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Energetics of the fission of 233U induced by 8.5- and 13-MeV protons and of 2387 induced by
12-MeV protons have been studied by means of a three-parameter experiment in which the
time of flight of one fragment and the energies of both fragments are measured. The average
number of neutrons emitted from the individual fragments and from both fragments together
are obtained as functions of fragment mass and total kinetic energy. The number of neutrons
emitted per fragment generally increases with increasing fragment mass, and the “sawtooth”
shape characteristic of neutron emission in low-excitation fission is still apparent, although
the relative depths of the minimum in each of the present cases is reduced. A comparison
of the number of neutrons emitted as a function of fragment mass for 8.5- and 13-MeV pro-
ton-induced fission of U shows that excitation energies of the light fragments change only
slightly, while those of the heavy fragments increase significantly with increasing bombard-
ing energy. The largest change occurs in the mass region at about 132 amu, where the dou-
bly-closed-shell configuration Z =50, N =82 occurs. Pre- and post-neutron-emmission frag-
ment mass distributions are obtained, together with the fragment energy distributions and
mass-versus-energy correlations. Energy balance is studied by comparing the total energy
available for fission into a given mass pair with the sum of the fragment excitation energies,
calculated from neutron emission data and mass tables, and the measured fragment kinetic

energies. The results are discussed within the framework of simple theoretical fission

models.

I. INTRODUCTION

The experiment reported in this paper was de-
signed specifically to establish the relationship
between AE¥,, an increment in the excitation
energy of a fissioning compound nucleus, and the
resulting increments in prompt total fragment
kinetic energy (AE}¥) and in the prompt individual
fragment excitation energies (AEy, and AEy).
For this purpose the 233U(p, f) reaction was stud-
ied at proton bombarding energies of 8.5 and 13.0
MeV. In addition, a measurement was made for
the **U(p, f) reaction at E, =12.0 MeV.

The number of neutrons emitted per fragment,
from which the fragment excitation energy is in-
ferred, was obtained as a function of fragment
mass; detailed fragment mass and energy proba-
bility distributions and correlations were also
obtained. The results provide a basis for further
understanding of the fission process, in particular
that portion of the process during which fragment
formation and scission occur.

Neutron emission measurements with simulta-
neous determination of fragment masses and kinet-
ic energies have been made for fission at low ex-
citation energies.!™ Such data for a few cases of
medium excitation fission have become available
only within the past few years: these include mea-
surements on **®Ra(p, 1), 2*®U(p, f),® and *®Bi-
(a,f).” Preliminary results of the present experi-

2034

ment on #*3U(p, f) were reported earlier,® and an
experiment showing similar trends was reported
recently by Bishop et al.®

To avoid background and detection-efficiency
problems inherent in neutron counting experiments,
we have made use of an indirect method for deter-
mining neutron emission,'® which has been shown
to give results for ?52Cf in agreement with those
of direct neutron counting experiments. The meth-
od, based on the simultaneous measurement of
the kinetic energies of both fragments and the
velocity of one of them, has been used in #?°Ra-
(p,f)® and 2®Bi(a, f) " experiments at this labora-
tory; a variation of the method was used by Deren-
gowski and Melkonian®* in #**U(t,,,,,,.1,f) €xperi-
ments. A brief description of the method used in
this work is given in Sec. II.

The uncertainty of the method in determining
v(m*), the average number of neutrons emitted
as a function of prompt fragment mass, is about
0.5 neutron on an absolute scale. In this work,
however, we have made careful comparison mea-
surements at two compound-nucleus excitation
energies; the uncertainty in the difference of v(m *)
values at the two energies is therefore only about
+0.2 neutron.

Targets of 2*U were bombarded with 8.5- and
13.0-MeV protons, and a target of **U with 12-
MeV protons. The choice of the first two ener-
gies was determined by the upper energy limit
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of the Oak Ridge tandem Van de Graaff on the one
hand, and by the rapid decrease of cross section
with decreasing proton energy (Coulomb-barrier
penetrability) on the other. The choice of the
233U(p, f) reaction was made because, over the
above energy range, the probability for second-
chance fission was estimated to be essentially
constant and smaller than that for other available
targets. Thus any differences observed in the
comparison study should be the result of differ-
ences in compound-nucleus excitation energy and
not of differences in the compound nucleus. The
choice of the 12-MeV proton bombardment of #8U
was made so that the results of the present meth-
od of measurement could be compared directly
with those of a direct neutron counting experiment
of Cheifetz and Fraenkel.® Absolute calibration
experiments with 252Cf were carried out as dis-
cussed in Ref. 10.

Results for each case include arrays showing
the number of events as a function of fragment
mass and total kinetic energy, and the average
number of neutrons emitted from single fragments
and from both fragments together as functions of
fragment mass and total kinetic energy. A number
of correlations and distributions can be obtained
from these arrays and a systematic presentation
of results is given in Sec. III. Section IV gives a
brief discussion of total energy balance. Section
V includes discussion of the comparison of the
8.5- and 13.0-MeV results for 2*U(p, f). Some
ideas regarding interpretation of the data are in-
cluded.

II. EXPERIMENT
Summarized in Table I are the characteristics

of the proton beam and fissile targets, geometric
parameters, including source and detector sizes
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and source-to-detector distances, and the num-
ber of events accumulated in each of the runs
which make up this experimental study. The 2*3U-
(p,f) experiments are denoted (a), (b), (c), and
(d) and were carried out at proton energies of
13.0, 8.5, 8.5, and 13.0 MeV, respectively. Ex-
perimental parameters for the **U(p, f) experi-
ment, for which the proton energy was 12.0 MeV,
and for the 2%2Cf calibration experiments are also
included in Table I,

The experimental arrangement, including elec-
tronics, was similar to that shown schematically
in Ref. 5. The aluminum vacuum chamber was
equipped with antiscattering baffles along the fis-
sion-fragment flight path to prevent the detection
of fission fragments scattered from the walls of
the flight tube. A silicone oil diffusion pump,
equipped with water-cooled baffles, provided a
vacuum of 10~ Torr.

Proton beams were obtained from the Oak Ridge
tandem Van de Graaff accelerator. The chamber
was equipped with moveable, externally controlled
quartz cross hairs that could be accurately posi-
tioned and viewed while the beam was on and the
system under vacuum. This optical reference
point, along with precise proton-beam collima-
tion, made possible accurate determination of
the beam and target positions with respect to de-
tector positions. The sizes and positions of the
fragment detectors and the distances of the de-
tectors from the fissioning source, tabulated in
Table I, were such that for every fragment inci-
dent on the remote detector, the complementary
fragment was incident on the near detector.

The 2%2Cf source (10° fissions/min) was made
by self-transfer onto a 5-puin. -thick nickel back-
ing. The uranium targets were prepared by vacu-
um evaporation onto thin carbon films. Thick-

TABLE I. Summary of experimental conditions.

Detector Pair 1 Detector Pair 2

Target (or %Cf source) 28y
23y experiment label
Deposit thickness (ug/cm?) ~50
Fragment energy loss in
deposit (MeV) ~0.8
Fragment energy loss in
backing (MeV) ~1.6
Proton bombarding energy (MeV) 12.0
Beam current (nA) 100
Beam size (cm? 0.18
Active area (cm?) 5.0
Detector 1 {Distance to source, A (cm) 105.24
Active area (cm?) 3.0
Detector 2 {Distance to source, B (cm) 5.78
Number of events 57938

233U 233U 233U 25ZCf 233U 252Cf
@) (®) ©) e
~190 ~190 ~60 0 ~60 0
~3.1 ~3.1 ~1.0 0 ~1.0 0
~3.3 ~3.3 ~2.6 ~4.0 ~2.6 ~4.0
13.0 8.5 8.5 see 13.0 cee
100 110 110 coe 100 L]
0.32 0.32 0.32 oo 0.32 oo
5.0 5.0 5.0 5.0 2.0 2.0
105.24 105.24 105.24 105.37 105.24 105.37
3.0 3.0 3.0 3.0 3.0 3.0
5.76 5.76 5.76 5.63 5.76 5.63
51184 21326 8714 56649 51193 57347
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nesses of deposits and backings are tabulated in
Table I.

In the calibration experiments the 2*2Cf source
was oriented parallel to and coaxially with the de-
tector surfaces, with the deposit facing the remote
detector. In the uranium experiments the targets
were oriented at 45° with respect to both the beam
axis and the detector surfaces, with the deposits
facing the incoming beam and the remote detector.

Analysis of the correlated event-by-event data,
accumulated in 256 channels in each parameter,
was carried out with the aid of a digital computer.

Three quantities have been measured for each
event: two pulse-heights related to the kinetic
energies E, and E, of the two fragments and the
time of flight of one fragment from which its ve-
locity, v,, was obtained. The post-neutron emis-
sion mass, m,, of fragment number one was cal-
culated directly from the relationship m,=2E,/v,%.
The preneutron-emission mass of fragmént 1is
given from momentum conservation by

mF=A /(L +v¥/v¥),

where A -y is the mass of the compound nucleus
and the asterisks refer to quantities before neu-
tron emission. It can be shown that m ¥ can be
approximated by '

mE=A c/[1+(Epm,/Eqm ).

leo

In this expression all quantities are known with
the exception of m,, the post-neutron-emission
mass of the fragment impinging on the near de-
tector. In place of a particular m, value for ev-
ery given specific event, an average value m, was
used for every particular combination of energies
E, and E,. These averages were evaluated from
the m, data, and the principle of symmetry was
applied for the purpose of obtaining 72, values.
This method of complementary points is discussed
fully in Ref. 10, which includes a description of
the complete method of data analysis. The num-
ber of neutrons v, emitted from fragment 1 was
finally calculated for each event from the relation-
ship

vi=mE-m,.

Appendix I contains further discussion of the
details of the various runs as they relate to data
analysis and determination of the final results.
Possible sources of error or uncertainty in the
experiment are evaluated and discussed in Ap-
pendix II; a discussion of the effect of prefission
neutron emission on the results is included.

III. RESULTS

The results of a three-parameter experiment
of this kind may in principle be shown in a variety
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of ways, with the numerous available variables
taken singly or in combination. Here we shall
show and discuss the results primarily in terms
of the following quantities: pre-neutron-emission
fragment mass m *, total pre-neutron-emission
kinetic energy E¥ of fragment pairs,'! and num-
ber of neutrons emitted v (for single fragments)
and v, (for fragment pairs). Yield is designated
by N (number of counts) or Y (fractional yield).
Results are presented for the three fissioning
systems investigated: 233U bombarded by 8.5- and
13.0-MeV protons, referred to as ®*3U(p,,, f) and
#3U(pisy f), respectively, and 2°3U bombarded by
12.0-MeV protons, 2¥U( p,,, f)-

A. Fragment Masses and Kinetic Energies

The contour diagrams of Figs. 1-3 show the
fragment mass vs total kinetic energy correla-
tions N(m *, E¥). Asymmetric mass divisions
predominate in all cases, but appreciable yields
from symmetric and near symmetric divisions
are also present over a broad range of kinetic en-
ergies. We have taken advantage of the symmet-
ric nature of these arrays to average complemen-
tary points left and right of symmetry, thereby
improving somewhat the statistical accuracy of
the contours. They are thus rendered exactly
symmetric in the figures, small statistical dif-
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ferences having been reduced by this process.
Fragment yields are normalized to 200% total
yield.

It may be seen in the figures that the most prob-
able mass divisions tend toward splits yielding
heavy fragments with m *= 132 amu when the total
fragment kinetic energy approaches its maximum
value, as has also been noted frequently in the
literature for low-excitation fission.

In Figs. 4=6, for ***U(py,, f), ***U(pes,f), and
238U( pyp, f ), respectively, we show fragment yields
summed over all kinetic energies, average total
kinetic energies (E}), and the rms widths Opy of
the total kinetic energy distributions as functions
of prompt fragment mass. Also plotted in the low-
er sections of these figures are the mass yield
distributions of post-neutron-emission fragments;
these are shifted to slightly lower masses with
respect to the pre-neutron-emission distributions.

Peak-to-valley ratios of the prompt mass yield
distributions are 2.2 for #*3U( p,,, f), 6.8 for 2*U-
(pa,s;f), and 6.1 for 238U(p12,f)-

Peaks in the (E¥) vs m* curves correspond, for
all three systems, to a heavy fragment mass ~132
amu. The dip in kinetic energy at symmetric
mass divisions is 9 MeV for #*3U( py,, f), 12 MeV
for #33U(pys, f), and 13 MeV for 28U(p,,, f). The
0z curves are similar for all three systems,
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with peaks occurring at heavy-fragment masses
in the range 128-130 amu.

The peak-to-valley ratio of the mass distribu-
tion and other over-all features of the results
for #8U( py,, f) resemble those for #33U( pys, f)
more closely than those for 23%U( p,q, 7). This ob-
servation is perhaps correlated with the fact that
234Np has a larger fissility parameter [(Z2%/A)/
(Z%/A) i, | than #*°Np.

B. Neutron Emission

In Fig. 7 contour diagrams show the total num-
ber of neutrons emitted, v (m*, E¥), as a func-
tion of pre-neutron-emission mass and total ki-
netic energy. In order to indicate the approxi-
mate boundaries of statistical significance, we
have shown by a dashed line on each plot the con-
tour corresponding to 3 to 5 events/MeV amu.
General trends for all three systems are similar,
exhibiting for all masses an increase in total neu-
tron emission with decreasing total kinetic energy.

The average total number of neutrons emitted
for all mass pairs is 5.6 for 233U(p,,,f), 5.0 for
238U ( pgs, f), and 4.2 for 2U(py,, f).

Figures 8 and 9 show the single-fragment neu-
tron emission results v(m *) for #33U( p,,, f) and
238U( py,, f), respectively. The quantity v (m *) is
also given in these figures, and the prompt mass

PLASIL, AND SCHMITT 3

distributions N(» *) are replotted as light smooth
curves for reference. The uncertainty in relative
values of v(m *) over a small range of masses is
small; an uncertainty assignment may, however,
be made for an entire v(m *) curve whereby the
curve may shift or rotate within error limits of
+0.5 neutron.

In Fig. 9 the function v(m *) determined by di-
rect neutron counting® is also given; the data
shown represent the sum of “prefission” and “post-
fission” neutrons from Ref. 6 and should be di-
rectly comparable with our v(m *) results. The
agreement is satisfactory within experimental
uncertainties.

Our v(m *) results for 233U( p,, f) given in Fig. 8
have been compared with the results of Bishop
et al. in Ref. 9. The agreement is within our ex-
perimental uncertainty of 0.5 neutron for all frag-
ment masses except for fragments heavier than
140 amu in the heavy-mass wing of the distribu-
tion, where our results are systematically larger
(up to one neutron). Bishop et al. do not give a
complete analysis of their experimental uncer-
tainties but state that their results are more ac-
curate because of the inherently greater accura-
cy of a direct neutron counting method. If their
errors were comparable with ours, the discrep-
ancy could be accounted for. The possibility that
we have underestimated our systematic errors,
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particularly in the heavy-mass region cannot,
however, be ruled out.

The primary v(n *) results for 233U( pg,, f) ob-
tained in two separate sets of experiments are
shown in Appendix I together with a discussion of
the details of the experiments and the method of
combining their results.

Final neutron-emission results for 233U( p,,, f)
and ®¥U( pgs, f) are summarized in Fig. 10. In
the lower portion of the figure, v(m *) is shown
for both cases; the difference Av is plotted as a
function of m * in the upper portion. For refer-
ence, we have added light dashed curves in the
lower portion of Fig. 10 showing v(m *) for ther-
mal-neutron fission of 233U as measured by Milton

and Fraser? (long dashes) and by Apalin et al.'?
(short dashes). Although the mass of the com-
pound nucleus is 234 amu for all the curves, di-
rect comparison of the ?3U(p, f) and 23°U(#n, f)
data should be considered only with caution, since
even-odd effects may significantly affect such a
comparison.

The Av(m *) results for 233U at bombarding en-
ergies of 13 and 8.5 MeV can be compared with
Av(m*) results of Bishop et al.® at bombarding
energies of 9.5 and 20 MeV. The results are qual-
itatively similar, except that Bishop et al. ob-
serve an upward trend of Av(m *) beyond m * = 140
amu, while no such trend is evident in Fig. 10.

Trends exhibited in the results for #3*U(p, f) and
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2887( p, f) discussed thus far are similar: a v(m*)
curve generally increasing with increasing frag-
ment mass, with a dip at m*= 132, a v, (m*) func-
tion showing relatively large values at symmetric
and very asymmetric mass divisions, with some-
what lower values when the heavy fragments are
near doubly magic (Z =50, N=82). Further dis-
cussion, in particular relating to the comparison
of results at two compound-nucleus excitation en-
ergies, is contained in Sec. V.

In addition to the above results we have extract-
ed information concerning the derivative dv/dE#
as a function of mass. Statistical reliability of
the v(m *, E¥) arrays for **U(pys, f) and **U( py,, f)
was considered adequate for this purpose, and
dv/dE¥ was obtained by a least-squares fit of
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v(E¥) for each mass to a straight line. A plot of
the slopes of these lines versus mass is given in
Fig. 11.

IV. TOTAL ENERGY BALANCE

Analysis of the #33U( p,,, f) and 238U( p,,, f) data
with respect to the total energy available for fis-
sion was carried out. The procedure followed
here has been described previously.®>"'®* An em-
pirical value of the total energy released in fis-
sion E,, was calculated for each mass from the
sum of kinetic energies (measured) and fragment
excitation energies (deduced from neutron results).
These empirical values were compared with en-
ergy release estimates obtained from semiem-
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pirical mass tables. The study was made with the
mass formulas of Seeger.'*

The excitation energy of a fragment was as-
sumed to be equal to the sum of the binding and
kinetic energies of the neutrons evaporated plus
a term taking account of y-ray emission. The
binding energies were obtained from Seeger’s
masses,'* where we have assumed the charge di-
vision to be that which is energetically preferred;
the neutron kinetic energies were taken from esti-
mates of Terrell,'s and the number of neutrons
v(m *) was taken from present results. The aver-
age prompt y-decay energy was taken to be 3 the
neutron binding energy of the fragment after neu-
tron emission.

The calculated values of E, were obtained from
the difference between the sum of the target and

2041

projectile masses and the sum of the fragment
masses, plus the center-of-mass energy of the
proton. For a given charge division, the curve
obtained for E; as a function of mass is approxi-
mately parabolic and has negative curvature.

The envelope of these curves may be compared
with the empirical results as shown in Fig. 12.
Two sets of parabolas appear in the 238U( p,,, f)
case (the compound nucleus is #*°Np, with odd Z,
even N), depending on whether one of the frag-
ments is even-even or odd-odd. For the fission
of the odd-odd nucleus ***Np, the formation of an
odd-odd fragment necessitates an even-even com-
plementary fragment; the other possibility is the
formation of an odd-even—even-odd fragment pair.
The pairing energies are approximately equal for
the two cases, thus the parabolas appear as only
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FIG. 7. Average total number of neutrons emitted
from a fragment pair as a function of single fragment
mass, m*, and total fragment kinetic energy, Efé Con-
tours are shown for 23U (p,f), E,=13 MeV (upper sec-
tion) and 8.5 MeV (middle section); and 28U (p,f),E,
=12 MeV (lower section). A 3 or 5 counts/ (MeV amu)
contour is indicated by a dashed line for reference.

80 90 100 110 120 130 140 150 160
m™* FRAGMENT MASS (omu)

FIG. 9. Neutron results for 23U (p,f), E,=12 MeV.
Results of the direct neutron counting experiment of
Cheifetz and Fraenkel (Ref. 6) are shown as the solid
curve. See caption to Fig. 8 for other details.
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V. COMPARISON OF ***U(p, f) AT PROTON ENERGIES
OF 13 AND 8.5 MeV

It is indicated in Sec. I and Appendix II that the
competition between fission and neutron evapora-
tion is essentially the same for the two proton
energies and that, therefore, any differences in
the results for 23%U(p,4, f) and **3U( pys, /) may be
attributed to the difference of 4.5 MeV in excita-
tion energy of the #**Np compound nucleus. The
estimated excitation energies are 17.2 and 12.7
MeV, respectively.

Figure 13 shows, from bottom to top, the pre-
neutron-emission mass-yield distributions, aver-
age total fragment kinetic energies as functions
of fragment mass, and the rms widths of the total
fragment kinetic energy distributions as functions
of fragment mass for 233U( p,4, f) and *3U( pgs, f)-
The comparison of neutron yields is shown in Fig.
10. In the lower section of the figure, the number
of emitted neutrons as a function of prompt frag-
ment mass for 233U ( py,, f) and 233U ( pgs, f) is rep-
resented by the heavy solid and dashed smooth
curves, respectively. The difference in v(m *)
between the 8.5- and 13-MeV cases Av is shown
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FIG. 10. Upper section: mass-by-mass differences
in number of neutrons emitted, Av, for 2%U(p,f) at
E, =13 MeV and at E, =8.5 MeV. Lower section: com-
parison of fragment neutron yields v (m) for 23y@p,f),
E, =13 MeV (solid line), ®3U(p,f), E,=8.5 MeV (heavy
dashed line), and %3U(n,,,f) (light long dashes Ref. 2,
light short dashes Ref. 12). In the proton-induced fis-
sion the compound nucleus is 2*Np while in the neutron-
induced fission the compound nucleus is 24U.
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in the upper portion of Fig. 10. Throughout the
light-fragment region (m * <112) there is little
difference in v(m *) for 8.5- and 13-MeV proton-
induced fission. The maximum difference occurs
for m *= 130, and the difference remains signifi-
cant throughout the heavy-fragment group.

In Fig. 14 the average total fragment excitation
energy (calculated as described in Sec. IV), and
average total fragment kinetic energy are plotted
as functions of heavy-fragment mass m # for each
incident proton energy (center and lower portions).
The difference AE, in empirical E, values for the
two proton energies is also plotted as a function
of m ¥ (upper portion). The horizontal line at 4.5
MeV in the upper part of Fig. 14 represents the
expected value of AE based on the difference in
the two laboratory bombarding energies (13- and
8.5-MeV). Center-of-mass effects are negligible
(<0.02 MeV).

It can be seen that the increase (~6.7 MeV) in
fragment excitation energy at m *=130 amu is
greater than the increase in excitation energy of
the compound nucleus, the excess excitation ener-
gy being compensated for by a decrease (~2.2 MeV)
in total fragment kinetic energy. This situation
also holds for other mass divisions in the region
about m %=130.

For fragment masses m * <96 and m *2138, the
difference in total fragment kinetic energy for the
two proton energies is small or zero, and for
these mass divisions the extra compound-nucleus
excitation energy simply gives rise to additional
fragment excitation energy. From the data shown
in Fig. 10, this additional excitation energy is
accorded preferentially to the heavy fragment.

The trend indicated by these results is toward
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FIG. 11. Values of dv/dEy as derived from straight
line fits to the v (Ef) data for 2%U(p,f), E,=13 MeV
(upper section) and ¥%U(p,f), E,=12 MeV (lower section).
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(most simply) no shape changes and therefore, no
changes in fragment deformabilities with increas-

the washing out of the dip in the v(m *) curve in
the heavy-fragment mass region near 130 amu,

where closed-shell nuclei occur. If fragment
shell effects are responsible for the sawtooth
character of neutron-emission curves at low ex-
citation energies' (e.g., thermal-neutron fission
of 233U, see Fig. 10), then our observations are
consistent with the general assumption that shell
effects tend to disappear with increasing excita-
tion energy causing v(m *) to follow more nearly
the linearly increasing function predicted by
liquid-drop calculations.®

The measurements of the total kinetic energy,
E¥, also tend to support this view. From the
lowest section of Fig. 14 it can be seen that in the
13-MeV case the increase in Ef at symmetry and
the decrease in E# near fragment mass 130 (with
respect to the 8.5-MeV data) establish a trend in
the direction of liquid-drop predictions which,
for this function, consist of parabolic curves
peaked at symmetry.

The incremental changes in neutron emission
and fragment kinetic energy may be qualitatively
interpretated on the assumption of a static scis-
sion configuration 772 ag follows: Consider
first the more asymmetric mass divisions, m {
<96 and m #2138 amu. No change in total frag-
ment kinetic energy in this mass range indicates
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FIG. 12. Energy balance for 2%U(p,f), E,=13 MeV.
(upper section) and 28U (p,f), E,=12 MeV (lower sec-
tion). Empirically calculated total energy (closed cir-
cles), and total energy as calculated from Seeger’s
mass formula (see Ref. 14) (parabolas) are shown. See
text for discussion.

ing compound-nucleus excitation energy. The in-
cremental compound-nucleus excitation energy,
then, simply gives rise to an equal increment in
internal fragment excitation energy. If we assume
that the temperature is uniform throughout the
fissioning nucleus, then the internal excitation
energy is expected to divide in the same ratio as
the ratio of fragment masses. This is consistent
with the larger increment in neutron emission ob-
served in the heavy fragments.

Consider now the mass region in the neighbor-
hood of m ¥ =104 and m # =130 amu, where the
maximum in Av occurs. The increment in com-
pound-nucleus excitation energy AE¥y=4.5 MeV
gives rise to increments in fragment excitation
energy AEy; =0 and AEy;= 6.7 MeV, obtained
from observed values of Av; and Avy, and to an
observed increment in total fragment kinetic en-
ergy AE}¥=-2.2 MeV. Assuming no change in
shape of the light fragment, we have calculated the
change in shape of the heavy fragment that corre-
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FIG. 13. Comparison of mass distributions, average
total kinetic energy as a function of mass, and rms
widths of the total kinetic energy distributions as a func-
tion of mass (bottom to top) for *3U(p,f), E,=13 and
8.5 MeV.
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sponds to a reduction AV = -2.2 MeV in the mu-
tual Coulomb repulsion potential energy, and have
estimated?' the corresponding increase in heavy-
fragment deformation energy to be AVp,= 2.8 MeV
(+~0.8 MeV).

A consistent picture of the division of the ob-
served total increment in excitation energy can
now be obtained as follows:

AEXL +AEXH =AVDL +AVDH +AEI L +AE1H,

where AE;; and AE; are the increments in the
internal light- and heavy-fragment excitation en-
ergies, respectively. Substituting AVp =0, AVpy
=2.8 MeV, and AEy, +AE 4y =6.7 MeV, we obtain
AE;; +AE;43=3.9 MeV. If we divide the internal
fragment excitation energy between the fragments
in the same ratio as the fragment masses (for
m{ =104 and m{;=130), we obtain AE;; =1.T MeV
and AE;y =2.2 MeV. This results in total frag-
ment excitation energy increments

AEXL =AVDL +AEI L= 1.7 MeV N
AEXH::AVDH +AEIH=5'0 MeV.

These energies compare with AEy; =0 and AEyy
=6.7 MeV obtained from observed values of Ay,
and Avy. These values for AEy; and for AEyy,
respectively, agree within the limits of experi-
mental errors.

On the basis of the above discussion it would
appear that the increase in E¥\ has caused the
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FIG. 14. Bottom to top: average total fragment ki-
netic energy, total fragment excitation energy, and the
difference in the total energy available for fission, AEq,
as a function of heavy fragment mass for **U(p,f),E,
=13 and 8.5 MeV.

heavy fragment to soften somewhat, thereby in-
creasing its deformation energy (AVp,;=2.8 MeV)
and correspondingly decreasing V. (and therefore
also E¥). It is intriguing that AVpy+AV =0, leav-
ing AE¥) approximately equal to the increment in

" internal fragment excitation energy.

Upon consideration of the above points of discus~
sion, we are tempted to suggest that a principle
of conservation of shape-associated energies may
be operative in this range of compound-nucleus
excitation energies, whereby if an increase in
E ¢y causes one (or both) of the fragments to soften
(i.e., increase deformability) the resulting in-
crease in deformation energy Vj is compensated
by a decrease in V. with the increase in E¥) ap-
pearing as an equal increase in internal fragment
excitation energy. That is, AVp, +AVpy+AV-=0
and AE¥{y=AE;, +AE;y. Such a principle would be
consistent with the present results over the entire
fragment mass range.

Although this is a simple and apparently con-
sistent interpretation of the data, it is clearly
not unambiguous. An increased compound-nucleus
excitation energy could lead to any of many pos-
sible combinations of increments in fragment de-
formation energies and internal excitation ener-
gies and still be consistent with the data. An ad-
ditional source of ambiguity in interpretation
occurs if the system has appreciable kinetic en-
ergy at scission.
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tandem Van de Graaff staff for their support. The
help of Frances Pleasonton with the early stages
of these experiments is gratefully acknowledged.
We also acknowledge helpful discussions with
R. W. Lide, J. R. Nix, and P. A. Seeger.

APPENDIX I

In this Appendix we discuss the details of the
various runs (experiments) listed in Table I as
they relate to determination of the final results.

For the ?%%U(p, f) experiment at E, =12 MeV,
conditions were near optimum. The 252Cf calibra-
tion experiment and ?3%U(p, f) experiment were
done under identical conditions, except for very
small differences in source-to-detector distances.
Thus a straightforward analysis yields the results
given in the text.

Similarly, conditions were near optimum for the
233U(p, f) experiment at E, =13 MeV labeled (d)
in Table I. Here again the ***Cf calibration experi-
ment and the uranium experiment were done under
identical conditions, except for very small differ-
ences in source-to-detector distances, and the data
from this experiment were used for the 23U( p,;, 1)
results given in the text. For the purpose of this
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Appendix, let us designate the v(m *) results of
this experiment by vi,(m *).

To obtain a careful comparison of neutron emis-
sion results at two compound-nucleus excitation
energies it is desired that the appropriate experi-
ments be carried out under identical conditions at
the two energies. This was done in the experi-
ments labeled (a) and (b) in Table I, correspond-
ing to proton energies 13 and 8.5 MeV, respec-
tively.

Afterward, however, the target thickness was
found to be ~190 pg/cm? instead of <60 ug/cm?
as desired. Therefore the following procedure
was followed: (1) In analysis of the three-param-
eter data of experiment (a), an empirical target-
thickness correction was made by adding small
increments to the raw data channel numbers. The
magnitudes of the increments were varied within
a small range until the resulting average single
post-neutron-emission fragment masses, kinetic
energies, and velocities agreed with those ob-
tained in experiment (d) within 0.1%. The number
of emitted neutrons, designated v{;(m *) for this
discussion, was then calculated; these results
are shown as closed circles in the lower portion
of Fig. 15. (2) Without changing the analysis pro-
cedure in any way the data of experiment (b) were
analyzed, yielding the results shown as open cir-
cles in the lower portion of Fig. 15 and here la-
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beled 12 (m*). (3) The difference Av,, (m*)
=vim *) =18 (m *) was calculated. (4) A complete
analysis of the data was repeated, but without the
empirical target-thickness correction.

Although the absolute values of v (i *) were af-
fected by the target-thickness correction, the
Av,, (m *) results obtained in (4) above were es-
sentially unchanged from those obtained in (3).
Furhter, the absolute values of v{,(xn *) obtained
in (1) above agreed with those of v%,(m *) within
0.5 neutron uncertainty, although the v{,(m *) curve
seems to be rotated counterclockwise just slightly
with respect to v{;(m *).

An additional thin-target (~60 ug/cm?®) experi-
ment, labeled (c) in Table I, was performed at
E, =8.5 MeV. The detectors were the same as
those of experiments (a) and (b), but were differ-
ent from those of experiment (d). Also the num-
ber of events was limited to 8714, a number
which is near the minimum required for reason-
able statistical accuracy in an energy-energy-
velocity experiment. Nonetheless, we have plot-
ted the results v$(n *) as open circles in the up-
per portion of Fig. 15 along with the vi,(m *) re-
sults, plotted as closed circles. It is seen that
the agreement between v¢ (m *) and v} (m *) is
within ~0.5 neutron. The difference Av,, (m *)
=l 0m *) = V5 s0m *) was calculated.

Keeping in mind the possible uncertainties in-
troduced by the use of different pairs of detectors,
we have averaged Av,, m *) and Av,, (n *) to obtain
Av(m*), our final curve for the difference between
vim *) for E, =13 MeV and v(n *) for E, =8.5 MeV;
this result is shown in the upper portion of Fig.
10. The lower portion of Fig. 10 shows our v(x *)
result for E =13 MeV [ experiment (d), as dis-
cussed above] andv(n *) for E, =8.5 MeV, ob-
tained by subtracting Av(m *) from v(m *) for E,
=13 MeV.

APPENDIX II. EXPERIMENTAL
UNCERTAINTIES

Error analysis for the energy-energy-time ex-
perimental method is complicated and estimates
of the uncertainty in absolute number of neutrons
emitted have been made on the basis of analyses
in which various parameters were varied within
the limits of their respective uncertainties. In
general the uncertainty in v is of the order of +0.5
neutron. This means that the v(x *) curves from
these experiments may be too high or too low by
0.5 neutron, and also implies that the slope of the
curve may be uncertain to the extent permitted by
0.5 neutron uncertainty in neutron yield at either
end of the curve. In arriving at this estimate of
the uncertainty in v(x *), an attempt was made to
include possible systematic errors, e.g., those
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that may occur from uncertainties in the calibra-
tion of detectors and timing apparatus, and also

to include errors that may arise from the averag-
ing processes inherent in the method and from
statistical fluctuations in the data. An estimate

of the statistical error in v(n *) was obtained by
calculating the deviation of the neutron yield points
from a smooth curve drawn through averaged data
points. The rms deviation of the points from the
smooth curve was 0.077 neutron for the 2**U( p,s, f)
experiment involving 51 193 events, and 0.166 neu-
tron for the 23%U( py;, f) experiment involving 8714
events. In carefully performed experiments, run
under identical conditions and designed for direct
comparison, the relative uncertainty in v(m *) may
be reduced to ~0.2 neutron.

The competition between deexcitation by fission
and by neutron evaporation was considered for
the fissioning systems studied here. In the 13-
MeV proton-induced fission of 23%*U, the compound
nucleus 2**Np is formed with a calculated excita-
tion energy of ~17.2 MeV.??* Since the fission bar-
rier of 23*Np is estimated to be ~6.0 MeV ?* and
the neutron binding energy ~6.1 MeV,?? there is
a possibility of fission occurring after the evap-
oration of a neutron.

Huizenga and Vandenbosch® have compiled in-
formation from photofission and spallation ex-
periments regarding I, /T, the ratio of neutron
width to fission width, as a function of compound-
nucleus mass number and excitation energy. From
this compilation I, /T, for 23°U + p is found to be
~0.22, and thus the contribution from second-
chance fission is about 18%. There appears to
be no strong dependence of T, /Ty on compound-
nucleus excitation energy in the uranium mass
region.

In the 12-MeV proton-induced fission of #*%U,
the compound nucleus #**Np is formed with a cal-
culated excitation energy of ~17.3 MeV.?? The
fission barrier of 23°Np is estimated to be ~5.6
MeV 2 and the neutron binding energy ~6.2 MeV.??
Huizenga and Vandenbosch?? indicate that T, /T
is ~1.0. Therefore, in about one-half of the fis-
sion events a neutron is evaporated from the com-
pound nucleus before fission occurs; that is, about
one-half of the observed events are from the fis-
sion of 2°°Np at ~17.3-MeV excitation energy and
one-half from the fission of ?**Np at ~11.1-MeV
excitation. The work of Chiefetz and Fraenkel®
also indicates that T, /Ty is ~1.0 for this case.

In the present work, the analysis of the #*3U(p, f)
data has been carried out as though the mass num-
ber of the fissioning nucleus were equal to 239
amu. Thus on the average an additional 0.5 neu-
tron, or 0.25 neutron per fragment, is included
in the present results over the entire fragment

mass range. Correction for this effect can be
made, but has not been included here since this
error (0.25 neutron per fragment) is within the
over-all uncertainty of the results (+0.5 neutron
per fragment).

Simple estimates have been made concerning
possible effects of angular momentum on the com-
parison of the 8.5- and 13-MeV experiments.
These estimates have shown that the maximum
rotational energy, Ejp, of the compound nuclei
under study, is small (<0.1 MeV). The differ-
ence in Ey for the 13- and 8.5-MeV cases is,
therefore, insignificant.

The largest contribution to dispersion in the
determination of fragment mass from time-of-
flight measurements is due to neutron emission
from the fragments. Dispersive effects are par-
ticularly important for the low-excitation and
spontaneous fission of heavy nuclei, where large
slopes are present in certain regions of the mass
distributions. Calculations for the medium-exci-
tation fission cases studied in this paper, however,
have shown the effects of dispersion to be small?®
and the data presented here have not been cor-
rected for dispersion due to neutron emission.

The target and backing material in experiments
of this kind should be as thin as possible. The
backing degrades the energy of a fragment pass-
ing through it while the target deposit both de-
grades and disperses the energies of the fission
fragments. Target-thickness effects have been
discussed in Appendix I.

In an accurate energy-energy time experiment,
for each fission fragment incident on the detector
remote from the target, the complementary frag-
ment should be incident on the detector near the
target. Thus the effect of a finite source, the ef-
fect of the motion of the compound nucleus, and
the noncolinearity of the fragments in the center-
of-mass system caused by fragment neutron-
emission must be taken into account. The first
two effects are readily calculated. As to the third,
Lide®® has studied the effects of prompt neutron
emission on the direction and time of flight of fis-
sion fragments. From his calculations, the geom-
etry required to detect complementary fragments
may be estimated. The target and detector geom-
etry chosen for the present work was such that
for all fragments incident on the remote detector,
more than 98% of the complementary fragments
were detected by the near detector.

The effect of pulse pileup was also considered
as a source of error and dispersion in the pres-
ent measurements. For a proton beam current
of 100 nA, approximately 20 000 protons per sec
were scattered into the near detector, and, on
the average, these protons deposited ~1.5 MeV of
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energy in the detector. From these measure-
ments, it was estimated that pileup of a proton
pulse on a fission fragment pulse occurred for
approximately 4% of the fragment pulses detected.
To avoid excessive pileup, proton beam currents

3

in the experiments were limited to approximately
100 nA. The energies of fragments detected in
the near detector were then, on the average, in-
correct by only 0.06 MeV, causing essentially no
error in the results.
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