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The cross-sections for the formation of spontaneously fissioning isomers
have been measured in (n, 2n) reactions on 2399Puy, 241Py, 240Am and #2Am
and in (n, 1') reactions on **Pu, 2Am induced by 14.7 MeV neutrons.
Figsion fiagments were detected by means of & multiwire spark chamber.
It was found that tho spontaneously fissioning isomers are formed with
considerably lower cross-section in (n, n’) reactions than in (n, 2n) reactions

INTRODUOTION

Nuclear roactions leading to the formation of spontaneously fissioning isomers
appear 1o be the main source of information about the properties of these states.
Investigation of such nuclear reactions enables one to determine the excitation
energy of tho isomer, estimate the significance of its spin and determine several
unusual properties of isomeric states. In such investigations various types of
bombarding particles (from photons 1o heavy ions) have been used. Use of such
u wide rango of bombarding particles enables one firstly to enlarge the region of
isomers that can be investigated and secondly to study different aspects of
nuclear roaotions and consequently the difforent properties of isomeric states.

Tho prosent work was carried out to investigate the oocurrence of sponta-
neously fissioning isomers in nuclear reactions induced by 14.7 MeV neutrons.
In genoral, nuclear reactions with neutrons havo several peculiar features. The
abgence of Coulomh barrier in these reactions permiis the use of relatively low
onergy noutrons resulting in compound nueloi of correspondingly low excitation
onergy. Cross-sections of reactions induced by ncutrons are, as a rule, higher
than those of charged particle induced reactions. The great penetrability of
noutrons permits the use of sufficiently thick targets located inside the measur-
ing chamber. At tho same time, however, the intensity of neutron beams that is
obtainable is lower than that of charged particle beams. The neutron beam is
usunlly very wide and strikes not only the fissiblo target under investigation
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but also the nearby materials. There is, therefore, always the problem of shield-
ing tho target from scatiered neutrons. Neutrons of 14.7 MeV bombarding heavy
nuclei cause, in addition to the fission reaction, mainly the (n, 2n) and (n, n') re-
actions. The (n, 2n) reactions are believed o proceed mainly via the formation
of compound nuelei. The cross-section of (n, 2n) reaction for very heavy nuclei
in the region Th-Am is, at the maximum of tho excitation function (at an energy
approximately of 14 MeV), in the rogion of 0.5-1.5 barn. On the other hand,
the (n, n') reactions probably have a substantial contribution from direct inter-
action of noutrons with nuclei, resulting in the excitation of collective states in
the residual nucleus. Investigations on the inelastic scattering of 14 MeV neu-
trons on nuclel over a very wide region of Z and A (up to Bi) by Stelson et al
(1965), Pearstein ef al (1965) and Kuijper et al (1972) show that the (n, n’) reactions
ave charactorized by direction interaction of noutrons with nuclei and the largest
cross-sections (0 1-0.2 barn) oocur for the excitation of collective states of energy
up to 5-6 MeV in the rosidual nucleus. To our knowledge no such cxperimental
data are available for very heavy clements of interest here, but it is possible that
w the lattor caso also the (n,n’) reactions have appreciable contribution from
diroct nteraction resulting in the excitation of collective levels, leading to tho
populatton of spontaneously fissioning isomeric states. The (n, 2n) and (n,n’)
reactions at a neutron energy of 14.7 MeV may thus be difforent in their charac-
teristics.  Thorefore a measurement of cross-section for the formation of sponta-
neously fissioning isomers in theso roactions may help learn about tho states
through which the isomeric states are populated

EXPERIMENTAL SET-UF AND PROCEDURE

This work was conducted using the neutron generator NG-200 in the Labo-
ratory of Nuclear Reactions of the Joint Institute for Nucloar Rosearch. Neu-
trons of 14 7 MoV were produced with tho reaction *H(d, n)*He. Figure 1 shows
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Figuve 1, A schematic diagram of the exporimental set up.
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a schomatio diagram of the experimental set-up used. The beam of deuterons
accelerated to about 200 keV was modulated using a system of parallel-plates
on which were fed square-wave pulses of amplitude 500V (the pulse width as well
as the frequency could be changed over a wide range of values). The modulated
beam of deutorons, after passing through the analysing magnet, hits a tritium
targes placed inside a Faraday-cylinder; the lattor was used for the measurement
of the besm curront. The analysing magnet prevented the neutral atoms of
douterium from reaching the tritium target (the neutral atoms arise from the
intoraction of accelerated doutorium ions with the residual gas in the vacuum
tubo).

The modulatoed beam of noutrons (the intensity of neutron beam was moasured
by & sointillation counter having an organic crystal) bombarded the target under
investigation placed inside a spark counter which served as the fission fragment
detector. The multiwire spark counter (Gangrsky ef ul 1970) used was filled with
a mixture of helium (10 mm of Hg) and nitrogen (750 mm of Hg). Such & counter
is characterizod by its extremoly low efficiency of rogistration of alpha particles
(less than 10-199%,), which enabled us to uso a target of very high alpha activity
(up to 10° alpha partioles per sec.). Pulses from tho spark counter, which were
caused by fission fragmonts, were fed to a time analysor whose oporalion was
synchronized with the pulses from the deuteron-beam- modulation-system. The
time-analysor consisted of a time-to-pulse height converter and a 128-channel
pulse height analyser. The distribution in lime of the pulses from the spark
counter during the poriod of absence of the neutron beam enables to determine the
half-life of the spontaneously fissioning isomer produced in the reaction. The
intensity of neutrons dropped down by a factor of about (2-8)X10% m a time
interval of 1-3uscc depending on the width of neutron pulse and this time doter-
mined the lower limit of the measurement of the half-lives of the isomors. Sponta-
neously fissioning isomors with shorter half-lives (<<1xsec) were earlier investi-
gated (Gangrsky ef al 1970) using a difforent method based on the mcasurement
of time of flight of recoil nuclei prior to fission.

Thoe main source of background. which dotermined the lower limit of measure-
ment of the cross-section for the formation of spontaneously fissioning isomers,
seems b0 bo the neutrons whioh are produced when the deuteron beam has de-
flected away from the fissile targol These neutrons aro produced due to the
interaction of the deflocted beam with the small traces of deuterium collected on
the collimator and also when the seattered douterons hit the tritium target. In
the vase of isotopes which have & large thermal ncuiron fission cross-section
(335U and 2%Pu) an additional source of background is due to the low energy
neutrons which may fall on the target some x seconds after the termination of the
neutron pulse, as a result of thermalisation of fast neutrons in the walls of the room.
To shield the chamber against these noutrous the chamber was covered with
cadmium and boron.
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RESULTS AND DISoUssIoN

Using the set-up described above, targets of isotopes of Th, U, Np, Pu and
Am were irradiated with the neutron beam. In a number of cases (*°Pu, 242Pu,
21Am and 282Am isotopes) we observed noticeable yield of fission fragments fiom
the delayed fission, Figure 2 shows the observed time distribution of delayed
fission events (to increase the number of counts per channel the width of the channel
during the period of absence of neutron beam, was chosen to be ten times larger
than that of the channel when the beam is present). A higher level of background
in the case of 24°Pu and 242Pu isotopos is attributed to the fact that these isotopes
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Figare 2. Time distribution of fission fragments in reactions -
1) #49Pu(n, 2n) 9m/Pu
2) 243Py(n, 2n) 24mSPu
3) 9Am(n,n’) 243mfA;m
Ny is the ber of ts per ch 1 and ¢ 18 time in x seconds.

have a comparatively lower half-lives &s regards their decay by spontaneous
fission, From the data on time distribution of fission fragments shown in figure
2 it is seen that in the neutron irradiation of 2¢Pu and *#Pu isotopes the delayed
fissions have half-lives of 6.5 ysec and 25 usec, respectively, and this indicates
that in (n, 2n) reactions the known spontaneously fissioning isomers 2**Pu and
“IPy are formed (their half-lives, according to the results of Polikenov & Bletten
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(1970), are 8.5usoc and 27usec. rospectively). Measurement of balf-lives of
spontancously fissioning events enables ws to identify the isomers. In the inadia-
tion of #9Am jsotope two spontanecusly fissioning isomers were observed, one with
o half-life of 14msec indicates the formation of 242Am isomer in (n, 2n) reaction
and the other, of considorably lower yield (figure 2), with a half-lifc of 8uses due
to tho formation of 22Am isomer in the (n, n’) reaction Such a low yield also
characterizes other spontaneously fissioning isomers (29Pu, 21Am) formed in
(n, n’) renctions. In the irradiation of isotopes 232Th, 2357, 2387 and 2*Np no
delayed fission fragmonts were observed. This indicaies that the spontaneously
fissioning isomers (if they oxist) either have half.lives less than lusec, or the
cross-section for their formation is at least: 10 itimes lowor than that for Pu and
Am isomors, or the principal mode of decav of thoso statos is via the y-radiation
hut not spontanceous fissjon,

The observed time distribution of fragments cnables us to determine the ratio
ay/oy of cross-sootion for the formation of isomers to that for prompt fission (or
an upper limit of this ratio, if isomer was not obsorved). Tho observed values
of the ratio ooy for all the isotopes irradiated are given in table 1 1In the caso

Table 1. Cross-section for the formation of spontaneously fissioning
isomers in reactions induced by 14.7 MeV neutrons.

Isomor Ty, Reaction oyforx 10-1 m:::m- ooy 10-
soc barns
2UTh —  39Th(n, 2n) <0.1 <3.6 <0.02
20477 -~ 2%Un,2n) 0.2 <45 0.7
a7y —  ®Qm,2n) 0.1 <12 <0 15
28Np - 2"Np(n,2n) <01 <20 <0 6
Fopy 8.5 10-9 290Py(n, 2n) 1.0 240 8
230 Py 8.56% 10-8 22°Py(n, n’) 0.3 80 3
upy  2,7x10-% #3Pu(n,2n) 1.7 300 5.5
M0Am  0.9x10-3 *Am(n, 2n) 1.0 200 7
MAmMm  1.5x10-¢ *#1Am(n, n) 0.4 100 4
212Am 1.4 x10-2 29Am(n,2n) 1.5 260 [

#Am  6.5x10-° #3Am(n,n’) 0.3 50 2
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ot (n, 2n) reactions the error in the measured ratio is equal to 25-30%, and is
connected with the ostimation of background and the correction for the decay
of isomer. In reaotions (n,n’) the error in the measured ratio 1s considerably
higher {~~ 50%) hecause of the much lower yield of the spontanconsly fissioning
isomers.

The cross-section for prompt fission of isotopes under investigation is known
and from the measured ratio /oy one can obtain the cross-seetion for the forma-
tion of spontancously fissioning isomers (o) produced in (n. 2n) and (n, n') reactions.
Tor 21Am and *42Am isomers the cross-section thus obtained is in agroement with
the known values (Linev ef al 1965, Polikanov et al 1965) Tt is seen from {able 1
that the cross-soction of reaction (n, n’) resulting in thes formation of spontaneously
fissioning isomer is considerably less than that of reaction (n, 2n) resulting in
the formation of isomer. However, at lower neutron onergies (3-7 MeV) the cross-
soctions of (n, n’) and (n, 2n) reactions are nearly of the same value (Gangrsky
et al 1971).

From the investigations on the inelastic scattering of 14 MeV noutrons carried
out by Stelson et al (1965), Pearstein et al (1965) and Kuijper et al (1972) one can
estimate the values of the cross-sections for the excitation of all collective lovels
in the energy region 3-6 MeV (from the encrgy of isomeric state to the neutron
binding energy). For nuolei over a wide region of Z and A (up to Bi) these cross-
soctions are about 0.25 barn. If the cross-seotions for the excitation of collective
levels in the energy interval 3-6 MeV for Pu and Am isotopes are also of the same
ordor of magnitude, then the ratio oo, of the cross-section for the formation of
isomers to that for the formation of these states will be ncarly equal to the iso-
meric ratio for the (n, 2n) reactions (as seen from table 1). The cross-section
og of (n, 2n) reaction for ground state, which is roquired to caleulate the isomeric
ratio, is known from oxperiment or may be calculated from the known cross-
section for tho formation of compound nucleus and tho ratio of neutron to fission
widths. In this way, from a comparison of cross-sections in the (n, n’) and (n, 2n)
reactions one oan infer that the collective states which may be excited in (m, n')
roactions are characterized by practically the same probability of transition to
spontaneously fissioning isomeric state as are the usual compound nuclear states.
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