolate one.



presence of the inner barrier separating the isomeric and

the ground atates, The relatively small height and width of
the outer barrier comtridsute to the enhancement of the apon-
taneous fission probability. The correlation between the
isomer production and induced fission cross sections is explai-
ned by the fact that both processes pass through the common
stage of the inner barrier, and thereafter the nucleus either
penstrates the outer barrier and undergoes fismsion, or remaine
in the isomeric state after the emimsion of gamma-Tays.

The two~humped fission barrier expleins a number of
other phencmena, which could not be understood in terms of
the previous concept of the fimsion barrier. These phenomera
include the modulation of fisaion resonances 8 , the appea-~
rance of wide fission resonances in the subbarrier region in
the reactions (n,f)aﬂ and (d,p‘.’.)38 « The cause of these phe-
nomena is the existence of levels with large fission widths
in the second potential well. In the cese of a rescnance between
levels in the firat and the second potential wells the fission
barrier penetrability and, consequently, the fission width
increases sharply,

In experiments with gamma-rays 39) the channel effecta
occurring in photofission of plutonium isotopes in the vicinity
of the fission barrier By were studied, The anguler anisotropy
reached its maximum value at an energy I MeV lower than Bey
while in the framework of A.Bohr's concepts 40 this maximum
should 1lie above Bg. This fact can be explained using the
model of V.M.Strutinsky 257 under the assumption that in the
fission process only the spectrum of c nnelo above the outher,
lowsr barrier shows up. The inner, high barrier determines
the fission barrier cbserved experimenta.ly.

Thus, the idea of a two-humped barrier proved very
fruitful in explaining many physical phenomena amsociated with
fission, Howsver, thers have been long no direct sxperimental
evidence for the existence of quasistationary states in the
nucleus at abnorsally large deformation.

Recently the development of a new experimental techniqus
has baen started for the studies of the propsrtiss of sponta-
neously fissioning isomers, namely for the study of gamma-ray



and conversion electron snergy spectra closely related to
isomeric state population *°? » The recent publication

of Germen physicists 43 describes the observation of conver-
sion electrons emitted at the transition of the Pu nucleus
to the isomeric level in the secomd potential well, The conver-
sion lines in the electron spectrum ere interpreted as compo-
nents of the E2-transitions witlin the X=0' rotational bands
These transitions are characterized by abnormally large mo~
menta of inertia, which indicates a large deformation of the
nucleus in isomerioc state,

IV. GAMMA~-RAY EXPERIMENTS.

The studiea of spontanscusly fissioning nuclei offer
unique possibilities of gaining information on the uncommon
properties of heavy nuclei at very large deformations,

Firstly, in this case a spectroscopic appreach to this
problem is poswible, which can be realised expsrimentally.

As is known, the existence of s two-humped fission barrier
leads to the cocurrence in nuclei of two independent level
systems repaiated by the inner barrier (fig.2). The isomeric
state formatisn ie associated with rediative transitions of
the nucleus in the second potential well, end ite decay in
some nuclei (U, Np) may apparently procesd through transi-
tions of the nucleus into the firat potential well “ .

Thus, determination of the characteristica of gamma-radiation
and conversion electrons emitted as a result of isomeric state
production and decay may yield some data on both the levels
in the secemd potential well and radiative transitions
between nuclear levels with lergely different deformation,

Secondly, the studies of spontansously fissioning
isomers allow to obtain semismpirically some data on the pars-
meters of the two-humped fission barrier, i.e., determine the
fisaion bmrrier heights and the depth of ths potential well
betwesn them,The combined uss of the nuclesr reasction method
and the two-humped fission bsrrier model has resulted in
succeseful urderstanding of the properties of spomtaneously |
fissioning isomers. The atudies have extended from
heavy-ion-induced reactions to reactions with 1 ghtar particles.

12



The experimenta showed that the cross section for the forma~
tion of an isomeric state in the nucleus incresses as the
mass and charge of bombarding particles decrease., This fact
is explained by reduction of the number of the channels of
competing reactionsy In this connection the use of photo-
nuclear reactions is of interest since the absence of the
Coulomb barrier end tha binding ensrgy make it possible to
produce compound nuclei with low excitation energy immediate-
1y after gamme-ray absorption. This circumstance minimizes
the number of intermediate stages of the process leading to
the population of the isomeric lsvel.

Below we shall describe our gamma-ray experiments, which
have been aimed at the production of Pu and Am spontaneocusly
fissioning isomers. The measured results, their treatment
end an analysis of the data obtained are given in the present
paper, The parameters of the two-humped fission barrier for
the nuclei ars also listed.

React aragt cs, Exper 8

In our experiments we used gamma-raye of moderate
energies. The dipole absorption of gemma-rays mainly occurs
at gamma-ray energies between I0 and 20 MeV ( unlees this is
suppresssd anyhow) and thus the nucleus receives anguler mo-
mentum I”, The interaction between gemma-rays and nuclei is
characterized by relatively small cross section magnitudes.
Though the photoabsorption cross section displays the so-called
giant resonsnce (at E;= I3 MsV for heavy nuclei) 45)' the abso-
lute values of the cross section is only s few hundred milli-
barn in the maximum. However, modern electron accelerators
permit the production of sufficiently intense gemma-ray fluxes,
and photonuclear reactioms may proceed with noticeabls yields.

The mein decay modes of an excited nacleus in the region
of heavy nuclei are neutron emjssion and induced fiesion,
Other possible forms of de~excitation are proton emiesion and
inslestic scattering of gemma-rays, but the latter reaction
occurs in the uase of heavy nuclsi with rather low probability.
In the studies of spontanecusly fissioning iscmers the type of
reaction is easily identified on the basis of the half-life



of the nascent isomer,

We studied the foraation of spontaneoualy fissioning
isomers in the reactions ( y,n) and ( ¥, The electron
bremsstrahlung served as ths source of gsmma-~rays. All the
measurements were carried out in the extarnal slectron besm
from the I7-ortit microtron of the Institute for Fhysical
Probléms of the USSR Acedemy of Sciences 487,

Fig. 3 shows the experimental sat-up. The elsctron besm
wee transported froa the acéslerator chamber through an elect-
ron guide about I m in length and, having passed threugh
a thin sluminium window (0.2 mm), bombarded a Imm tungsten
target, This thickness of the target (0.3 of the radiation
length) permits the maximum yield of forward gamma-radiation,
To provide full absorption of electrons, an alukinium screen
IS5 mm thick is placed behind the tungsten target. In some
cages, t¢ avoid neutron production in tha stopping target
proper, the latter was made of aluminium 3om thick, in which
the neutron binding energy is rather high, I3 MeV. The besm
focussing on the target was performed by doublet quadrupole
lenses, the effective sise of the bDesm at the target being
about 5 am, The beam was monitored by the current on the tare
get with an sccuracy of 2%, The average electron current in
our sxperiments varied from a few microamperss to ssveral tens
of microasperes depemdimg on electron energy and the typs of
experiments under way.

The electrom ensrgy in the mierstrom can be varied
over & wide renge by cha:_‘ng the strength of the main magne-
tic field or the orbit nusber., Irrespective of tha elsctron
enargy value, the energy spread of beam electroms was about
50 keV,

The microiron was operated under pulsed operating
conditions. The current puless gemarally used were I-2 usec
long at a freguency rate of 400-800 Hs, consaquently, the
interval between pulsea was squel to I,5-2.8msec, During
the pulse of slectroas iscmsric nuclei wers accumulated in
the irradieted target, while betwsen the pulses their decay
was datected,



In all our experiments a multi-filement spark counter‘”)

served as a fission fragment detector (fig,4). The main com~
ponents of the counter are anode having the shape of a grid
of tungsten filaments O.,Imm in diemeter tightened on a metal
ring, and a flat copper cathode with a well polished and
chrome~plated surface., The distance between the electrodes
was 2,0mm, and the grid spacing of the anode was 4mm, The
target was placed at a distance of 3-4mm from the anode, All
the components were placed in a vacuum chamber evacuated to
a pressure of Io'zmﬂg before £illing with s working gas.

A mixture of N, (I.5%) and He(98,5%) was ussd as a filler
at a pressure of I atnm.

The spark counter filled with this mixture provided
practically complets discrimination of alpha particles against
fission fragments even in the case of Am targets, which are
very alpha active, The detection efficiency for fission frag-
ments was about 30%, The rise-time of fission fragment pulses
was 50 nsec, The counter time resolution was about 100 nsec,

One of the spark counter disadvantages is ite long dead
tine “hat is determined by the voltags rise~time at the coun~
ter electrodes after the break-down of the interelectrode gap
and is equal to 0.5 msec in this case, In addition, when ope~
rated on & gamme-ray beam, the spark counter sxhibited another
peculiarity, which should be taken into mccount in performing
the experiments, This psculiarity consisted in the fact that
the intense gamme radiation 1ed to a break-down during the
electron pulse, which was idsntical to the break-down due to
fragment penstration. Becauss of the long dead time, the détec~
tor sensitivity was restored only in 0,5 msec, However, this
circumstance did not prevent us from carrying out measurements
for the 2‘°A- and m‘l fissioning iscmers since those havs
relatively long half-lives, 0.9 msec and I4 msec, respectively.
However, in order to eliminate brsak-downs dus to gumme-ray
pulses (and prompt fission fragments;, in the studies of iso~
mers with lifstimes of a few microseconds (Z°9pu and 241py)
we operated the counter under pulsed operating conditions.

The pulsed operating regime of the counter was achisved
by mesans of a rather simple electronic circuit shown in fig.4.



During the current pulse the voltage at the counter slectro-
des sharply decreased, but after the psssage of the gamma~ray
pulse the voltage was completely resiored.end one could detect
the fragments of delayed fimsion,

The spontaneous fission fragments from target nuclei
and slow neutrons resulting from the moderation of fast neut-
rons formed in photonuclear reactions were the source of the
background during the experiment.

The slow neutrons induced fission of target nuclei
between the electron pulses, thus being capable of immitating
izomer decay. In order to provide shielding against slow
neutrons, the counter was covered by a cadmium layer 0O,fmm
thick and a Sma boron layer,

The background of spontanscus fission and slow-neutron
induced fissior limited the minimum gamaa-ray snergy, at which
the yield of fissioning isomers waas still noticeable.

The signals from the spark counter were fed into a 5§I2-
channel analyzer with a channel width of 0,I=4,0 ussc, opera-
ted in the time regime.Tha start-up of the analyser was synch~
ronous with the microtron current pulae, which was achisved
by means of 2 gpecial gemeratar,

While the energy dependence of the yield of prompt
fission fragments was measured, ths spark counter wes removed
from the stopping target by 50-70 cm, This was done to elimi=-
nate bresk-d from g 'ay pulses. The current decreased
to Iu«A. Under these conditions ons could determing the ratio
of the yields of delsyed and prompt fission fragments, To com~
trol the counter efficiency, its counts were regularly cali-
brated at a fired elactrom energy (gensrally at I2 or I3 MeV),
The tackground level was aleo checksd systemstically.

IV. MEASURED RESULTS AND THEIR ANALYSIS

The objective of the experiments was to produce Pu and
An fissioning isomers in the ( y,n) and ( y,y') resctions ana
determine the depend of the i yield upon the gemma-
ray snergy. The bremsstrahlumg limiting energy E; was varied
over the range of 7-16 MeV,




Table I glvea the target characteristics and the half-
lives of the nascent isomers.

TABIE I

Target | Enrichment (Target Reaction |Neutron [zomer | Isomer
% thickness| type [bind half-

_s/clz energyo2 life
MeV (pusec

239py 85 0.4 (r. ¢ | 5.69 F%u | 8.0
240p, 80 07 |(gm) |65 Fpu|.-»-

22p, 9 0.9 |(g,m) | eze PApu| 23.0

245, 98 04 |Cym) |6 P4 | 900
243, 98 0.4 (gm) | 6.2 %% | 14000
248, 98 0.4 (fsd) | =" = Pm| 6.5

The iscmers were identified by th-ir known half-livee
(rigs, 5a and 6a), In the "SA.I( & n) 2L,y reaction no
decrease in fragment activity was obaserved since TI/Z (I4 maec)
for the 2‘2Al icomer was substentially larger than the time
interval between microtron pulsss { 2,5 mssc). The identifi-
cation of the 2421- fissioning isomer was based on the follow-
ing facts. All the reactions proceeded under the same condi-
tions, TI/Z» 2,5 mssc was obssrved and the yield curve for the

Am fragments as a function of gamma ray ensrgy had a shape
analogous to that for other isomers.

a) Reaction integral yields, The direct result of the
experiments was knowledge of the number of fission events Ne
(dell:td or prompt fission) detected at a given elsctron energy

o, ralated to the unit electron current J and to the msasure~
ment time t, 1.e., the inturnl ;ioldl of the resctions were

messured to be  Y(£, )= _£z_——
where N is the number of the background events.
Fig, 5b shows the measured isomeric yields Y; in the

( ¥sn) resction, while fig, 6b gives the dependence of the

7



23mfp, isomer yield on the bremsstrahlung limiting energy
in the ( y,{') reaction. Analogous resulte have besn obtained
for Am, The atatistical errors invoived in the measure~
ments are also shom in these figures.

In the experiments the corresponding yields !f of
prompt fission fragaents have aleo been measured,

Although photonuclsar reactions are in essence ths
simplest ones, the derivation of complete quantitative inforw
mation from studying them encounters oonsidsrable diffioulties.
The matter is that retardation of fast sleotrons in a subs-
tence is accompanied by the production of photons with energies
ranging from 0 t0 a maximm energy X, squal to the kinetio
snergy of ircident electrons, Thus, the yield Y(R)) of any
reaction, to be messured experimentally, is determined by the
integral relation .

YE)=n[GlE) (e EIE, (2]

where G(£;)ie the reaction cross section; P& )ie the spect-
rum of electrons with the kinatic energy Bii A is the
coefficient asspoiated with the experimsntal geometry and the
quantity of the target subsatance.

On tha basis of the messuremsnts we know the Y; vealues
at soms n-points with a certain error (figs. 5 and 6c), Theas
Y; velues are to be used to re-establish the G (X, )
function, i.e., determine the excitation function of the
reaction, B

b) Reaction cross sectiona, In mathematios the squaticn
of typs (2) is celled the Volterra integral equation, which
is a particulsr cese of the Fredholm equation. Numerous papers
are devoted to the methods of aolving thie kind of problems,
mainly by using computers. In particular, a large mumber of
these pepers deal with photonuclear remctions 4 '53).

Although the solution of eq.(2) cam be raduced to the
solution of the system of algebraic aquatioms of ‘he n~-th
order ( n is the number of Y massurements), tiile atrsightfor-
ward sathod is frequently unsuitabls because it neglects the
etatistical character of the results obteined, and often leads
to entirely incorrect solutiona. Generaslly spseking, the Fred-
holm aquation werves sa e typical example of an imcorrectly



posed problem. The esmence of this incarrectness consists
jn thet reletively small changes in - : initial data lead
1o substantial changes in the results of the problem solution,

For sponteneonsly fissioning ipomers, such calculetions

require high accuracy in the messurements of the yields !i.
As & rule, the preset accuracy of the determination af the

G (Ey ) croses sections requires that an asccuracy in
meeauring the ¥, (Eo) yield curve be by an order of megnitude
higher, Aa the number of the detected delayed fission events
is rather amall due to the very small reactiom yield Yy
( at 12-1I5 MeV the atatisticel error ie usually &-5%), Llhere
ip no firm confidence in the correctness of the crosa section
re~egisblishment by this meihod, Nevertheless, we haw csrried
out ¢.lculations for the cross nections using two different
nethoas 2! « Both methods nre based on the statisiical appro-
sch bul the solu’ions of integral equetion (2) using & compuler
were difforent, The scheme of the calculetion was bs follown
Firat, the G; cross section was calculated from the . vect
polution of n slgebraic equetions, The resulting values were
ingerted in the initiml integral equstion and the calculated
Y. values were compared with the experimental ones. Unless
the results of ihe comparison satiafied the chosen statistiw~
cal criterion ( it is generslly analogous to the well known
statisticsl parameter, x°), the cross aection was "pmoothed”
over the first or pecond derivative. The procedure wes repeat-
ed until the necesosry agrecment was oblained.

This method of solution is called the "regularization”
l:netl‘n:ad.55 .

The calculated results are listed in figs. Sc and 6e.
Fig. 5c shows that for the { J, n) resction all the cross
pections diepluy the charscteristic feature, namely the pre-
ncnee of the ¢, meximum epproximetely at an energy E, which
i #-7.F NeV higher then the resction threshold,

The accuryenee ~f this meximur is quite elewr, Afier
pouty + endegion, the nucleus 61311 remains in an excited
wtut¢ end, due to gamms radiution, dcecendc to the lower
jromeric rtete in the accond potentirl well, Howovor, when
the eneorpy of this excitced stute is close to the height of



the outer barrier, the fission width increasss sharply and
the production cross section for isomeric states becomes
lower, Thus, in the excitetion function maximum, the effec-
tive height of the outer barrier, i.e., the excitation
energy at which the radiative width is close to the fission
one, shows up.

Table 2 gives some data characterizing the measured
excitation functions ( y, 1), i.es, the reaction thresholds
(E,p,)» the positions of the exoitation onergy msxima (X . )
and the values of the cross section (G 4} in the maximum,

The resction thresholds were determined by extrapolating

the excitation function to the zero value of the cross sec-
tion ( these extrapolation methods will be dealt with below),
The delayed-to-prompt fission ratios are elso given in the
tabla. For the calculation of these ratios the snergy depen-
dences of the fimsion cross section, shown in £ig.7, have
been used, For the 242?«: and 2‘3.41: isotopes, these depsandenw
ces were obtained by using the experimental spparatus desc-
ribed above and a technique bassd on an analyais of the
integral yielda, For the 239m and 241‘- isotopes, the data
from ref, were used,

It may be seen from table 2 that the ratios are of the
order of 10'3, i.e., by & factor of 162 higher than the
analogous ratios measured for 2 8ll and 28 Pu at ths gexma-
ray energy of 55 MeV 56) » This difference betwsen the ratiocs

%is apparently explained by the fact that at this high
limiting energy of gamma-rays only a small fraction of brems-
strahlung contributes to the formation of fissioning isomers,

Using the experimental ratios G%‘;; and the kmown values
of ,'-'//ﬁ 57), ony cen obtain the ratios of production cross
sections for a nucleus in an isomeric and in the ground state,
It is evident from the table thet these ratios are practically
the same as those in reactions with charged particles 9,



IABIE 2

- o %
Reaction Eipo Epax? Gy 'é"} A
eV MoV barn | x10™% | xI0™®

240py ( ,n) 23T py| 10,080,8] I1.5:0,2 | I70+60|1.5£0,5|04750,3
242py ( y,n)24 10T py ,95+0.3| 10,5£0.2|200£60(2,5£0.5(0.910.3
2414 ( y,n)240 ynj 9,740,3 | 11,240,2|150+50|1,0£0,3|0,5:0,2

243 ¢ ,n) 242 ) 8,7+0,3 | 10,6+0,2| 130+50]1,3+0,4( 0,410, 15

V. FISSION BARRIER STRUCTURB

Our measurements of the excitation functions of reac-
tions leading to fissioning isomers permit the determination
of a number of parameters of the two-humped fission barrier,
using the Strutinsky model.

V.I. Mechaniem of rission isomer production and of
nuclear fission in terms of the two-humped
frission barrier model,

In the two-humped fission barrier model, the processes
of fission and fission isomer production may be regarded as
including a number of successive stages, Onece a particle
or gemma-ray is captured, a compound nucleus characterized
by e strong interaction between one~particle and collective
degress of frsedom is formed. In came an adequate amount of
excitation energy is imparted to the collective degree of
fresdom, the nucleus may become strongly deformed. At defor-
mation corresponding to the second potentisl well, a large
portion of this energy may again be converted into thermal
energy, This energy re-distribution is explained by that the
deformation energy bscomes small due to the existence of the
second potential well, and the remaining energy, as a reesult
of the strong interaction, is imparted to one-particls degrees
of fresedom, The nucleus in this state cen be regarded as a
compound nucleus at large deforamstion, Such a nucleus can
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undergo fissior and emit either a gamma-ray or a neutron,
In the latter case its excitation energy may decresse to
such an extent that it will be unable sither to return to
the first potential well or undergo fission, and remain in
the second potentisl well, After the geamme-ray cascade, the
nucleus will descend to the lower (isomeric) state,

Similarly to the common nuclear atates, the cross
sections for all of these processes (fission, neutron and
gamma~ray emission) for highly deformed nuclei can be expres=
sed via the reduced widths,

With this reaction mechanism, the fission and produc-
tion cross sections for the jsomer are determined by the
folloring squetions 58,59 -

i _ % »
6’, xG;—Z—:/-EI— . /?‘:7:::7;; ' (3)

—
i _f‘_.——f" , “
6_.‘;=6;/;*/;! 2z vle
where /7 and /f are the reduced widths for the tran~
sition through ths inner barrier from the first potential
well to5 the second one and Tsverssly, respectively;

2 is the reduced width for the trensition through
the outer barrier ( the fission width for states in the
sscond potentisl well); /g7y snd /2 are the reduced widthe
I v the emission of a particle from states in the firet snd
second potential wells. In heavy muclei, only neutron and
gamma-ray emission practicslly occur, therefore, /y=/5+/7,
where /» end /p ere the neutrom and radiative widths,
respectively.

Expressions for these widths are of the following
forms
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where A and A4 are the numbers of open channels in the
inner and outer barriers, respectively; ﬁ[f?and _,O,(E ~£;)
are the level densities at the excitation ensrgy E®in the
first and second potential wells (in the second potential
well the excitation energy is lower by the magritude of the
energy in the second minimum B, than in the first potential
well); Sr is the neutron binding energy, E is
the kinetic energy of the emitted neutron, or the gamma-ray
energy; /7, A are the compound nucleus mass and radius,
respectively.

Ve2. Determination of the parameters of the two-humped

fission barrier,

If fission is considered to be a one-dimensional picture,
the two-humped fission barrier cen be describsd by six pare-
meters, These parameters characterize the height and curvature
of the inner ( £, end Adly) eand the outer { £ and #&4)
barriers, as well as the energy and curvature of the second
minimom ( & ,%w;). I ‘= geen from 8ge.(5~7) thet the re-
duced widths for the transition of a nucleus through the inner
and outer barriers are determined by the parameters of these
barriers. Since the cross sections foar the fission process smd
fission isomer production are expressed by the reduced widths,
the measurement of these cross sections allows to extract some
information about the parsmeters of the two-humped fission
barrier.



However, a large number of parameters leads to the
meagured cross section to satisfy a few different sets of
these parameters. Therefore, it is desirable to use such
reactions or those aspects of them, which are mainly depen-
dent on one parameter only and practically independent of
the othera, '

In this respect photonuclear reactions leading to
spontaneously fissioning isomers are of certain interest
pince they permit determination of the majority of the two-
humped fission barrier parameters., Fig. 8 shows the excitation
energy dependences of the cross sactions for the (4 ,4') and
(4,n) reactions, calculated by formulae (3,4), o8 well os
the isomer-to-indiced fission ratioe in the ( y,¥’') reaction,
The characteriatic discontinuities in the curves describing
these dependences permit unambiguous determination of the
heights of the outer and inner Larriers for the final nucleus,

One can judge of the outer barrier height with
respect to the bottom of the aecond potential well for the
initial nucleus by the experimental values of the isomar-to~
induced fission ratios. As is seen from eqs,(3,4), these ratios
are of the following forms

7 52/ >
/g/, = 'r//; for the ( y, y') reaction, (12)
G, e e
/U,u = 7/: for the ( ¥, n) reaction, (13)

The values of /—E‘ or /;/‘f;" obtained from these sxpressions
permit determination of the numbar of open channels above the
outer barrier at a given excitation energy and hence of the
outer barrier height. However, the latter determined in this
way will be less definite then the height value obtained from
the excitation function shape (figs. 5,6,8). Indeed, in order
to determine the fission barrier height, one requires know-
ledge of the energy interval between the barrier height sad
the excitation energy. For the determination of this energy
interval from the number of open fission channels it is
necessary to employ the model concents of the excitation energy
dependence of the level density. This Jependence was chosen
to be ot the form:
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ﬂ[;f_/)=%e£"-'%e 757 at B< B, , (14)

TG i< §)°

e e @
where the parameters & and G are chosen from the compari-
som with experimental data (mainly from the density of neutron
resonances), The parsmstera T and E, are chosen from the
condition that the dependence 0,(F77) esmoothly transform

into the dependence o, (r'7) et B =By 3
£i= 313w PLZ) +P(W) trev | 2 =E "= P(2)—PK),

where A{Z/and F(#/are the decoupling ensrgy for the pairs of
protone and neutrons, Fig, 9 shows the excitation snergy depen~-
dences of the level density, calculated by eqe,(I4) and (I5),

Using the model concepts considered above and the measu-
red excitation functions, we have obtained the numerical values
of the two~humpsd fission barrier parapeters for Pu and Am iso~
topes,

It is sesn from comparing figs, 8¢ and 8a that a large
part of ths experimentally memsured excitation funotion for
the 2%y ,[’)zamm reaction lies above the inner barrier,
There are only indications of a decrease in the cross ssction
at an excitatiom ensrgy of 8§ MeV, Hence one can make marely
& rough estimation of the inner barrier height to bs 8-7 MeV,
The same estimation can be made for the height of the inner
barrier for the 24%in isomer,

Some data on the outer barrier for the 239?11 nucleus
can be obtained from the messursd ratio /8, which is equel
to 10~ at an excitation ensrgy of 7 MeV, It is experimentally
known that the radiative width slightly changes witk excitation
energy and equals about 0,03 eV at the given energy, Thus,
from eq,(I2) one can derive the reduced fission width for the
states in the ssoond potsntial well, 73 ~ 100 o¥s

Por tbe 2%y micleus 62), it is possible to obtain the
‘ralue of the level density in the second potential well at an
sxcitation snergy of 7 MeV ( 2; ~ 16°  1/May) by extrapola~
timg the sxpsrimentally obssrved modulation of subbarrier fissior
r The kn values of /-: and o7 enbls ome to




determine from eq.(7} the number of open channels Ng under
the outer berrier, The calculations yielded the value ~ IO,
This corresponds to the excitation energy of about I.5 MeV
with respect to the peak of the outer barrier and leuds to
the value £ e 5. eV wiih an error of 0,3 UeV,

More com..ete and more definite data on the parameters
of the two-humped fisaion barrier can be obtained from the
measured excitation functions of the { y,n ) reactions, The
excitation functions presented in fig, Sc make it poasible to
determine the heights of the outer barriers of the mentiored
nuclei ( according to the position of the excitation function
maximum), However, it should be noted that in thie case aome
effective height of the barrier, at which the fisaion and radia-
tive widths are equal, rather than the real one, ia determined.
The real barrier height exceeds the effective one by 0.7 MeV
for odd-0dd nuciei (“4Cam, 242pg) and by 0.8 MeV for sven-odd
nuclei (23°Pu, MTpy), In calculating this difference, use
was made of the level density obtained from the observed sube-
barrier rouonanccﬂa d the barrier curvature parsmeter squal
to 0.4 MeV for odd-odd nuclei and to 0,5 MeV for even-odd
nuclei 63). The heighta of the outer barrier, obtained in this-
zenner with an error of O,2 MeVY are shown in tsble 3,

Unlike the outer berrier height, the energy of the second
minimum { or the energy of the isomeric state) cennot be de~
termined from the excitation function shape so unambiguously.
Indeed, due to ihe low isomer cross section, the last excita~
tion function experimental pointe are~1 MeV higher than the
suppased threshold, "‘herefore, to determine the threshold
( with an accuracy of 0,I=0.,2 NeV), extrapolation of the expe-
rimental excitstion function 10 the region of lower ensrgies
is necessary. Since the behaviour of the excitation function
in the vicinity of the threshold is unknown, in the extrapo-
lation the calculated excitation function psssing through the
experimental points is used, It is natural that the threshold
valus depende in thie case on the choice of a model that
defines the excitation snergy dependence of the cross section,

In the statistical model of & nucleus %4) the excita-
tion function for the reaction with the evaporation of ome



neutron is determined by the following relatiom that well
describes the sxperimental data
aE
6, =6.(r—e" T}, (16)
where G is the compound nucleus cross section;

AL is the excitation energy counted off from the resction
threshold; 7 is the nuclear temperaturs, It can howsver be
expected that, owing to the complex mechanism of reactioms
leading to spontaneously fissioning isomers ( initially large
nuclear deformation followed by the emission of & neutron),
the excitation function will not be described by such & simple
expressiom, A number of formulas have bsen suggested to deso~
ribe tha excitation energy deperdence of the isomer production
cross saction. R.Vandenbosch 85) has derived the following
equation » B _$_£

6 =6.f7-(r+ 5)e” 7, )
which i. based on the assumption that the eveporation of
a neutron from the compound nucleus leads to the residuai
nucleus to appear either in the first or in the second poten~
tial well, between whose levela transitions aprs forbidden.
With the described multi-stage mechmism of isomerio
state population and fission, the isomer production cross
section can be writtem, using egs.(3) and (4), in the form

as follows
/2

G =6 7F ° (18)
The energy dependence of the fission cross section is well
known experimentally ( in the energy range measured, the
fiesion crose section varies very little). Therefers, the
behaviour of the excitation function of the reaction leading
to the formatiom of spontaneously fissioning isomers is deter-
mined by the ratio ’7'}//';' as a function of energy. The energy
dependence of the reduced neutron and fission widtha has been
calculated using eqe.(7) and (9) and the excitation energy
dependence of the lavel density, shown in fig, 9, In calcula~
ting /7: and 7z it was taken into amccount that the denmaity
parameter of the levels 2 at ths barrier is by 20% larger



than that in the potential well (4= I.2,)%T), Ths heignt
of the outer barrier relative to the bottom of the second
potential well was chosen to be equal to 3 MsV ( the calcu=-
lations showed thet the outer barrier height strongly affects
the absolute value of ”’Vr;‘ » but this influence on it energy
dependence is weaker), Figs Io shows the excitation functions
for the reaction producing spontaneously fissioning isocmers,
calculated using formulas (I8-I8), It is ssen {rom this figure
that the excitation functions calculated using different for-
aulae differ to & noticeable extent, Consequently, their use
in the treatment of experimental data leads, as has already
ozen noted above, to different values of the reaction thresh~
old, This differsnce grows with using diffarent valuss of the
T and Q parametars thet are components of eqe.(I4) snd (IS5).
For instance, with changes in the parameter T within the
limits of 0,6-~I.,0 Me¥ or in the parameter Q within the
limits of 20-35 I/MeV ( ths sxperimental values of these
parameters lis in thess particuler ranges), the resction
threshold valuss may differ by 0,3=0.4 MeV, This dependence
on tha parametars that are unimown for highly deformed states
leads to an error of 0,3 MeV in the determination of the iwo=
meric atate energy,

Table 3 shows tuae isomerio state ensrgies obtsined using
the excitation runction caleculated by formula (I8), In deter=
mining the threshold the experimental and calculeted enargy
dependences of the reaction croee sscticns and the yielde were
compared, In the case of yielde, the celculsted cross nctionn

wers integrated over the spsctrum of electron brnnatnhhmc
using eq.(2),

The isomer-to-prompt fission ratio (a“ ‘;"' ) in the
excitetion function maximum permits dntoninltion of the haight
of the outer barrier for the initiel nucleus with respect to
the bcttom of the second potential well o l, Bs e
Fige II shows the calculated deapendence of ‘Vr on the outer
barrier energy, The dependence of the level donsity on excita=
tion energy, shown in fig. 9, was used to celculate the /»
and. /7 values. From the comparison of the measured values



of 6"./6} with the calculated ratios /';//", , shown in fig, II,
one cen obtain the values of ( Eg — B, ), which are also
presented in table 3. The error in determining the difference
( E,— B, ) is 0.3 MeV, due to &n uncertainty in the parame-
ters that are components of the expreasions for the level
density.

TABLE 3
Nuclsus The ( y,n) resctions The ( y, ¥') reactions
By | BgBys | Eps Bgs By
MoV | Mev eV eV eV
209, |3,540.3 | 2.8£0.3 | 5.8:0.2 | 5.5£0.3 | 6.5:0.5
240p, 2,6+0.3
24Tp; [2,740.3 | 2.420.3 | 5.1:0.2
242p, 2.6+0.3
240, 30403 | 24320.3 | 5.2£0.3
LT 2,5+0.3
242, 12.4+0.3 ! 2,7+0.3 | 5.1:0,2
™ 2.230,3 5.5¢0.3 | 645106

V.3, Comparison with other data and with theoreticsl
calculations,

It is of interest to compars the parameters of the
two-humped fission barrier listed in tebls 3 with the anslo-
gous parameters derived otherwise, and also with the results
of theoretical caleulations,

In rof.”) the X4 and E; values for Pu, Cm and Bk
isotopes are obtained from an analysis of the excitation
functions for reactioms involving the evaporation of two or
thres neutrons, lssding to the formation of spontansously
fissioning muclei, In this snalysis the mentioned concept of
the sechanism of resctions leading to spontsneously fissioning



icomers was used, However, in contrast to our excitatiom
function calculationa based on the statistical properties
of nuclei, the authors cf rcf.”) employed the aspecific

spectra of oma-particle states at different deformations,

Information on the two-humped fisaion barrier params -
ters can aleo be obtained from the studies of the induced
fission of nuclei. As has been noted above, the modulation
of subbarrier fission resonances, observed in a number of
casen, is explained by the existence of quasistationary states
in the sscomd potential wsll, From the known aversge spacings
between the levels in both potential wells, the fission widthe
of these levels and the dependence ol the fission cross sec-
tion on excitation ensrgy, it is possible to determins the
E, ,5, smd li peranaters, The data on.these paramsters,
obtained on this basis, are listed in retyd

The valuwss of the £, and I, parameters were e¢lso
determined in a study of the (d.p?) resction 987( the rission
probability was measured as a funotion of nuclear excitation
energy) and of the ( y,f) resction 88) ( the fission cross
section and the anguler distribution of fission fragments
were masgured as a funstion of the gamme-rey enmergy).

Figs. 12 and I3 show the dependence of the E, , E4
and B valuea for Pu and Am lsotopes on mass nuaber. It is
seen that good agreement existe between the values obtained
in different ways,

A large difference (~0.8 Ne¥) in the B; .velues for
the 3%y isotope, revealed in the msasurements of tls thresh-
0lds of reactions with gamsa-rays and charged particlas,
attracts attention, This differemnce reaching bayoud the liamits
of CITOTS ssems to be due to the diffarent initial states of
the 240p, compound nucleus and to the level struoture in the
sscond B(‘tlntil]. well of the 239y muclsus, In fact, the spin
of the ‘°ra compound nmucleus at photon capture is equal to
1", therefore, at the evaporation of a neutron low-spim lsvela
will bs populated unlike the case of alpha particles, whare
the initial state of 240p, is characterized by a wide angular
momentum spectrum, If ons assumes now thet the iz-meric state
of 23%Tp, 1ue & sufficiently high spin ( >5/24 ) and



the low-apin levsls are rather high-lying  (above 0,5 MeV),
an extrapolation of the measured excitation function for the
( ¥yn) reaction will lead to the lowest state with low epin
(<5/2 A ) rather than to an isomeric state, Figs, I2 and

13 also show the £; , E; ard E parameters calculated

by the shell correctioca methed 67"6§ » Good agreement with
the experimental data is clearly seen at A <242, It is how-
ever notewortbhy that the calculated harrier parameters incrsase
with mass number ( with moving toward the subshell containing
IS52 neutrons), while the experimentsl values do not exhibit
this depsndence.

These inveatigations of Pu and Am fissioning isomers
produced in photonuclear reactions indicate that gamma-rays
are an effective means of studying the properties of heavy
nuclei at anomalously high deformsticns, Further development
of these investigations will ellow to obtain information about
the fission barrier shape for & wide range of nuclei, about
the tranesitions between the levels of different potentisl
wells, and about the probasbilities of different decay modes
for quasistetionary states in the second potential well.

In conclusion, the muthors express their gratitude
to Agademigians P.L.Kepitss and G,N,Flerov for permansnt
support of the work, end to Profeesor S.P.Kapitsa for helpful
dir:ussions.
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Fige I.

Systematica of apontanecus
fission half-lives

for nuclei from U to Bk,
The upper part is for

the ground states, while
the lower one ia for
isomeric states,

® = even-even nuolei;
4 - even-odd, odd-even nuclei;
® = 0dd~o0dd nuolei,

DEFORMATION

Fige 2, One-dimensiomal fisasion barrier. The solid curve
corresponds to & two-humped fission barrier;
ths dashed curve is ths fission barrier for ths

liquid-drop modsl,
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Fige 3.Schematic diagram of the experimental set-up}
{I)microtron,
(2) quadrupole lens doublet,
(3) stopping target,
(4) electron absorber,
{5) spark counter,
{8) electron current mster,

Tige 4. Schematic disgrem of the spark counter sad the basic
electronic eireuit of ths pulsed counter gomtrols
(I) target, (2) coumter anode, (3) cathode,
(4) counter tamk, (5) protecting screenm.
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Fige 5. ) The decay curvea for fission isomers resulting
from the ( y,n) reactions (N p is the number of
counts, ¢ is the time of delay);
b) The measured yields 'i of the ( yyn) resctions
leading to fission iscmers, as a function of the
upper limit of the gamme-ray bremsstrahlung energy(E, )}
¢) The excitation functicns of the (g,n) resctions
obtained from the messured yields,

Ney.
» \'\‘N H‘. 8.
e The descay curve for the 239Pu
- Ly fiseion ivomer (a),
e the mensured yield as a
- function of the gamma-ray
s energy (b) snd the excitstion
i function of the reactiom
%l y, 522y (o),
¢
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Fig, 7. The photofission cross section as a function of
photon snergy,
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for fission isomer formation
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Fige 9,

The compound nuclsus level
density ( £) as a function
of the excitation energy
E%) for Pu and Am isctopes.

H.n 10,

The calculated fiesion
isomsr excitation functiom

( %%, is tte probeblity of
fission isomer formation,
I® is the excitation energy
relative to ths resctiom
threshold), Nusbers I,2emd 3
refer to calculatioms by
0q8,(18,17,18), respectively,

rig. II,

The calculated ratios %
o8 8 functiom ef the
difference between the
psutron binding energy and
tha outer barrier height
relative to the isomer state
(Bn-Bi.) for Fu md Am
isotopes,



Fige I2,

The experimsntal aend calculsted
valuss of the fission

barrier perameters (E,, Ep, E,)
as @ function of mass

number (i) for Pu isotopes.

0~ our results,

# = the values obteined from
reactions producing frission
isomers by charged part.i.clue?),
¥ - the values from the (n,r)
and (4,pf) reactions 38,63),

4 = the valuss from the ( y,f)
reactiom“) N

=== = calculations of M,Bolsterly

ot 21,59,
===« calculations of H,lauli
and T.udervborgerﬁs) .

Fige 13,
The experimental and calculated

values of fission
barrier parameters as a function
of meass number for Am isotopes,

The notation is
the same &s that in fig. 12,
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