Delayed fission

V. l. Kuznetsov

Joint Institute for Nuclear Research, Dubna

Fiz. Elem. Chastits At. Yadra 12, 1285-1323 (November-December 1981)

The experimental investigations of nuclei whose daughter products after K capture or §~ decay undergo
fission from an excited state (delayed fission) are reviewed. The main theoretical ideas about the process of
delayed fission, the possibility of determining the heights of the fission barriers from the measured

probabilities p , and the part played by delayed fission in nucleosynthesis in pulsed neutron fluxes and the r

process are considered.
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INTRODUCTION

With increasing neutron deficit or excess the g-de-
cay energy @ of heavy nuclei becomes comparable
with the height of the fission barrier or even exceeds
it. As a rule, g decay takes place to not only the
ground state but also higher levels of the final nucleus.
In contrast to @ decay, the energy of the excited levels
is not necessarily low, and may, in fact, be compar-
able with the total energy 3. Thus, in some cases the
excitation energy E of the daughter nucleus after decay
to a high-lying level is sufficient for fission to occur.
By analogy with the emission of delayed protons and
neutrons, such a process has been called delayed fis-
sion.!

Delayed fission was discovered for the first time in
an attempt to synthesize spontaneously fissioning shape
isomers in the region of neutron-deficient nuclei.?
Subsequently, nuclei that undergo delayed fission were
identified in reactions in heavy-ion beams.!3

Experimental observation of delayed fission is pos-
sible if the probabilities of the competing processes
of de-excitation of the daughter nucleus, namely, the
emission of y rays and delayed neutrons, are of the
same order as, or less than, the fission probability.
These conditions are ensured when the probability b(E)
of population of the levels of the daughter nucleus is
fairly high in the region of energies B;. The proba-
bilities of B and o decay of the parent nucleus must
also be of the same order.

The conditions for experimental observation of delay-
ed fission are most frequently satisfied for odd-odd nu-
clei. The large @5 compared with neighboring nuclei
due to the odd-even effect and the high fissility of the
even—even daughter nucleus have the consequence that
@gand B, are comparable even at a relatively small
distance from the line of g stability. The high neutron
separation energy B, of the daughter nucleus reduces
the competition from emission of delayed neutrons for
neutron-rich nuclei. In addition, the density of the low-
lying levels of the even—even daughter nucleus is low,
which facilitates population of the high-lying levels.

The region of nuclei in which delayed fission is ener-
getically possible® is shown in Fig. 1.

Study of delayed fission opens up new ways to investi-
gate nuclei far from the g-stability line. Thus, ex-
perimental data on the probabilities of delayed fission
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characterize the parameters of the fission barriers,
the quantities that determine the stability of a nucleus
with respect to spontaneous fission, its fissility at low
excitation energies, and so forth.

At the present time, the parameters of the fission
barriers are measured in induced-fission reactions at
low excitation energies and in synthesis reactions of
spontaneously fissioning isomers. However, these
methods are inapplicable for nuclides at a significant
distance from the g-stability line— either because
there are no spontaneously fissioning isomers, or be-
cause of the impossibility of synthesizing nuclei in this
region. Delayed fission is manifested in many process-
es, including 8 decay. It undoubtedly plays an impor-
tant part in astrophysical processes involving the syn-
thesis of heavy and superheavy elements. According to
modern ideas, delayed fission is an important source
of energy of supernovae at a definite stage of their
evolution. Only allowance for delayed fission made it
possible to explain and predict the synthesis of heavy
elements observed in the pulsed neutron fluxes of ther-
monuclear explosions.

1. THEORETICAL TREATMENT. BASIC IDEAS

Delayed fission was considered qualitatively in Ref.
6. The complete description of delayed fission involves
fairly complicated transitions in the participating nu-
clei.

The usually adopted shape of the two-hump fission
barrier of a nucleus and the various transitions that
lead to delayed fission are shown in Fig. 2. If the g
decay results in population of levels below the fission
barrier and E, < B,, where E; is the energy of the level
and B, is the neutron separation energy, the nucleus
can undergo fission, since under these conditions the
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FIG. 1. Regions of delayed fission,
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FIG. 2. Decay scheme of a nucleus in the case of delayed
fission.

widths of the radiative transitions to the lower levels
are appreciably less than the fission width, i.e., Ty
> T,. If the relation E,; > B, holds for a given level of
a neutron-rich nucleus, emission of a delayed neutron
begins to compete with the fission process. As a re-
sult, the probability of fission from the level E, is
T((E)[TE )+ T(E)]™.

The fission process is more complicated when the
energy of the excited level lies between the energy of
the second barrier Ey and the energy of the second

minimum Eyi. At -excitation energies in this interval, - . ...

fission takes place from the states in the second poten-
tial well, as was shown by investigations on below-
barrier photofission of heavy nuclei.! Two possibilities
exist for a transition to the second potential well.

After g decay, the nucleus (Z,N) goes over without
significant change of deformation to a level of the first
potential minimum. Then the nucleus tunnels with
probability WA (E) through the inner barrier A into the
potential well II.

Another possibility is decay with a significant change
in the deformation and a direct transition with proba-
bility W, (E) to the levels of the well II. If we denote by
Wg(E) the probability of tunneling through the barrier
B, and by W,, and W, the probabilities of y transitions
in thse first and the second potential well, respectively,
then

T Wa--Wh
Tt ™ WatWALW,,
( Wg e W Wg ) (1)
Wat Wt Wy, +Wa  WatWotWy +WWa+Wp+Wi

The first term on the right-hand side of (1) is the
probability of transition of the nucleus to a state of the
second potential well with energy E, and the expres-
sion in the brackets is the total probability of fission
from the second well. In many cases, the expression
(1) simplifies considerably, since in concrete calcula-
tions the transition probabilities are of different order
and, as a rule, some of them can be ignored.

Probability of delayed fission. The main character-
istic of delayed fission, its probability P, is equal to
the probability of fission of the daughter nucleus form-
ed in the excited state after the 8 decay. The proba-
bility P4, relates experimentally measured quantities,
namely, the cross section for the production of fissile
nuclei in the nuclear reaction, ¢!, to the production
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cross section o and the half-lives T,, Ts, and T, of
the parent nucleus until @ and 8 decay and spontaneous
fission:

o;=0T, (iﬂzm g ) Py (2)

The probability P,, of delayed fission from the daugh-
ter-nucleus level E, is proportional to the preduct of
the probability b(E,) of population of this level and the
ratio of its fission width T'((E) to the total width I'\(E):

Iy (£

Pr=1m

b(E:). (3)

The influence of the structure of the nucleus on the g
decay is described by the strength function SgE,). The
probability of population b(E) is related to S dE,) by

b (E;) = kSg (B)) f (2, Qs — E0)- (4)

Here, k=T, 3, and f(Z,Q@s~E,) is the Fermi func-
tion which characterizes the kinematics of the g decay.

Ultimately,

3 £(2, Qp—Ei) Sp (E) Ty (E) Te (B9
T

Fars (@, Qa—ED Sp(Ed) (5)
Strength function. The strength function S4(E) (see

Refs. 9 and 10) can be represented in the form
\?‘, pr (Ep) | Mif |2ty MeV™! -sec?, (6)

where |M,;|? is the mean probability of transition to
the final level f with energy E,, p;(E) is the density of
the levels of the daughter nucleus with spin and parity
satisfying the selection rules with respect to J, and 7,
is the universal time constant of g decay.

In the analysis of delayed fission, three assumptions
are usually made about the form of S4E):

1) Sg(E)=const,E >C; SE)=0,E <C;

2) S{E)~p(E), where p(E) is the level density of the
daughter nucleus;

3) SYE) can be calculated on the basis of the gross
theory of g decay.

Transitions of Fermi type are concentrated in a nar-
row energy interval (>0.3 MeV) in the region of the
isobar-analog state, which lies at an energy around
20 MeV for heavy nuclei, i.e., appreciably higher than
the excitation energies of the daughter nuclei of the
actinides formed after 8 decay. Therefore, in the re-
gion in which we are interested Gamow~Teller transi-
tions are either forbidden or suppressed.

To interpret the experimental data, the approxima-
tion 1 is successfully used'!''? in the study of neutron-
deficient nuclei, while the approximation 2 is success-
fully used for neutron-rich nuclei.'®''* However, nei-
ther the first nor the second assumption about the
form of S(E) fully reflects the influence of the real
nuclear structure on the matrix elements of the 3
transition, since the selection rules are not taken into
account. The S4E) determined on the basis of the
gross theory of g decay is a better representation of

the strength function. In this case, one does take into
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account the single-particle selection rules and nuclear
structure, albeit very simplified.

The existence of low-lying structures in the strength
function having a considerable influence on delayed
processes has recently been demonstrated,'® and these
structures have been calculated by a “microscopic”
method for some nuclei in the region of the actinides.

For example, the strength function has been calcu-
lated for the Gamow-Teller 8 decay of ***Pa and *®pa,
The deformation of the nuclei ***U and **U was not
taken into account. The matrix of the Hamiltonian H
=H,,+H,, was diagonalized numerically on a basis of
single-particle proton and neutron-hole states with
spin I*. The interaction Hamiltonian is H,,, = %,(0,05)
X(7,7,), where %, is the coupling constant.

There are two types of collective state for Gamow—
Teller 8 transitions that can be situated in the @ ; win-
dow, namely, core-polarization states and states of the
inverse spin-flip type.

For heavy nuclei, theoretical calculation yielded the
reduced probabilities B(M1,¢) of 8 transitions to these
states. Figure 3 shows the strength functions of Gam-
ow-Teller g decay for ***Pa and ?**Pa. The behavior
of S does not change qualitatively if the parameters
used in the calculation are varied in reasonable limits.

The strength functions for the nuclei %Py, *4Cm,
and **Fm, which undergo electron capture, were
determined'’*!® on the basis of the following assump-
tions. The quasiparticles are uniformly distributed
over the hy,y, i,3/5, and f;,, proton subshells and the
&9/2> i1z, andjyz,, neutron subshells. The Hamilto-
nian H =%,(17)/2 + %,(77)(00)/2 of the system is diagon-
alized on the basis of the states 1-4. Further, A,=A
=A=0.4 MeV, and the spin of the parent state is as-
sumed to be I*:

»

1. p“m’!w’ (H,-”/? ® niule)ﬂh £=0;

2. pilaﬂ'z_*(n"u’z ® n':nfe)f' E=2A,;
3. Py = (nin.'z ® nin/\z)ﬂ"" E=2Ay;
= (Pijgyy @ Pajgpdsi
i I'Jil_qlz}—i-[(lJi @ ni )+ @ (Piyyy, @ 1) g o

i, 13/2 11/2'1 13/2 11/ 17107, 2

E=2A,-+2A,.

The main uncertainty in the position of the S, peaks
is due to the pairing energy. Allowance for deforma-
tion of the nuclei must lead to a broadening of the peaks
by not more than 1 MeV.

Fission and radiative widths. The fission width T,
is determined by the relation

Iy = p (E) [2ap (E)]7, )]

where p(E) is the barrier penetrability, and p(E) is the
level density. The penetrability p(E ) of the two-hump-
ed barrier is determined by the solutions of the Schri-
dinger equation for the reflected and the incident wave
when the potential is given by joined parabolas that ap-
proximate the two-hump barrier (see Refs. 19 and 20).
For a single-hump barrier, the penetrability is de-
scribed by the classical formula®!
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FIG. 3. Calculated Gamow- Teller strength functions S for
the nuclei #**U and ¥y,

P (E) = {1 + exp [(2n/ko) (B; — E)]}7, (8)

where B, is the maximal height of the barrier, and fiw
is the curvature of the barrier.

It is expedient to represent the level density at low
excitation energies E < 3 MeV by the dependence (9) ob-
tained on the basis of the model of constant nuclear
temperature®?;

py (B) = T-texp [(E — E,) T-I. (9)

At a higher excitation energy, it is more correct
to describe the level density using the Fermi-gas mod-
el:

Pz (E) = 4y exp (2 VE)- (10)

The energy E,=U,+C at which the functions p(E)
and py(E) must be matched lies in the interval from 2.5
to 3.5 MeV., InE,,U,=2.5+150A"" and C =26 A~%/2,
The nuclear temperature at mass numbers =200 is in
the range from 0.30 to 0.45 MeV. The value of E is
small compared with the @; of the considered nuclei.
The parameter a for deformed nuclei is related to the
mass number A by a=0.120 A, As a rule, the width
T, is calculated with allowance for only E1 transitions.
If it is assumed that the transition probability satisfies
the EE, rule, and we integrate over the final states, then

J+1
(B, I =CAPD(E,JY ¥
Jj=] J=1]
where J; is the spin of the final state, and C;=0.002
%107 MeVv =3.23

E
{o@e, /D (E—epae, (11)
0

At low excitation energies, the ratio I'y/T, =T (T,
+ 1",,)" can be expressed in terms of the penetrability
P, =27pT, of the first barrier and the radiative pene-
trability P,=2mpT,:

TyTs= Py (Pa+ Pyt R; (12)

here, R is the probability of fission from the lowest
state in the second well.?* We determine P, in accord-
ance with the relation (8). The function P, can be cal-
culated if detailed allowance is made for the structure
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of the initial and final states of the nucleus which un-
dergoes the g decay. Good results are given by the
semi-empirical formula

P, (E)=C,T* exp (E/T), (13)

where T is the nuclear temperature and C, is a con-
stant.

In this relation, no allowance is made for the spin
dependence of P,, which is not too important in view
of the weak influence of the spin on this quantity. If
Qp is 1-2 MeV less than B, , the integral (16) can be
expressed in terms of elementary functions, and the
probability of delayed fission after electron capture
and g decay can be represented by the relations

Pucsneigicoon {4 g0} 4
Py =T20Ra~QC0 exp { — & — 2% (Ba—0Q)} . (15)

where a=(2m/fiw,) - ©™ (see Ref. 24).

The expressions (14) and (15) relate the probability
of delayed fission to the height of the inner barrier B,
and the curvature fiw,. It follows from them that the
probability of delayed fission for the same values of
the basic parameters @4, B,, and fiw, is higher in the
case of electron capture than for g8 decay. This is ex-
plained by the greater probability of population of high-
lying levels in the neutron-deficient nuclei. The ratio
T,/T,, which is needed for the calculation of P, for
neutron-deficient nuclei, can be calculated in accord-
ance with the equations of Ref. 25.

The basic expression for calculating P4, for neutron-
deficient nuclei is

Qec—Br I, Qe B
; { 5(B) py (B) dE/ [ @z, (16)
c C

where b(E) is the probability of population of levels in
the region of the excitation energy E, T'y(E,J”) is the
fission width, and I'(E,J") is the y width, J” denotes
the spin and parity, Q.. is the energy of electron cap-
ture, B, is the binding energy of the k-th electron, and

b (E) = Seo (B) f (Z, Qec — E). 17)
Here, f(Z,@.. —E) is the Fermi function. For elec-
tron capture,
f(Z; Qec — E) ~ (Qee — E — By)".

For neutron-rich nuclei, P4 can be calculated in
accordance with

Qp /i)
By =§ b(E) T (E)T.(E) dE| i b(E)dE,

(18)

where Ty(E)=Ty(E)+TI(E)+T,E). The Fermi func-
tion is f(Z,Qs—E)~(@s—E ).
2. BASIC EXPERIMENTAL RESULTS

Discovery of delayed fission of neutvon-deficient
nuclei. Delayed fission was observed for the first time
when 33U was irradiated with 1°B and !'B ions.' The
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first search experiments were specially prepared to
study fissioning nuclei with large neutron deficit. The
employed method made it possible to detect fission of
nuclei produced with a cross section of 10"3-10%
cm®. The experiments were made possible by the high
intensity of the beams of accelerated heavy ions (100
pA of B*? and Ne**) and strong targets, which made it
possible to realize high currents. The fission frag-
ments were detected by means of low-background
solid-state track detectors with an efficiency of fis-
sion-fragment detection of 0.90=0.05.

In the experiment, an inclined target and movable
track detectors were used. The target was inclined at
9° to the direction of the heavy-ion beam. Thus, the
energy of the beam was distributed over a large sur-
face, which made it possible to cool the target by sim-
ple means. On the other hand, the recoil nuclei formed
in the nuclear reactions were stopped in a thin surface
layer of matter equal to x sin@, where )\ is the range
of the ion in the material of the target, and « is the
angle of inclination of the target to the direction of in-
cidence of the heavy ions (Fig. 4). As a result, the
fission fragments escaped from the matter with a very
high efficiency. A screen above the target, which
played the part of a Faraday cylinder, and the electric
insulation of the target with a cooling circuit made it
possible to measure the current of the ions reliably
(see Fig. 4). After a cycle of irradiation of the target
with some exposure of heavy ions, the solid-state de-
tectors were placed above the target automatically, the
time regquired to transport them from their chamber
to the target being =10 sec. A cassette system of
mounting the detectors made it possible to exchange
them rapidly, which is particularly important in the
case of appreciable activity of the target in the experi-
ments, when the cross section for the production of
fissioning nuclei is about 10°% em? and, therefore, the
exposures of the accelerated particles are high.

In the first experiments using the U-300 cyclotron of
multiply charged ions, the isotope *¥3U was irradiated
with 1B and "B ions. The intensity of the boron ions
reached about 10'4 particle/sec. At !'B energies great-
er than 75 MeV, fission fragments of the nuclei were
detected with half-lives of minutes. The decay curve
of the synthesized nuclides could be clearly divided
into two exponentials corresponding to half-lives of 5
+1 sec and 2.6 £0.2 min. The decay of the nuclei with
half-life 2.6 min was studied in detail. The influence

FIG. 4. Arrangement of experiment with inclined target: 1)
target, 2) cooled frame, 3) casing, 4) insulators, 5) movable
solid-state detectors, 6) screen.
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FIG. 5. Decay curves of *¥Am produced in the reaction 23y
+10B (open circles) at Eyg, =60 MeV and the reaction 3y +11p
(black circles) at energy E11y =75 MeV; the crosses correspond
to energy E“n =80 MeV. The curves are obtained from mea-
surements of delayed-fission fragments,

of the short-lived component was eliminated by delay-
ing the detection of the fission fragments by 33 sec.
The number of heavy ions in each irradiation cycle was
6x10' ions, and the range in U was 4.5 mg/cm?,

After detection of the effect, a measurement was
made of the excitation function of the reaction leading
to the formation of the nuclides with T /2=2.6 min,
The experiments were made in a thin target, in which
the maximal energy losses of the !'B ions did not ex-
ceed 1 MeV. For each energy of the accelerated ions
measurements were made of not only the yield of the
fissioning nuclei but also their decay curves (Fig. 5).
It could be deduced from the decay curves that for
energies of the ''B ions from 75 to 83 MeV the same
fissioning nuclide with a half-life of Ty;y=2.6 min is
synthesized in the *¥U + !'B reaction. The excitation
function of the reaction is shown in Fig. 6. An esti-
mate of the cross section for production of the fission-
ing isotope at the energy corresponding to its maximal
yield gives 2X10% cm?, In the case of irradiation of
3y with 1B ions of energy 60 MeV a fissioning pro-
duct with a half-life of T, ,, =2.6 min was also detected
with approximately the same production cross section.
In control experiments, in which a thick 23U target
(4.5 mg/cm?®) was irradiated with 'B ions of energy 74
and 82 MeV, fission fragments of isotopes with half-
life in the minute range were not detected. Fission
was also not observed in the ¥y +1°8 and 2%Th + 195
reactions at an energy of the '°B ions equal to 60 MeV.

Control experiments confirmed the reliability of the

70

Relative yield
=

FIG. 6. Excitation function of the reaction By MB, a6n)®4Am,
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obtained results, since in them an external background
comparable with the effect was not observed. At the
same time, the form of the excitation function in the #3y

+ B reaction ruled out an evaporation reaction of the type
¥%y('B,xn), from the excitation curve of which it
would be possible to identify the synthesized fissioning
nuclide. The nature of the excitation function corre-
sponded to nuclear reactions with the emission of a
charged particle. The fissioning nuclei most probably
arise in reactions of the type *U(!!'B, axn) and iy,
axn). Thus, an evaporation reaction could take place
if boron ions are used to irradiate a target lighter than
33U by an a particle, i.e., if the decay product 22%Th
of *U decay is irradiated. However, #°Th contains an
admixture of the isotope ***Th with half-life T, ;2=1.9
years, which produces a high background of @ rays. A
more suitable target is ¥Th, though the cross section
for the production of a fissioning product when **Th is
irradiated with boron ions is lower than in reactions
with the light isotope 229Th,

The target contained the isotopes 2*Th and *®Th. To
raise the strength of the target, organic compounds
were added to the active substance and the resulting
mixture deposited on an aluminum substrate, after
which the organic matter was burnt. The ?®Th thick-
ness of the target was 250 pg/cm?. When allowance
is made for the inclination of the target, its thickness
for the accelerated ions was 1.2 mg/cm?. The energy
loss of the accelerated boron ions in passing complete-
ly through the target material (with allowance for the
%82Th isotope, the target thickness was 2.4 mg/cm?)
was about 1.5 MeV.

When the thorium target was irradiated with acceler-
ated "B and ''B ions in the energy range from 50 to
90 MeV, fragments were detected from the tission of
a nucleus that decays with a half-life of 2.6 min. The
form of the excitation function corresponded to evapo-
ration reactions with emission from the compound nu-
cleus of six or seven neutrons. The positions of the
experimentally found maxima of the excitation func-
tions in the reactions **Th('’B, 62)***Am and 2*Th(!'B,
Tn)**Am at energies 70.5 and 82 MeV of the boron
ions, respectively, were equal to their calculated
values when the nuclear temperature of the compound
nucleus was taken equal to 1.5 MeV. Thus, the fission-
ing nuclei with half-life 2.6 min were identified as the
nuclei of the isotope 2*Am.

A possible influence of the ***Th present in the tar-
get material on the yield of the fissioning isotope 2% Am
was eliminated by control experiments, in which a
%Th target of thickness 5 mg/cm? was irradiated by
70.5-MeV and 82-MeV boron ions, corresponding to
the maximal **Am yield. In these experiments, fis-
sioning products with half-lives in the minute range
were not observed. The background was due to fission
of uranium contained in the glass detectors. The error
introduced by the presence of the background did not
exceed 5%.

The cross sections for the production of the fission-
ing nuclei **Am in the reactions *Th(!°B, 62)?*Am
and *"Th("'B, 7Tn)**Am, calculated on the basis of the
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FIG. 7. Decay curves of the isotope **?Am obtained by detec-
tion of the delayed-fission fragments of the reaction

230Th (198, 8x)22Am at different energies of the !'B ions. The-
crosses and open squares correspond to E“‘s =88.5 MeV, and
the open circles to E1°n= 82 MeV.

experimental data, are, respectively, (5.7+0.5)107%*
cm? and (5.4+0.5)107% cm? at the maxima of the exci-
tation function.

At energies of the accelerated '°B ions higher than
82 MeV, fissioning nuclei with half-life 1.4 min were
observed. The maximum of the excitation function
of this emitter was shifted by 12 MeV to higher ener-
gies. The presence of the isotope with the half-life
1.4 min was taken into account in the calculation of the
23 Am production cross section.

The fissioning nuclei with half-life T, =1.4 min
were studied in special experiments in which the tar-
get irradiation time, the delay before the detection
time of the fission fragments, and the detection time
were chosen optimally to separate the half-life of 1.4
min. The total calculated detection efficiency was
about 15% with allowance for the decay during the
irradiation time and the delay. The decay curve is
shown in Fig. 7. Figure 8 shows the excitation function
of the fissioning nuclide with half-life 1.4 min with
normalization of the number of fragments at each point
to 2.53 %10 of the B ions. The form of the excita-
tion function, a dome with half-width 14 MeV, charac-
terizes a nuclear reaction which proceeds through a
compound nucleus with evaporation of neutrons. It was
concluded from the data on the position of the maxi-
mum of the excitation function and its half-width at the
0.5 level that fission fragments of the product of the
20Tn(1'B, 8#)**Am reaction were observed. Thus, the
fissioning nuclide with half-life 1.4 min was identified
as ®Am. The cross section for the production of
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FIG. 8. Excitation function of the reaction *°Th('"B, 82)%2Am.
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FIG. 9. Decay curve of the isotope ***Np obtained by detection
of delayed-fission fragments in the reaction **Bi(**Ne, 3x).

%82Am measured in the experiments at the maximum
of the excitation function at the B energy was (2.3
+£0,4)107% ¢m?.

Analysis of the half-lives and the decay energies for
e capture and a decay of the light Np isotopes suggest-
ed that delayed fission could be observed in the Np
isotopes. To test this, in inclined bismuth target of
effective thickness 9.5 mg/cm® was irradiated with
accelerated *®Ne ions with intensity 10 ion/sec. The
irradiation periods lasted 4 min, and then four detec-
tors were placed above the irradiated material, each
of them remaining in the detection regime for 1 min.
In this experiment a fissioning isotope with half-life
60+ 5 sec was observed when the target was irradiated
with 110-MeV neon ions. Figure 9 shows the decay
curve obtained in two independent experiments by
means of solid-state detectors. The excitation func-
tion of the fissioning isotope was obtained by irradiat-
ing a thin bismuth target with **Ne ions (the range of a
2Ne jon was 2.1 mg/cm?). The background due to the
fission of the impurity uranium in the detectors was
determined from the number of tracks observed in the
parts of the detectors shielded from the fission frag-
ments of the products of the nuclear reaction *°Bi(*’Ne,
xn).

The form and position of the maximum of the excita-
tion function of the nuclide with T ,, =60 sec (Fig. 10)
corresponded to a nuclear reaction which proceeds
through the formation of a compound nucleus with the
evaporation of three neutrons. Production of fission-
ing isotopes in the 2*Bi(**Ne,p2n) and **Bi(**Ne,p3n)
reactions was eliminated by control experiments in
which lead was irradiated with neon. In the ***Pb(**Ne,

Relative yield

FIG. 10. Excitation function of the reaction 2®Bi(®?Ne, 3z)*28Np,
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4n) and **%pb(*Ne, 3n) reactions, fissioning products
with a half-life around 1 min were not observed in a
wide range of *Ne energies. Nor was fission detect-
ed when **Bi was irradiated with %0 ions of energy
sufficient for the reaction **°Bi('%0, a3n) to take place.
The various experiments made it possible to identify
the fissioning isotope with half-life 60 sec as 2®Np.
The cross section for the production of the fissioning
nuclei at the maximum of the excitation function of the
“9Bi(*’Ne, 3n) reaction is 4.5x10"% cm?.

Thus, by means of the heavy-ion beams the nuclei
%20Np, *Am, and **Am were synthesized and their
daughter products ?*®U, 232pu, and **Pu undergo fis-
sion from excited states formed after electron capture.
For the neutron-deficient nuclei, the daughter products
of ®#Np and ¥ ?¥Am, the neutron separation energy
satisfies B,>@,,, and, therefore, the probability of
delayed fission of the identified nuclei can be calcu-
lated theoretically in accordance with Eq. (16) without
allowance for the possible emission of delayed neu-
trons. The probability of delayed fission can be cal-
culated in accordance with the relation (2) on the basis
of the experimental data.

Delayed fission of **Am nuclei was investigated in
the nuclear reactions **™Np(a, 92)***Am, neptunium be-
ing irradiated with 104-MeV o particles.?® In this re-
action, fissioning nuclei with a production cross sec-
tion (5+1)10™° cm® were observed. In the experi-
ment, the recoil nuclei that escaped from the target
of thickness 100 pg/ecm? were stopped in a graphite
film 100-pg/ecm? thick situated 5 mm from the target.
After irradiation, the collecting film was transported
pneumatically to the gap between two closely spaced
surface-barrier detectors 60 cm from the irradiated
target. Fission fragments and a particles were detect-
ed simultaneously when the reaction products decayed.
The decay curve of the fissioning nuclei, identified as
*2Am, is shown in Fig. 11.

Other possible nuclei were eliminated by a number
of arguments. For example, if it is assumed that the
observed decay is associated with the production of the
nucleus 2*®Np, then the experimental data indicate a
probability of delayed fission of this nucleus several
orders of magnitude higher than the values obtained in
Refs, 2 and 27. If the source of the fission fragments
were 23!Pu, its probability P,, would have to be about
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FIG. 11. Decay curve of *?Am obtained by detecting delayed
fission in the reaction 2"Np(a, 9n).
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8%. At this probability of delayed fission, the barrier
parameters for this isotope are such that its calculated
half-life until spontaneous fission is about 10% min.

But this contradicts the half-lives of order 10" years
known for the neighboring isotopes of neptunium and
plutonium. Other nuclei were ruled out by the argu-
ment that their fission fragments were not observed

in the heavy-ion reactions leading to production of the
%2Am and ***Am isotopes.®

Data on the @ decay of the **?Am isotope were obtain-
ed by measurements of the coincidences of the « par-
ticles emitted by the neighboring o emitters in the
chain of *?Am transformations with half-lives in the
microsecond range. The ratio of the probabilities of
a decay and electron capture was estimated with an
accuracy of about 50%. The cross section o,,=(0.4%}:3)
pb was calculated from the measured **?Am production
cross section on the basis of the yield of the a-active
nuclei. A certain discrepancy observed between the
*®Am half-lives studied in the a-particle and heavy-
ion reactions can be attributed to the low statistics
and, apparently, an appreciable background in the ex-
periments with the a-particle beams. Actually, the
agreement is fairly good and lies within the limits of
the experimental errors.

The further development of the study of delayed fis-
sion of neutron-deficient nuclei is associated with the
study of fission in the process of electron capture of
the odd-odd isotopes of beryllium, einsteinium, and
mendelevium,

The isotopes *'Bk, Bk, fEs, and ®Es were ob-
tained by irradiating thick uranium and thorium targets
with 4N ions with beam intensity up to 10! sec™'. The
active substance was deposited on an inclined target,
which was irradiated on the inner orbits of the cyclo-
tron. A polyethylene-terephthalate film was used to
detect the fission fragments. After chemical process-
ing of the film, the tracks of the fragments were count-
ed by means of an optical microscope. In some experi-
ments, the fission events were detected by solid-state
breakdown detectors, whose principle of operation is
based on the reduction of the dielectric strength of the
film when a fission fragment passes through it and the
breakdown of the film at this position by a voltage ap-
plied to the film 282}

At nitrogen-ion energies in the range from 74 to 76
MeV, *PEs and ’Bk nuclei were synthesized in the
reactions **U(“N, 4n)**3Es and ¥2Th(!N, 4)***Bk.

In these experiments, it was possible to detect only
a few fission fragments. Despite the low statistics,
the cross section for the production of ***Eg was esti-
mated, and an upper limit for the probability of delay-
ed fission of **’Bk was established.,

When 2387 and *®Th were irradiated by N ions with
energy in the interval 92-94 MeV, a maximal yield
of fission fragments of nuclei decaying with half-lives
8+2 and 5+2 min was detected. The energy interval
92-94 MeV corresponds to maxima of the excitation
functions of the reactions **U(!*N, 61)**’Es and ***Th(*N,
6n)*"%Bk, and the measured half-lives are equal to the
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half-lives of the isotopes **®Es and **'Bk. These data
unambiguously indicate that the fission fragments be-
longed to daughter products of *°Es and *°Bk.

Because of the small cross sections for the produc-
tion of the nuclides that undergo delayed fission in the
reactions considered above, it was very important to
take into account possible sources of background fis-
sion fragments. Thus, when a thick target was irra-
diated, allowance was made for the possible back-
ground resulting from fission of the active material of
the target by delayed neutrons of prompt fission frag-
ments, hardy rays emitted by the fragments of prompt
fission, andy rays from nuclei produced in nuclear
reactions in the target substrate.

The results of the control experiments showed that
the background due to y rays and delayed neutrons of
the prompt fission fragments can be eliminated by in-
troducing a 10-min interval between the irradiation
of the target by the heavy ions and the start of detec-
tion of the fragments by the detectors. The use of a
pure aluminum substrate significantly reduces the flux
of y rays and, therefore, makes it possible to reduce
the background which arises from the interaction of the
material of the target with the y rays generated in the
substrate.

In the same experiments, it was shown that in thick
U and Th targets there is a background inadmissible
for study of delayed fission with half-lives of the order
of tens of minutes and production cross sections
around 10™® ¢m®. As a result, **Es and *%%'Md were
synthesized by collecting the recoil nuclei knocked out
of a thin target and transporting them to the fission-
fragment detectors.?* The thickness of the active ma-
terial of the target was in the range from 0.5 to 1.0
mg/cm?, and the current did not exceed 5 pA.

Figure 12 shows the distribution in time of the yields
of fissioning nuclei detected in the reactions **U(!*N,
5x) and *"Np(**C, 52)***Es at ion energy 82-86 MeV with
half-life 37 sec of the delayed fission and in the reac-
tion 3Am('*C, 5n)**°Md with T;,, =52 sec. Comparison
of the data on the yield of the fissioning nuclei and the
daughter nuclei of the *4Es and 2°Md isotopes formed
after electron capture of /Cf and ***Fm made it pos-
sible to estimate the cross section for the production
of delayed-fission emitters.

For nuclei with Z > 95, a delayed-fission effect was

1
Np l"E,Jﬂ)"’"Es— (0, 50)"Md

&= &

Number of fragments
-

il

69 128 0 25 S0 75
Time from the end of irradiation, sec

FIG. 12. Distribution in time of the fragments from the de-
layed fission of 24Es and ?3"Md.
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observed with low statistics. The main statistical
material was collected in a first ecycle of studies to
detect and investigate this phenomenon for neutron-
deficient nueclei,'™ which is due to the relatively high
cross sections for the production of the fissioning nu-
clei Np and Am in reactions with accelerated heavy
ions.

This also explains why delayed fission of the
282234 A jsotopes has been observed in different nu-
clear reactions in several laboratories. The charac-
teristics obtained in the delayed-fission experiments
agree well.

Delayed fission of neutvon-vich nuclei. The possibi-
lity of observing delayed fission of neutron-rich nuclei
was first pointed out in Ref. 30. The first experimental
results on the delayed fission of neutron-rich nuclei
were obtained by synthesizing the 23%Pa isotope.? Sub-
sequently, delayed fission of the 2¥23:238pg jgotopes
was studied.®

The decay characteristics of these isotopes,® the
synthesis reactions for them, the production cross
sections, the energies, and the intensities of the ir-
radiating particles are given in Table I.

The cross sections of the reactions with deuterons
and neutrons of energy 14.7 MeV were studied earli-
er.®® For the synthesis of 2*®Pa in a neutron flux with
neutron energies from 8 to 20 MeV obtained by irradi-
ating a thick beryllium target with deuterons, the mean
cross section of the 2%%U(n,p) reaction was estimated
from the neutron spectrum, the excitation function of
the (n,p) reaction, and the known cross section of the
reaction at 14.7 MeV. For other reactions, the cross
sections were determined from the yield of y lines in
the decay process of the ******°Pa isotopes. Because
neutrons, y rays, a particles, and deuterons have a
high penetrating capacity, thick targets were used.
The particle flux was immediately incident on 20 films
of U or Th (each of thickness 100 mg/cm?). The films
were arranged at intervals of 4 mm, and after that ir-
radiation fragment detectors were introduced into the
gaps between them. Successive replacement of them
in time made it possible to measure the decay curve
of the fragment activity. In the case of irradiation of
uranium with neutrons, the thin films of the matter
were moved next to each other. After the irradiation
cycle, the films were moved apart and dielectric de-
tectors of polyethylene-terephthalate films were in-
serted in the resulting gaps.

TABLE I. Characteristics of protactinium and nuclear syn-
thesis reactions.

2

Isotope | I7 Tl;'ﬁ ] Reaction E, MeV o, cm
238P3 3= 2.3 38y (n, p) 14.7 1.5.10-27
8-—-20 3.0.10-27
2Py | 1= 9.1 1 287 (3, n, p) 27.0 1.0-10-27
2331Pa 4= 6.7 283Th (e, pn) 36.0 3.0+ 10-27
0= 1.2 Chemical separation T i
236Pa 1= 9.1 18] (d. @) 18.0 1.0-10-28
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Despite the use of the thick targets, the number of
detected fissioning nuclei was low, which made it
necessary to undertake a careful analysis of the pos-
sible sources of the background and adopt measures
to eliminate them. As a result of the adopted mea-
sures, the observed number of tracks of fission frag-
ments produced in the investigated nuclear reactions
in the delayed-fission process exceeded the background
level in all the experiments except the one with the
14.7-MeV neutrons.

The small number of detected fragments and the
relatively high level of the background permitted only
an approximate determination of the half-lives of the
observed activities. The obtained data do not contra-
dict the known half-lives of ?®Pa and ?%Pa, Analysis
of the nuclear characteristics of the isotopes formed
in the reactions studied in parallel showed that none
of the possible products of these reactions could be the
source of the fragment activity, this being due to the
very short lifetime of the spontaneously fissioning iso-
mers (~10"% sec), on the one hand, and the long half-
lives until spontaneous fission from the ground state,
on the other. Delayed fission of the isotope **Pa was
not detected.

The number of detected tracks of fission fragments
was normalized in the experiments relative to the yield
of prompt-fission fragments. This last yield was de-
termined from the y radiation of the fragment #'Ba.
The obtained ratio made it possible to calculate the
cross section o for production of fragment activity
and the probability P, =o!/c of delayed fission.

Delayed fission of 2%Pa was studied in the *3*U(p,
2pn)*3®Pa reaction.’ A beam of 1-GeV protons was
used to irradiate a target made of uranyl nitran and
containing 5 g of U. The time of single irradiation was
7 min. After chemical separation of the Pa isotopes
from the irradiated material of the target, which last-
ed 6 min, the fraction containing the Pa isotopes, but
purified of uranium, was placed between mica fission-
fragment detectors. Simultaneously with the detection
of the fission fragments, the y spectrum of the Pa iso-
topes was measured by means of a GeLi detector. The
total number of synthesized ***Pa atoms was deter-
mined from the decay of the most intense ***Pa line
with energy E =642 keV. The contribution to the inten-
sity of this y line of *¥Pa due to the impurity isotopes
11gp, Mo, and "*In was not more than 20%.

Altogether nine fission events were observed in the
experiments for a total of 7.2X10° decays of the 2¥pa
isotope. Thus, the probability of delayed fission of
%%pa in experiments with 1-GeV protons is of order
107,

The obtained experimental data on the delayed fis-
sion of the Pa isotopes are given in Table II. Because
of the low statistics of the events and the appreciable
influence of the background that arises in the process
of fission of U by delayed neutrons and by the y radia-
tion of the fission fragments, the data are approximate
in nature. Despite this, the data yielded information
about the delayed-fission mechanism, in particular,
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TABLE II. Experimenta] data on the delayed fission of Pa
isotopes.

B transition Q, MeV Reaction E, Mev of, cm? Py
45 - HEY 4.0 (n, p) 14.7 10-33 6-10=7
(n, p) 8-20 5-10-88 1.0-10-8
236Pg —- 236(J 3.1 (, np) 27 10-38 10-9
(d, @) 18 3. 1098 3-10-10
(#, 2pn) 1000 it 10-2
234Pg — 234]] 2.2 (&, np) 26 <ig-8 <3402
Ptareay 2.3 Chemical — - <102
separation

approximate values of the probabilities of delayed fis-
sion or upper bounds on these probabilities for the Pa
isotopes.

Thus, in the extensive region in which delayed fission
of neutron-rich nuclei should be observed, only the Pa
isotopes with comparatively small neutron excess
have been studied experimentally. The small excess
is the reason for the low statistics of the observed
events.

The impossibility of investigating neutron-rich nuclei
with @ 5> B, is explained by the absence at the present
time of methods of synthesizing nuclides with large
neutron excess and accessible for direct measurement
of their nuclear transformations. The neutron-rich
isotopes produced in underground thermonuclear ex-
plosions decay in a time much too short for their ex-
traction.

It will be possible to obtain experimental information
on the delayed fission of neutron-rich nuclei, which
play an important part in the process of nucleosynthe-
sis in the Universe and in the pulsed neutron fluxes
from thermonuclear explosions, when new experimen-
tal methods and means have been created (see, for
example, Sec. 4).

3. DETERMINATION OF PARAMETERS OF FISSION
BARRIERS FROM EXPERIMENTAL DATA ON
DELAYED FISSION

In recent years, significant progress has been
achieved in experimental and theoretical investigations
of the fission barriers of nuclei, which represent the
main characteristic of the fission process and deter-
mine the stability of the heaviest nuclei, including
the possible existence of superheavy elements.

Currently, the main bulk of the existing experimen-
tal data on fission barriers refers to the region 90
<Z <98, 140 <N < 156, which is situated in the g-sta-
bility valley. The most detailed information is obtain-
ed primarily in reactions of the type (d,pf), (¢,0f),
(*He,df), etc., and also in (n,f) reactions.

The basis of modern ideas about fission barriers of
heavy nuclei and their dependence on N and Z is the
concept of the deep influence of shell effects on the
deformation energy; according to this conception, the
nuclear shells do not disappear when deformation
occurs but are only modified. The most fruitful theo-
retical method of investigating fission barriers is the
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macroscopic—-microscopic approach to the determina-
tion of the nuclear deformation energy developed in
Ref. 35 and especially Refs. 36 and 37. In this method,
the major part of the total energy of a nucleus is cal-
culated macroscopically on the basis of the liquid-
drop model or generalizations of it, and the contribu-
tion of the internal structure effects is taken into ac-
count by the shell correction and a pairing correction,
Thus,

E(q, N, Z) =E (¢, N, Z) + 8E (g, N, 2),

where g is the set of deformation parameters that
determine the shape of the nucleus, E(q,N,Z) is the
macroscopic part of the total energy describing the
smooth variations of E, and 6E(g,N,Z) is the micro-
scopic correction, which reflects the local fluctuations
of E and is calculated by Strutinskii’s method using
some single-particle potential for the deformed shapes
of the nucleus. The investigation of the extrema of the
surface E(g,N,Z) leads to the determination of the
fission barriers.

Within the framework of the basic idea, there are
variants of the method, which differ in the parametri-
zation g of the shape of the nuclear surface, the par-
ticular model used to calculate the smooth part of E,
and the nature of the single-particle potential for cal-
culating the microscopic correction 6E.

Despite this, the variants of the method lead to very
similar results for nuclei in the g-stability valley. It
is therefore difficult to give preference to any particu-
lar variant of the method on the basis of the existing
experimental data for nuclei in the g-stability valley.

Far from the line of B stability, the predictions of
the different variants differ not only quantiatively but
even qualitatively. For example, the liquid-drop mod-
el in the variant of Myers and Swiatecki® and the
“droplet” model give directly opposite tendencies for
the variation of the macroscopic part of the barrier
as a function of I=(N - Z)/A, which leads to large

discrepancies for nuclei far from the line of g stability.

Therefore, study of the fission barriers of nuclei far
from the line of B stability can be used to judge the
applicability of a particular model and in this connec-
tion is very valuable. However, the barrier param-
eters of such nuclei cannot be determined by the ordi-
nary experimental methods, which involve induced-
fission reactions at low excitation energies®®**® and
reactions in which spontaneously fissioning isomers
are produced. The problem is the absence of suitable
targets or spontaneously fissioning isomers in the in-
vestigated region of nuclei.

The investigation of delayed fission offers a unique
possibility of obtaining data on the fission barriers of
nuclei very far from the line of 8 stability. The al-
ready existing experimental means make it possible to
plan experiments to study neutron-deficient nuclei
which are removed by 15-20 units in N from the line
of 8 stability.! Parameters of the fission barriers
have already been obtained for some neutron-deficient
nuclei from experimental data on delayed fission. The
parameters of the barriers of the Pu nuclei were cal-
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culated from the probabilities of delayed fission of the
isotopes 2**Am and ***Am 2640

As a rule, the two-hump fission barrier calculated
by Strutinskii’s method is approximated by a curve
consisting of joined sections of parabolas in order to
determine the penetrability of the barrier and the tran-
sitions between the levels in its potential wells (and
also to make other calculations). In this case, the
shape of the barrier is uniquely determined by five
parameters: the heights of the inner and outer barri-
ers, £, and Eg, their curvatures fiw, and Zwg, and
the energy of the intervening minimum E,,; relative to
the ground state.

The probability of delayed fission can be represented
in the form

Pap = f(Qec » Eay Ep, low,, ho g) (19)

[see Egs. (16) and (18)]. To determine the barrier
heights E, of the neutron-deficient Pu nuclei from the
values of P4, two families of curves E, =F(Q,,) were
constructed for the interval of P, from 10™ to 107 sec
with fixed values of Ez equal to 4.0 MeV (continuous
curve) and 4.5 MeV (broken curve). For both families,
fw, =0.9 MeV and fiwg =0.6 MeV. The dependence (17)
was used under the assumption that S,,=const if E >C
and S, =0 if E <C. If the heights E, and E g of the fis-
sion barriers measured in prompt-fission reactions
and in the decay of spontaneously fissioning isomers
are extrapolated to the region of the neutron-deficient
isotopes of Pu, then E, >E (Fig. 13). From this ex-
trapolation, the height of the outer barrier E of the
isotope **Pu is less than 4.2 MeV. Because @,, for
the nucleus ***Am is greater than the second barrier of
2Py by at least 0.8 MeV, the probability of delayed
fission for the adopted form of S, is primarily deter-
mined by E,. In the curves of Fig. 13, this is expres-
sed in the fact that E, is virtually independent of the
choice of Ey in the region of 4.2 MeV, and it can be
found from the graph E, =f(@.,). As a result, the in-
ner barrier E, of *®Ppu is 5.3+0.4 MeV.

In Ref. 26, it is noted that a possible structure of
S Occupying a band of width 1 MeV with an amplitude
three orders higher than S_.in the region E >C could
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FIG. 13. Fission=barrier heights E , and Eg of plutonium ob-
tained from data on the probabilities of prompt fission and
data on fissioning isomers. The black circles (E,) and the

open cireles (Ep) correspond to prompt fission; the black
squares (EA) and open squares (EB). to fissioning isomers.
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change E, by +0.6 MeV. This emphasizes the compar-
atively weak influence of S,, on the obtained result.

The value @,,=4.1 MeV for the nucleus 2% Am is of
the same order as the extrapolated value of the outer
barrier, which is in the region E < 4.5 MeV. The
height of the inner barrier of the isotope **Pu is much
more sensitive to the choice of a particular value of
Ey than is the case for %py,

The height E, of the inner barrier, calculated from
the measured probability of delayed fission, takes the
values 6.0 and 5.5 MeV with accuracy 0.4 MeV if Eg
is taken equal to 4.0 and 4.5 MeV, respectively.

The inner and outer fission barriers of the Th, U,
Pu, and Cm isotopes are given as functions of the num-
ber of neutrons in Fig. 14. For comparison, we give
the theoretically calculated static fission barriers with
different single-particle potentials.*?**® The heights of
the inner barriers are lowered when allowance is made
for y deformations,* but these deformations do not
play a part for neutron-deficient nuclei. In all the
theoretical calculations, the outer barriers do not dif-
fer from the experimental ones. In contrast, the inner
barriers do not agree with the experimentally deter-
mined barriers, and are lower, sometimes by about
3 MeV.

The main conclusion is that the measurements of P,
for the nuclei 22?3 Py and the values of E, calculated
on their basis indicate the same situation for the neu-
tron-deficient isotopes of Pu as in the region of Th,
for which the theoretical calculation of the height of
the outer barrier for the Th isotopes gives for them
values 2—-3 MeV higher than for the inner barrier,
while the experimentally obtained E, and E are vir-
tually equal,
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FIG. 14. Dependence of fission-barrier height on the number
of neutrons in the nucleus. The experimental data were ob-
tained in direct reactions (open circles), from the excitation
functions of fissioning isomers (open squares) and their half-
lives (open triangles), and from delayed fission (open diamonds).
The theoretical data are based on calculations of the barriers
by the shell-correction method with different single-particle
potentials (broken curve for harmonic oscillator potential, and
chain curve for a potential of convolution type.
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As follows from the above, the extraction of infor-
mation about the shape of the fission barrier from the
measured value of Py, leads to some uncertainties be-
cause of the complicated dependence of Py, on the bar-
rier parameters E, ,E,E 1, fiw, ,iwg. Additional in-
accuracies are associated with the choice of the level-
density distribution of the daughter nucleus and the
calculation of the transition matrix elements. To eli-
minate these difficulties when determining the barrier
parameters, it is necessary to use measurements of
the delayed-fission probabilities of the neighboring
odd-odd isotopes.?* In this case, the barrier param-
eters are not subject to rapid changes in the even—
even daughter nuclei. Using the dependences (14) or
(15), it is possible to determine the E, and /iw, aver-
aged for the given group of even—even isotopes. The
experimental data and the delayed-fission probabilities
obtained on their basis for the isotopes *°Bk, *?Bk,
Migg, Mepg, MEg 248)Md. and 'Md (Ref. 24) were
compared with the values obtained from the theoretical
calculation. The dependence of P4, on the energy @,
was calculated in accordance with Eq. (14) when R =1
and fiw, =0.9 MeV and the height of the inner barrier
E, is in the interval 5.6-6.1 MeV [see (14)]. These
values of the fission-barrier parameters for the neu-
tron-deficient nuclei listed above ensure satisfactory
agreement between the calculations and the experimen-
tal data. If the measurements of Py, have an accuracy
of 50%, the barrier heights E, of the neutron-deficient
isotopes in the region of atomic numbers 97-99 lie in
the interval 5.7-6.0 MeV. Therefore, the calculation
of the barrier heights from the probability P, obtain-
ed from experimental data for heavy nuclei with fissil-
ity parameter Z%/A in the interval 38—40 leads to val-
ues of E, in the neighborhood of 6 MeV. This agrees
with the situation in the region of smaller Z%/A (34-
38), where one observes a discrepancy between the
measured fission thresholds and their calculated val-
ues obtained on the basis of the liquid-drop model.

With increasing Z%/A, the fission barriers deter-
mined as a result of delayed-fission experiments de-
crease much more slowly than indicated by liquid-drop
calculations.

A theoretical calculation was made of the delayed-
fission probabilities of neutron-deficient nuclei when
the strength function S,, was calculated by the micro-
scopic method of Ref. 17 and the fission barriers were
determined by Strutinskii’s method. It was assumed
that the strength function has a peak which can be rep-
resented by a Gaussian function with width 1 MeV at
the level of half the maximal value.***'® The maximum
of the S,, peak is situated at an excitation energy in the
neighborhood of the center of gravity of the states 0*,2*
(Fig. 15). The ratio of the maximal value of S,, to its
constant component was taken equal to 100. The fission
probability was calculated using a parametrization cor-
responding to only partial overlapping of the states of
the first and second potential wells.*" As in Ref. 26,
the curvature of the barriers was taken equal to 0.9
and 0.6 MeV for the inner and outer barriers, respec-
tively. This approach to the theoretical calculation of
Py made it possible to reconcile the barrier heights
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FIG. 15. Strength functions calculated for neutron-deficient
nuclei by the “microscopic” method. The arrows show the
energies Q.

calculated by Strutinskii’s method and the experimental
data on delayed fission.

For comparison of the results of calculation of the
inner barrier E, obtained under the assumption S,
=const, E >C, and S,,=0, when E <C % the height of
the outer barrier was taken to be 4.2 MeV. The value
Ep=4.2 MeV is in good agreement with the calculation
of the barrier parameters by Strutinskii’s method,
which makes it possible to determine E 5 with an accu-
racy of +1 MeV, as well as with the experimental
data.?**® Then a determination was made of the height
of the inner barrier E, when the standard deviation ¢
of the Gaussian function representing the S, peak had
different values (Fig. 16). The ratio of the area bound-
ed by the curve of the S,, resonance structure to the
area of the smooth part of S, was also varied. It was
found that if ¢ is taken equal to the values obtained
from the delayed-neutron experiments,'”**® then for
a reasonable position of the S,, maximum in the @,
window the barrier E, is in the interval 4.0-4.5 MeV,
i.e., in the region predicted by the Strutinskii caleula-
tion. Thus, the conclusion drawn earlier in Ref. 26 to
the effect that the thorium anomaly extends to the neu-
tron-deficient Pu nuclei must be confirmed by a detail-
ed investigation of the structure of the strength func-
tion of the neutron-deficient nuclei.

The synthesis of neutron-deficient nuclei with N < 126
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FIG. 16, Calculated heights E, of the first barrier corres-
ponding to Py, =1.3x1 02 for different positions of the centroid
ESB of the single-particle structure of the 8-decay strength
function. A Gaussian function is used to describe the structure.
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FIG. 17. Dependence of the periods T, and T, and the energy
Q. for Ac and Pa nuclei with even mass numbers and the
barrier heights of the even—even Ra and Th isotopes on the
number of neutrons in the region of proton-rich nuclei.

in heavy-ion reactions offers a remarkable possibility
for investigating the barriers of nuclei which are 15-20
units in N from the p-stability line.

For heavy elements with Z from 81 to 99 and de-
creasing number of neutrons in the nucleus, the a-de-
cay energy @, drops sharply when the N =126 shell is
crossed, and then increases fairly slowly with further
increase in the neutron deficit, so that in the region
adjoining N =126 there are odd-odd Ac, Pa, and Np
nuclei for which the ratio T, (T, + T.,)™ is not too
small and the energy @,, already exceeds the height of
the fission barriers of the even—even daughter nuclei.

The dependences of T, , T4, and @, on the number of
neutrons for the Ac and Pa nuclei with even A are
shown in Fig. 17, in which we also give the barrier
heights of the even—even daughter nuclei calculated by
extrapolating the experimental data. The currently
available experimental means and the background con-
ditions which arise in the process of synthesis of iso-
topes which undergo fission make it possible to detect
fission fragments of nuclei for which the production
cross section is 10°% e¢m?.24"® 1f 10™% cm”® is taken as
the minimal cross section ¢f, the threshold cross sec-
tion o, for the production of a neutron-deficient nucleus
in the region Z < 126 can be obtained from the rela-
tion oy, = [(Ty + Tee)/To [(0*/Py;). In Table III, we give
the values of o, and P4, calculated using Eq. (16).

For the isotopes *"¢%%8A¢ and the nucleus *'°Pa the
values of the threshold production cross sections are
a few nanobarns®® {see also Yu. A. Lasarev, Yu. Ts.
Oganessian, and V. I. Kuznetsov, Preprint E-7-80-719
[in English], JINR, Dubna (1980)}. Measurements in
the process of synthesis of *Ac in complete-fusion
reactions, for example, when various stable tungsten
isotopes are irradiated, make it possible to obtain data
on (T';/T}) in this region of nuclei.

TABLE III, Characteristics of neutron-deficient nuclei in the
region N <126 that determine the possibility of observing
delayed fission.

Initial Q¢+ |7 x0T +T,,) | Daughter | By, P, 7 2
nucleus M:,\C;- “ET R hucleus M:;,V 9 i T L0
2007¢ 9.6 3-10-2 205py 58 |0.12 |13.6.10-3| 2.8.10-33
208 7¢ 8.9 1071 208Pg 7.0 10,02 ]2,0.1003 ] 5.0.10-33
210py 10,0 10-2 210Th 5.4 |0.20 |2.0-103| 5.0.10-23
212Py 9.3 2-10-2 210Th 8.0 | 0,005 0.1:10-3| 1.0.10-31
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4. THE ROLE OF DELAYED FISSION IN THE
PRODUCTION OF HEAVY ELEMENTS IN PULSED
NEUTRON FLUXES

Considerable efforts have been directed toward the
study of synthesis of heavy elements in pulsed neutron
fluxes with high exposure (>10%*! neutron/cm?). In the
thermonuclear explosion Mike, the exposure nvf was
about 2.0%10%* neutron/cm®. Approximately the same
neutron exposure was achieved in 1962 in the under-
ground explosion Anacostia. In the underground explo-
sions Par and Barbel in 1964 and Cyclamen in 1966 the
exposures reached 4.5%10* and 1.2%x10% neutron/cm?,
respectively.?® In the experiment HUTCH in 1969, an
exposure 4.5%10% neutron/cm® was achieved.?

The duration of the neutron pulse from a thermonu-
clear explosion is about 107 sec. During the same
time, a multiple sequence of neutron capture by target
nuclei occurs. Thus, the total time of neutron capture
was much less than the half-lives until 8 decay of the
neutron-rich nuclei, which is 1 sec in order of magni-
tude. Therefore, the nuclear transformations in a neu-
tron pulse from a thermonuclear explosion can be di-
vided into two stages: the production of neutron-rich
isotopes with different mass numbers A as a result of
successive capture by the target nuclei, and the for-
mation of heavy 3-stable elements by successive
transformations of the produced neutron-rich nuclei.

As a rule, natural uranium targets were irradiated
in the neutron pulses, but in some cases Th and even
M3Am was used. When the thermonuclear reaction
ends after the neutron irradiation of **¥U, heavy U iso-
topes are formed up to *3¥™U, where m is the maximal
number of neutrons captured by the initial 23¥U nuclei
for the exposure nvf achieved in the experiment.

In the sequences of B transformations of the heavy
isotopes, an important part is played by delayed pro-
cesses, i.e., the emission of neutrons and fission after
B decay. The influence of these processes on the yields
of the isotopes of the heavy elements can be establish-
ed by theoretical calculation. It is assumed that the
nuclei undergo g decay from the ground state. The
probability of population of a level of the daughter nu-
cleus (Z +1,A) with excitation energy E * after 8 decay
of the nucleus (Z,A) is determined by the strength func-
tion Sg(E) and the Fermi function f(Z,A,Q —E *).

From the excited state, the nucleus may undergo fis-
sion or emit a y ray or a neutron. The widths I'y, T',,
and I' of these processes (see the Introduction) depend
in a complicated manner on the properties of the nu-
clei which undergo the transformations, which in-
cludes the fission-barrier parameters of the daughter
nucleus (Z +1,A). At excitation energies comparable
with the fission-barrier heights of the daughter nuclei
and the neutron separation energy—and it is at such or
higher energies that delayed processes occur—simpli-
fied methods of calculation can be used. Then the fis-
sion barrier can be characterized by a single param-
eter, the reduced height B}, which is related to the
maximal height B; = B" -8, where 6 takes into account
the penetrability of the barrier due to the tunneling
effect. The value of & lies in the range from 1 to 0. 8
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MeV.5!

Such an approach is justified by the fact that the im-
portant excitation energies for the calculation of the
yield of g-stable isotopes satisfy E*> B,, for which the
structure of the fission barrier of the excited nucleus
plays a comparatively small part. One can sometimes
find the comment that the result of several successive
B decays is not very sensitive to the fission dynamics
of an individual nucleus, but this is not entirely cor-
rect,’! gince in the presence of competition between the
emission of delayed neutrons and delayed fission the
yield of heavy nuclei may depend strongly on the par-
ticular characteristics of one nucleus.*

In the model adopted to calculate the yields of the
isotopes produced in a neutron pulse, T, 1",,, and T,
are functions of E *,B,, B}, B,, p,, and p,, where p,
is the level density of the daughter nucleus (Z +1,A
—1) produced by the emission of a delayed neutron by
the excited parent nucleus, and p, is the level density
of the nucleus (Z +1,A) above its fission barrier. The
nuclear level density is used in calculations only when
the excitation energy E * exceeds the neutron separation
energy B, and simultaneously the barrier height B,.

Depending on the relationships between B,, By, and
Bf, three cases are distinguished:

1, Bi< Bl

If B,<E*, then delayed fission and the emission of
delayed neutrons are competing processes. In the
other two variants, delayed fission plays virtually no
role in the transformation of the heavy nucleus: If the
excitation energy satisfies the condition E *< B, then
I',=0; I'; is negligibly small compared with T, and,
therefore, the nucleus is de-excited by a radiative
process, which results in formation of the nucleus (Z
+1,A). If the excitation energy lies between B, and
By, then T'y=0,L,=0,T,=1 and the nucleus (Z +1,4
—-1) is formed.

2, B}< B, < B,.

If Bj<E*< B, the nucleus undergoes fission, since
T,/T,=1, if B,<E*, fission and neutron emission are
competing processes; if E *< B}, the daughter nucleus
(Z +1,A) is formed; if B,<E *< B,, the reaction pro-
duct is the nucleus (Z + 1,4 —1) (Fig. 18).

3. By <By

When B} <E*< B, and I',/T, =1, fission occurs;
when I'y/T, =1 and B, <E *, delayed fission and neu-
tron emission are competing processes (see Fig. 18).

FIG. 18. Variants of delayed fission of neutron-rich nuclei.
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When E * < BY,. the nucleus (Z +1,4) is formed. In the
calculation of the decay probability, the width is nor-
malized such that Ty =T, + I',+T,=1. Thus, the func-
tions Sg,f(Z,Q =E*), T,, and I', make it possible to
calculate the losses of heavy isotopes due to delayed
fission and also the influence of the emission of delay-
ed neutrons on the isotopic composition of the heavy B -
stable elements obtained in neutron pulses.

It should be noted that for neutron-rich nuclei of
heavy elements the energy @4 may reach values large
enough for E * to be in principle sufficient for the emis-
sion of several neutrons. However, processes of the
type f7,2n and 8°,nf do not play a significant part at
the exposures currently achieved in thermonuclear ex-
plosions. It is only when nvt > 10%¢ neutron/cm? that
they must be taken into account.

To calculate the energies @z and B,, which determine
the decay process, one can use different mass formu-
las, taking those most suitable for the specific nuclei
with large neutron excess. Thus, for the considered
problem the mass formula given in Ref. 52 is regarded
as satisfactory; in it, the mass of a heavy deformed
nucleus is a function of not only Z and A but also the
deformation parameter 3, which is determined by ex-
trapolating the deformations of the studied nuclei to
the region of heavy neutron-rich nuclei with allowance
for the existence of the proton and neutron shells at
Z =114 and N =184,

The fission barriers of the neutron-rich nuclei in the
sequence of transformations of the products of multiple
neutron capture by nuclei of a heavy target are calcu-

lated by Strutinskii’s macroscopic—-microscopic method.

The barrier parameters of the even—even nuclei in the
p-decay chain obtained by calculation are known (see,
for example, Ref. 53). The barriers of the odd—odd
and even-odd nuclei are obtained by interpolating the
barriers of the even—even nuclei with allowance for the
specialization energy (0.70 MeV for the barrier height
of an even—odd nucleus and 0.80-1.0 MeV for an odd—
odd nucleus).

In a first approximation, the strength function of
neutron-rich nuclei can be assumed proportional to the
level density, since its maximum corresponding to the
energy of the isobar—analog state of heavy nuclei lies
in the region of 20 MeV, and on the “tail” of S; the
matrix element changes weakly and can be assumed to
be effectively constant at energies below T MeV. How-
ever, one must allow for an influence of S4 structure
at low energies.!®

It is expedient to represent the level density of the
daughter nucleus using the Fermi-gas model:

o(E)=C/U%exp2)/ all,

where a=0.125 A, U=E - A, and A=0, or 1247V2

or 24 A™Y2 for odd-odd, even—odd, and even-even
nuclei, respectively. At low excitation energies around
1 MeV, the level density is described using the model
with a nuclear temperature (see the Introduction),

In the region A < 248 for all g-active nuclei @< B,
and @3< B, if Z= 92, and, therefore, delayed process-

524 Sov. J. Part. Nucl. 12(6), Nov.-Dec. 1981

es have virtually no effect on the yield and isotopic
composition of the products synthesized in neutron
pulses. The position changes from mass number A
=250. In this region, Q; for nuclei at several units of
N from the g-stability line satisfies the condition Qs
<B,,ds>B,. As a result, the probabilities of delayed
fission and emission of delayed neutrons are fairly high
and the yield of nuclei with mass number A > 250 de-
pends on the delayed processes.

The greatest fission losses after 3 decay occur for
nuclei with even mass number A. This is explained
by the conditions which favor delayed fission in the
process of the 8 decay of odd—odd nuclei. A common
feature of the experiments to obtain heavy transurani-
um elements in neutron pulses from thermonuclear
explosions is the so-called inversion of the even—odd
effect in the isotope-yield curve. This effect is as
follows. If one plots separately the yield curves of
products synthesized in a thermonuclear explosion with
even and odd A, the first curve initially lies above the
yield curve of the nuclei with odd A beginning from
some A (in the Barbel and Cyclamen experiments, in
the region A =243-249). At large A the effect is invert-
ed, and the yield curve of nuclides with odd A drops
below the even-A curve (Fig. 19) when A > 252, The
inversion effect was also clearly observed in the Par
experiment.

Various suggestions have been made to explain the
effect. For example, it was assumed®® that at the ini-
tial time of the thermonuclear process Np isotopes are
accumulated as a result of (d,n),(d, 2n) reactions, etc.
The neptunium successively captures neutrons and as
a result the yield of isotopes with odd 4 increases in
the neptunium chain by several orders compared with
the uranium chain, this being due to the high cross
sections of neutron capture by odd—odd nuclei. In addi-
tion, a high yield of isotopes from a small amount of
3Np is explained by the circumstance that in a chain
which begins with an odd-A nucleus odd—odd and odd—
even nuclei alternate, whereas in a chain initiated by
an even—even nucleus odd-even and even—even nuclei
are formed. In the latter case, spontaneous fission is
more probable, so that there is a lower yield in a chain
with odd Z.*® Although such a hypothesis appeared
rather artificial, it was tested experimentally, and
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FIG. 19. Yield of uranium isotopes in the neutron flux of a
thermonuclear explosion calculated on the basis of experi-
mental data on the yield of S-stable nuclei. The inversion of
the even—odd effect can be clearly seen in the region A = 250.
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%3Am target material was used in the Cyclamen experi-
ment. Analysis of the products of the thermonuclear
explosion led to the conclusion that exposure of an Am
target in the neutron pulse of a thermonuclear explo-
sion does not increase the yield of isotopes of elements
with Z > 96.

On the other hand, allowance for delayed fission in
the B decay of neutron-rich nuclei gives a natural ex-
planation of the inversion of the even—odd effect. As
we have already noted, if the mass number of a neu-
tron-rich nucleus A is less than 250, the excitation
energy of the daughter nucleus produced after B decay
is less than the fission barrier and the neutron binding
energy B,. Therefore, delayed processes are either
completely forbidden or have a low probability. Since
the neutron-capture cross section of odd uranium iso-
topes is greater than for the even isotopes, the yield
of even—even isotopes in the region A < 250 must be
greater. This follows from the fact that for two neigh-
boring nuclei in a neutron-capture chain the relation
Ny/Ny=0,/0 holds in a first approximation; here, N,
and N, are the numbers of nuclei with capture cross
sections o and o,.

When delayed fission takes place with high proba-
bility, the losses in the chains of transformations with
even A begin to be appreciable earlier than in the
chains with odd A, since it is in these chains that one
has odd-odd nuclei, for which the condition @ s> B,
begins to be satisfied in the first place; here @; is the
B-decay energy of the parent odd—odd nucleus, andB; is
thefission barrier of the daughter nucleus. The calcula-
tion of the yield curves reveals a dependence of the
inversion effect on the initial relative concentrations of
the odd and even uranium isotopes, and also on the ex-
posure nvt. At a higher exposure, the inversion effect
occurs at higher A.

In the yield curve of the nuclei obtained from the
HUTCH experiment, the “odd-even” inversion occurs
at A =255, whereas in the Par experiment the effect
was observed at A =252. Thus, the increase in the ex-
posure from 7x10%* (the Par experiment) to 4.5x10%
neutron/cm? (the HUTCH experiment), the inversion
effect was shifted by three or four units of the mass
number to larger A.

A simple theoretical model including delayed pro-
cesses enables one to predict not only the inversion
effect but also the A region in which it occurs, depend-
ing on the exposure and the other initial conditions.

The model adopted above provides a natural explana-
tion of the absence of nuclei with A > 258 in the pro-
ducts of the thermonuclear explosions. This is explain-
ed by the circumstance that in the first stages of the g
decay of the initial nuclei, for example, uranium, with
mass number >257 there is intense emission of delayed
neutrons. In addition, in the considered region the
probabilities of delayed fission reach values of about
0.9. It should be noted that the element with atomic
number 101 can be synthesized if uranium is irradiated
and the mass number of the nucleus after the 3-sta-
bility line has been reached is 259, and the element

102 can be synthesized when the mass number of the
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B-stable nucleus is 261,

Such values of the mass numbers and, therefore, the
elements with Z > 100 can be obtained if neutron-rich
isotopes of uranium with A > 264 are produced as a re-
sult of successive capture of neutrons. The chain of
transformations with initial nucleus **U is shown in
Fig. 20. It is characterized bya relatively uniform
distribution of the nuclei over the even and odd mass-
es, which comes about because of the (37,1), (3", 2n),
and (87,3n) reactions. An interesting feature of the
calculation is the fact that the nuclei with high proba-
bility of delayed fission were found to be outside the
main paths of the transformations, with the result that
the losses due to delayed fission are only 4%. For
“vertical” ascent in the hypothetical case when the
emission of delayed neutrons is forbidden, almost 999,
of the nuclei would be lost in the process of delayed
fission.

It should be noted that an improved theoretical model
is required to calculate the losses due to delayed fis~
sion, which are very sensitive to variations of the
transformation paths of the initial nuclei. Therefore,
the adopted average approach to the calculations of the
losses due to delayed processes must be improved.
However, the most important result of the calcula-
tions—the decrease in the mass number of the heaviest
isotope which reaches the g-stability line by a few
units compared with an initial nucleus with 4 = 260—
is not in doubt. This means that the synthesis of B-
stable isotopes in neutron pulses with A =260 requires
exposures that are orders of magnitude greater than
those currently achieved.

5. DELAYED FISSION AND ASTROPHYSICAL
PROCESSES OF HEAVY-ELEMENT SYNTHESIS

The duration of the neutron irradiation in the » pro-
cess is such that g transformations of neutron-rich
nuclei can take place as a result of neutron irradiation.
Because of this, the probability of delayed fission
occurs alongside the decay constants describing spon-
taneous fission and the emission of delayed neutrons in
the astrophysical equations which describe the produc-
tion of heavy nuclides in the neutron flux from super-
novae.’® 1t is obvious that delayed fission plays a part
in the cooling of supernovae. It should be noted that at
a definite stage delayed fission becomes the main en-
ergy source of a cooling neutron star. The nuclei
synthesized in the » process with very large neutron
excess and very large @z emit neutrons after g decay,
although delayed fission is also energetically possible.

According to modern ideas, the decay of the neutron-
rich nuclei produced in the neutron fluxes of the # pro-
cess must take place in the following stages: Near the
path of the » process, the main delayed process is the
emission of neutrons; then, with decreasing neutron
excess, delayed fission becomes more important than
the emission of delayed neutrons, and when @z< B,
there are competing processes—the emission of y rays
and delayed fission—and, finally, the daughter nuclei
produced after 3 decay are de-excited by y radiation.
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Thus, the synthesis of a nucleus with mass number
A depends in a complicated manner on the processes
which take place in the chains of transformations of
nuclei with A +1,4+2,...,4 +n.

In Refs. 12 and 41, estimates were made of the pos-
sible losses due to delayed fission in the g-transfor-
mation chains of heavy nuclei following neutron irradi-
ation. In particular, special attention was paid to the
stability region of nuclei with A =300. The decrease in
the relative yield of nuclei of the new stability region
due to delayed fission was estimated to be between 2.6
and 190 for Z and A in the intervals 110-112 and 291-
297, respectively, for surface-asymmetry constants
1.79 and 2.3 of the liquid-drop model.

" The calculations made in Ref. 57 showed that if one
takes into account the influence of delayed fission on
the synthesis of heavy elements, the ratios of chrono-
metric pairs, for example, **Pu/?¥Th, which govern
our existing ideas about the rate and duration of nucle-
osynthesis, must be appreciably different from the
values currently adopted.

CONCLUSIONS

The experimental and theoretical investigations of
delayed fission took place in the following main stages.

The synthesis and study of nuclei that undergo delay-
ed fission became possible when intense beams of mul-
tiply charged ions were achieved with the U-300 cyclo-
tron and methods were developed for detecting fission
fragments, in particular track detectors that are not
sensitive to o particles.”

As a result, in the first experiments'™ fragments
were observed from the delayed fission of actinide nu-
clei with production cross section of about 107% cm?
with a large yield, which clearly established the exis-
tence of delayed fission. Detection of fragments from
delayed fission proved to be a good method of identify-
ing new nuclei with large neutron deficit.

The study of the neutron-deficient Np and Am iso-
topes served as a stimulus for the theoretical predic-
tion of possible A and Z regions in which delayed fis-
sion could be observed.?'®

In subsequent experiments, nuclei with very small
production cross sections at the limit of the capabili-
ties of modern experimental techniques were stud-
ied.**®® This led to the observation of delayed fission
of neutron-deficient nuclei with Z = 96 (Ref. 29) and the
neutron-rich Pa isotopes® ™ at a short distance from
the p-stability line. The obtained results were used to
estimate the barriers of the studied nuclei under the
assumption of a simple structure of the g-decay
strength function.%®

Accurate determination of the fission barriers from
the data on delayed fission is only possible when allow-

DFor a long time, virtually all experiments were made with
the U-300 cyclotron at Dubna. It was only ten years later
that results on the detection of delayed fission were repeated
at Karlsruhe.2
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FIG. 20. Probability of delayed fission of neutron-rich
nuclei (shown in the upper part of the squares for the parent
nuclei) and the chain of transformations in the B decay of 264U,
including the emission of delayed neutrons. In the lower part
of the squares, we give the fraction of nuclei which reach the
given A and Z.

ance is made for the complicated low-lying structure
of the g-decay strength function calculated by the
“microscopic” method.'®* However, in some cases,

for example, in the determination of the Z and A re-
gions of delayed fission and calculations of deep below-
bar;ier delayed fission, simple relations may be help-
fu] 2940

Development of the experimental investigations into
the delayed fission of neutron-deficient nuclei requires
a further increase in the intensity and selection of
accelerated heavy ions, and also the use of new tar-
gets. Thus, it is now possible to make a detailed study
of the & decay and x-ray emission after K capture of
previously identified nuclei that undergo delayed fis-
sion. Of considerable interest is the possibility of in-
vestigating delayed processes of neutron-deficient nu-
clei with N < 126 in the region of Ra and Th.

A significant development in the experimental inves-
tigation of neutron-rich delayed emitters will be pos-
sible only with the creation of “clean” superpowerful
neutron sources of the laser thermonuclear type.’’
However, many theoretical investigations into the de-
layed figsion of neutron-rich nuclei have been made.
These have shown that delayed fission has a significant
influence on the yield of heavy nuclei in the synthesis
of neutron-rich nuclei as well as in astrophysical nu-
cleosynthesis processes. Further experimental study
of the p-decay strength functions of neutron-rich nuclei
will permit a fuller estimate of the part played by de-
layed fission in nucleosynthesis in high-intensity neu-
tron fluxes.

I am very grateful to Academician G. N. Flerov and
Yu. Ts. Oganesyan for their interest in the work, and
to Yu. P. Gangrskii for valuable comments and advice
during the preparation of the review.
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