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Fission-product formation in the thermal-neutron-induced fission of odd Cm isotopes
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Thermal-neutron-induced fission 8fCm was studied at the Lohengrin mass separator. The light-mass peak
of the fission-yield curve was investigated, and yields of masses feri2 to A=120 were obtained.
Independent-product yields were determined for nuclear charg@8—37. The yield of masses in the supera-
symmetric region was found to be identical to other fission reactions studied at Lohengrin. The multimodal
approach to fission and the macroscopic-microscopic method for the calculation of charge-distribution param-
eters in isobaric chains were used to analyze experimental results from the fisét€mf and?*Cm. A
systematics on fission modes was derived from the analysis and extendedtCthecase. The weight of the
13251 mode was found to decreas€fiCm, relative to thé**Cm nucleus. A prediction of th€Ni yield in the
fission of Cm isotopes was made. The feasibility of the stud{fNf at Lohengrin has been demonstrated.
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[. INTRODUCTION experimental knowledge of isotopic and fragment-mass be-
) ~ havior down to approximately=70. This brought to light a
Precise measurements of nuclear charge and mass distfjiscontinuity in the fission-product mass-yield curve around
butions from fission reactions deliver valuable information ,-<ca=70" which was explained by the importance of the
on the dynamics of the fission process. Nowadays, the higRjj shell in this mass regiosee Ref[2] for a review of the
level of interest in fission studies is connected with the IN-axperimental resuljsFor masses below=70, the data from
vestigation of fission-fragment yield in the superasymmetriGpe fission of actinide nuclei are practically nonexistent for
mass reglor(belowA_: 80). Studies in thls_mass region aim yeactions induced by low-energy neutrons: it is a teala
to answer the questions of how the fission process is 90Mhcognita
erned at mass splits with extreme asymmetry and what are T jnformation is, however, important for the develop-
the limits fqr produqng velry—neutron-rlc':h nuclei. Among the \ant of radioactive nuclear bea(RNB) facilities. To get
latter, a reliable estimate is extremely important for the proccess to it, further experimental efforts as well as some
duction cross section dfNi, the study of which will be one  theoretical-model predictions are required. To develop the
of the highlights of modern nuclear physics. Of special inter5tter. again, a comprehensive set of precise experimental
est is also the search for the superasymmetric fission modeya¢4 for the fission-product yields close to the limits is highly
The superasymmetric mass region is difficult 10 accesgesjreq, Reliable data on fission-product yields are also im-
experimentally; for thermal-neutron-induced fission, thepqrant for the energy production, transmutation, and incin-
yield of very light fission products depreases rapidly and akation scenarios of nuclear wastes in hybrid readi@}s
aboutA=70 becomes comparable with that of heavy par- |, the present study, we have investigated thermal-
ticles from ternary fission. Experimental studies on thermaly,o itron-induced fission of th&Cm isotope. The present
neutron-lnduce_d fission made at_th_e Lohengrin mass separgeasurement concentrates on the light-mass peak of the
tor at the Institut Laue-Langevin in Grenob[&] during fisgion-yield curvefA=72—120 and mainly includes results
recent years, for a number of fissile nuclei, have extended th(gen the mass yields. The yields of individual nuclei could be
obtained only for the lightest massésom A=72 to A=90
and Z=28-3%. The present experimental data were com-
*Currently at CEA Cadarache, DEN/DER/SPRC/LEPh, 13108pared with the data recently obtained for #f&Cm nucleus
Saint-Paul-Lez-Durance Cédex, France. [2,4]. Data sets for both Cm isotopes were then used to dis-
'on leave from Khlopin Radium Institute, 194021 Saint- close systematic trends for mass yields and isotopic and iso-
Petersburg, Russia. baric distributions in the superasymmetric mass region and
*Present address: Los Alamos National Laboratory, LANSCE-3to extend them to th&’Cm case. This has been achieved in
Los Alamos, NM 87545, USA. the framework of a multimodal approach to fissidj and
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by developing a method for the calculation of the charge- Lt T ]
distribution parameters in isobaric chains. 8x10*f B
In the first section, a short description of the experimental ., 1
setup is given, with special attention paid to the data analy-2 7<10 | ]
sis. Section Il is about the theoretical-model analysis used tc3 6x10*F x 4
describe the experimental results obtained. The main results, - 1
of the study(yields of masses and of individual nugleire é sx10'f = .
presented and discussed in Sec. Ill, along with the data or& Al |
the?*°Cm isotope. It also includes some predictions made for— #<1° ]
the 2Cm target nucleus, on the formation probability for 5. ;4¢- 4
neutron-rich Ni isotopes. The last section gives a brief sum- T T
mary of the present study. 0 2000 4000 6000 8000 10000

Time (min)
Il. EXPERIMENTAL SETUP AND DATA ANALYSIS FIG. 1. Experimental burn-up datoints obtained from the

'gwtegration of theA=100 kinetic-energy distribution. The solid line

The experiment was performed at the Lohengrin mass " it one-exponential function.

separator of the Institute Laue-LangevihL ) in Grenoble
[1], where a flux of 5.X 10*cm™ s of thermal neutrons is

available for fission studies. THECm targets were prepared natural” losses of fissile material, such as sputtering. Never-
by the electroplating technique at the Lawrence Berkeley Na; ' P 9.

tional Laboratory. The target material containing some ad_theless, the description of the change with time of fission

mixtures of americium isotope(§43Am and 241Am) was de- rates could be adequately fitted by an exponential function as
posited on a Ti backing. The ratfdiem/22am/ 24 Am was shown in Fig. 1. The burn-up points in Fig. 1 show a smooth

1/0.27/0.0566 and 1/0.49/0.0476 for the two targets usecFehawor, thus indicating that there were no uncontrolled

3 . ; _losses of fissile material, which could have affected the ex-
Though the amount o¥*3Am was significant, the direct con perimental results.

trlbutlo_n of this Isotope to the mass and Isotopic yields M3 The fission fragments were separated in the Lohengrin
sured in the experiment was practically negligible due to its : . I

. ; mass separator according to their mass-to-ionic chArge
low fission and neutron-capture cross sections. (Thé) re-

action was also unfavorable in the casé8Am. The(2n. f) and kinetic energy-to-ionic chardg q ratios and detected in

. Id b | d for this i b n ionization chamber. In thdAE-E mode, the Frisch-
reaction could be neglected for this isotope, 100, because %ridded ionization chamber, apart from a distinct resolution
its small amount in the target material. To limit the contribu-

. _ « of mass multiplegthe sameA/q and E/q ratio9, allowed
tion frgg fission of comp_ound nucled&Am’, bred from the separation of isobaric-chain members at lightest mag&es
initial “*“Am, to a negligibly low level(less than 10% the

irradiation time in th tron b ; ht K i =72-90. An example of the spectra taken with the ioniza-
irradiation time in the neutron beam for each target was |m-ttion chamber is presented in Fig. 2,

ﬁg o /1n¥veenla t:]_h? Ear%et\;vm?tena\i trhl((j:l;\r/]i?rfs m?nsn?imlj The target materia(fissile layer and Ni foil is thin and
pgrent, a © largets were covere a CX€l goes not make any significant changes to the initial distribu-

foil (thickness of 0.2qum) to prevent sputtering of the fissile tion of ionic charge states of the primary fission fragments
material by fission fragments. The energy loss of the frag-

ments in the target materighalf its thicknessand Ni was
calculated, for each mass measured, with the computer prc  Counts
gram TRIM (transport of ions in matter[6] to be about 8 140
MeV (~7 MeV in covering foil and~1 MeV in targej. The 120

loss of energy in the half target thickness was taken as art% ~

uncertainty corresponding to its full thickness. ig g 850 5“?
When exposed to the thermal-neutron flux, both the fissile 4, . T N 750 O

material and the covering foil evolve with irradiation time. g -l §

This evolution manifests itself in changes of moments of the
fragment kinetic-energy distribution. Measured daily for a 70 800850 900 950 1900 - 550 g
chosen mass, the evolution of targébsirn-up, thermal dif-

fusion into the backing, and oxidation of the Ni fodould
be reI_lany monitored. The_ target _burn-up behavior could be FIG. 2. Fission-product mass scatter plot, taken with an ioniza-
described by an exponential function. Its value deduced frony,, chamber inAE-E mode at the separator settinggq=4 and

the experiment was practically the same for both targets anfl;q=4 5 piotted in coordinates of “specific energy lass, total
amounted to approximately 5.6 d, whereas the target half-lifg;netic energyErora..” Measuring time was 25 min. The numbers
|n the LOhenngn neutron f|UX, Calculated W|th fISSIOﬂ andunder the peak$masse)5 are the masﬁ/q parameterS. Events
neutron-capture cross sections fr¢#j, is 19.7 d. The dis- forming the diagonal lindErora, ~AE) and the tail under it are,
agreement is significant and cannot be explained by possibl@spectively, the fragments stopped in collisions with the separating
inaccuracies in the cross-section data. Presumably, the mugfid placed between the twdE anode sections and those scattered
shorter experimental half-life was due to considerable “un+rom it.

Ergra. (ADC chan.)

044610-2



FISSION-PRODUCT FORMATION IN THE THERMAL-... PHYSICAL REVIEW C 70, 044610(2004)

arising from the division of the electronic shell of a com- -7

pound nucleus. This determines the electraivaic) charge Ppre(Z) = Ppre(2)F o 2),

state of fission fragments to be one of the variables which 5

needs to be scanned at the Lohengrin mass separator, to ob- Yore(A) = Y A)FodA), (2)

tain the fragment yield. The second variable is the fragments’ _ 5

kinetic energy which shows a spread ofL5 MeV for the  where P,(Z) and Y,(A) are smoothed distributions, and
light-fragment group. The spread in kinetic energy for athe functionsF,J(Z) and F,{A) describe odd-even stagger-
given mass is a sum product of the fission-process dynamiGag. The method for modeling the smoothed mass distribu-
(deformation at scission pointts isobaric composition, and  tion is based on the multimodal nature of nuclear fis$in

the fragment slowing-down process in the target material. Ijepicting the influence of nuclear-shell structure on the
the experiment, for each mass, a set of measurements wgstential-energy surfaa®ES of fissioning nucleus. The fis-
performed for a number of most probable ionic-charge statesjon process is most probably guided by valleys and bifurca-
(from 18" to 24) and over an energy span of approximatelytion points of the PES from the equilibrium shape to the
30 MeV. For the lightest mass¢&<76), only one ionic-  scission point. For heavy actinidésom Th to Cf), the so-
charge state could be measured, due to low count rates. Thglled standard fission mode&symmetric, sphericat®’sn,
same holds for their energy distribution, where only a spamand deformedN=86-90 shellshave been used. In the case
of 15 MeV could be covered. For every measurement, coungf spontaneous and thermal-neutron-induced fission, these
rates were corrected for energy dispersion and burn-up oftandard modes have to be extended with two additional
targets, as well as for the ionic charge-state distributions; gnodes, to better approximate the smoothed primary-mass
detailed description of the correction can be found in Refdistribution in the superasymmetric mass region:

[8].

An integration over the fission-fragment kinetic-energy Y. o(A) = CayYeay(A) + Cq Yg((A) + Cs Yoy (A)
distributions has provided a set of relative count rdtes, pre syrsy sts! sirsi
which were converted into absolute valug@) by normal- +Csn Ysa(A) + CspYsm(A). (3
ization of the light-peak yield to 100%. For the masges Here,YsyandYs;, Ysi, Ysx, andYsp, are symmetric and

=72-90, the independent-product yields could be resolvegdsymmetric components, correspondingly, which present
from the fit with multiple Gaussians, after the projection of contributions from the different fission modes. Each asym-
the corresponding mass spots onto Ateaxis (Fig. 2. The  metric component consists of two peaks representing the
results for the yields of mass€a=72-12Q and of the in-  heayy- and light-fragment-mass groups and is normalized to
dividual isotopes(A=72-9Q are given and discussed in ynity. The componenYs, is connected with magic numbers
Sec. IV. Z=50 andN=82 in heavy fragments, and the superasymmet-
ric componentsYgy and Ygy are influenced by thé&l=50
and Z=28 nuclear shells in the light fragments. The asym-
. THEORETICAL MODEL ANALYSIS metric modeYg, is supposed to be connected with a “de-
formed” nuclear shell aN=86-90. The competition be-
The independent yield of fission fragmemsy is defined  tween fission modes is determined by fission dynamics and
as the yield of a specific fission product after prompt neutromuclear shells in the fission fragments. The coeffici€hts
emission from the excited primary fragments emerging fromeEq. (3) were obtained by comparison with experimental data
the fission of a compound nucleus with masgs chargeZ,,  for the *>2Tm targets.
and excitation energf.: In the previous analysis of the fission-product yields at
intermediate energie®], both light and heavy peaks were
approximated with Gaussian distributions. However, our
Yind(A,Z,Ac,ZC,EC):E Pa(A+n,Z,A,Zc,E)Pye(Z,A analysis of Lohengrin data, which are very precise, has
n shown that such an approximation is not correct at a large
deviation from the peak center. The Gaussian distribution
¥ A Ze, Bo) Ypre A+ A Zo, o), corresponds to the harmonic approximation of the free en-
(1) ergy near the bottom of the valley. To take into account the
anharmonicity correction, the mass dependence of the varia-
tion o4 was introduced for two asymmetric fission modss

where P (A+n,Z,A;,Z;,E;) represents the probability of 5. g SI) in the form

prompt neutron emission from a fragment with massn

and chargeZ,P,«(Z,A+n,A;,Z;,E;) represents a charge oh(A) = dy(A) (L - YA - A)), (4)

distribution of the (A+n) isobaric chain, andYge(A

+n,A.,Z.,E.) represents a primary fission-fragment masswhereA, is an averaged mass of the fission mode qar?(dy)

distribution. is an adjusted parameter which can be different for the two
At low excitation energies, the primary fission-fragmentslopes of the Gaussian distribution. This method makes it

mass and charge distributions exhibit odd-even staggeringrossibile to suppress the contributions of standard asymmet-

The primary distributions can be presented in the factorizedic modes in the symmetric and superasymmetric mass re-

form gions.
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Since the smoothed preneutron emission isobaric-chargr  10'g—
distribution is approximated by a Gaussian distribution, the ;
odd-even structure can be described by a parameter define 10 g
as a third difference of the natural logarithms of the frac- F
tional yields [10]. If we consider the proton and neutron 10 °E

odd-even effect separately, one can write o af

S107F

Fod2) ~ expl (I3 + [17) 8;(Ac, Zo, E)], ® F i

bel

where 15 and I1; are defined by the parity of the proton :
number in the two primary fragmentl,=1 if Z is even and 10'F 5o E
[1,=-1if Z is odd. The proton odd-even difference param- i 7 ]
eter 5,(A.,Z¢,E.) is parametrized as a function of excitation 10 g_ E

energy, charge, and mass number of the compound nuclet _;ﬁ T T
in accordance with experimental dgtil]. Odd-even stag- 1077770 80 90 100 110 120
gering in the primary-mass distribution is described by Fission product mass (amu)

a combination of proton and neutron odd-even effects.

The proton and neutron odd-even difference parameters are ~'C 3;, Absolute mass yields for the light-mass peak from the

taken to be proportional—i.e., 5\(A:,Z:, E;) =const reactions™Cminy, f) (this worky and***Cm(ny, f) [2,4]. The un-
. o e certainties shown are equivalent to one standard deviation.
X 87(Ac,Z.,E.), with const~0.5.

The average value and variation of the smoothed charge L Y .,
formed Woods-Saxon potential with the “universal” nuclear

distribution of the primary fragments was calculated in the : : ,
potential parameters proposed in Ré@f8]. This type of cal-

framework of the scission-point modgll2]. The mean : ;
h f the primary isobaric chafﬁA) was defined at the culation was used to determine the parameters of the charge
charge o P y distribution of the isobaric chain. However, for calculations

minimum of the smoothed potential energy at the scissiony¢ e neytron-multiplicity distribution from individual pri-
point for members of the isobaric chain mc!uc_hng shell andmary fragments, this approach does not provide the neces-
pairing effects. To calculate the charge variatiofiA), the g5 accuracy. For this purpose, a simplified version of the
model of a frozen quantal fluctuation of charge asymmetryission-point model with the adjusted shell-correction val-

degree of freedonfil3] was used. The stiffness of the har- yes119] was used. The shell corrections as a function of the
monic potential for the charge collective coordinate has bee rimary-fragment mass for the thermal-neutron-induced fis-

obtained by an approximation of the calculated potential engjs 0§33 and for the2®°Cf spontaneous fission were de-
ergy at the scission point. For the inertia parameter_of tharmined by a comparison with experimental neutron-
charge collective coordinate, the expression derived in Refytjpjicity data. For other actinide compound nuclei, shell

[14] was used. corrections at the scission point were calculated by linear

_To calculate the neutron-emission probability from thejniernolation and extrapolation using the mentioned refer-
primary fragments, a simplified statistical description Wasgpce values.

used. The neutron multiplicity distribution can be approxi-
mated by Gaussian45]. The averaged prompt-neutron mul-

tiplicity is proportional to the excitation energy of the frag- IV. RESULTS AND DISCUSSION
ment, which was calculated using a scission-point model. '
The calculation of the variation of the excitation energy is a A. Mass yields

more complex problem. Therefore, an approximated relation  yperimental results on the fragment-mass distribution
between the standard variation and neutron multiplicity was, e displayed in Fig. 3, along with the data for tf&Cm
used: isotope[2,4]. As seen from Fig. 3, the mass curves for the
7 two Cm isotopes behave in a quite similar manner in relation
oAZA)=0.75+0.2UAZEY). ) to the mass npumber. The onlyqsignificant difference between
In the scission-point fission model, the averaged fissiorihe two curves is for masses> 107, near the symmetric
characteristics are defined at the scission line correspondirgass partition. Here, the difference in the yields between
to the minimum of the potential-energy surface in the multi->**Cm and?**Cm is the most pronounced; it reaches a factor
dimensional space of collective coordinates, describing aof 4 for masses around=110. The higher yields for the
axially symmetric configuration of two nascent fragments.?**Cm target in this region are compensated by lower yields
This collective coordinate space is comprised of three deforat A=85—-100, where the yield 6f*Cm is slightly stronger.
mation parameterg@uadrupole, octupole, and hexadecapoleThe effect of changes in mass yields with isotopic mass of a
deformation typesfor each of the fragments, the fragment compound nucleus is well known from spontaneous
mass and charge asymmetry parameters and the distance fission—for example, as seen in the Pu isotof#d. One
tween the fragment tips. In our calculations, the standaradan also see the same behavior of the mass-yield curve in the
Strutinsky shell-correction methofd6] was applied using data of the Cm isotopesee, e.g., Ref21]).
the parametrization of nuclear shapes according to [R&f. The proximity of the mass curves in the superasymmetric
The single-particle spectra were calculated in the axially demass regiofA<80) clearly visible in Fig. 3 is not acciden-
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L The proximity of the yield means that the formation prob-

10°¢ ability of very light fragments is not sensitive to the differ-
10°E < ence in excitation energy, which appears from the difference
1? 3 in neutron-binding energy for the compound nuclei under
100F E consideration. This implies that such fragments are formed in
s 10_2f_ ] a cold state and have nearly spherical shapes at the scission
- F point. A physical quantity related to the fragment’s excitation
T o3k N and deformation is the corresponding prompt-neutron multi-
~ F plicity. Unfortunately no reliable experimental data on
10°F E prompt-neutron emission are available to make a definitive
o 1 conclusion on this subject.
10°¢ 3 The independence of the mass yield from the fissioning
10k system, established in the superasymmetric mass region for
B e e e thermal-neutron-induced fission, as well as the anomalous
65 70 75 80 85 90 95

behavior of the the fission-yield curve arouAd70 (see,
e.g., [2]), strongly supports the necessity to consider addi-
FIG. 4. Absolute mass yields for the light-mass peak from thet,ion_aI modes in the rT_]uItimodaI apProaCh as.men.tioned ear-
reactions U (ng,.f) [22.23, ZNp(ng.f) [8.24, ZPuny,f)  lerin Eza.(B). We azaplled the formalism described in Sec. Il
25,26, 2Z"Am(ng,. f) [27], 2Cm(ng, f) (this work, 2%Cm(ng,.f)  t0 the *Tm and ***Cm nuclei, to calculate the yield of
[2,4], and2*°Cf(ny,, f) [28]. The error bar¢1c) are shown only for Masses and of individual isotopes. The parameters of the
243cm. fission modes were determined, too, by a comparison with
product yields measured iffCm(ng, ) and 2*Cm(ny,, f)
tal; it appears to be a general feature in low-energy fissiomeactions.
(see Fig. 4. This behavior of fission-yield curves was dis- However, the fission-mode parameters obtained from sys-
closed quite recently, when data in the superasymmetritematics developed for intermediate compound-nucleus exci-
mass region became available for various compound nucleations[12] could not be used directly for the case of low
and were compare[8]. As seen from Fig. 4, foA<80, the  energies, since they are expected to fluctuate for different
yield of masses from various fissioning systems is practicallicompound nuclei. Consequently, only the mean-mass values
the same. The mass coincidence takes place over a brodd of the modes have been calculated using phenomenologi-
mass interval and—what is even more remarkable—it pereal relations from Ref[12]; the mode variations were deter-
sists over a large range of mass yieldpproximately three mined by a comparison with the experimental mass-yield
orders of magnitude The intersection of the yield curves in data. The anharmonicity-correction coefficietgEqg. (4)]
the light-mass peak is attributable to the combined action oin the calculation were fixed with the exception of three,
two shell closuregZ=28 andN=50). Unlike the doubly whose values were adjusted. In addition to these eight free
magic *’Sn case, the two shells do not belong to the sam@arameters, the mode weight coefficiedls [see Eq.(3)]
fragment but are displaced from each other by approximatelyere determined for each compound nucleus, with their sum
12 masses. This displacement can be a reason for suchbeing normalized to 100%. All the parameters are listed in
“prolonged” overlap in mass yield observed for all com- Table I. The steepness with which the mass-yield curve de-
pound nuclei studied so far at Lohengrin. A small deviationcreases towards the symmetric region defines the
from the common trend seems to be presenf4d€f. How-  anharmonicity-correction coefficient for both standard
ever, this can be caused by a yield normalization, since onlynodes; the structure in the mass-yield curveAat70 in
a fraction of the light-mass peak had been measured. It has t§°Cm imposes a strong limitation on thed], coefficient.
be noticed that the stabilizing role of the shells appears to b&hough the mode &=70 is narrow and its contribution to
strong enough to transform the behavior of the mass-yieldhe total yield is small, the structure At70 is important for
curves, which are known to exhibit different slopes near thainderstanding the superasymmetric fission dynamics. In the
top of the mass pealfig. 4. 24Cm(ny,, f) case, there are no experimental data n&ar

Fission product mass (amu)

~ TABLE . Fission-mode parameters f6f°Cm and®**Cm. For each isotope and for each mode, average asgandard deviation
a'(A), and coefficients; (¢S andc%) are given according to Eg4).

243Cm 245Cm
Mode A (amu J'(A) (amy  c® cY C (%) A (amu o'(A) (amy ¢ cY C; (%)
sy 122.00  8.61) 000 — 1.145) 123.00 894100 0.00 — 2.201)
sl 132.71  4.8) 0.00 0.4Q2) 0.031) 13232 356100 0.00 0.602) 13.42)
sl 14178 9§l  0.1Q1) 0.251) 98.75) 141.04 978100 0.081) 0.3q1) 84.005)
SAl 82.00 1.15) 0.00 0.00 0.11) 82.00 1.17) 0.00 0.00 0.3®@)
SA2 70.00 0.6(b) 0.00 0.00 6.610°%5x107) 70.00 0.605) 0.00 0.00 1.x1042x107%)
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80 9

100 110

Fission product mass (amu)

insets are the same data but on a linear scale.

=70 and further experiments are needed to check our predi
tions in this nucleus. The effect of the we8lkl mode con-
nected with the nuclear sheN=50 manifests itself in the

120

FIG. 5. Comparison between experimentabnnected poinjs
and calculateddashed linesmass yields fof*Cm and®**cm. The

form of a change in the mass-curve slope n&ai80 [8].

An important feature to note is that the fraction of {Ai
mode (SAL and SA) increases fronf**Cm to 2*Cm. The
contribution of the symmetric modeY) to the mass vyield
seems to increase too, with increasing isotopic mass, whic
correlates with the mass-yield behavior in the symmetryth

C_
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independent yield§FIY(A,Z)]. The latter were obtained
from the evaluation of the specific energy losads of fis-
sion fragments in the ionization chamber. Since the nuclear
charge resolving power of gaseous detectors does not exceed
Z/AZ=40, a reliable identification of isobars was possible
only in a relative short mass rangep to A=90).
With extracted fission-mode parametésse Table), the
independent fission-product yields were calculated. The cal-
culated and experimental isotopic yields in the fragment-
charge-number interval=28—-37 for the?*Cm target are
compared in Fig. 7. One can see that the agreement between
experimental and theoretical values is very good. This proves
hhe validity of the model of a frozen quantal fluctuation for

e calculations of the mean charge and charge dispersion of
e isobaric chain.

(Fig. ). It is desirable to measure mass yields in the whole
valley region to make definitive conclusions on the impor-
tance of this mode for the valley-region populatiorffiCm

and on the corresponding peak-to-valley ratios. The most
surprising finding is, however, the disappearance of the
standard- (Sl) mode in?*3Cm. Certainly, this mode is too
neutron excessive to be competitive in the fissiof*dEm.

In Fig. 5, a comparison is presented between experimenta
and calculated data for the light-mass peak for the two Cm
isotopes. One sees a good description of the experimente
curves by the model, apart from te=100 region where the ¢
theoretical curves show an additional, but relatively small, o
structure. This disagreement can be explained by a specifig'—f
dependence of the neutron multiplicity on the fragment mass
and charge. Common procedure and parameters were used
calculate the multiplicity of prompt neutrons emitted from
primary fragments(see Sec. I). In Fig. 6, the neutron-
multiplicity curves are compared for tH&*Cm" and2*Cm’
compound nuclei, as a function of the primary-fragment
mass. In general, these curves are almost identical; som
differences between them can be explained by the differenct
in neutron binding energies and excitation energies of the
primary fission fragments.

B. Isotopic and isobaric yields

product of the absolute mass yielf¥(A)] and fractional
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FIG. 8. Experimentalsolid pointy and calculatedopen sym- FIG. 9. Calculated absolute yields of Ni isotopes from fission of
bols) mean isobaric chargé for massesA=77-80, obtained from  the2*cm’ 26cm’, and?*cm’ compound nuclei. Black points are
the thermal-neutron-induced fission of different nuclei, as a functionhe experimental data.
of the neutron-to-proton ratio of the corresponding compound sys-
tems. The data fof*'Pu were taken fronp4]; for other references,

see Fig. 4. The straight lines are for legibility only. was already observed quite a long time @8], the excess

of 22 neutrons in this nucleus strongly prohibits its produc-
The prediction of yields of extremely-neutron-rich fission tion in quantities required for spectroscopic studies. Neutron-
products, such a®Ni, is a challenging task. Here, we have induced fission is doubtless one of the possible reactions
investigated the systematic trends in the dependence of thepable of producing®Ni, since it preserves and even in-
mean charge in th&=77-80 isobaric chains using the Lo- creases, by adding one more neutron to the target nucleus,
hengrin experimental data. In Fig. 8, the experimental mearthe neutron-to-proton ratio of fission fragments. As follows
charge value for the A=77—80 isobaric chains as a func- from Figs. 8 and 9, thermal-neutron-induced fissioA'é€m
tion of the neutron-to-proton ratio of the compound nuclei@Ppears to be a very promising reaction for the production of
for the thermal-neutron-induced fission of targets from U tonuclei with extreme neutron excess.
Cf are presented as solid symbols. Since for these isobaric The level of sensitivity currently reached at the Lohengrin
chains the experimental data are available only for limited"ass separator is of the order ©f10'% [30] and corre-
charge numberé3 or 4), the extraction of the charge disper- SPOnds to about a half day of measuring time with a transu-

. f th I . . . ranium target pf a few tens of micrograms. The yield of
sions and of the uncertainties @fwith a high confidence 4.5x 10°%% estimated fof®Ni from the 2'Cm target would

level is impossible. The error for thé was estimated 0 be  yean much longer measuring times, provided the target ma-
equal to about 0.3, since the uncertainties for independentyyig| is available in a quantity of 1 mg. Under these con-
product yields in this mass region are in the order of 10% Okjitions, the”®Ni count rate is expected to be several events
less. One can see that the dependetidée/ Zo) for a certain  per week of measuring time. This shows the feasibility of the
isobaric chain can be approximated by a straight line. Thé®Ni yield determination at Lohengrin.

calculatedZ values for the?**?4¢2*€m" compound nuclei
(open symbols in Fig. Bfollow the experimental trend. V. CONCLUSION
Based on the overall good agreement between theoretical
and experimental data we could predict yields of neutron- In conclusion, for the first time the mass and charge dis-
rich Ni isotopes. Calculated independent yields of the Nitributions of fission products in the thermal-neutron-induced
isotopes in the thermal-neutron-induced fission of thefission of 2*Cm have been investigated at the Lohengrin
243,245246m targets along with available experimental datamass separator. Fission-product-mass yields were measured
are presented in Fig. 9. As appears from Fig. 9, there is & the mass intervaR=72-120, reaching a yield value of
remarkable difference in yield between the three compounabout 10%% for the superasymmetric mass division. Inde-
systems studied, for the heavy Ni isotopes. The gap in yieldfgendent yields of individual nuclei were determined for the
however, vanishes for light Ni isotopes. This is a consedission-product masses belo=90 and in the charge inter-
guence of the shift of the isobaric distribution towardsval Z=28-37.
smaller nuclear charges, with increasing isotopic mass, and Stabilization of the left wing of the light-mass peak in the
of the focusing effect of the superasymmetric fission modesuperasymmetric mass region discovered in other reactions
on the mass-yield curve behavior in the corresponding masat Lohengrin(see Fig. 4 for referencesvas also confirmed
region. in the reaction under consideration. This feature of the mass
A point of special interest in Fig. 9 is the yield 6Ni. curve, along with the discontinuity in yield disclosed at mass
The ®Ni nucleus is one of a few nuclei of key importance in A=70 (Fig. 4), strongly supports the hypothesis on the im-
the understanding of stellar nucleosynthesis. Thotft\fi ~ portant role of nuclear shelld=28 andZ=50 in superasym-
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metric fission[31]. Contrary to the™®’Sn mode withZ=50  very promising for production of nuclei with extreme neu-
andZ=82, the influence of th&=28 andZ=50 shells spans tron excess.

a wide range of masses, since any coherent action of the The systematics obtained for the mean-product charge of
doubly magic’®Ni mode is prohibited by a large deviation of the isobaric chainsA=77—-80 for compound nuclei from

its neutron excess from that of the compound nuclei. 238y" to 5°Cf" measured at Lohengrin demonstrates a clear

The multimodal fission approach and the model of frozeryecrease of as the ratioNc/Zc increases. This systematics
quantal fluctuations of charge asymmetry at the scissiofs very useful for predicting and testing theoretical models.
point were used for fission-product yield calculations. To de-predictions of yields of neutron-rich Ni isotopes were made
scribe the lightest slope of the mass peak, the two superdpr the 244cm’,?4Cm’, and?*cm’ compound nuclei formed
symmetric fission modegat A=82 andA=70) were intro-  after capture of thermal neutrons. The cross section for the
predicting power has been de_monstrated by the agreeme®cm is predicted to be about 4 nb. This is higher by one
between calculated and experimental data on’tf@m and  order of magnitude than the value obtained in fission induced

24%Cm isotopes. The parameters of fission modes were exyy peripherical collisions of 750 MeV/nucleon projectiles of
tracted for the*Cm" and**Cm’ compound nuclei. It was 23 on a Be targef29]. This yield level for’™Ni is promis-

found that the weight of the standardnode (***Sn mod¢  ing for planning new experiments at Lohengrin.

for the *%Cm compo4und nucleus is very small in compari-

son with that for the? 6C_:m compound system. Itis a com- ACKNOWLEDGMENTS

mon trend that the weight of th€?Sn mode increases with
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