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-ABSTRACT
. . . s 254
Mass-energy relations in the fission of the compound nucleus Fm
have been studied at excitation energies in the range from 58 to 116 MeV.

This compound nucleus was produced by bombardments of Th252, U258, and Pu242

with the heavy 1ons:Ne22, Ol6g‘and Clgp respectively. The kinetic energies

of the two fission fragments from each event weré measured by using semi-
conductor detectors. - From these energies the masses and’to%al kinetic energies
were calculated.

The mass distributions were studied as a function of the total kinetic .
energy. The bell-shaped mass distributions narrowed rapidly as the kinetic
energies of the fragments increased. - The quantitative behavior of this
narrowing suggests that most of the initial excitation energy of the com-
pound nucleus 1s not available either for conversion into kinetic energy of

the fragments or for the production of asymmetric mass divisions that are

energetically unfavorable.
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1. INTRODUCTION

When elements heavier than radium are bombarded with charged particles,
the most probable reaction is binary fission. The probability that a com-
pound nucleus will de-ex¢ite’to its ground state by particle emission is very
small. If the projectiles are protons, deuterons, or «& particles, direct
interactions may compete actively with compound-nucleus formation, The
resulting fission’occurs at a wide variety of excitation energies, which
makes interpretation of the data difficult and ambiguous.

It is well known that at low excitation energies these heavy elements
fission asymmetriéally. As the excitation energy is increase@, symmetric

. fission begins to compete favorablyy with asymmetric fissionol Until recently,
the study of mass distributions of fission products at high, well-defined
excitation energies has not been possible.b

Use of heavy-ion accélerators has made possible very high, well~
defined excitation energies. Although a 160-MeV 016'i0ﬁ, for example, has
the same velocity as a 40-MeV o particle, much greater excitation can be
introduced in a reaction by the 016 ion without increasing the probability
for direct interactions.

A study of mass-energy relations in the fission of highly excited
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heavy nuclei is reported here. The compound nucleus studied was Fm25h’ with
excitation energies ranging from 58 to 116 MeV. This compound nucleus was

created in the following three ways:

a. 012 + Pu242
b. 016 + U258
o0 232

c. Ne + Th

The experiments involved measurement of the kinetic energies of the two
fission fragments for each event.  From conservation of linear momentum and
conservation of mass, the masses of the fragments were determined. The
- variations of the mass distributions with total kinetic energy weré studied

by the method of moments,

IT. EXPERIMENTAL

A. Equipment

l. Heavy Ion Beams

Heavy ions having energies corresponding to 10 MeV per nucleon were
supplied by the Bgrkeley heavy-ion linear accelerator (Hilac).2 To reduce
energies of the heavy ions to the desired values, aluminum foils of known
thickness were placed in the beam path between two collimators. The foil
thickness required for a given energy degradation was determined from North-

3

cliffe's range-energy curves for heavy ioms.

2. Fission Chamber

The fission chamber, approximately 60 cm in diameter, had two detector

arms whose angular poéitions could be'adjusted from outside the chamber
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- (Fig. 1). 1In addition, the radial position of each detector and-the amount

of absorber in the beam path could be controlled without openiﬁg the chamber.
The target mountvexiended through the_top of the chémbef, making_the target
angle adjustable from outside. A.permaneqt magﬁet at the méutﬁ of the

Faraday cup preventedvelectroné from entering br-ieaving-thé'cué. Two vertical
beam collimators (2 by 6 mm) were placed 60 cm apart, with the second one

5 «wm from the target.

3. Electronic System&

- Gold surface-barrier detectors, similar to those described by
Blankenship, were used for detection of the fragments and measurement of
their energies,5_ For-most -measurements, 13/16—in,=-diam° detectors made from
150-Q-cm n-type silicon were used. - These gave linear calibration curves when
operafed at reverse biases of 3 to 6 V. Judged by their response to the

single-fragment energy spectrum of Cf252

, the detectors .showed good'energy
reéolution.6

The electronic system (Fig. 2) was composed of three interdépendent
parts. The linear systems amplified the pulses from each detector for puisee

7

height analysis. The colncidence system time-resolved the pulses.8 Only
pulses appearing within 10_8 sec .of one another were accepted. Finally,
a two-dimensional analyzer, activated by the coincidence system, measured the

two linear pulse heights and stored the results on magnetic tape.

L, Cl?argéts)1L

The Pu242 and Th252 targets were prepared by electrodepositing the

metal oxides onto thin nickel foils. A 25O—ug/cm2-thick Pu target was used.
, : | . 2 238
in these experiments; the Th target thickness was BOO_ug/cm . The

target, prepared by vaporization of UF), , was 110 ug/cm? thick. The thickness
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of these targets was fourd by measuring the alpha decay rate from a known
area. The Aulg?ltarget used for calibfating the linear systems was 400
ug/cm%—thick. Its thickness was determined by the amount it degraded the

52

energies of fragﬁents from'fhe spOﬁtaheous fission of Cf2 .

B. Bombardment Procedures

1. Calibration of the Linear Systems and the Two-Dimensional. Analyzer

Calibration of the linear systems depended on the fact that fragments
from heavy-ion-induced fission have higher energies when observed at forward
angles than at backward angles. The high momentum of the energetic heavy
'ibn”imparts a high velocity to a fissioning nucleus. This velocity becomes
a component Of each fragment's laboratory (1ab) velocity, causing its lab
energy to be dependent on the lab angle. Fission-fragment pulse-height
spectra from the system 016 (165 MeV) + Au197 were observed at angles of 14O,
110, 90, 70, and 40 deg. (Angle ¥ in Fig. 1). The peak positions of these

“spectra plotted against the calculated lab energies constituted a calibration

from 43 to 103 MeV (Fig. 3)‘,1L

2. Data Collection

Calculation of center-of-mass (c.m.) energies required a;knowledge
of the lab energies and one lab angle. Thus it was:necessary to define the
lab angle by collimating one detector. Collimation to an arc of 4 deg made
the calculation fairly dccurate, yet allowed data collection to proceed at
a reasonable rate. This collimated detector was usually located at 90 deg
(lab). The second detector had a sufficient width (20 deg of arc) to accept

all the fragments in coincidence with those striking the collimated detector.

Previously measured angular correlations indicated what the angular location

of the second detector should be.9
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The limiting factor:in thevdata;eollection rate was the counting rate
in the larger detector. The intensities of the particle beams were adjusted
to limit the overlapping of linear pulses from the larger detector to less
‘than 2%. When beam and target conditions were optimum, as many as 100,000
events were collected in a-singlé experiment. With less favorable conditions,

as few as 20,000 events were collected.

III. CALCULATIONS

A. Transformations

Fission-fragment lab energies were assigned to the pulse heights
from two linear calibration curves. An example of such a calibration curve
is shown in Fig. 3. The corresponding c.m. energies,.El and E2 , were
calculated from these two lab energies and the lab angle of the collimated.
detector.

The total kinetic energy of a fission event is given simply by

EK = El + E2 .

Using the conservation of linear momentum and assuming that the sum of the
fragment masses, Al and A2,'equals;the mass of the compound nucleus, AC )

we may calculate the fragment mass,

A.2/AC

rEl/(Elﬂ+ Eg).

Here the fragmeﬁt mass -is expressed as a dimensionless fraction of the maSsA
of the compound nucleus. The above relation is an appreoximation to the |
extent that any effects due to neutron emission have been neglected.

We may think of the original data as being a three-dimensional sur-

‘face, of which twb coordinates are the two pulse heights, and the third is the
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density of events.(a function of the two:pulse. heights). We éhall refer to
all such three-dimensional plots as "contour maps". It was shown above that
two pulse-height coordinates may be transformed into mass and total-kinetic-
energy coordinates, A/Ac and EK ; respectively. To form a contour map with
mass-energy coordinates, we must also transform the density of events to the
new coordipate system. Figure 4 shows an example of such a transformed mass-
energy contour map.

We may consider a contour map with coordinates A/Aé and EK to be a
series of mass distributions changing with total kinetic energy (Fig. 5). Or
it may be thought of as a.series_of total-kiqetic—energy distributions .changing

with mass.
- B. Moments of the Mass Distribution:

'Fach contour map was divided into a series of mass distributions in-
total-kinetic-energy intervals of 2 MeV. That is, each distribution repre-
sented all thé events whose total kinetic energies lay between EK -1 and
E, + 1. For each distribution the second and fourth central moments were

K

calculated.ll The second and fourth central moments are

| S (A/A, - (&/A )" N(a/A)
u(a/A)) = o
' '3 N(A/AC) : ' '

where r equals 2 and 4 respectively, and N(A/AC) is the number of events

‘in the distribution having nass A/Aco The mean of a mass distribution for a

constant interval of -EK is

3 (a/a) N(a/a)

% N(A/Aé-)r

/e -
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These means showed only small excursions from a value of 0.5, as was expected.
The second central moment of any distribution is its wariance. It
provides a measure of the width of the distribution. - The fourth central':

moment was used to calculate the coefficient of flatness: -

2 :
%= (Gl -3
This coefficient is zero for 'a Gaussian distribution and negative for a flat-

topped. distribution.

C. -Tfegtment of- Errors

Among the sources of uncertainty contributing to the dispersion of
the mass-distributions were electronie noige, the: thickness of the targets,
the width of the collimated detector, and the emission of neutrons from the

excited fission fragments. - To a first approximation, any shifts in the mean

- values of the mass distributions due to thesé effects are zero or small.

The contributions of the last three sources to the variances were calculated.u’12

The contributions from target thickness and detector width were found. to be
negligible when compared with the contribution from neutron emiséion.. The
confribution of electronic nolse was compared indirectly with that of neutron
emission_in‘the following manner. The fission—frggmént~mass distribution for
the system Clg(llQ.Mer + U258 was measured both radioéhemically13 and
electronically. We assumed .that the variancevof the radiochemical mass
distribution is unchanged-by neutron emission. Whén.corrected fqr‘the effects
of neutron emission, the variance of the electrqnic mass distribution com-
pared very well with that of the radiochemigal..”Froﬁ this we concluded that
the effects of electronic noise, gnd for that matter of allvotherusources

of dispersion, are much smaller than the effects of neutron emission. Thus
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the variances of the mass distributions were corrected only for the effects
of neutron emission. No corrections were calculated for ah:’ the coefficient
of flatness. |

Unlike the mass distributions, the total-kinetic-energy distributions
werefsubject to mean-value shifts as well as to dispersions. Thus 'EK was
corrected for the mean energy degradation in the target and the mean effects

of neutron emission. Cerrections for the dispersive effects of neutron

emission slightly expanded the EK distributions.

Iv. RESULTS

The first column in Table I lists all the reactions studied. The
kinetic-energy and mass distributions are similar id all cases and have the
general appearance"ilIUSfrated in Fig. 5.

The most probable events are characterized by‘equai mass division and
deviating'frdm the most ﬁrobablé values; the number of events decreases
rapidly in a monotonic manner. Mess distributions for a fixed kinetic energy
are bell-shaped and;’with one exception, the widths of the mass distributiens
decrease markedly with increasing kinetic energy. We shall discuss this
Teature in deﬁail. |

Figures 6 through 9 show the variance of the mass distribution as a
function of the kinetic energy for some of the experiments. We‘noteuthét
with the exception of the reaction '016(103 MeV) + U258, the variance (pro-
portional to the square of the width bf the mass distribution) decreases in
a linear'manner %ith increaSing kinetic energy. A single étraightaliné re-

‘lation seems to hold over the entire range of measurements from about 140 to
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220 MeV. In this interval the variance decreases by a factor of four. The
slopes and intercepts of these lines are given in Table I.: The case of
016(103 MeV) + U238 constitutes a notable exception to the above behavior
(Fig. 9). In this case the characteristic increase of the variance with
decreasing kinetic energy does not hold below abéout 190-MeV. In fact, for
low energies the variance appears to become independent of the energy.

In addition to the above overall features of the kinetic-energy and
“mass distributions, which will be discussed in the next section, further
charécteristics are revealed by a more detailed analysis of the data. The
mass distributions are almost Gaussian at the highest kinetic energy, but -
become gradually more nearly rectangular with decreasing'energy.’ Figufe‘lO-

gives a quantitative description of this effect.

V. DISCUSSION

A. Mass Distributions

The systematic decrease of the variance of the mass distributions,
iilustrated.in Figs. 6 through 9, may be associated with the loss of freedom
of the fissioning nucleus to choose its asymmetry (at thé moment of scissiqn),
as the restriction imposed by the requirement of a higher kinetic ¢nefgy be-
comes more and more'severe;lu In the case of 016(105 MeV) + U238, for thch
the excitation energy is 58 MeV, the freedom to choose asymmetry dqes not
continue to increase with decreasing kinetic energy (see Fig. 9). Because
this was the only deviating case studied, we will not discuss it-further than
to point out the possible association between the rather constant réstriction
on the asymmetfy a£ low kinetic energies and the relatively low excitationr

energy.
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Since the maximum energy available for fission.is always limited, an
extreme situation would be realized in those cases in which all available
energy is required-to appear as kinetic energy. In such cases (where relative
frequency would be increasingly small) there would be no energy left for ~
deviations of d&ny other variables from their optimum values (i.e., those values
associated with the maximum energy release). Conseqﬁently the variances of
all distributions, ‘including in particular. the mass-division variable, would
tend to zero as the kinetic energy approaches a certain upper limit. More
generally, at any given kinetic energy an upper limit, required by con-
servation of energy, can be written on the value of any variable. We shall
illustrate this in the case of the mass-division variable A/Ac. Figure 11
shows a plot of the energy release for-Fm254 as a function of A/AC. According
to the liquid-drop formula,Aused.in this illustration, the maximum energy
release Eoax = 230 MeV occurs for symmetric fission, and in the spontaneous
fission of such é liguid dr0p,vonly stPictly symmetric divisions would be
energetically impossible for events characterized by a kinetic energy release
of EK = 230 MeV. Figure 11 shows that the range.of asymmetries available
» smaller than this upper limit would

K
be\(approximately)'proportional to the square root of (E - E.). 1In other

energetically for a kinetic energy E

max K
words, the square of the maximum width of a mass-division distribution should.
be approiimatgly a straig£t line in a plot égainst .EK . This is illustrated
in Fig. 12.
We may compare‘this result with the empirical findings in Figs. 6
through 9 that the>variance of the mass distributions--equal to the square -

of the root-mean square widths-depends linearly on E The slopes of the

K

v , : _ _ A
experimentdl lines are listed in Table I, as are the intercepts EK' All

"ten observed slopes are similar, and the ihtercepts”are all quite close to

[}
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252 MeV (the average is 2521$-Mev).. We have estimated that in the spontaneous
254

fisgion of Fm the maximum energy which could be released is about 230 MeV.

This estimate is subject to some uncertainties. If we take into account the

- special stability of the two symmetric fragments, each with Z = 50, (according

to Cameron's masses) 243 MeV is found for ‘the energy release. We may also
point out that 252 MeV is equal to the-potential energy of two ‘equal spherical
frggments whose centers are separated by 14.3 fermis, which corresponds to
almost tangent spheres. Although this may have a deeper significance, we have
not been able to find a convincing argument why the variance of the mass-
division coordinate should tend to zero at kinetic energies corresponding to
this particular configuration. The experimental value of about 252 MeV for

the intercepts is near the maximum energy release. -Although the intercept

-appears to be somewhat higher than the maximum energy release, there is of

course no violation of énergy conservation, since in the case of induced
Tission the total amount of energy available may be higher .in fact, making

. _ A
E between 290 and 340 MeV. That the intercept EK comes out cloger

total
to the energy release than to the totai energy is in line with the expectation
that most of the extra energy, being in the form of_internal excitation, is
not easily available for conversion into.kinetic energy of the fragments.
Estimating how much excitation energy is actually present in the
nucleus -at the moment of fission is difficult in general. We would like to
conclude this discussion with a consideration of the factors that tend to

make the relevant excitation energy different from that obtained from the Q

value of the reaction.
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'B. Remarks Concerning the Excitation Energy

In some cases the heavy ion breaks épart and deposits only a fraction
of its mass,iﬁ the target nucleus. This leads to the formation of an excited
'ﬁucleus which ﬁas not only a lowérvexcitation energy, but also a lowef mass
and charge than tﬁenexpected compound nucleﬁs. It the.resulting nﬁcléus is
very heavy, 1t will usuaily have sﬁfficient energy to fission. Thus events
involving cémpound;nucleus formafion may be mixéd~with fission events from
nuclei of uncertain mass, charge, and excitation energy.

However, the linear velocitiés of the excited.huclei resulting from
bfeakup réactibhs érevlowér than those of nuclei formed by the capture of the
entire heavy ions. This forward ﬁélocity.is givén to the fission fragments.
The two frégmenté from a low-velocity event (corresponding to breakupwinduéed
fiSsién) emefge in the labératory éystem separated by larger angies thénrdo
two fragments from a high—velocity event (corresponding to heavy-ion-induced
fission)° ’This haé‘been graphically illustrated by Sikkeland et al.,9 In
the cases of the maximum energies of thé heavy ions‘(lO MeV per nucleon), there
is a large difference in the angles between the fission fragments produced by
the two reactions. if the détectors are located to detect fragments from
compoundQnucleus fission, essentially no fragments from breakup-induced
fission are detected. However, at lower bombardiné energies théfe is a
smaller difference in the angles between fTagménté producéd in tﬁe two cases.
Thus at lowervbombarding energies a larger fractién of therbserved fragments
come from breakup-induced fission, This fraction is estimated to be 5% for
the reaction 016(158 MeV) + U238,

However, we may compare the results of two experiments, one in which
the observed fragments came only from compound-nucleus fission, the other

in which some of the fragments also came from fission following & breakup
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reaction. Figure 6 shows a plot of MQLA/AC) vs By of the fragments for the
reaction 016(158 MeV) +'U258.. Approximately 5% of the observed.fragments
came from breakup reactions. A comparison with a similar plot for the re--
action‘O16 (165 MeV) + U238 (Fig. 9) reveals no apparent difference in shape.
The slopes and intercepts are also not significantly different (see Table I).
We may conclude that inclusion of some events Qf unknown initial mass, charge,
and excitation energies has not significantly affected the widths of the
distributions represented by “g(A/Ac) vs By

For compound-nucleus reactions we must consider the distribution of
total energy'between éxcitation and rotation. We must also consider how
much energy appeared .in the form of neutrons before fission occurred. The
calculated maximum rotational energies for spherical compound nuclei are
listed.in Table I for each case studied. In calculating these energies we
assumed a spherical projectile colliding at a point Jjust tangent to a spherical
target. -Such a collision gives the maximum rotational energy, which is
probably more than twice the average energy. Thus in the reaction with the
highest rotational energy studied here, ﬁamely Ne22(17l MeV) + TEQBQV, the
average rotationalvenergy is estimated to be about 10 MeV. During»the fission
process even this energy may be lower, because the moment of inertia becomeé
larger with ihcreased distortioﬁo In any évent, even in this extreme-cése,
the average rotational energy is léss than or about lO% of the initialvenergy
of fhe compound nucleus.

Angular momentum and rotational energy play an important role in the
probability of ﬁartial deQexcitation of the éompoﬁhd nﬁcleus by neutron
emission; ﬁiskes has shown that the fission 5arrier is’ioﬁered by large

angular momentum.15 The calculations' of Pik-Pichak indicate that neutron

emission is hindered by high angiilar momentum,l6 A study of the available
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experimental data by Vandenbosch. and Huizenga showed that, for 1-MeV decrease
in the difference between the fission threshold and the_neutron-bihding
energy, the average value of Fn/Ff decreases an order of magnitude.17 The
. . 252 252
average experimental. values of - Fn/Ff for the reactions Cf~7"(a,4n) Fm

and U258(Ol6,hn) EmQSO.are ~ 0.25 and ~ 0.07, TeSPeCtively°l8,l9

Although
the excitation energies of comparable compound nuclei produced in our experi-
ments with heévy iong were larger, the correspondingly increased angular
momenta should have reduced the effective values of Fn/Pf still further.
Deg¢Xcitation by neutron emission would therefore seem to be negligible.
However, it should be emphasized that the conclusions of the experiments do

not depend to any important degree on the validity of the arguments concerning

the extent of de-excitation.
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Table I. List of the reactions studied in these experiments, the excitation
and rotational energies of the compound nuclei, and the slopes and intercepts,
EKh, of the plots of us(A/A.) vs Ep. The rotational energy is that of the
spherical compound nucleus based on the maximum classical impact parameter.

‘Reaction Excitation Upper limit Slope | £
_ . K
- energy of rotational o, -1
L energy [(A/Ac) (Mev) ™1 (MeV)
(MeV) (MeV)
12 oo o
¢ (12 MeV)+Pu o) 11.2 -0.77x10 2l g
016(165 Mev)+0258 116 20.6 -1 oo><1o'lL ol
, 016(158 Mev)+U258 110 18.8 -1 :L8><10"LL ol7
0 (1k1 Mev)+U238 9% 1.3 _1.0lx107 255
016(158 Mev)+U258 xR 13.5 -1 oaxlo’lL 2L8
a

016(158 MeV)+U238 9% 13.5 -1 oe><1o'LL 255
016(129 Mev)+U258 83. 11.2 -1 O8xlo_u 252
016(129 Mev)+U258a' 83 11.2 -0 77><1o'LL o8
016(105 Mev)+U258 58 b3 emmeemees ‘ -
Ne22(l7l Mev)+Th232 103 23.6 —l.lelO'u 259
Ne22(137 MeV)+Th252' T2 11.3 -o.95><1o'LL 248

aRepeated experiments.
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Fig. 2. Electronic system. The n-type side of the detectors is
connected to the positive bias. The components include
(D) 150-0-cm surface-barrier detectors,? (PA) Model-VI pre-
amplifiers, ! (IA) Model-VI linear amplifiers, | (B) HP-LGOB
inverting distributed amplifiers,8 (A) HP-L60A noninvegting
distributed amplifiers,® (FC) a fast coincidence unit,® (DS)
a 10-Mc discriminator,-8 (VDG) varisble~delay-end-gate units,
(sC) a slow-coincidence unit, (S) scalers, and (2-DA) a two-
dimensional anslyzer.
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Fig. 3. Calibration of a linear syigerm by using the anguler
variation of 016 (165 MeV) + Au fission-fragment energies.
The Cf232 light fragment peak is also included.
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Fig. 5. Contour map for O16 (138 MeV) + U238 shown as mass
distributions for various values of EK .
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Fig. 6. Variance of the mass distribution vs E, for
06 (138 MeV) + U230, The lower curve shows the data
corrected for the effects of neutron emission.,
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Fig. 7. Variance of the_mass distribution vs E, for

Ne22 (137 MeV) + Th232. The lower curve shows the
data corrected for the effects of neutron emission.
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Fig. 8. Variance oﬁ the mass distribution vs for 'C 12

(124 MeV) + Pu“'2, fhe lower curve shows t%e data
corrected for the effects of neutron emission.



pa { A/AC)

-26- UCRL-10342 Rev.

ool T T T T T T T T T T T T T T T T 7
—1
0.012+ |

u -, Data ;

0'(165 Mev) + UZ>8T
0.010} Corrected -
0.008- —
i 0'$( 103 Mev)+
U238 7
. 0.006} __J
0.004 - -
0.002F -

o) [ : L

100 150 ’ 200 . 250
Ex (MeV)

MU-27433

Fig. 9. Variance of the mass distributions vs E for the
systems with highest and lowest excitation energies of

these experiments (116 and 58 MeV). In each case the
lower curve shows the data corrected for the effects of
neutron emission.
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Fig. 10. Coefficient of flatnesg of the mass distributions vs
E_ for 0l (138 MeV) + U23°. The lower the value of %
the more rectangular the distribution. For a gaussian dis-
tribution, OélL equals zero.
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Fig. 11. Energy release as a fupction of mass for the
spontaneous fission of Fm22%, illustrating the
limits placed on the mass asymmetry for different

-The curve is based on the constent-charge-
ratio hypothesis.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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