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' I';KINFTIC DNERGY AND MAuS DISTRIBUTIONS FOR NUCLEAR FIGSION
' ' AT MODERATE EXCITATION ENERGY :

Donald S. Burnett .

Lawrence Radiation Laboratory -
University of California
Berkeley, California

October 7, 1963
ABSTRACT

Fission fragment kinetic energy measurements using semiconductor

o Idctectors have been mudc for the alpha-induccd fission of: (a) Aul9(
. .65.0 MeV & , (b) Bi

+ 65.0 MeV & , (c) Th23? +21.4, 25.7, 33.0, and

65.0 MeV @ , and (4d) u238 + 25.7, 33.0, and 65.0 MeV &.  The data
were recorded as the number of events at fragment cnergics El and E2,
N(E E2). The data were then transformed into mass - total kinctic

209

l’

* energy maps and anlyzed by means of moments. The Bi and Au data are

in good agrecment with quantitative theoretical predictions {rom the

',liquid drop model available for the lighter elements. The (0 and Th

data arc dlscussed in terms of qualitative ideas which have been proposed

to explain the properties of the fission process for the neavier elements.
The changes in the U and Th mass and total kinetic energy distfibutions
with excitation energy are emphasized. Pulse-height cnergy rclations

for the detectors used were obtained by a detailed comparison of detector

and time-of-flight results for the spontaneous fission of Cf‘é)2
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1. INTRODUCTION . . =

B Nucle&r fission is a cOmplex process.v The vast amount of

1

. ”fffliternfure is ample evidence for this point; and, further, the large

'v"1  define what happens in a given fission event. Considering only binary -

Y

number of papers on fission which are still appearing at the present time
 indicates that much remains to be undersiood. This complexity is .due to ‘
.thc large number of observable quantities which must be known in order to '

rission (a significant simplification!),_a partial list of these would

include

(1) the mass split of the initial fissioning nucleus

(2) the charge split of the initial fissioning nucleus.

(3) the total kinetic cnergy of the two fragments - _
(k) the numbers and kinetic energies of the neutrons from each fragment

.. {5) the.numbers and energies of gamma rays from each of the fragments

(6) the angular momenta of the fragments

-

- In addition to all this one must also consider the effect of changing
'the charge, the mass, and the total excitation energy or nuclcar temp-
perature of the initial fissioning nucleus.

In recent years technological progress, in particular the re-
finement of high-specd computers and thé development of the multi-dimena
sional puice-height analyzer, has resulted in considerably more experi-
Tﬁcntal &:.owledge on all of the above variables. An n-dimensional analyzer
can analy#c and individually store n cqrfelated pulse heignts, (Vl’ Voo
oo Vn) witichi tiwus allows measurement of an n-dimensional pulSu;hcight
distribution function, N(Vl, v,
time-of-flight techniques and, in particular, semiconductor dctectors
have made Ytems (1) and (3) the subject of considerable research in the
past few ycars. These items are also the scope of the present work;
however, the above list indicates that such.experimcnts only provide a

partial description of the fission process; and typically, will pose more

"'Vn)' The simultancous development of

questions than will be answered.
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Gcncrully spcaking, the develoPment of fission theory has not | |
' kcpt pace with a accumulation of experimental information., Many dif.
ferept models hnve.been formulated which were successf™l in explaining !fffV"
come limited agpect of fission phchomena; nevertheless, at the present 1 :
time, a comprchcnsive fission theory does not exist. Recent work on g,ff
the liquid drop.modcl, however, has indicated that the broad features of ’5
such a theory may be emerging, at least for nuclides in the region of N

< ;67*.1’2 However, a theory of fission must be completely compatible ;
with o general theory of complex nuclei. The question then arises how
- the liquid drop model can meet this requirement. The answer appears to
be that one must view the liquid drop as an approximation to the unifiecd
model. In the final analysis single particle effects must be includcd
in fission theory just as it appears neccessary to introducc collective
effects into the discussion of the ground state properties of nuclei.
The problem at the present time 15 to determine the extent to which the
liquid drop modcl ‘describes fission, i.e. at what point will it be
: nccéﬁsary to take shell effects into account. It may also be necessary
to consider the influence of the density of states in the final fragmcnts.h

The purposc of this work was to provide experimental datan to -

comparce with the liquid drop predictions. Two-dimensional fissior-frag-
ment kinetic energy measurements have been carried out for the alpha-
induced fission of Aud7, 81299, 1232 ang y°
dctectors. At the present time only the Aulg7 and B1209 results arec

using semiconductor

subject to theorctical interpretation. At an earlicr stage it was thought

that at lcust the symmetric fission of Th252 and Ugj8 would be within the
chpc of the theory and that qpalitativé predictions of the relation
between asymmetric and symmetric fission would be possible.j To attempt

) ) .’

*X, tuc fisslonability paramcter, is (2°/A)/(Z /A) where (7° /M) = 50,13
is the critical value at which a spherical nucleus is unstable against .
any deformation. Its significance is that many quantities calculated by
the liquid drop model are functions of x only.
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this scems premature at present. The Th 7€ and U 3 data arc of con-

- giderable interest fob their own sake since they exhibit many interesting

features. The 'most important of these are (1) the transition frem asym- -
metric tQ symmetric fission with increasing excitation energy, and (2)

Lhc{lbwérvtotal kinctic’énérgy of the symmetric relative to the asymmetric .
Tission.. Item (1) wgs'éStablished by radiochemical work mahy years ago

P

but d sdtisfactory explanation is yet to be found. Thus it scems im-
pdttant_tb have moré'détailcd information on this transition. -This is
obtuiﬁéd~from the cxpefimcnts to be described here. The existence gf
item (2) was indicated by work on fission at low excitation cncrgy,U’Y
aﬁd has now:béen well cstablished by experiments similar to those.reported
8’9’19 In the present work this effect has been studied over a
wide ranpe of bombardment encrgy from 21 to 65'MeV. .
The éxact natﬁrc of the pulse-height energy relations for semi-

conductor detectors is not known; consequently studies were made in order

to find an adequate apprdkimate calibration scheme and to be able to

estimate errors due to this uncertainty. A separate section following the
usual experimental section and pfior to the discussion of the results

will present the results of these studies.
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II. EXPERIMENTAL
A. Mechanical

Alpha particles .of 33.0 and 65.0 MeV were obtained from the

" Lawrence Radiation Laboratory 88-inch varisble-cnergy AVF (azimuthally-

o vdrying-ficld)‘cyclotron. ‘The. 33 MeV beam was degraded with absorbers

to obtain lower énergies. .The external beam was made approximately
parallel by a quadrupole magnet, deflected 20 deg. by a steering magnet,
and focused on the target with a second quadrupole. Beam levels were
typically 20-50 muamp; but for the lighter elements beams up to 200 mpamp
were used. No noticeable shifts or loss of resolution resulted from the.
use of these beam levels as determined by (a) the position and width of
the spectrum of pulses produced by a pulse generator and (b) comparison

[=4 .
of Cfe)e spontaneous fisslon spectra taken 'in and out of the beam.

2. 'Apparafusv _ _

The chamber used for this work is a direct COpy'of another already
in use at this laboratory and has been described elsewhere.ll The beam
wac collimated by-a singie 3/16 inch collimator placed about 2 inches
from the target. A cylindrical shield was placed around this collimator
to prbtect'the,detector from the scattered beam. One detector was colli-
%ated to subtend an angle of about 5 deg. in order to definc one ghgle -
as required by the center-of-mass corfection.l6 In order to maximize _
the fraction of events in coincidence: : (a) the second detector was set
to subtend the maximum possible angle (about 15 deg), and (b) its angle
was'adjusted to maximize the coincidence counting rate. The collimated
‘detector was set at 80 deg to make the counting rates in the two detec-
tors more nearly equal. Magnets of about 1800 Gauss were placed in front ) v

" of the detector to prevent low energy electrons from entering the detector.



the puise height of Cf
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- The Bi, and Au targets vere prepared by vaporization from the

:”-elcmcnt U and Th' were vaporized as the tetrafluorides. The nominal 3
. thickncsscs were determined by alpha~counting the latter and by weighing 37? -
: -+ the former. In all cases the targets were vaporized onto commercial thinif

' Ni foils. Table I lists the nominal target and backing thicknesses for o

the targets used in these experiments.

B. Electronics

The detectors and detector biases used in these experiménts are
listed in Table I. A complete discussion of the detectors and their
calibrations will be given in Section IIIT.

The electronic equipment consisted of a linear system (two linear

\'amplificrs and preamplifiers)le and a coincidence system (two variable

declay and gates and a slow coincidence unit).l3 Whenever both fragments

of a fission cvent were caught by the two detector, the coincidence

-system provided a triggér pulse which activated the multi-dimensional

analyzer causing the corresponding linear pulses to be analyzed and

~ eventually recorded on magnetic tape.lh Further details on the electronic

system and multi-dimensional analyzer are givén in Appendix A. The an-
alyzér was operated such that either two or three simultaneous pulsc

heighté could be recorded; the third dimension was reserved for a tally

mark which identified events produced by a pulse generator and fed into

the linear system at a slow rate (20 per minute) in order to check sta-

bility. The singles pulse-height spectra in each of the dimensions were

" - monitored with two multi-channel pulse height analyzers. Comparison of

monitor spectra obtained by internal triggering with those triggered

by the coincidence system allowed a check for any bias due to the coin-

cidence system or due to an error in detector angle.
A Tetronix Type Z oscilloscope plug-in unit was used to measure
232 alpha particles and the pulse generator directly

in volts. This gave a value for the energy per channel at the same am-
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Tbble I. Surmmary of experimental conditions.

T - Number of ' Target ‘ Neminal _ Detector Detééfdr_;f:l
Target E events thickness backing thickness resistivity bias

a7 "" 70.0 434 ~ 200 :"i’_ e 200

209

B1 65.0 100.7 ~10 n3 10

Th?32

65.0 122.2 I S i f S0 - T 1700
R B S

_ 33.0 9%.6 o | 36
™ 25.7 - 9%.0 g o
22 aun ¥3.0 8 N '9Q“':' ;fL;f ' 200

- 200 Ls "’ -

8

200 124

™ LA
#8 33.0 0.0 i 8o _"' ; IR f}‘?'f. S 200 ) o
S SR Y 8o ns 20 St '; u

*
All detectors were phosphorucs-diffused with guard-rings.

3

A
.
»
N

(o) <107 Ge/ed e (o) - Gelte)



;Vplificf adiﬁ‘d uscd fbr the fission fragmcnts and a valuubln check on.:

" consisted of:

f‘thc stability of the lincar systcm upart from the multi-dimensional

analyzcr.

The aboxc mcthod for mcasuring the energy per channcl usinﬂ
.
22 alpha particlcs was checked by comparison with a mcthod which

4

(a) recording the pulse heights from four different alpha aources and'f?

’ [-2

aCf 4 spontancous fission source on & multi-channel analyzer, and

(b) mecasuring the requiredrgain change with a pulse gencrator and the

Type Z plug-in unit.

i The values obtained by the two methods agreed to about 1%. The Type 2

. unit was also used to monitor the output directly from the pulse gen-

- ._erutor as a check on its stability.

'Two-dimensional Cf252 calibration runs‘wcre made before and aftef'

fcach'éxperimcnt. These data, recorded on magnetic tapes, were processed

Lo obtain a calibration equation for the detectors according to mecthods
deseribed in Section III.

- C. Data Processing

1. Corrections to the Measurcd Energies
(a) Thickness Correction
The correcction used for the energy loés, AEt’ in-the target and

. nickel backing for a fragment of energy, E, was of the form:

v = c gl/3 | (1)

~where ¢ 13 a constant. The origin of this equation is the fission frag-

ment range measurements of Alexander and Gazdik who found that.the initial

o part of tihe fragment's range could be described by R = K E2/5, where the

15

dependence of K on fragment mass is not large. A value of ¢ for the

target was obtained experimentally by measuring the shift in tbe fission



" measured encrgy of up to * 0.3 MeV since AE, < 5 MeV.

o 'enercics‘is small for the fissioning nuclei considered in this work. The[;?

'”‘Iragmcnt enevgy spcctrum when the target orientation vas changcd by h5?j

: 'dcﬁ If the detector is set at 120 deg, a change in target orientation f
" from Q deg to h5 deg with respect to the beam changes the effective thickq'

. ncuo from which the fragments cmerge by a factor of two. Rotation of the4
" target by 180 deg-allows ¢ to be measured for the backing foil. The - Q

corrcection can be mcasured to about * 5% which means an error in thek

(b) Center-of-Mass Correction - | o
The differcence between the laboratory and center-of-macs frggmcnt :f?

:-dirfcrcncc is typically O - 1.5 MeV. Correction was made by an iteration"ﬁﬁU:  

" mothod described in detail by Haines. o '
(¢) Electronic Drift | -
In somc of the longer experiments gain shifts in the linear

" gystem of up to 3% over a 2k hour period were encountered; however, the

"3: maximqm shift between a measurement and a calibration was 1.5%. The

.. drift within a given measurement was negligible and was followed from

" measurement to measurement by means of the pulse generator. It was thusﬁ5ﬁ‘:'
”1f~possib1e to correct the calibration equation obtaﬂned from Cf272 to o

compensate for the observed pulsef shift. Since the correction is small» 1

°. and is thought to be well understood, errors from this source should be - -

P negligible.

2. Calculations | |
Two-dimensional pulse height dlstributions may be transformed
- into several possible co-ordinate sysﬁems. The final data from ticsc

o experiments were transformed using a random number method into a frapment

%
maus, A5, and total kinetic energy, E, , distribution, N(Al’ Eq ) 10,17

DT is dcflncd'

)

E" =B +E. (2a) . v
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By,

G und L2‘ ure thc measured fragment cncrgics.v.Mnna may be calculated
"tﬂ: using momcntum conservation.‘ KT P L

s

e gt

Ay & —— 'A":(.f: R ) I
. + . c S e
',?
. where A 15 the mass of the original fissioning nucleus. Equation 2b is
- approximatce because the measured energies are of the final fragments
‘s'“:3ﬁrfff after ncutron emission. The cquation is strictly true only for the i
PR encrgies of the initlal fragments, prior to ncutron cmission.
o  The two dimensional data will be presented in the form of mo-
B o ments of .the distributions in one independent variable taken as a function
i of the other independent variable. The first moment of a distribution in °
‘jl-a‘ﬁurinble x is the mean, ( x ); the second moment, Hos is the variance

o *
" which is.a measure of the width of a distribution.
I:’vw -"' ‘ . 2 2 .
1 uy(x) = (x%) - ( x) | (3)
Only tic first and second moments will be considered in this work. The
. 7~ higher moments ure not significant due to their sensitivity to both sta-
. tistical and systematic error. The fourth moment, -i), is useful, however,

in estimating the statistical standard errors, 2 and 62} in the first

and second moments:l
=
¢ ="Vip/Ny

o= (b, - ny0)/Ny ()

where NT is the total number of events in the dis tribution being considered.

_" .
The relation between the full.width at half-maximum, FWHM, and the variance
for a Caussian distribution is: FWHM = 2.56"/;12



" date in o relatively fine grid without having to fold the data, 10°
" 'wos sct ns the desired number of events although this was not attained
;ui in several runs (sece Table I). Here "unfolded" means that the necessary
‘ ﬂ”.symmctry of many of the distributions is not forced but must really be

4"'been explicitly stated; consequentiy Appendix B has been includéd in

A:f; measures ‘the fragment energy after neutron emission. The mass c&lculatedref
. by Eq. (2b) is a good approximation (within ~1 mass unit) to the true

G TE Tl T «10e | ;

In ordor to minimize statistical erros and still process the .

present in the data, i.e¢., an event (Ea’ Eb) is considered. distinct from RN
an event (Eb’ Ea)' Leaving the data unfolded allows an important check . - W
‘on a large body of systematic error. Although the importance of symmetry . - -
properties is generally recognized by workers in the field, it has never ;ﬁlrﬁ;f

which a more detailed discussion is presented. Unless otherwise specif. -
ically mentioned, all data will be shown unfolded.
The physically significant quantities are the masses and energies

of the initial fragments prior to neutron emission; whereas a detector .

S initial mass; thus, in the absence of sufficient knowledge of neutron

cmission for the systems studied, no correction to the mass has been

" attempted. However, the corrections to the average total kinetle energy - N

“fif“‘and to the variances of the mass and total kinetic energy distributions,"‘

uQ(Ae)_and ue(ET) respectively, were felt to be large enough to Justify o

'?{fg'an attempt. The argument for this is simply that, with any type of

""" reasonable correction, the corrected value will be a better approximation

" to the true value than the uncorrected. In order to write down explicit -

'f_vcxpressions for the corrected moments it was necessary to neglect any

. correlation between the number of neutrons from a given fragment, v

l.'

and the fragment mass or total kinetic energy, i.e., vy = v, = vT/2 was

1
assumcd, where Vp is the totdl number of neutrons averaged over all

Iy

fission cvents. Vip was estimated from energy balance considerations .
(sce Appendix C). The relations between the corrected (without stars) -
and uncorrected moments (with stars) are: : - ©
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o) = i () - vy mh ) ) ‘e
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“’Vi gheré { ET ) is the average total kinetic energy for a given omit and
R E ) is the average neutron kinetic energy, and m is the neutron mass.
'*?The method for estimating ( E ) 18 given in Appendix C. Note that x in

R pz(x) stands for the variable averaged over, not the variable held constant

thus (a) and (b) are functions of mass, and (c¢) is a function of Ep- The

expression for pa(A2) is derived assuming that mass averages are taken

”T; over all masses, not for individual mass peaks. The derivation for. these
‘f, equations is outlined in Appendix D. Analogous equations were assumed to
'~ hold for the overall moments calculated by averaging over all fission

L. events. |



"\ II1.7 CALIBRATION OF SEMICONDUCTOR DETECTORS FOR FISSION FRAGMENTS

When a fission fragment strikes a semiconductor detector, the

'rcsulting pulse height is not proportional to energy in the sense that

" the pulse height depends on the mass or charge of the fragmént as well L'iA‘f,ﬁgi

as the energy. (This phenomenon will hereafter be referred to as "the SE
. non-proportionality".) Since the exact nature of the pulse-height-energy L
‘rclation, V(E), is not known at present, the purpose of this section

. will be to describe attempts to find an adequate calibration equation

- with whi:h to process the charged-particle-induced fission data. This R
" will be preceded by a brief introduction concerning the evidence for the-ua #313
o existence of the non-proportionality. Still later, in Section IV, the ‘1:;
- _magnitude and significance of the errors introduced due to an incomplete'}lufffl
~ understanding of V(E) will also be considered. ' SR

; ::?' A. Evidence for the Non-Proportionality in_the Pulse-Heipght - Energy

Relationship

Thé simplest indication that pulse helght is not directly pro-
~ portional to energy 1is that the ratio of the pulse height of the most ‘
' probable light fragment to that of the most probable heavy fragment for :
Cf252 is typically about 1.4 rather than the 1.3 expected from the ratib-

7,18,19 i.e., if these two pulse heights and the known ener-

of energles,
gies ‘are used to define a calibration line, this line will not pass

'f through zero but will have some positive intercept. If one further

:::'.compares these pulse height peaks with a calibration line extrapolated

e .from alpha particle measurements, both peaks are found to have less

- pulse height than would be expected on the basis of alpha particles with

‘:3 the heavy fragment being more deficient than the light (see Fig. 1).

-

The most recent development has been the work of Schmitt et al. o
who studied the response of a variety of detectors to Br79'8l and 112( *
ions accelerated in a tandem Van de Graaff accelerator.eo A typical plot

of their results is shown in Fig. 2.



140
120

100

Mevy

4

E
o
O

40

RS NeT

|

|

Cf252 .tht'peck

| | L1

|

20

40

60 180 100 120

140

Figure 1.

Pulse height

MU-32138_

Typical pulse-height energy curve for a semicormndiuctor detector

eve re-

showing positions of the heavy and light pea.s or cr
lative to a calibration line extrapolated from G-particle

measurements.



120
100

80}

(MeV)

E

60

40

1 N I SR |
300 400 500 600 - 700 -
| Pulse height L T

Fig. 2. Energy-pulse helght curve for 1127, Br79-81, and alpha particles taken from MU.32153 .
work of Schmitt et al.20 Similar results were obtamed for all detectors as long as SRR :
data was taken on plateau of pulse-height bias curve. - _ e e TN I
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" The pulse hCILhtu from the peaks of Cf

?

Thece results indicatc ‘that there 18 no deviation from the alpha o

v'ff”llnc until Just before mass 80; but, for heavier masscs, the deviation S .
"”,ifrom the alpha linc occurs rathcr rapidly. The Br line is quite parallel.' ft'l'
‘to the alpha line; whercas the I linc shows a 511ghtly greater slope. \

222 fall on the diagram at poinﬁs
consistent with average masses of 106 and 1&2. Thus Br, I,and Cf points
form a consistcnt picture. However, if the peaks for the thermal neutron
fission of U235 and P11239 are entercd on the diagram in the same manner

as Cf2)2, they do not fit into the above pattern; so, at the present time,

complctely -self-consictent results have not emerged from these experiments.

B. Cholce of Detectors

" The charged-particle~induced fission data to be reportcd were takcn

‘with two sets of detcctors. The data for 65 MeV alphas were taken with

..'1700 ohm-cm. diffused- Junction guard-ring detectors obtained from W. L.
."" . Hansen of this laburatory. k9 The remainder of the data were taken with

200 ohm-cm. detectors of the same type (sece Table I). Tre properties of
and the cholce of operating conditions for these and other detectors are
discussed in detail in Appendix E. ‘

C. Detailed Comparison of Detector and Time~-of-Flight Results for Cf‘e)2

This section will describe attempts to find an adequate calibration

. equation with which to process the charged-particle induced fission data.

- Phis was done by meansof a comparison of detector and time-of-flight cnergy

. measurements for Cf

252

spontaneous fission. There is nothing new in this;

! however, it is surprising that a detailed comparison using all the avail-

“uble time-of-flight data has yet to appear in the literature. The most

complote work to date has been the work of Britt, Wegner, and V«'lmtstonc.’?l
They discuss primarily the total mass distribution and thc average total

kinetic encrgy as a function of mass and conclude that, when corrections



for thc cmission or neutrons are properly made, good agreement is obtained'
:_bctwccn thc time-of-flight and detector results. This section will show 'i
cthat it is necessary to make a more detailed comparison in order to see the

'{erfect of the non-pr0portionality. Further, recent time-of-flight re-
3 19

flmeasutements by Milton and Fraser'’? and by Whetstone18 have made it appro- -
ﬁiipriate_to.repeqt the comparison in general. .
1 It should be emphasized again at this point that an exact solutiohfj
, jf-to the calibration problem is yet to be found and that, at present, this ;f
 aiproblem rcmains a serious limitation to precision measurements of fission-"
"+ fragment kinetic energies. B
’ Appendix F gives a suggestion for an ‘exact solution of the detector .
.’:[[calibration problem. Such an exact solution would seem to be prerequisite i
- for high prcc181on fragment energy measurements which may be necessary to ;i-f

“35 flgain information on. some of the finer details of the fission process.

.1, Calibration Schemes

a. Constraints on the nature of the calibration equation

Neither time-of-flight nor detector measurements give any infor- E

' :ff?mation on the fragment charge; consequently the inclusion of charge as a -
-“‘variable in a calibration equation would have to be done via some correla-':l*i‘

’w?';?ﬁion of the most probable charge with mass. Thus, for the purposes of

'i?}if data processing, the general calibration equation - possibly a function

:;”%g of energy, charge, and mass -—-reduces to one involving energy and mass

{fftfonly. Therefore no attempt to introduce a charge dependence has been made,

jr=ii‘either implicitly or explicitly, and only calibration equations which de-
..~ pend on energy and mass will be considered.
From the discussion thus far and, in particular, from the work of
; Schmitt et al.eo four empirical constraints on the nature of tho mass

“ depende..c cmerge: w

(1) For a given mass the pulse-height energy equation is linear, at least
for the energy range corresponding to fission fragments i.e., El S 20 Mev. - {
(2) At o given energy the pulse height decreases with increasing mass. ‘
(5) The mass dependence only becomes appreciable for masses above about

'/;: - 70-80, .e., it exhibits a threshold effect.



'(h) Thc mnss 80 curve is parallel but displaced from the alpha line, the
" mass 12{ curve has a slightly more positive alope.

.ﬁViwhat-has been done is to formulate various physically reasonable calibratioa.

", equations based on the above empirical constraints, calculate fragment

'i-17u:3-1’ i

éncrcies from detector pulse heights using these equations, and finally to -

"comparc the results with the time-of-flight data. The approach is strictly f*cfﬁv
empirical; no attempt has been made to deduce equations on the basis of anyf'ﬁ':“

| }vproposed mechanism.

b. Mathematical formulation
From constraint (1), for a given mass, A, the energy, E, is

l’.,relatcd to pulse héight, V, by a linear equation:

E, = a(A) +b(a) - V. - (6)

p,f'uherc the coefficients, a and b, are functions of mass. Constraints (2),
‘ :;_‘(3), (4), and Fig. 2 suggest that the dependence of a and b on A, is '.
.+ schematically as shown in Fig. 3. The slope b is plotted as a ratio to
“the alpha slope, by Figure 3 has no qnantitative significance whatsoever.

In practice the variations in El for a given V introduced by the mass

"dependence amounts to less than 10%, so a and b could be expanded about

some typical fission fragment mass, say 106.

.
.

a(A,) ao(106) +a (A - 106).f a (A, - 106)2 + . .

i
!

_bo(106) + bl(Al - 106). + . . .,' | . (7)

b(Al)

where the pesults of Schmitt et al.ao suggest that second order terms may
Le nccossary, at least in a(Al)
Results will be reported from three types of calibration schemes.

Two have been chosen because they represent the extreme cases rather than
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Figure 5. Uchematic illustration of dependence of coefficients of cali-’
bration equation on mass.




:; _bccause thcy adherc closely to the constraints mentioncd above. The third -
i f 1g an attempt to fbrmulate a scheme which has the most physical significancej“":

jand mcetg the requircmcnts of the above constraints.

(1) fwo Peak Calibration Scheme

e o (hcrcaftcr referred to as the TP scheme)

This scheme is an extreme in the sense that all ﬁass &epcndcnce' L
is neglected, i.c., a(Al) = a, and b(Al) = b, in Eq. (7). The coefficients,}

a and b, arc cvaluated from the average energies and pulse heights for the .. & .

252

icavy and light pecaks of the Ccr spectrum. Several experiments, based

L on thig or cimilar schemes, hdve been reported 22,25,35

(2) Comron Intercept Scheme

(hercaf'ter referred to as CI) T o ,
N -In this schcme the pulse-height energy‘éurves are taken to be a’ -
" . family of lincs having a common intercept at V = O but with slopes increas- '..'
. ing linearly with mass, i.e., ’ | | 4

~

a(Al)'=

b=b_ + bl. (Al - _.106),

.This is the opposite extreme from the TP since it givés the maximum slopes
ald minimum intercepts (0); whereas the TP scheme has the minimum slope and

maximum intercept. This calibration scheme is almost ldentical with that

used by Viola and Sikkeland.au ] 'ﬂ

. (3) Pargllel Line Scheme

(hercafter referred to as PL)
This scheme attempts to meet the requirement of the above con-
Lo ‘ straints, at lcast approximately. It is assumed that the lines for all
' S maSSQS.are parallel to the alpha‘line, i.e., the tendency of. the 1127

line to have a somewhat higher slope has been ignored.
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 'to bc linearf”

o
!

= a°f+'al(Al.- 106)

. The origin and basis for these approximations will be morq'apparent when the

results are given. | . 4 |
The mathematical form of this scheme is identical to that used by

Haine» although in that work the slope of the ecalibration equation was

determined by the 016 + Au197 system.16 This scheme is also close to that

used by Britt et al.; however, these workers found that the displacements

... Trom the alpha line were constant, eliminating the need for any explicit

) A dcpendcnce.g’25

Figure L illustrates graphically the above calibration schemes.

- 2. Choice of Variables ‘
Fission-fragment pulse-height data in two-dimensions — i.e., thé
* number of events having pulse helghts Vl and VQ, N(Vl’ VE) - gre usually
- transformed into one of two physically-significant representations: lighte’
i fragment energy and heavy-fragment energy, N(EL, DH) ; or mass and total ‘
kinctic energy, N(Al, ET) The latter is more commonly used; however, for
this compari on the (EL, EH) representation has been chosen. This is
because the relations to pulse height are simpler and because the effects
of the two detectors used in the measurement are isolafed as much as pos-
. 8ible; but, at the same time, all of the time-of-flight data are utilized.
- In particular results will be discussed for the averages and standard
deviations of the profiles of N(EL, EH)’ viz. N(EL), E, = constant and
N(EH)’ EL = constant. These averages gnd standard deviations, g, are
calculated: '

-:rurther, ‘the dependence of4thé inté#cépthnwmass_hag'ﬁeen'takéhfﬂf7:* f‘*



- 8

‘ §  N((EL)i} EH)'f (EL)iA?>lI.;Rﬂ1$f '

ki _“‘
R

3

EL(EH) i A

[»)
. _—
o, = E7(By) - E/(E)

- Similar definitions apply for Eﬁ(EL) anﬁ UH. ' The sfandard deviation

(i.e., the square root of the variance) is a measure of'ﬁhe width of

the distribution, as discussed in Section II C.

.+ 3. Choice of Time-of-Flight Values.

Both Whetstone18 and Milton and Fraser-? have remeasured Cf252  :  -‘

"fission.fraGment velocities by the time-of-flight method. The results arel
"~ 'not identical; however, Fig. 5 indicates that it makes little difference

. which sct is choscen for the reference energies. The plot sh ws the dif-

‘ fercnces, AL and‘AH, between the Whetstone and Milton-Fraser values.

The enecrgy values differ by a constant amount; i.e., the shape

. of the E;(EH) and E;(EL) are the same, so that, if detector values are

normalized at one point, the remainder of the curve should be reproduccd.

The divergence of the curves at low energles is not felt to be significant.

”-gThe energies given in this work are relative to the Whetstone values.

4. Treatment of Neutrons

*

Time~of-Tlight measurements give fragment energies prior to the

emission of ncutrons; whereas a detector measures the energy of the

': frapment subsequent to neutron emission. Since the neutrons are usually

assumed to be emitted isotropically from the fragments, on the average

the fragnent velocity, vy will not be appreciably changed; consequently

. in mass due to the emission of ©

*
the initial, El’ and final, El , energies differ only because of the loss -

| neutrons (See Appendix D):

* 2 !
E, = 1/2 (A -v)v," =E(1-%) (9)

. !
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",*ﬁqu. (9) uolng values for the average number of neutrons for a given mass,

v (A ) taken from the work of Bowman, et al. For a more detailed

:iThc final energlcs, calculated from the detector pulse heights, were

;fconvcrted to prompt energies on an event-by-event basis; l.e., fbr an’
 observed (E ), the corresponding prompt (E , E ) were calculated by

26,27

r,dlaCUaSlOﬂ of the effect of this type of neutron correction the work of

'Brltt, Wegner and Whetotone should be consultcd.21 Similarly, the final .

o overall average heavy and light fragment energies used to evaluate the

" 5. Results

coefficients of the calibration equations were calculated from Eg. (9)

. using values for the overall average initial energies and masses glven by, 

27

thtstonel8 and overall Fi values given by Bowman et al. These values‘,fi

" are shown in Table II.

It is more convenient to plot the differences between the dctector f*“
and timc-of-flight average energies rather than the values themselves; '

' consequently the curves shown will be oi'AEL and AE, vhere, for example,

H

aE; = E(Ep)gey - Ep(Bydpgp (10)

h:fIf there wvere perfect agreement between the two methods, then this curve

would be zero at all points. The data are plotted in "fever chart" form -
v"?in order to keep better track of the points for a given calibration scheme
" without being committed to dréwing a smooth curve through the points.
?w'Results will be shown for one set of detectors; however, the conclusions

drawn are based on results obtained fromtseveral sets of detectors which

-, differed in type and resistivity. The results to be shown are quite

typical; no effort has been made to select "best" results. The results
shown arce from 1700 ohm-cm guard-ring phosphorous-diffused detectors
operated in the flat portion of the pulse-height bias curve at 92 V. Figure 4
6 shows plots of Aﬁz'and AE;. Because the coefficients of the calibration - |
ecquations were calculated using the known overall average heavy and light



| " eavy | ST Light*
B 19.87MeV.  10p.52Mev - X

s © 7 108.k
o168 - - L9t
8.8 MeV - 103.6 MV

) =P

’—-l

. X o ) . '
~ The average cnergy valucs differ slightly from those published in Ref.

18, Thclabgvc were calculated by us from only a part of the original
- data ofjH@" 18. This was obtained by private communication through the

~ co-operacion of Dr. S. L. Whetstone, Jr.
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~ value (0) at ohe point. The ALL (D ) curves shown in Fig. 6 all lie- with-
“%iin * 1 MeV of the zero linc. The TP curve shows the greatest tendency to \‘

'flicht curve and tends toward large positive values as E

.7 positive for high E

e

cncrgics, cach curve is erfectively normalized to. the time-of-flight %-?”

‘-dcvi¢Lc, howvever, the agrcement for all cases is satisfactory which is not
v surprising since the non-proportionality is smaller for light fragments. ;ﬁf5;’?‘

j:A_much more pronounced deviation is shown by the AE; (EL) curves in Fig. é;ffﬁff.

In particular the TP curve shows little tendency to follow the time-of-

L decrecases. On

the other hand the CI curve is slightly negative for low EL

and tends more .
The PL occupies an in-between position, as expected. - .- -.

L.

" on the busis of Fig. 6 alone, the TP calibration gives the poorcst agreement;_lf-

:v'with the time~of-flight data; however, no real distinction can be made i ‘
'ff'bctwoen the CI and PL.'_In general, a good description of the average ener-gfwsﬁf

'L'gics scems to require a high slope and small intercept in the calibration L
. . equation. .

Figure T shows curves for oy (a function of E y) and o, (a functioh-afgff.

of E ) along with the time-of-fllght curve. The error bars on the time-

"r; of- fllght data represent the difference between the Milton-Fraser and
. Vnetstone measurements. The most striking feature of these curves is that -

“the order of agrecement is reversed from that found for the averages in Fig.

6, 1.c., the TP calibration gives the best agreement; whereas the CI curve

deviates considerably from the time-of-flight curve. The PL curve again

- oacupies an intermediate position. This is because the widths of the

distributions are most strongly influenced by the slopes of the calibration

' 1lines which are largest for the CI and smallest for the TP; thus good

| apreement here requires small slopes and‘large intercepts, the opposite

requircment from the averages. However, the widths from detector measure- :
ments are more affected by neutron emission than those from timc-of-flight;28
thus, if a more exact neutron correction were made, the TP results may
actually lie below the time-of-flight values with the PL values showing the
best agreement. Such a tendency already exists in the o, curve of Fig. To.
One conclusion which can be drawn from the above analysis is that

it is impractical to attempt'to adjust the parameters in these calibrations
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f:or to' 1ntroducc new. paramctcrs in order o gct‘afbctter "fit" to the time-

other than 105
‘Scction Iv.
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i -,6-29-
i : | *
: N B t

"L:Tof-rlight results without thc use of very complcx schcmcs for which there f
' 7f1u no bacis at thc pres ent time.. This is because, as long as a lincar ':
" pulsc-height cncrgy rélation for avgiven mass is required, the "best fit"
' to the averages requires large slopes and small intcfccpts; whereas the ,“%Et f 
- reverse ié true for the widths, Coqsequehtly, it seems nccessary to B
“ brcdctcrminc the coefficients. There are only three pieces of information;?ib

which can bc‘readily uscd to calculate a calibration equation for each

detector: the average heavy and 1ight'fragment energics and the slope of

" the alpha linc. Therefore we are limited to a three paramcter equation

:ﬂ and cannot reproduce exactly the type of mass dependence in the intercepts

20

~and slopes vhich is indicated by the Van de Graaff results. Thus the
: '} PL scheme has been formulated as a compromise between the nore extreme.
‘. CI and TP schemes. This scheme is not completely. satisfactory; however,:
‘ﬂ' it is sufficient for calculating energies from charged-particle-induced
. fi»sion data which was the purpose of this investigation.

The effect of the above calibration schemes on fissioning systems . -

252 will be qonsidered vhen these results are presented in

One pleasing aspect of these comparisons has been the sensitivity'
to the various calibration schemes shown by the LE and 0 curves. At the
bcglnhina-it was thought that, since all the schemes werce normalized to
vhe averages of the Cf peaks, all three mignht give un adequate representa-
tion of Cf and»that no distinction could be made among the various schcmes.

0. Comparison of Mass and Total Kinetic Energy Curves

The data in N(El’ Ee) form may be transformed into N(AH’ ET)’
where AH is the heavy fragment mass and ET is the total kinctic energy,
by the usual equations:




It should be emphasized that all the data have been used in the previous -. -

comparison; these results are herely looking at the data inAanother way.
, | Figure 8 shows the average total kinetic energy vs. mass curve “_ e
for the TP and CI schemes. The PL has been omitted for clarity; it falls j3  -

. in between the TP and CI curves. The time-of-flight values in this case

" are from Fraser and Milton.19 The general shape of the time-of-flight

‘ -,;curve~is‘reproduced fairly well; however, the detector curves are broadened B

" and do not follow the dip at symmetric fission very well. As might be
cxpected from the average energies, the CI calibration gives better sgree-
ment.

o Figure 9 shows the total mass yield cufve as measured by detectors
; f'and time-of-flight. The results of all the calibration schemes arc contained

in the heavy line, l.e., the mass-yield curve is quite insensitive to the

vl'031ibration cquation. This is explained by the fact that the effcct of the

. - above calibration schemes is to change the shape of the distributions along

- "1ines of constant mass across the (EL, Eﬁ) map; so that, to a first approx-

imation, the number of events at a given mass is not changed.

/
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L tematic presentation of the results will then follow. Since fission

"t‘.nucleus, the Bi
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"/ IV. RESULTS AND DISCUSSION '.:i :

'v?_Tﬁevbféséhtation and discussion of the results of these ex-fff
 periments will be organized in the following way two remaining ex;ff
Jpérimental considerétions, the effect of calibration uncertainties aﬁd,v
‘the effect of the neutron corrections, will be illustrated. A sys- o

- data have 8 natural division depending on the x value of the fissioning
209 and Au197 data will be discussed acparately and . SR
compéred with quantitative liquid drop calculations available for this  , ”x i;:
"rcgion of x. This will be followed by a more qualitatlve discussion of’f1 H“"H
" the T2 and U2j8 data. -

~A. Effect of Calibration Uncertainties

" Calivbration errors become Increasingly more sig-ificant as the.
fiscioning nucleus becomes further ne&oved from Cf252. Consider, in
- particular, low x fission. For these cases the most probable mass split"
(symmetric) gives fragment masses close to the most probable light mass
“from Cfﬁﬁa; however the pulse heights from these fragments are comparable '
" to thase of the heavy peak. The spread in the predicted values of the ‘
fragment energy is then the separation of the light fragment calibration
" lines at the pulse height of the heavy peak which Fig. 4 shows to be
‘dquite significant. This discrepancy will increase due to the inergence
of the calibration lines as-the most probable energy decrecases (i.e., as
X decreasgs), K . . '
' This effect is illustrated quantitatively in Table III which
compares the values for (E ) , the overall average of the total
kinetic energy distribution after neutron emission, and u2(u ) , the
variance of this distribution, for the three calibration schemes dis-
cucsed in Section III. The averages in this case are over all masses.
Data are presented for a high x case, Th 232 + 25,7 MeV alphas, and a
low xvcase, Big09 + 65.0 MeV alphas, for comparison. As was expected
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vcbﬁﬁériééﬁ'ﬁf ﬁropeftieéﬂ6fﬁtheiovéréllifo£él kineiic
energy distribution as calculated by three calibration schemes

Calibration Scheme

SO . o PL cI

“ oyetem (Ep ) wp(Bp)  (Ep) wp(Er)  (Bp) ()

[

w2 pesrMeva o 170.3 108 . 169.1 125 166.7 16

312%7 + 5.0 Mev - 1512  TL . W6.6 8L . o2 96

”*(Mev)‘ (Mev)afi (MeV)v (Mev)aj (MeV) (Mev)a”:fa

* . '
(ET )~ is the overall average total kinetic energy uncorrected for
* : )
neutrons. i, (ET ) 1s the variance of the overall total kinetic:
energy distribution and is also uncorrected for neutrons.

o




.g“

Lfrom Fig. h thc TP scheme gives the highest (E ) values and the
-+ CI the lowest, while the reverse is true for the variances. The j
~#f;;difference in (E ) for the three calibrations for 81299 15 11 Mev{‘ﬂ%
... whereas it is only 3.6 MeV for T'h23 . These numbers represent the -
"‘:-ji'maximum possible uncertainty due to calibration; thus, even for the

C o Lt o
N * ? ¢ Ce
o, - .
p .35-
o . B

case of Aul97: the PL scheme should give the true value to within s
t 5 MeV. Tor the Th232 case the uncertainty is about * 1 MeV which is = =

 somewhat smaller than the cumulative systematic error from other sources}feiz"“

‘whereas the reverse is true for the low x fission. It is felt that the

PL scheme is adeguate for the processing of these data; and all of the

. data to be presented subsequently will be from this scheme unless other- = . -

‘wise specifically mentioned. However, for deta at still lower x (which ,_ce'

is the direction of current interest) calibration errors will become
stil)l more important; and the adequacy of the PL scheme should be .

“questioned.

The variances show a much wider spread; hence the uncertainties'

-in the use of the PL scheme will be larger. .These uncertainties are

more difficult to estimate but are probably about * 10 (MeV)2

T™wo further conclusions can be drawn. First, data from various-
experimenters should not be compared unless the effects of differences
in caiibration schemes and in Cf252 reference energies are taken into
concideration. Secondly, because calibration errors are strongly
dependent on x, systematics established by the self-consistent use of
the same calibration do not necessarily have relative errors which are

significantly smaller than.the corresponding absolute errors.

Figures 10 and 1l indicate thaﬁ the invariance of the total
mas:-yield curves to the nature of the calibration equation which was -
observed for Cf252 is maintained for the B1209 and Th232 cases dis-
cussed abeve. This is significant because Britt and’Whetstoneeu have
shown that By a comparison of detector and time-of-flight overall mass-

yield curves information on the average number of neutrons as a function

~of mass may be extracted. Since the taking of small differences is
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:”finvolved calibratiOn uncertainties could have potentially been very

e important. 'iv

. Since' there ia more quantitative interest in the Bi data, the _
vcffect of calibration on the ua(n ) and u, (A) curves for B1i209 (1. e.,"
~on the variances before neutron correction) are shown in Figs. 12 and

13. The differences for the high x data are similar and have no markediiﬁwﬁtfj
effect on the qualitative features which are of interest for these cases. .. .

B. Effect of Néutron Corrections

' The changes in the'mass‘and'total kinetic energy variances
brought about by the neutron corrections given in Section II are
illustrated for the case of Bi 209 + 65 MeV alphas in Figs. 14 and 15.

" The effect on the ua(E ) curve is to first approximation a downward
shift; however there is some flattening of the curve since the correction:
l'.is larger for the more asymmetric cases. The curves for the mass . |
‘varianccs almost coincide, however this results from plotting the cor=-

" rected mass variance vs. the average inltial total kinetic energy’ '

(Ey ). for the ET ‘at which the distribution was observed, where:

T .

vT 5' o

<ET) w

L ;fTbe resulting‘upward”shift of:the‘totalLkinetic_energy scale coupled

With the downward shift of the variaiice makes the initial and final
curves almost conincide.L Only neutrcn cofrected_results will be
presented in the remsinder of this ﬁape;'unless'otherwise specified.

C. Low x Results ... . . Gomparison,uith Predictions from the
: Liquid ﬁrop Model

This section will present the experimental results in the form .
of moments of the N(ET ) Al) map &nd compare the resu%ts wilth recent ¢
calculations by Nix based on the liquid -drop model. ? These cal- -
culations have their origin in the work of Cohen and Swiatecki on the

.
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lelpotcntial energy of a deformed uniformly charged liquid drop.--A

. " principal result of this work has been the elucidation of saddle-point 7 ¢

Lo in the aeformation process leading to fisgsion beyond which it is im-

ﬁ«_,mined at the saddle'point. These simple features have led to the model

‘shapes ac- a function of x (the eaddle—point shape is the critical shape -

ossible to return to the initial shape). The important feature of
these shapes is that below x ¥ 0.67 the saddle point shape is quite
necked-in resembling two cpheroids connected by a thin neck; thus little
'additional deformation is necessary to cause the drop to scilssion. This r':

implies that the fate of the fission event is almost completely deter-

used by Nix in which the fissioning nucleus is further idealized as two
overlapping or separated spheroids. The co-ordinates used to describe
the spheroids are shown in Fig. 16. Tor a given x the potential energy
(the sum of the Coulomb and surface energy) is then calculated in terms
of these co-ordinates. The potential energy calculations give saddle-‘
~ point shapes which are symmetric tangent spheroids (i.e., the family

- of chapes specified by Q) = + Q3 = 2q2) up until about x ¥ 0.80,
where they change to overlapping spheroids and approach & sphere as x
approaches 1.0. For x < 0.67 the saddle-point shapes from this model
resemble the exact liquid drop shapes; thus the model is best suited for
discussing fission in this region. However, for 0.67 < x < 0.80, where
the majority of the data on fission exist, the model is not expected to -
apply.

. To calculate energy and mass distributions the dynamics of the
deformed drop, as well as the statics, must be considered.2 The fission-
ing nucleus at the saddle-point is assuﬁed‘to be in statistical equilib-
rium. This allows the distributions in initial conditions (i.e¢., the
probability of finding a given set of co-ordinates in the vicinity of
the saddle~point) to be determined, using quantum mechanics whenever
possible. Yor given sets of initial conditions at the saddle-point the
classical equationc of motion are solved, and the separation of the
vibrating fragments 1s traced out to infinity. Thic allows the prob-
ability distributions in initial conditions to be transformed into the



7 MU-32140

Co-ordinates used in spheroid model. ay is the separation L.

- of -the centers of the spheroids. 9% is the semi-major

axis of the left-hand spheroid. q5 is the semi-major axis .
Of the right-hand spheroid. U is the fractional volume of
the left-hand side of the drop. ‘
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'?tprbbébiiiﬁyfntm ; Al) of observing a given fraament total klnctic

" energy ET»j‘an@ mass, Al The result can be represented approxlmately
by ' ' ' ' '

| Fa . AA,
: : : A 1,2 (’ 1 -
EF(E.,A,) [A,A, (= -3 \E T&2)? %
N(Ep,4)) = 2| Tz o [ — - 5
. AamNeye (M@ Eq, , e R
A2 = A - Al
- where A is the mass of the fissioning nucleus. Here E. 1is the -

A _ 0 _
total kinetic energy which results from starting the system off from the

' most probable initial condition (i.e., at the saddle-point). The cal-
~ culable constant, a, can be physically related to the separation dis-
‘tance of two effective point charges having an interaction energy ET.
(See Ref._2) In appropriate units EO and a depend only on x. The
constant, s and 5 determine the widths of the distributiorns in the two
.initial conditions which are most important in determining the mass and

~ total kinetic energy distributions. The distributions of initial con-

 .ﬂ ditions will broaden with temperature which, in turn, will cause a

broadening of the observed mass and total kinetic energy distributions.2
The factor, F(ET,Al), has a rather complicated ET and Al dependence but,‘
" in practice, has a value close to unity. A most appealing feature of
‘these calculations is that none of the experimental data is used to
~determine the constants in Eq. (11); there are no adjustable parameters.
| The abéve expression has been programmed for the LRL 7094 com-
puter and the moments of the mass and total kinetic energy distributions
calculated numerically using the same grid spacings as those used for the
experimental data.
Figure 17 compares the experimental and theoretical curves for the
average total kinetic energy, (ET)’ as a function of mass. The error
bars on the experimental points are statistical errors which are taken

to be a measure of the relative error of one experimental point to-
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‘:-' correction unccrtainties. 15 estimated as % & MeV. . Although the calculated
‘uﬂ

'ﬂ ;}curvc drops off faster with increasing. asymmetry, only for the extrcmeAfm

wte

, 1 l ‘

'?q;anothef.; The total systematic error, including calibratlon and neutron

" asymmetric cventa do the two curves lie outside the systematic error j:‘g§? o

':if limits. Howevcr, the reproducibility of the deviation for both Au and

ﬁ}: Bi, which were completcly independent meaourcments, indicates that it - 3]Q;3;"'“

" is probably real.

, Figure 18 is a similar comparison for the variances of the .15 P S
" total kinetic energy. distrlbutions, “Q(E ), as a function of mass. '"'é‘ ;:f'
Again therec is excellent agrecement near symmetry; but here the experi- 1'f§%f'

mental and theoretical curves show the opposite curvature with 1ncrcau1ng

";;ragymmctry. Systematic error is estimated as * 10 (McV) , S0 the dif-

ferences are significant.

| In Fig. 18 the deviation of experimental points from the theo-
‘retical curve begins at masses 120-125 for both Bi and Au rather than at

' a constant mass ratio. This suggest that this deviation might be

-i correlated with the doubly-closed shell at A = 132, Thus, at lower x,

- this argument predicts better agreement between experimental and theo-

‘3.retlcal uz(ET) curves. °

Figure 19 shows the variances of the mass distributions,

'“2(Al)’ as a function of total kinetic energy,'ET. The overall shape

of the experimental curves, particularly the rapid increase at low total

kinetic energy, is well reproduced; however, the slopes of the two curves

T_do not agree well., On the other hand systematic errors are estimated at

L2 (amu)2 which means that the deviation of the theoretical curve from

the experiméntal points is less than experimental error for a range of

" total kinetic energy which includes roughly 80% of the observed events.
Table IV is a comparison between theoretical and experimental

values for the overall averages and variances. Again, there is excellent

agreemnent for all cases.



Figure 18. Comparison of theory (solid line) and experiment (points)
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./ mass and total kinetic energy distributions for the low x cases .

t

Bi209 +65.0 MeV a o X . Au197 + 70.0 MeV &

'Exp. - Theory . -7 Exp. Theory .
(B 1501 sk 150k . 121k 1200

wp(Ep)  THel0 701 . 69 'x.lo .3

+

. (ET)"is.the'overall average total kinetic energy corrected for neutrons.
o 'u2(ET) and “2(A1)- are the neutron-corrected variances of the overall
total kinetic energy and mass distributions respectively.
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. In a narrow region of x the saddle-point shapes calculated by Cohen and Er

. Swiatecki change rapidly from shapes resembiing two fragments connected

=51

"pf ;L;b;;vHigh X Resultslff:L'Lﬁ‘

" For X above“0.67 the simple'features of the séddle—point shapes B

fﬁf'which made possible the calculations discussed above no longer exist.

by a thin neck to cylinder-like shapes which bear little resemblance to

.- two fragments. The properties of these saddle-points do not necessarily ;'

determine completely the properties of the fragments, i.e., the saddle-

i

point is no longer close to the scission point. .
In a remarkable parallel the rather simple nature of the experi-

"+ mental fragment mass and energy distributions at low x become much more’

complex at high x.9

This section will present these results and discuss
them in the light of qualitative explanations which have been proposed

concerning them. Similar results have been presented by other workers,

- however,‘the present work covers a larger range in bombardment energy;

consequently this aspect'of.the data will be emphasized.

Of particular interest is the “two-mode" hypothesis which states

- that two independent mechanismé for fission can coexist within the same

9,25,30,31,32,33

fissioning nucleus. One mechanism, the "symmetric mode",

is characterized by a predominantly symmetriec .mass distribution and lower

total kinetic energy than the corresponding "asymmetric mode". Britt

et al. have analyzed sigiégr data in this region and find it consistent
.9):

Qith the two-mode ideai however, the idea has been questioned by

'Aothers.28’3h The point of view to be adopted; here is that the two-

mode hypothesis is not an alternative to or necessarily inconsistent with
any theory of fission. In particular the hypothesis is vague about the
physical processes which constitute the two modes; consequently it is
difficult’ to make predictions based on the hypothesis. It will be
valuable if it can organize a large body of experimental information

into a consistent picture. Any theory of fission which can demonstrate

that two independent coexisting mechanisms with the above properties are



;v:jfornulation of the concept. 'One must then take care to distinguish ex-

4 n»pogsible, or,\which could show why two mechanisms would appear to. exist) ‘
- . would then automatically explain all data correlated by the hypothesis..fﬂ
‘T;!:-The two-mode hypothesis has & disadvantage common to many phenomenological i

.. concepts in that it tends to absorb much of the experimental data in the ;73

" planations from definitions. . . ' ‘ vl
A Table V showshthe overall avérages.and variances of the total -

. kinetic cnergy digtributions studied. All limits of error are estimates

- }of systematic errors. Also included are results from Britt and Whetstonezﬁ; ffV

(detector) and Whetstone (time-of- rligm) for T°o° + alpha particles

“"and from Fraser and Milton for U2;5.+ thermal neutronslo which forms the

same compound nucleus. In accordance with remarks made in Section A

" these detector results are comparable since they were obtalned using what L

is Telt to be a similar‘calibration scheme, and are based on the same

'va2)2 valueg. Work on Bi 209 and Aul97 + 43 MeV alphas has been reported
- by Vﬂndenbosch et 31.35 and on B1209 at 43 and U238 at 43 and 29 Mev

by Unik et al. ,22 however, these are not comparable at present since

they are based on different Cf2b2 values and a different calibration

 scheme. The values of (E ) from the present experiments are about
e 3-3.5 MeV higher than those of ‘Britt and Whetstone. This is too large

" . to be accounted for by calibration uncertainties alone (compare Table

232

III for Th + 25.7 MeV alphas) and is just .outside the quoted limits of °

h error for this experiment.

The (B ) values obtaired from detectors are significantly high-

.er than those from time-of - flight measurements. This cannot be accounted '

o for oh the basis of uncertainties in the neutron correction used to

obtain the detector values. No adequate explanation of this exists at
the present time. c

For these high x cases it is interesting to present the two- .
dimensional results in the form of mass profiles for various total
kinetic energies. This is done in Fig. 20 for Th252 and in Fig. 21 e
for U238. Results for three different bombardment energies are in- ' g
cluded. All curves are plotted in terms of normalized yield (to 200% by



“  '-Tableiv. Properties of the overall total kinetic energy distributlons
_ . : - for high x cases. _

" Th

. System | 2 o (Ey) - f. Ep My (En)
. _0235 * 0 (Miltén and Fraser) - | 167.7 130
™2 4 214 MeV & 1170.6 £ 2.5 . 172.5 & 3.2 116 £ 15
292 4 21.8 MeV @ (Whetstone) - 169.1 240
™22 4 221.1 Mev @ 167.5 o 171 1'161
(Britt and Whetstone) ' : :
T2 4 25.7 MeV o 169.12 2.5  171.3 £ 3.2 121 %15
Th252'+ 25.7 MeV & (Whetstone) .- S 168.2’: ' ;53- '
* 22 4 05,7 MeV @t %6.8 AT 103
(Britt end Whetstone) - o ‘
me2 29.5 MeV a_(Whetstope) - | 167.0 S 16k
0232 4 og5 ey 66.0  170.7- 107
A (Britt and Whetstone) R '
o2 4 33.0 MeV 167.6 £ 2.5 170.5 & 3.5 124 £ 15
22 4 65.0 MeV @ . 162.6 £ 3.0 168.0 £ 4.5 15k 15
BB s 570  172.9 £ 2.5 176.0 £ 3.2 139 £ 19
u238 +33.0a - ‘.: 170.9 £ 2.5 174.7 2 3.5 143 £ 15

U238 + 65.00 o v 166.7 :'2.5 173. £+ L0 1l 15

. .x. - o
'(ET ) and (ET) are the.overall average total kinetic energy un-

‘:"bcorrected and corrected for neutrons,vrespectively. pe(ET) is the

neutron-corrected variance of the overall total kinetic energy dis-
tribution.
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;1{'(with increasing total kinetic energy and into symmetric distributions)

’ 'f» of one or more neutrons is high.

ljampereble., All the important features of the data may be seen from ,fﬂé
i‘theue curves. ; o . \ i,
: Note the tendency for the maos-yield curves to be triple peaked

. at low total kinetic energies and low bombarding energies. The Th2>2 g

; distributions show a more pronounced effect than the U23 presumably

f due to the lower x value. These transform into asymmetric distrilmtions‘;"~

* .. 'with incrcasing bombardment energy. The increasing yield of the )
i”‘fsymmetric Tission relative to the asymmetric as the bombarding energy
.7 is- increased is clearly shown. There is a resemblance between these

transitions from asymmetric to éymmetric fission and the similar trans-

ition which occurs with decreasing x. The interpretation of this latter

" transition as the superposition of two distinct mss distributions has

9,31

“:lvlcd to.the revival of the two-mode hypothesis. In the present case

Wﬁ. it would be possible to ihterpret the superposed symmetric and asymmetric‘dr‘if
' distributions as being distributions at high and low excitation energy, '

36 37 This is especially true of the

252 date

?32 and in particular, the increased asymmetry of the Th

a

"d7>re"pectively, since the probability of fission occuring after the emiss ion :

relative to 025 at a given bombardment encrgy might be due to the larger .

"probability for prefission neutron'emission in the former. Note also

'u,: -the tendency of the asymmetric peaks to move closer together as the

H;”feitotal kinetic energy increases.

We now turn to a more quantitative analysis of the data by the

. use of moments. Figures 22 and 23 show the average of the total klnetlcr :

energy'distributions as a function,of mass for the various bombardment

ﬂiencrgies studied. The "dip" at symmetric fission is now vwell established

although there was considerable uncertainty as to their existence ai

. . z
" one time. From preliminary work, the work of others in this region,a’)8
and the work of Haines and Thompson at high excitation energieslé’?9

_ it was expected that the dip would vanish with increasing excitation
“energy. It is the manner in which the dip disappears that is of interest.

RS

-
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:~f;What appcars tQ happen i° that the peak ut about mass 155 decreauc

fﬁ whcrcua the vallcy at ymmetric flssion ‘and the auymmctrlc wings ctay B

j\;rclat;vely constant. Thc data of Britt and Whetstone show a uimilarv_f “

: t'rc'nd.a_5 This is what would be predicted by a two-mode hypothesis in
.;*'; uf" ,;f whiqh the ED distribution for a given mass is viewed as a sum of the
individual distributions from the symmetric and asymmetric modes and
+ in which the symmetric mode grows in with increasing excitation cnergy. C
'1Thc total kinetic energy distributions for masses near A = 132 then
reccive larger and larger contributions from the lower erergy symmetric |
J'modc events. This causes the average total kinetic energy decredse, |
~in this mass region. This effect would have been difficult to reconcile' 
s with the present formulation of the hypothesis if the dip had disappeared i
o as o consequence of an 1ncrease in the average total kinetic encrgy at ‘
cymmetric fission. The Th es2 curves are somewhat of an exception since
; (ET) at symmetric fission is about 1.5-2 MeV higher for 33%.0 MeV alphas
" and about 4 MeV higher for 65.0 MeV alphas than for the 21.4 and 25.7
;'Mev points. It is possible that thl“ effect is not real since the 65
MeV data were taken under completely different: experimental conditions
| (dctector, target, etc.-- sce Table I); whereas all the low energy data
fi1. are from the same experiment. The relative error of the 65 MeV data to
,“; the remainder is thus no better than the absolute precision (¥ 3-k MeV).
* But the 33;0 MeV curveAremains significantly higher than the 25.7 and
‘i 2. b curves if statistical errors are taken as 'a measure of the relative
error for the low energy points. ' ' ‘
A similar effect, although smaller and barely outside statistical "
error, is observed for U238. There is no obvious reason why tke Th and
. U cases should be different in this respect.
A o Vandcnbosch has been able to qualitatively account for the dip in
:(D ) vs mass curve by assuming that the effects which determine the
» ground state shape of the fragment remain important at the scission
232 + alpha system, both of the

fragments are "soft" toward deformation reflecting a predicted *erdency

Q_ R point.bu Thus, at symmetry for the Th

- ‘«  of the fragments in their ground states to be deformed. The Coulomb



"if;repuluion of thc derorned fragmcnts is smaller due to their increased
“scparation, hence the average total kinetic energy is lower. When one'Vf
“of the. frugmcnt° has a mass close to a closed shell (e.g., A = 132),

separation distance and increases the kinetic energy. On this model

C A T7130-135: |
rather than the 112-120 mass region. Both of these trends can be seen

' f f‘-6q- L -,H;,

v

this fragment tends to assumec a spherical shape which decreases the

the dip iz not associated with symmetric fission per se but rather with 4 zL f'
the mass range 112-120, and the peak is associated with the region aboutys'-'”
152. The (ET) curves then has three parts:

(1) a basic monotonically decreasing curve which would be obtained by

" some constant scission-point shape model, e.g., two tangent spheroids.

Superimposed on this is:

(2) ‘the dip in the region of A = 112-120
(3)- a "bulge" due to the closed shell at A = 132

<E$) curves which show a dip have been reported for nuclei ranging from'ig;ﬁ
'm o to Ac228 and in each case the maximum in the curve occurs for .

8,9,10,23,25 However, the dip tends to follow symmetry

. by a comparison of Figs. 22 and 23. As the excitation energy is in-

creased, one would expect the influence of the ground state properties

" of the fragménts to be less important, i.e., the shell effects tend to
- "wash out". The decrease of the bulge near mass 133 is consistent with
- Fhis view, but the tendency of (ET) at symmetric fission to stay cpn--.
stant 1s not unless one assumes that the rate of "washing out" is d4if-

ferent for the two mass regions. The relative position of thec Th232‘+-

65 MeV curve does give some credibilitj‘to tﬁe latter statement. All

in all, the case for a bulge in the (D ) curve at A = 132 being due

to 2 shell effect is strong; however, the analogous case for the dip

is on much wcaker ground. ' : ' ..
Figures 24 and 25 show the variances of the total kinetic energy

distributions as a function of mass. The shape of these curves is con- »

sictent with the two-mode hypothesis because, with increasing asymmetry,

the superposition of a displaced distribution from the asymmetric
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:‘”ﬂmedé §
_u‘haf a broadening effect on the overall distribution. 'Britt et al. have‘
PR ;'{.made a detailed analysis of similar curves including an attempt to draw ;,ff
e ‘ttquantiﬁative conclusions concerning'thé properties of the modes.
- Repetition of such an analysis on the present results would serve no
: useful'purPOSe. The only prediction which the two-mode hypothesis can

.7 nake on the effect of increasing excitation energy is that the variances ;..

"/; ic nullified because, in general, the distributions are expected to

.. broaden with increasing temperature.

" averages. What appears to happen igs

coﬂbined with a decreasing yield of the symmetric mode S

. L e
- R R

N

B should increase at those masses where the contribution of the symmetric fﬂﬂff“f

" mode is becoming increasingly more significant. However, this predictidﬂ ?f7;'l

Several features of these curvés are, nevertheless, worthy of

" comment. (1) The maxima in the variance curves occur about 3-5 mass ;if:ﬁ;*

units lower than those in the average total kinetic energy curves. (2) o
The-maxima in the variance curves tend to shift to higher masses with in- :"'

creasing bombardment energy. A somevwhat smaller effect can be seen in

Figs. 22 and 25. (3) The dip again appears to be correlated with sym-

i  metric fission and tends to die out with increasing bombardment energy;',}

however; the'manner in which this occurs is more complex than for the
(a) the asymmetric wings (around A 2 150) tend to rise steadily;
(b) the maxima tend to stay about constant;
(e) . the dip at symmetric fission remains roughly constant for the
low energy points, but show a significant rise at 65 MeV.:

 (There is actually a decrease in the variance: at symmetric fission between -

?%2 and vetween; B, = 25.7 and E, = 33.0 for

however, it is not outside statistical error.) Neutron emission

E. = 21.k'and E_ = 25.7 for Th
P oo,

before fission would counteract the tendency of the variance to increase

with increasing bombardment energy; however, one would expect this effect

- to be more important for the more asymmetric fission; This suggests that

at least (c) above is not due to this effect..
The overall mass yield curves shown in Figs. 26 and 27 are actually
a by-product of the more detailed information obtained in a two-dimensional
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‘ﬁe[_éXpefiment;'ﬁowever;‘there is stiil considerable interest in these

"*1Q,errors. Such curves do not. possess the mass resolution of mass spectro-

6

)

. curves. PUrther these distributions are least subject to calibration

‘*e metric or radiqchemical measurements; but, on the other hand, there are_ 
" no missing mass.tegions.end the relative error of one part of the curvev 
- 1o another 1s smalliwhich may hoﬁ be true in radiochemical work. The
net result is that.the overall shape of the mass yield curves and the
transition from asymmetric to symmetric fission is better demonstratea

f by experiments of the type described in this work.

- Figure 28 illustrates some properties of the mass distributions ase,”A_
"‘a function of total kinetic energy. " For the case of 21.4 MeV alphas + ’ﬁ’ff‘“

232 the fission is predominantly asymmetric and one v uts to present

the properties of the individual. asymmetric peaks. However, the strong
variation of the yield at symmetric fission with total kinetic energy

causes ignificant changes in the calculated statistical moments which areﬁ‘f_ eI

not neceSsarily related to the ‘properties of the heavy peak itself. Thus i

B Figs. 28a and 28b give the most probable heavy mass and the half-width

" at half-maximum measured on the high mass side of the heavy peak. The

'Ef mass distributions were folded for the purpose of this calculation. For
comparison Fig. 28e is a plot of (@2*(A))1/§/é for 65 MeV alphas +1Th232l
which is of comparable magnitude to theé above half-width. In this case
the variance was ealculafed ovef‘ali masses since the fission s pre-
~, domlasntly aymaetric., A monotonic decrease in the width of the mass
- distributions with increasing total Xinetic energy is something which
all fissioning systems seem to hQVQ 4in common ; (compare Fig. 19) although
there are individual differences in slope and.curvature° This similarity
supports the interpretation of such curves made by Haines and Thompson
which states that these curves: reflect the approximately-parabollc shape
of the average energy release curve taken as. a function of mas‘,.'?)9 High
total kinetic energies can only be obtained from a more restricted range
of mass splits; consequently the widths of these mass distributions are
smaller. Such a thermodynamic explanation should hold at any x and is
_consistent with the experimental data.
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= f*i'The heavy peak also shows a monotonic decrease with increasing
'ﬁftotal kinetic! energy, 1, e., the two aaymmetric peaks move closer to-
ﬁ f gether as was noted in the discussion on Figs. 20 and 21.  One should
'Af_rcalize, however, that this trend is implicit in the data that have '
uf:already been presented. Given that the average total kinetic energy
.. is a decreasing function of the heavy mass, it is inevitable that the - v
B .avcrage mass will be a decreasing funition of total kinetic energy unless'ﬁiﬁrm
- the two-dimensional N(Ay, E ;) distribution is very irregular. o
In the light of Flg. 28a reca’l the oft-quoted result that the o
- heavy peak of the overall mass distritution tends to stay constant for )
. all fissiohing nuclei (see Figs. 26 and 27). Obviously this is only
ﬂ.;'true on the average, because, as'a furction of total kinetic energy, ‘2ﬁ‘

s e ez

the heavy mass peak varies by about 1% mass units.’

»
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V. CONCLUSION . . * '\ .

PR The most satisfying aspect of this work has been the cOmpafison‘Q:;:::f:
-of the low x data with the theoretical liguid drop predictions. The

rather good-agreement between the experimental and theoretical results

- gives one reason to believe that the liquid drop model of fission may

'’ be capable of accounting for at least the main features of low x fission. ‘' ° .

It is important for the progress of fission theory to decide this point. : :

This calls for a considerable experimental effort in order to obtain data

- over as wide a range in x (below 0.67) and excitation energy as possible.

At the present time medium-energy fixed- frequency cyclotrons are available-'

~which can produce excitation energies in the range from 20-100 MeV. At

;f.'the higher energies the fission cross sections for the heavier rare-

earth elements should be high enough to enable mass-energy measurements
to be carried out.

In addition to mass-energy measurements it may also be possible

’ ﬁo provide experimental values for fission barriers to compare with the

." 1iquid drop predictions by utilizing the ability of certain materials,

such as mica, to preferentially register fission-fragment tracks.uo

This technique may allow measurement of the very small fission cross

" sections for elements perhaps as far down as silver.

Although the present liquid-drop theory is capable of predicting

' the distribution in the vibrational energy of the separating fragments,

- the corresponding experimental measurements of the neutrons resulting

from the deexcitation of the vibrating'fragments does not seen feasible
in the near future in the low x region; thus mass, kinetic energy, and
threshold measurements will have to provide the immediate test of the

. theory. .

Efforts should also be made to improve the overall vrecision of
fission energy measurements. Improved precision would allow the reliable
measurement of differences between éxperimental and theoretical curves

which may be significant in determining the influence of shell effects

.on nuclear fission.
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* APPENDIX A~

RS

.  _.Deta1ls of the Electrohic‘System' '

A blocivdiagram of the electronic system is shown in Fig. AL
“ The Goldsworthf Model VI linear system was operated in the doﬁble- ‘
diffeiéntiating mode using riée times in the 0.2-1.0 usec.“range.l2
' In order to improve stability: (1) the variabie preamplifier feed~ R
back capacitor was set at its maximum value (13 pF). With this séttingv:;‘
-the preamplifier will become completely charge sensitive (i. e, output - ..v,,
pulse height independent of detector capacitance) at a detector capacitance'foﬁ
of about 250 pF or less. (2) The bias supply resistor was decreased o
from 22 to 0.5 megohms. This reduces the effect of any chahges in
-detector leakage current. Linearity checks on the whole system were
" made prior to each run.
' Coincidence gate widths were set at 0.%-0. h usec. and a delay
curve using Cf e fission fragments was taken prior to each run to in-
sure that the entire coincidence system was functioning properly. ' v: ;
The basic features of the multi-dimensional analyzer, des igned ‘
and built by M. Nakamura and G. S. Simonof, are schematically shown
in Fig; !\2.11'L "The enalyzer utiiizes pulse stretchers to receive and |
hold the input pulses until they can be analyzed sequentially by a |
single analog to digital converter (ADC). A Technical Measurement .
"~ €Corporation 256 channel pulse height analyzer was modified to provide
the ADC and the buffer memory. The memory, which previously heléd 2
channels by 218 events, was altered such that two pulse heights up to
2505 channels could be stored in‘the location previoﬁsly occupied by
the number of events for a single channel. The pulse heights from
successive events are then stored in turn along what was previously
_ the channel axis. When the capacity of the memeory (102k/n where n is
* -~ .. the number of dimensions which must be an even number) is reached, the
memory is dumped onto magnetic tape. A most useful feature is that the:
analyzer is capable of reading back its own tapes to give the singles
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s di tributions in each of the dimensions which are a valuable check on .”“"f  ”’

fjiwhat has been written onto tape.
The Aul9"

.‘Hﬂ'j;F. Plasil us 1ng a somewhat different clectronics including & Taster.

4'fcoincidcnce system. These electronics will be described in a later-

”:.j,report.

+ 70 MeV @ measurement wvas made in collaboratlon with |
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"~ APPENDIX B

Symmetry PrOperties of'the'Mnss-Total”Kinetic:Enérgy Distributionoof_

If the two-dlmcssional data are not folded, the required

lv7L5;;symmetry properties of the distributions provide a valuable check on §;§fj‘i‘aa

A‘“vsyatematic errors which are not the same for each detector, e.g.,

';{f aifference in detector resolution, errors in the backing foil thickness

-+ correction, etc. Some of these propertles are:

- (1) the singles energy distributions in each dimension should be ,-‘
¢ identical. : A , ; , Y
ﬂ (2) the moments of the total kinetic energy distributions taken as a -
“function of mass should have reflection symmetry about symmetric fissionﬁﬁigi'
n"‘(j) the mass distributioné, both overall and as a function of total '

‘]f’kinetic energy; should have reflection symmetry.

' (4) the average mass of mass distributions for predominantly symmetric ,
Tission should be half the mass of the fissioning nucleus. This should

- RS be true for the overall mass distribution and at each total kinetic

i energy. (Also all other odd moments would be expected to be O.)

. (5) for mass distributioos analyzed in terms of heavy and light'peaks R
all the moments of the light fragment distribution (including the zeroth,’i
" the number of events) should agree with those of the heavy fragment for )
. both the overall distributions and at each total kinetic energy. .

| If deviations from these conditions occur in a random manner,

" statistical errors are becoming significant. If the deviations oceur

_ smoothly, ‘systematic errors are indicated.
~ Neutron yield will vary with both fragment mass and total hlnetic,
energy; thus data uncorrected or improperly corrected would be expected
" to show systematic deviations from the above conditions. If one were
- very confident that other effects were under control, such deviations

might possibly be used to obtain information on neutrons.
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?5:Item;(l).is‘partiCQlarly useful since these distributions de-

.pehd‘only on the pulse heights in a single detector; hence deviationS;ghikfxé .

are more easily interpreted. Shifts in these distributions of about

'”l MeV were not\uncommon; the worst case was 2 MeV. It is important

1o match these aistributions, even i this must be done arbitrarily,
since a significant dispersion in the reculting total kinetic energy
distributions will recult if they are not. In these experiments it

- wag Tound that using the angle of the uncollimated detector rather thah‘j '

the collimated to calculate the center-of-mass correction usually would
bring the deviating cases into line. Errors from this source have been

included in the estimated systematic errors in the average values. .
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| APPENDIX C

© Caleulation of vy

1By-combiniﬁg the experimental mass-totai kinetic energy in- |
E formation with valueg for the energy release in fiseion,<BR;g cal- |

;‘fculated using a program written by Milton, it was possible to estimate;_‘i'.

ko

v A value for VT(A) for each mass split was calculated at the

‘average total kinetic energy for that mass. (Note‘that this is not

. necescarily the same as the value of- v, at a given mass averaged

T
- over the total kinetic energy.)

VT(Al). i {ER(AI)) (B - (Eq(4))) - (Ey) | (ci)_
(B (8,)) + (E)) . R

~»(E )" is the average ‘initial total kinetic energy for the mass split,
' i.e., valuee prior to neutron emission should be used. As & firct

approkimation to v ' , was estimated using the empirical formula .

72 Vo
ol Leachman.’ '

L] - y 0
vp' = VTO + 0,12 (nx) | (c2)
- Where VT’ is Vg for spontaneous fission of the compouhd nucleus and
(E Othe average excitation energykof the Tissioning nucleus.)’L5

4 'Vhluea for vmo were taken from Hyae.h9 This value of vT' and the
observed (DT (A)) vere used in Eq. (5a) in the text to calculate
<ET(A1))' 'To be precise one should iterate a second time; however,

. this was not done since the resulting change i#i v,, is about * 0.3;

T
vrereacs the final value for VT certainly cannot be trusted to better

- than = 0.%. (Bn(Al)) is the average neutron binding energy which is
also calculated by Milton's prOgralm.l'L2 (En) , the average neutron

kinetic energy, was calculated:



v

Tm is the mean temperature of the fission fragments.+5 (B ') is the
~average value of the total fragment excitation energy which uill vary
© with mass, however, the crude approximation, (E ) A (E ) , was used

"which makcs (E, ) a constant. A 1s the total mass of the fissioning

.nucleus. <Ey> is the average total energy carried off by <y rays. It

 was ascumed that this should reflect primarily the properties of the

fragments rather than the fissioning nucleus; thus the experimental

value of 8.2 MeV measured for Ci‘252 was used.uh In calculating (Ex)

an attempt was made to take pre-Tission neutron emission into account
“for the U238 and Th232
. . L2 P38
branching ratios given by Thomas, Harvey and Seaborg for and by
’ L
Warhanek, Vandenbosch and Huizenga 1 for Th232. It was assumed that

~ the branching ratios were independent of excitation energy; but the

- fact that the nucleus has only a few chances to fission at low bombarding -

*  _energy was considered. In particular the third chance fission for the

232

system Th + 25.7 MeV was considered to be enhanced since there is a

high probability for the de-excited nucleus to end up with an excitation
energy between the fission barrier and the neutron binding energy. The
 fission of Au and Bi was assumed to be all first chance.

<

The final values for Vs obtained by averaging vT(A) over the
. observed mass distribution, are shown along with values for (Ex) in’
Table CI. One interesting result of the calculations of vT(A) is that
for Bi the total kinetic energy i§ typically about 5 MeV larger than the
energy release at all masses and for Au this difference is increased to
15-20 MeV, 'i.e., (ET) is dropping off slower than <ER) with decreasing
x. Thus it appears that as x decreases, more and more of the deformation
energy of the fragments at the saddle-point is appearing as total kinetic
energy rather than in fhe form of neutrons.

RERge u/3 - u/sJ —X=

calculations. This was done by using the fission

&



;;Ji'Table cI.
o 1cm;ttcd in fi s;on, NT,

1ng nucleus (E )

Calculatcd values fbr the average total number of neutrons
and the average excitation energy of the fission-'v

Target E, (Ex) Vo
el 70,00 . 67.2 i. 6.0
- pit%® U65.0 cosh 5.1
o2 Cank o129 206
o2 syl - 136 3.0
Th232 ' 33.0' K 17.9 ° L1
s 65.0 49.7 7.8
8 25,7 o 16.2 hob o
28 33.0 . . 207 5.3
e 65.0 .t SLT - 9.3
AT
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o _* APPENDIX D

¥

'ﬁerivatiohs‘of Neutron Correctidn Formﬁlae

i

uced by Hainesls and by Terrell.28 The final equations given here

‘differ somewhat from those of Haines primarily because higher order
terms, which have a noticeable effect on the results, are retained.
et Elv and Alv be the energy and mass of a Tragment after

‘the emission of v neutrons (i.e., AL, = A - v). TFor the case. of

' one neutron of energy Eln emitted at an angle of 0l in: the center- -

of-mass system of the moving fragment, vector analysis gives:

A" M ME, E 1/2

11. In—1

E = e—— E 4 r— B - D m———————— COSG
11 1 1n A 1
| A M1 1

-~

(o)

_whére M is the neutron mass. Snﬁilarly the energies before and after

the emission of the vth neutron are related

/ 1/2
Alv M 3 Elvn Elv-l
cosB
1lv.

E 5= e E 4 4 =—— E - 2
1v Alv—l 1v-1 Alv 1vn A1v-l

(D2)

where le,is the angle at which the vtﬁ.neutron is emitted. Equation

(D2) is the basic equation from vhich these derivations will proceed.
The standard assumptions of isotropic emission of the neutrons

in the center~of-mass system, and the assumption that no.correlation

between fragment kinetic energy, neutron kinetic energy and angle exists,

will be made, e.g.,

‘The method used in deriving these corrections is basically,thatj'tfz;jfiy



ﬁll!zvif(ET;“A1) ,'the;aVéragevnumber of neutrons for a given mass and

| 7?,totﬁl kinetic energy; however, with the exception of szbe, such

81

S

S iI(El E) = -z-'f(El)_' <131,? ete.

' uia‘ﬁﬁi;Theveiqgt:caICulation:bf these corrections requires kndﬁiné }£‘f

"+ information is not available for any fissioning system. To obtain ex-  ° '

‘plicit expressions it is then necessary to assume (vl f (ETlAl)) =- '1_;f.fﬁ*

"3‘(v ) {(£(E.A,)) where f(E.,, A,) is any function of mass and/or total
1 . T

.f'*;  kinctic. energy. More explicitly, in deriving corrections to the totélfifff;-f

. kinetic encrgy distributions for a given mass it is necessary to aSSﬁmé{>UTA'

" that vy is independent of total kinetic energy, and in deriving

"‘;COrrgctions to the mass distributions for a given total kinetic energy ' - ' "

‘it is necessary to assume that v, is independeht of mass. Thus it

1

~° 1s inconsistent to allow v, to be a function of mass in the total

‘" kinetic energy correction and allow v, to depend on total kinetic

energy in the correction to the mass distributions although some in-

)"th formation might be obtained on (v1 (Al)) and (vl (ET)) individually  4_

i.e., on the additional averages of_vl (Al’ET) over ET and Al re-

'5_ spectively.25’53 Consequently, it was assumed, removing the brackets,
-~ that V) SV, = 52 = const. (vT is the total number of neutrons emitted
by both. fragments.) . |

5

1. .Correction to the average total kinetic energy for a given mass.

'The measured total kinetic energy , Ef*, is

| 'ET* = B, * B, ,‘ (a)
| ~ (03)
(Ep) = (By) + (By)  (0)




.

v,
>A’.‘

-

" vhere the'aVQ?ages‘ére taken with-the'massVheldVCOnStant‘énd'wheré:*,V1Lﬂtu
" neutrons are &ssumed to be emitted from both fragment 1 and fragment,e.,“;fgwg“i

" Equation (D2) ds a recursion relation; and, by successive application,

" it is possible to express (Elv> in terms of (El)' The terms of order e

M/Al which occur are found to be negligible and the final reduction

" gives

s Ay, Ay, : : 'vAz v ‘
(Ep ) = KI‘ <El) + K;—' (22) = (ET)-(l - KIK - K;K ) K

BN

‘2. .Correction to the variance of the total kinetic energy distribution =

for & given mass.

By squaring and averaging (D3a) and subtracting from the square . 3

~ of . (D3b) we obtain, for a constant mass,

‘ 112(‘31'*) = by(Ey) +uy(By)) + 2 (B By
R (05)
= <Elv><E2v)] |

As in Section”(l) E,, may, by successive application of (D2), be ex-
pressed in terms of E; retaining only terms of order M/Al . The re-
sulting equation is averaged, than squared and subtracted from the

corresponding expression obtained by squaring, then averaging. Thié

gives: .
2
A 2 (E,)(E.) v A
“lv L 1’ "n 1v
No(Ey ) = (=) p, (By) +3 M ——— 5 — . (D6)
2\ A 2 ‘™1 3 A i Aﬁ

Eq. (D6) has also assumed no correlation between the kinetic energies

of successive neutrons emitted from the same fragment. Eg. (D6) may
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- be simplified%and'expressed in terms of E, by using: .
B N RN
(a) uy(E) = (=) malBp) Lo (1?7) ST
g (b) (El) = -5 (ET)
| 2 2
v A A
() = =% = e (v ("Al) + e )
1= Ay A

In an identical manner the products in the third term in Eg. '
(D5) may be evaluated. This result, combined with Eqs. (D6) and (D7),
is substituted into'Eq. (D5) to give '

. 17 VA, 2
MQ(ET*) = “2 (ET) (l - ;?K - E-Q-JA.'-) +

X
. U r (n8)
| - %3 % (EL) (Enft‘% * 2—21— R EEEE

' where only the lst order term from (DT7¢) has been retained. Note that
" the Vv term obtained from (D7c) is dimensionless. The statement that

. the correction for Vv .neutrons omitted is Just v times that for 1

neutron is true to first order but not in general. Solving for uz(ET)
‘gives Eq. (5b) in the main text. For the variance of the overall total
kXinetic energy distribution averaged over all masses, ual (ET) , an
analogus equation (although not strictly cofrect) was used:

-2

f v
uy (Ep) = |up {ET*) -% vp w (E(E) | (1 - =)



B

o :3;; Correcti6n to mass variance for a glven total kinetic energy;'?'p;“}ﬁfv‘f?tff=

. "Masses" have been calculated from the observed energies byﬁ3 i

.1 ElV A

A TR, )

" where the primes are used to distinguish AE" from A, . The difference

- between A2 and A2“ is not large; so that the corrections to the
“. kinetic energy distributions could be calculated holding A2 constant

"7.  but applied to distributions for a constant A2". The difference Eq *

© "' caleulated along a line of constant I

and E is larger, thus the correction for the mass variance calculated
along lines of constant ET cannot be assumed to be the same as that

P i.e., whereas

2
“2(‘*2") = i"‘a B (Eiv) “2 (A;)
T

(p10) |

. It will be necessary to carry the calculation of “Q(E ) to
second order in the small dimensionless parameters v/ A , M/A,

: *> , and 5 - Consliderable calculation can be saved if it
E, ' A

is recognized that any second order term appearing in <Elv (which is
subtracted from an equivalent term in (E )) is really third order
since the subtraction will introduce a “Q(AE)/A term. Thus only
second order terms which do not subtract need be considered.

The derivation will only be carried out for mass distributions
taken symmetrically rather than distributions ahalyzed asymmetrically
in terms offpeavy and light fragment distributions. Thus:



e
JREUAL

S T ¢ B

S
Hplhy) = mpla) = () ) -

- The problem is then to calculate n, (El*) in terms of u, (Az) holding
. % s .
pof constant. This is done by reducing (D2) until Elv is a funection

T
of E, , then writing E, as g function of E; and A, t

A
E) o= g Ep(Bp 5 4A)

- . ‘ * . .
where ET is then vwritten as a function of ET and vA2 :

A wA ME A e
v, Vv v
~ * 2 1 1n
E, = E 1+ —5 + -2 (—==) > cosB
ToT AA T RE T g ¥ 1=1 M
, . T 1
(p12)
1/2 - '
M EenAl v . 2nd order terms

-2 (—=— ) by coseieJ + which subtract
AE, A, J=1 .

+ higher order terms

These relations are then inserted into the Elv expression and (Elv)2
and (E1v2> are calculated. The quantity (%I~ ) appears frequently

in the caiculation, and is expanded:
~ -
(B T 8 (7)) + - .

Al A
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*-It“i' 51 o assumed that there is no correlation between the angles of

.!’emiusion of successive neutrons, i. e.,

(cos9li‘ cosQlJ) =0 : : | i;.v | (Dlh)VITJ”' ;‘_

»((23 coseli) ) = 3 V-‘:

‘:i(Note that the v term which arises from this source is'dimenSionless)
Despite all the above simplification a considerable amoiint- of celculatibni

‘-f,is necessary to give the final result:

ny (M) = np(a) (1 -3%) wavma B - (p5)

E

T

~solving for u, (A2) and using v, = 2v , the result given in Eq. (5c)

_in the text is obtained. Note that to the order of approximation in

" this derivation (first order in E') the correction for v neutrons is

again v times the correction for 1 neutron. .An analogus equation was

~ used for the overall mass variance, “2 (AE) averagcd over all total
kinetic energy:

<En) 2vy,

. ‘“Q'k(AQ) - Apat* (AE) - Vi, MA = *) (1 - i )
. L v/
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'“*,;ff'f‘}fﬂ_:;f'i APPENDIX E~;

+

. Detector Properties and Operating Conditions

-~ For fission fragment energy measurements it is desirable to have . .
'aviafge'electric field in order to maximize the charge collection but, h
:  at the same time, have a small depletion layer in order to minimize-
" background. . This implies.a low resistivity detector. Beyond this the
" choice of operating conditions for the detector§ used in these experi-
- ments was strongly influenced by what was thought to be the processes

| causing the non-proportionality. The following section will be organized

in terms of these processes and certain detector parameters associated
with them. Analysis of the experiments on the response of semiconductor

detectors to fission fragments lndicates that at least three different

’ processes can contribute to the non-proportionality between pulse height

(2}
20,46,47,18 All of these processes have been investigated by

and energy.
other workers; the purpose of this section is merely to define those
experimental conditions which could conceivably influence the final

results in order to make any comparison of experimental results, present"'

and future nore sipgnificant.

1. Bias (Pield) Dependent Tncomplete Charge Collection Efficiency
The pulse height from a semiconductor detector is bias dependent .

kven after compehsation is made for any change in pulse height due to

46,47

changes in detector capacitance. The pulse height rises sharply

‘at first, then levels off; and, .eventually shows a saturation effect.

These results imply that a large electric field must be established
within the depletion layer in order to obtain the maximum charge
collection efficiency. (The "flattening-out" of the pulse height does
not, however, mean that the charge collection efficiency is 100%; it

-only says that we have attained the maximum possible amount of charge

from the detector.)
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e  - Mlller and Gibson have examined several possible origins for this e
v:".»effcct and concluded that recombination of electrons and holes on recom-'” ’
L:.fvblnation ccntcr$ is theorctically the most probable mechanism for the

BRI o)
" incomplete chargc collection.

Figure El shows sample curves of pulse héight vs.~fB/p which ié,j‘

 proportional to the maximum electric field. (B is the detector bias in “:? 7J;n

.. volts and p is the resistivity in ohm-cm.) Pulse helight is plotted

as V/Vﬁ where V_ is the pulse height at saturation. Figure El shows
that, cven for a given resistivity, other factors besides the eleectric

field determine the position of the plateau. In particular large area

. detectors.secm to require a larger bias to achieve saturation. This is

wnfortunate since it is difficult to hold a high bias on large area

" : detectors and since such detectors are necessary for many experiments.

‘It has been particularly difficult to achieve saturation with large arca;f}»%”

surfacc barriers. The curve for the large 140 ohm-cm. detector is typi-

.'¥<_‘cally what one observes. Success with large area diffused-junction detec- C

. tors is mainly due to the guard-ring structure which allows a much larger .

" bias to be used than is possible with a simple c‘xiode.u9 It appears that
“minimizing detector area may be Jjust as important as low detector resis-
tivity in choosing a detector for fission fragments.

The necessity to apply a bias which results in a depletion layer

several times larger than the range of fission fragments is unfortunate

s;nce'it increase the pulse height of longer range particles thus creatihg

a larger background.

The pulses from a detector which is not operated on the plateau
tend to show a variation in rise times as viewed from the output oif a
preamplifier. Such a variation is not observcd when the detector is
operated on the plateau; consequently such observations may constitute a
rapid mecans of correctly adjusting detector bias. Certainly a dctector
which shows an observable variation in rise time is not on the platcau
bﬁt whether the converse is true has not been thorougnly investigated.

Unless otherwiée specifically specified all measurements were

made while operating on the plateau of the pulse-height bias curve.
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“ Fig. E1. Plots of pulse height, for Cf252 peaks expressed as a fraction of
- its saturation value, vs i‘B‘/p which is proportional to the maximum
~ electric field. Heavy and light peaks fall approximately on one curve.
(a) 1700 ohm-cm phosphorous-diffused guard-ring. (b) 140 ohm-om
.surface barrier, 16 mm?2 area. (c) 140 ohm-om surface barrier, 1100 mm?
area. (d) 200 ohm-om phosphorous-diffused guard-rng. Detectors (a) and
(c) not made from same Si. bar.



e The "Angle Effect" T o , .
o Experiments wlth well collimated sources of fission fracments»fﬁwtﬁ«

‘:iindicate that the detector pulse height is dependent on the incidence. E
k angle of the fragments. This is expected since, in a surface barrier

~ detector, the gold front contact is a source of energy loss which will

not contribute to the output voltage pulse,'and, in a diffused-junction @ .

detector, the "window" is just the undepleted region of the P-I junction o
near the surface. This'energy loss, AEa , Wwas obtained vy measuringl »
the shift in pulse height for fission fragments entering at 60o compared
to those entering normal to the detector surface. The energy loss is

| given by £Ea = b O8c where &¢ is the shift in pulse height and b 1is

-~ the energy per channel of the electronic system. The vulue of b will

:  depend upon the choice of calibration scheme, consequently the values of
' AE will be ambiguous to this extent. Table El gives some measured values -
 -for several detectors for the heavy and light peak of szbz The values
in Table El are calculated with a calibration equation based on the two
~ peaks of Cf252. If a slope calculated on the basis of an extrapolated
o alpha line were used, the values of AE would be about 5% lower. The
source -detector distance was L inches which gave a maximum spread of

* 50 in the incidence angle for the largest detector used. Peaks were
determined using both a local-averaging method devised by F. Plasil5o
and a Caussian-fitting program obtained from the Los Alamos Scientific

Laboratory.51 The resulting energy losses from the two methods agree

- fb within z 0.2 MeV. The values listed in Table El are from the local-

averaging method.

It can be argued that the above‘measurement really does not
measure a Qindow thickness since the charge collection efficiency would
be expected to be higher when the column of ionization created by the

impinging'ffagment is oriented obligquely to the electric field lines

o than when the ionization column is parallel to the field lines. TFrom

this point of view the measured energy loss, AEa , 1s the difference
between the energy loss due to the window, AEW , and the gain in energy

‘due to oblique incidence, A Eo. However, the discussion in Section 1
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e
dy . .
‘: ;-Tab1e'EI;'fMéasufed‘gnglé éffectéffb:fSevefal-détcctbrs. R ff@
Det. - Type o Resistivity - Bias LAE, ' : Rl
(ohm-cm) (volts) Light pcak Heavy peak o
o ' a0 +1.0 R
6 Diffuscd-junction 200 100 2.2 2.6 " o
Iy : -0.2 : -0.2
guard ring .
¥
Diffuced-junction 200 - ho 2.1 £0.3 2. 0.3
guard ring : - ,
2  Diffused-junction 1700 = 100 - 2.3 £0.2 2,1 0,2
guard ring - I
1 Surface barrier 300 100 0.2 £0.2 .- 0.6 0.2 -
'ORTEC ey ‘ , | |
2 ' Surface varrier . 300 100 . 0.3 £ 0.2 0.6 + 0.2
ORIEC L : SR

ot opcrated on plateau of pulse-height bias curve.




:‘an be nkcn to mean that;recOmbination (or'any other'effect uhich has
‘1ts origin in thc shielding of the: center of the 1onization column from
ithc clectric rield) is expected to be field dependent, thuc the 1n-vu~
. cpendencc of pulse helght and bias is to be taken as an indication
7~that such effects- have been eliminated;f-nowever,thzdata {n—Table- El"?~
}arc‘noticcnsistent with these ideas because what little is known of‘_i:”

:rission fragmeﬁt range-energy relations indicates that the‘light peak 1Af! S
of Cfgﬁa‘vill lose more energy in a thin absorber than ' 1e peavy peak.;s'f“
This qualitative behavior has been observed mény times in measurements  hSﬁ{
of target and cacking foil thicknesses. With one exception, the energy

}1osses for the heavy peak are larger than those for the light peak. 1

5This suggests that AEO for the light peak is larger than that for the s
‘heavy peak. Since very little is understood about recombination effects,;
rthere.is no definite prediction as to how ZE, should depend on energy o

0

and mass. The above results are reasonable if AE, is assumed to be

an increasing function of the maximum ionizatich dgnsity (i.e., maximum"”‘;‘J
dE/dx). Note that these results do not contradict the odbservation that

tné heavy peak is more displaced from an alpha calibration line since o
there is a third contribution to this deviation vhich is yet to be dis- 3
cussed. From this point of view the smaller values of AEa for the
surface barriers can either be due to a smaller AEw or & larger AEO.
LE ~ was expected to be larger for the diffused junction detectors than

ooV :
- Tor the surface barriers since the diffusfons were carried out at 500°C.

 'for 1 hour, which is & relatively long exposure. However, the differences
{ in the AE, velues are larger than was expected which suggeste that 4B ‘
) J be 1arger for the surface barriers. .
Although theseé results suggest that some sort of field-independent
17 recombination effect may exist, too few data are presented here for any
. definite conclusion. In particular better knowledge of fission-fragment 1vg ‘va,
_ range-energy relations may prove the above statements invalid; further - SR

a small positive slope in the pulse—height bias curve in the region wkerefi'fﬂ 5

'c¢~the measurenents were made cannot be ruled out. -A more complete Studj

. of this el fect as 8 function of bias, resistlvity, detector 51ze,

'y

i

<
ey
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o fabrication technique, etc., which is outside the scope or this work,

i

”2_«vould be more definltive and qulte 1nteresting. R

=3, Residual Pulse Helght Defect .

The discussion in Sections 1 and 2 indicate that even if a =~

. Getector were opecrated on the plateau of the pulse-height bias'curve '.H 1?"§fl'

and the existence of a window were quantitatively taken into con- o

sideration, the detéctor pulse height would still be less than expected .
" {'rom an extrapolated alpha line. This resuiting deviation, ©& , has
,; been called, for lack of a better name, the "residual pulse height |
. defect."

.8 = Ei‘-vAEw-bavf

".where- Ef = true fission fragment energy -

g'

energy loss in window

W
B ba = slope of extrapolated alpha Calibfationvline
V. = fission fragment pulse height |

‘Since the measurements in Section 2 cannot be unambiguously identified o
with &%, it is not possible to get quantitative values for 6‘.. How -
ever, tne measured AE is a lower limit for AE ; consequently some
- upper limits for & ,. ax , can be calculated u51ng AE in placé ol
.LEL in the above equz;éon. These are shown in Table EII for the heavy
and light peaks of Cf . v
The experiments of Schmitt et aiﬁeo nicely illustrate this effect.
If an "angle correction" is made on the curves shown in Fig. 2, the
Br79.8l line then coincides with the alpha line and the 1127 line, whiéh
vpreviouslj had a slightly positive slope with respect to the alpha line, u
is now parallel to it but still displaced. Qualitatively similar resulté
were obtained with a'iarge number of detector;. The magnitudes of those
displacements are consistent with the §mnc values given in Table EII

although the latter are somewhat larger.
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| JQf;TTQbiéfEIIgJ3”Vhlugsf§ff Ehéx‘“ for sevefél de;¢¢£6rs¥fo;3 cf

psp

Det. . Type Resistivity DBias

_ (ohm-cm) ~ (volts)

6 Diffused junction 200 . 100
guard ring : L
T ' o g *
DN -Diffuseg'gunction 200 .. 40
o guar ing . L
~ 2 . Diffused junction = - 1700 .. 100
C guard ring S :

1 surface barrier 300 100

- ORTEC S
- - ~Surface barrier 300 - 100
ORTEC - o |

Heéﬁy

5, (Mev)

.

2.9

7.0

,5.1

Lignt -

SR AL NO S W
. Y PR

3.6

o

1':‘.5:‘_:'* o .
“.-" Not operated on plateau of pulse-height bias curve.
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vthey become neutrally charged.

work of Schmitt et al.20 has shown that, for moncenergetic Br
a7
I

:?;f'f.' ;VJ"7"T ..,' 8 :'_95_

Al

e : These results susgest that the residual pulse height defect is’ﬁ'{’“ }
g function of mass (and/or charge) only. A possible mechanism for this T
?f¢effect would Be the non-ionizing nuclear eollisions that‘are the energy s

“"loss mechanism for fission fragments at the end of their range when

o2 The resulting energy loss would depend_”'

only on some critical velocity at which the fragment became neutral

~ which, in turn, would depend only on the charge and mass ef the rragment

and the stopping material and would be independent of the initial frag-

!
ment energy. Detector type, resistivity, and fabrication technique

would then only slightly influence the magnitude of the effect, 'if at

all. IHowever, in view of the discussion in Section 2, it is still not -

possible to rule out recombination-type effects.

!.h. Conditions Associated with Detector Resolution

The requirements for the resolution of a semiconductor detector - -

for fission work need not be strict. Detectors that are unsuitable for

'_ alpha particle spectroscopy may make excellent fission detectors. The

19~ 81 and

ions, the full width at half maximum is about 1 MeV. 1In the present

" work detector resolution was judged primarily by the peak-to-peak and

f252

the light peak-to-valley ratios of the C pulse height spectrum. The

"values of these ratios for the singles energy spectrum measured by time

of flight are 1.37 and 3.11 respectively;18 however, these values refer B
to the energy spectrum prior to neutron emission, whereas a semiconductor
detector observes the fragments after neutron emission. When a rough

correction is made for the change in shape of the spectrum due to neutron

‘emission, one obtains 1.34 and 2.70 which are the appropriate values

for comparison with a detector pulse height. spectrum. In practice it

is not uncommon to find peak-to-valley ratios of 2.70 or higher; however,
peak-to-peak ratios usually run about 1.26 to 1.31. It should be
emphasized that only approximate agreement with the standard values is

expected in view of the non-proportionality.



”,v.._-u_QIn uomc caoev a poor detector may be discovered oy watching
'wgfthe,ncl se level These detectors show sudden bursts of noise lasting
E'up to several. 4econds. The noise level during these bursts is "everal “‘7

’Ttime' the quicsccnt noise level which, in some cases, is quite low.

- ﬁ_uuch detectors ugually give a poor pulse height spectrum; however.
- observing the noise is much less time-consuming. The bursts are probadly

associated with microscopic breakdown or "channeling" at the detector

'Asurface.)uv Channeling is also indicated by a sloping or "ohmic" current-

bias curve ingtead of the flat curve expectéd from a diode. This ve-

E ‘havior has not been observed in guard ring detectors.

- In order to obtain the maximum resolution, the detectors were
'aluays dperated with their edges covered and in darkness. It was
observed that for a certain type of fluorescent lighting it was possible

'7ifto'h§ve two completely-resolved fission spectra registering simultaneously‘j

. on the pulse height analyzer due to 60-cycle pickup from the lights.

iff'Care was also taken never to expose the detector to air with an applied

bias.
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" APPENDIX F.

' This'could be done by a simultaneous measuremeht’or Vis Voo .l"

| V2,fwhere v jis a velocity and V a pulse height. The velocity meas- o
- ‘urcments themsclves are sufficient to calculate the masses and energies .
of the fragments; thus the following transformation can be performed

using known values for v, (A, ET) for Cf

I\‘(’vl, :rz, Vys v2) - Ny (El, A, vl) and N, (E2 A, , v2-) _

. ‘ * : . v ’ ‘
wherc tiue N refer to numbers of events, and the A refer to the masses

" after neutron cmission. ‘Nl and N, are exactly what is needed to establish '

2
the pﬁlse-height energy relation, since by averaging over V for a given

. E gm@ A:' vy (El, Al) and V, (Ee, Ae) may be calculated.

| TﬁeiPOSSiﬁility'Ofban Exact Solufithtq thg Detector Calibration ', T
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