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ABSTRACT 

Fisoion fragment kinetic energy measurements usine 
' ' 

· detectors have been made for the alpha-induced fission of: 

seiniconductor 
(a) Aul97 + 

. . 209 . 232 
.6~.0 MeV a , (b) Bi + 65.0 MeV a , (c) Th . + 21.4, 25.7, 33.0, and 

6:,>.0 MeV a_, and.(d) u238 + 25.7, y;.o, and 65.0 MeV a. The data: 

were recorded as the number of events a.t fragment ener~i.:::s E
1 

and E2, 

N(E1 , E2). The data. vere then transformed into mncG - total kinetic 

cnerey maps and a.nlyzed by means of moments. The Bi and Au da-cu. are 

in good agreement with quantitative theoretical predictions from the 

liquid drop model available for the liehter elements. The U and 'rh 

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

to explain the properties of the fission process for the heavier elements. 

The changes in the U and Th mass and total kinet.ic energy distribution:.; 

with excitation energy are emphasized. Pulse-heigi~-.:. energy relr..~.tionu 

(or the detectors used verc vbtained by a detailed comparison ,>f detect(1r 
. 2~ and time-of -flight results for the spontaneous fission .)f C f . 
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... I. INTRODUCTION .. 
-.. ; . :'. '~ .. ... 

' 

Nuclear fission is a complex process. The vast amount of 
' 'literature is ample evidence for this point; and, further, the large . . . . 

number of papers on fiosion which arc still appearing at the present time · . 

indicates that much remains to be unders t.ood. This complex! ty is . due to ; · 

. the large· number of observable quantities which must be known in order to i · 
I 

define what happens in a given fission event. Considering only binary 

fisoion (a significant oimpliflcation!), a partial. list of these would 

include 

(1) the mass split of the initial fissioning nucleus 

(2) the charge split of the initial fission~ng nucleus. 

(3) the total kinetic energy of the tvo fragmeuts · 

(1~) the numbers and kinetic energies of the neutrons fro~ each fragment 

()) the- numbers and energies of go.mma 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 changin~ 

the charge, the mass, and the total excitation energy or nuclear temp

perature of the initial fissioning nucleus. 

In recent years technological progress, in particular the re

finement of high-speed computers and the development of the multi-dimen

sional pu.J.G~-hcight analyzer, has resulted in conaidera.bly more expcri-
• 

' ., 
'! 

· mental ~ .. :,.wledcc on all of the above variables. An n-dimenaional nnn.ly7.er 

can a.na.ly;',,~ and individually store n cor'rclated }lUbe heights, (V
1

, v2, 

V
11

) which tilUG allows measurement of an n-dimcm:lona.l puls..:-hdc!•t 

distribution t\mction, N(V1, v2 ••• Vn). '.rhe simultu.::cous dcve;:lopm(!nt of 

timc-of-fli~ht techniques and, in particular, semiconductor detectors 

have made ~tern::. (1) and (3) the subject or considerable rcsenrch in the 

past few y~ars. These items are also the scope of the present work; 

however, the above list indicates that such experiments only provide a 

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

questions than will be answered. 

.,.,, 
'~! . 
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Gencz:o.lly speaking, the development of.fission theory has not 

kept po.ce with o. accwnulo.tion of experimental infonnation. ~to.ny dif-. 
fcrcot models 'ho.ve been formulo.ted which were success~·l in explaining 

oome limited a~pcct of fission phenomena; nevertheless, at the present 

time, o. comprehensive fission theory docs not exist. Recent work on 

the liquid drop :model, however, has indicated that the broad features of 

r;uch n. theory may be emerging, at least for nuclides in the region of 
- ·X· 1 2 

x < • 67 • 1 However, o. theory of fisSion must be completely compatible 

with o. general theory of complex nuclei. The question then arises how 

the liquid drop model co.n meet this requirement. 'l'he answer appear:> to 

uc that one muat view the liquid drop as an approximation to the unified 

model. In the final o.no.lysiG sincle particle effects must be included 

in fission theory just o.s it o.ppears necessary to introduce collective 

effects into the diacuoaion of the ground state propertiea of nuclei. 

The problem at the preoent time is to determine the extent to which the 

liquid drop model describes fission, 1. e. o.t who.t point will it be 
' 

neceGso.ry to to.ke shell effects into account. It mo.y also be necessary 

\. ·,. 

'~ to consider the influence of the density of states in the final fro.c;mcnts. 

The purpose of this work vas to provide experimental data to 

compare vlth the liquid drop predictions. Two-dimensional fission-frag

ment kinetic energy measurements have been curried out for tlw alpha

induced fission of Au197, Bi209, 'l'h23~ .and u238 using scmicor.<luctor 

detectors. At the present time only the Au197 and Bi209 results c.a.rc 

subJect to theoretical interpretation. At an earlier stage it wns thoueht 
. 232 2)8 thut ut leust the symmetric f~ssion of rh and u would be wi t!lln the . 

r;cope of the theory and that quo.li tati ve predictions of the relation 

between as~nmctric and symmetric rission ~uld be possiblc. 3 To attempt 

II· 
x, t:u: 

is the critical value at which a spherical nucleus is unstable aeainst 

any deformation. Its significance is that many quantities calculated by 

the liquid drop model are functions of x only. 

., ' 
~~. ; 

.I'''. 



1-. 

\' • 

,;' 

.-3-

tid:; seems premature at present. 
2~2 2)P 

The 'l'h / and U .J 'dnta nrc of con-

s i1lcrable intereGt for their own sake since they exhibit many interest ir1r. 

feu.turcn. 'l'he most important of these arc (1) tile trausition from asym

metric to symmetric fission with increasing excitation energy, and (2) 

Lhe lower total kinetic energy of the symmetric relative to the asymmetric . 

fisaion. Item (1) was established by radiochemical work many years ago 

but u sU.tisfaetory explanation is yet to be found.) 'l'hus it seem:; im

portant to have more detailed infonnation on this transition. -This is 

obtained-from the experiments to be described here. The existence of 
. G ·r 

itr.m (?) was indicated by work on fission at low excitation cncrc;y. ' 

nnd has now·been well established by experiments similar to those reported 
· n 9 10 
here. ' ' In the present work this effect has been studied over a 

wide ran(je of bombardment energy from 21 to 65 MeV. 

The exact nature of the pulse-height energy relations for semi

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

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

esti.inatc errors due to this uncertainty. A separate section following the 

usual experimental section and prior to the discussion of the results 

will present the results ofthese studies. 
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II. EXPERIMENTAL 

A. Mechanical 

1. Beam 

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

Lawrence Radiation Laboratory 88-inch variable-energy AVF (azimuthally

varying-field) cyclotron. The 33 MeV beam was degraded with absorbers 

to obtain lower energies. 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 ~p; but for the lighter elements beams up to 200 ~amp 

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 
2.::2 

of C! :/ spontaneous fission spectra taken ·in and out of the beam. 

2. Apparatus 

The chamber used for this work is a direct copy of another already 

in use at this laboratory and has been described elsewhere. 11 'l'hc beam 

wal:; collimated by a single 3/16 inch collimator placed about 2 inches 

from the target. A cylindrical Shield was placed around this collimator 

to protect the detector from the scattered beam. One detector was colli

mated to subtend an angle of about 5 deg. in order to define one <mc;le 

a.s required by the center-of-mass correction. 16 In order to mn.ximize 

ti1C fraction of events in coincidence: ": (a) the se.:::ond detector was set 

to subtend the maximum possible angle (about 15 deg), and Cl?) its ane;le 

wa.::; 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 

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

:I .. 
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3· Tarccts . 

The B~ and Au targets were prepared by vaporization from the 

elements; U and Th were vaporized as the tetrafluoridcs. The nominal 

thicknesses.were determined by alpha-counting th~ latter and by weighing 

\ 
'• 

: \ 

the former. In all cases the targets were vaporized onto co!Mlercial thin-

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

the targets used in these experiments • 

B. Electronics 

The detectors and detector biases used in these experiments are 

listed in Table I. A complete discussion of the detectors and their 

calibrations will be given in Section III. 

The electronic equipment consisted of a linear system (two linear 

rumplificr3 and preamplifiers)12 and a coincidence system (two variable 

delay Md gates and a. slow coincidence unit). 13 Whenever both fra(9Tlents 

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

system provided a trigger pulse which activated the multi-dimensional 

analyzer causing the corresponding linear pulses to be analyzed and 

eventually recorded on magnetic tape. 14 Further details on the electronic 

system and multi-dimensional analyzer are given in Appendix A. Tnc an

alyzer was operated such that either two or three simultaneous pulse 

heights 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 spect,ra in each of the dimensions '~ere 

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 Tctronix Type Z oscilloscope plug-in unit was used to measure 
. 252 the pulse height of Cf 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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Target 

Au197 

Bi209 

Th232 

Th232 

Th232 

Th232 

tf-38 

if3B 
tf-38 

Ea 
{MeV) 

70.0 

65.0 

65.0 

;;.o 

25·7 

.21.4 

65.0 

;;.o 

25.7 

_..,. 
, 

• 
Table I-· Su::-.r..ar-J of experimental conditions. 

number of 
events 

(x 10-;) 

4;.4 

100.7 

122.2 

96.6 

96.0 

4;.o 

72.4 

70.0 

68.4. 

Target 
thickness 

(~J.g/cm2l 

- 200 

-150 

40 
, 

so- . 
so 

So 

so 

so 

80 

Nominal 
backing thic?~ess 

2 {'tlg/cm ) 

90 _·· 

113. 

90 

90 

90 
--

90 

113 

11;. 

113 

* All detectorz ...:ere p'hosp'horus-diffused with r;uard-rings. 

<. • 

Detector* 
resistivity 

(o}lm-cm) 

200 

1700 

1700 _· 

200 

Detector 
bias 

.· · 1voit-;"),';-~ 
-~ 

~ . : ·:. ·. 
'• .. 

124~-· 
.-

~:: ·• ~. . '_: ': ~-

92 

92 

124 . 
·· .. ·. :· . <"· ... ~. . ·; . ; : .-·.· . 

200 
.-_,- ,. 124·~·- ,_ ... 

~ ' . 

200 124 

1700 92. -:·: 

200 124: 
•. ' . 

200 124 

··;·-·· 
.-.. -

·:·-;.-·- :..:.-

·~ •-t'' 

-.. -

--·· .. 
. , . 

~-

• 
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plifier ca.in' an used for the fission. fragments and a' valuable check on.· . \ ' 

the ota.bili ty of the linear system apart from the multi-dimensional 

analyzer~ 

'.rhc abo~e method for measuring the energy per channel usinf~ 
2~'2 · . 

. Cf :; alpha particles was checked by comparison with a method which 

conci sted of: 

(a) recording the pulse heiGhts from four different alpha sources and 
2'~2 

a Cf -' spontaneous fission source on a multi-channel analyzer, and 

(b) measurine the requiredreain change with a pulse generator and the 

Type Z plug-in unit. 

The va.lueo obtained by the two methods agreed to about 1%. The Type Z 

unit was also used to monitor the output directly from the pulse een

era.tor as a. check on its stability. 

Two-dimensional cr252 calibration runs were made before and after 

ench experiment. These data, recorded on ma.enetic tapes, were processed 

, . to obtain a calibration equation for.the detectors accordine to mcthodG 

• .. 

/ 

described in Section III. 

C. Data Processing 

1. Corrections to the Measured Energies 

(a.) Thicknecs Correction 

'rhe correction used for the energy loss, ~t, in· the tarc;ct and 

nickel ba.ckine for a fragment of ener~, E, was of the form: 

(1) 

where c is a constant. The origin of this equation is the fission frag

ment ra.ngc measurements of Alexander and Gazdik who found that. the ir1it.lal 

part oi' tlie fragment 1 s ro.nge could be described by R = K E2/ 3, where: the 

dependence of K on fragment mass is not large. 15 A value of c for ~:~e 
ta.rect was obtained experimentally by measuring the shift in the fission 

:"! 
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. · 1·rnf911Ct&t encl1gy spectrum when. the target orientation was changed by 45 · .. 
'. ·' . deg. .If the 4etcctor is set at 120 deg, .a change in target orientation 

.. ' 

' ', 
\•: .· 

.. 
·. ~.. . '.=. 

.• ::_· ... / .·,\.· 

from 0 dee to '·1~5 deg with respect to the beam changes the effect! ve thick:"! , . ·.··~~·-·· 
neoo from which the fragments emeree by a factor of two. Rotation of the 1· ;; ;;.-. 

. ': .. ,i ... ·. :.' 

ta.reet by 180 deg. allows c to be measured for the backing foil. 'The z:·'- ;,-ir:'. ·, 
correction co.n be measured to about ± 5'f, which means on error in the • :' 

mea.nurcd energy of up to ± 0. ~ Z.teV since .tl.Et < 5 MeV~ 
(b) Center-of-t-ta.cs Correction 

The difference between the laboratory and center-of-macs fraament 

encreies ic omo.ll for the fissioning nuclei considered in this work. The ··:' .·. 

di.fference in typically 0 - 1.5 l4eV. Correction 
' 16 

was made' by n.n i tcration , · 

· ·. method described in detail by Haines. 

(c) Electronic Drift 

In nome of the longer experiments go.in shifts in the linear 

uystem o.f up to 3~ over a 24 hour period were encountered; however, the 

mo.ximum shift between a. measurement and a calibrati~.m was 1. ')tf.,. The 

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

measurement to mco.curement by means of the pulse generator. It was thus 
I 2'2 poooible to correct th~ calibration equation obtafned from Cf J to 

compensate for the observed pulser shirt. Since the correction is small 

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

nec;lieible. 

~· Co.lculo.tions 

•rwo-dimensional pulse height distributions may be transformed 

into sevcro.l possible co-ordinate syst~ms. The final do.ta from ti.ese 
\ 

.experiments were transformed using a random number method into a frut~ent 
* . ~ 10 17 

mo.os, ~~ and total kinetic energy, ET 1 distribution, N(A1 , ET ). ' 
)(-E.r is defined: 

(2a) 

"' .... :' 

' ~:· . 

\ .· .. ' 

. '.',.·; 

.• 

~,' 

.. 



, ' . ' . ' . 't • . " • ' : :. ~ · .. 

' • ~ • ~ ' ' ; ·, I ~ '' • ~ 

' ..... · . ~ .. 
. ' I ·. '. ··9· .·. 

:' ' 

'· ·.' 

· .. 
' 

' . .. 

··•·· 

·"•. 

. . . !.' 
'' . ' ' 

·._;: ·;· 

•• 1 .• ' ;; ,i 

. .. . :, .'· . ·~:· ~;. ~·t \:. . '. )' '• t, ., " 

' .. ·.:· ·,.·:. :·:, .. ·. ·X·:>'.:: .. '.'\{,·. 
... ' ~ . \ '\·,-.' .. ,.. . ' ~ '. . 

/ '' ' ' • :: • : • i• ;\; ~ i I , ' • •' 

· .. ·,. ... :. 

",J• 

· .. ,. '·' 
·.,, ·.·':. 

; I ' I.' , . • • ' : ~ , •. _' :., ', ,4' , :, I , • , . , 

; ··\ ··· ·.: :·; : .. · .~ :~: :_;: E1 ,' · u.nd E2 ~r~ .the measured 
,:1 •,'. . . .· ": . . ·. 't 

fragment. ~~~rgics~; t40:aa· may be calculated :·. 
·,.. . , <· ~ .' ' \ 

~-
., ....... -. :.:·. •.·; .. ,, 

I 

. · · ·. ' uoine momentum conservation: ~ .. 
•, .::: 

•. j 

t ~ ' .• 

. (2b) 

. l ... ' 

' . . ' ' ~ . . 

vhcrc A ia the inass of the original fissioning nucleus.. Equation 2b is 

approximate because the measured energies are. of the final fraements 

~ftcr neutron emlsaion. The equation is strictly true only for the 

encreico of the initial fragments, prior to neutron emisolon. 

The two dimensional data will be presented in the form of mo-

:, mcnts of .the distributions in one independent variable taken o.s a function 

. · ·; ·' · · of the other independent variable. The first moment of a distribution in 
'.•: : .-_ 

··.;· 

.·: 

'· 

· o. variable x is the mean, ( x ) ; the second moment, ~2 , is the variance 
-II· 

vhich is. o. measure of the width -of a distribution. 

(3) 

Only t.:e first and second moments will be connidered in this work. 'fhe 

· hiehcr moments are not. significant due to their sensitivity to both nta

tistical and syctcmo.tic error. The fourth moment, -~4 , is useful, however, 

in cstimatin~ the statistical standard errors, c1 and r:2, in the first 
0 16 and second moments: 

, c -'~';-/N 1 - "~ 2 T 

' .) 

(h) 

where tl.r iG the total number of events in the distribution beine considered. 

·j( 

The relation betveen the full-width at half-maximum, FWHM, and the variance 

for a Gaussian distribution is: 
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In order to minimize statistical erros and still process the 

d~tn in n relatively fine grid without having to fold the d~ta, 105 

w~s set ~s the desired number of events although this was not attained 

in several runs (see Table I). Here "unfolded" means that the necessary 
' 

symmetry or many of the distributions is not forced but must really be 

·J. ' .. -~ 
~ . -~- . . 

.../· 

:-.: · .. :·:·.·;:· 
~' ' '· . ... _ ... ':·:,.-,..•-:' ',\·•. 

·': .... 
' . ~ . ~·: 
\'. ;_,· ,'. 

·. ··.~.' 
•' . ~~ . ': 

t ••• :-.·. 

I ., .. •. 

~ ' -~ :.<.' ·. 

present in the data, i.e., an event (Ea, ~) is considered .distinct from '. :. •' · · 

an event (Eb, Ea). Leaving the data unfolded allows an important check · · '-"

. on a large body or systematic error. Although the importance of synunetry . : :·. ·. 
·.,. 

properties is generally recognized by workers in the field, it has never ' 
', . 

. ':::· ·:·· 
I..· been explicitly stated; consequently Appendix B has been included in .,· ,,.'-: .. 

.. 
. ' ' •' 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 

measures·the fragment energy after neutron emission. The mass calculated 

~:· . by Eq. (2b) is a good approximation (within -1 mass unit) to the true 

initia+ mass; thus, in the absence of sufficient knowledge of neutron 

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

attempted. However, the corrections to the average tot~l kinetic energy· 

.·< ... and to the variances of the mass and total kinetic energy distributions, 

·, •··. l!
2

(A2 ) and l!
2

(E.r) respectively, were felt to be large enough to justify 

· .. an attempt. The argwnent for this is simply that, with any type of 

· ·. r"casonai:>le correction, the corrected value will be a better approximation 

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

expressions for the corrected moments it was necessary to neglect any 

correlation between the number of neutrons from a given fragment, v1, 

and the fragment mass or total kinetic energy, i.e., v1 = ·v2 : vT/2 was 

·.'<. 
.,·. 

·.·.~·: • .. ;. ' 
·.· .. ·: ' 

; 
'· .. ' ... 
: ~ ~ : ··. . '. 

.. : ... ; 

' ' -

assumed, 'where vT is the total number of neutrons averaged over all " · 

fission events. v.r was estimated from energy. balance considerations 

(sec Appendix C). The relations between the corrected (without stars) '-' 

and ·~ncorrected moments (with stars) are: 
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.. 
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VT (Al, .· ~ ... _2 .. ·.' 

ll r;:lj ~- - '·. 
.. 2A -+ -~ 

(5b) . '·. ,· 

. (5c) 

.• ' 

, ·: ': .. · ··. where ( ~ ) is the average total kinetic energy for a given omit and 

• ,_ t 

,• 
·.: •. 

''t 

'I •, .c ,• ' 

.. ~ . .'" . ··" ,,. 

. '· 

. ~ .' . 
~ ... 

" .. 
'. i 

. ': . . ., . 

~ ' . ~ 

"•. 

. 

•. ( E ) is the averace neutron kinetic energy 1 and m is the neutron mass. 
n . • 

·The method for estimating ( E ) is given in Appendix c. Note that x in . n 
~2(x) stands for the variable averaged over, not the variable held constant;· 

thus (a) and (b) arc functions of mass, and (c) is a function of E.r· The 

expression for ~2(~) is derived assuming that mass averaGes are taken 

over all masses, not for individual mass peaks. The derivation for these 

equations is outlined in Appendix D. Analogous equations were assumed to 

hold for the overall·moments calculated by averaging over all fission 
' . \ ... · · events. 
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· : · III.' :cALIBRATION OF SEMICONDUCTOR DETECTORS FOR FISSION FRAGMENTS 

\ofhen o. fission fragment strikes a semi conduct .1r detectvr, the 
. ' 

resultins p~lse height is not proportional to energy in the sense that 

· · the pulce 'height depends on the mass or charge of the fragment as well 

': .. 

' ...... 
',i 

' .... ·. 
'' 

:·· .... 

as the energy. (This phenomenon will hereafter be referred to as "the 

non-proportionality".) Since the exact nature of the pulse-height-energy 

relation, 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 dato.. This 

will.be preceded by a brief introduction concerning the evidence for the . ·' 

exi~tence of the non-proportionality. Still later, in Section IV, the 

maenitude and significance of the errors introduced due to an incomplete 

understanding of V(E) will also be considered. 

A. Evidence for the Non-Proportionality in the Pulse-Heieht Ener12y 
Relationship 

The simplest indication that pulse height is not directly pro

portional to energy is that the ratio of the pulse height of the mvst 

probable light fragment to that of the most probable heavy fragment for 

Cf252 is typically about 1.4 rather than the 1.} expected from the ratio 

of energies,7,lB,l9 i.e., if these two pulse heights and the known ener-
• 

gies.are used to define a calibration line, this line will not pass 

throueh zero but will have some positive intercept. If one further 

compares these pulse height peaks with a calibration line extrapolated 

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

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

the heavy fraernent being more deficient than the light (see Fig. 1). 

' ·.· 

;• •' 

; ' I 

·.· 

The most recent development has been the work of Schmitt et al. 
' ' 79-81 127 ~· who studied the response of a variety of detectors to Br and I 

20 ions accelerated in a tandem Van de Graaff accelerator. A typical plot 

of their results is shown in Fig. 2. 

' ,_; 
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, . Theoe \ resul to indieo.te . that there is no deviation from the alpha 

· · ··li.ne \mtil Judt before m~Go 80; but, .for heavier masses, the deviation 

·· .. · from the alpha. line occurs rather rapi~y. The Br line is quite parallel. 

to the alpho. line; whereo.s the I line shows a slightly erea.ter slope. 
252 The pulse heichts from the peo.ks of Cf fall on the diagram at points 

consistent vlth avero.ge mas~es of 106 and 142. Thus Br, I,o.nd Cf points 

form a consistent picture. However, if the peaks for the thermal neutron 
2Y 27.9 fission of U J and Pu J are entered on the diagram in the same manner 

2''2 
· ·· ac Cf :.> , they do not fit into the above pattern; so, at the present time, 

'·. 

: .... 

., .. · completely -self-consioten:t results have not emerged from these experiments.· 
; ' 

·\ 

. '' 

- ·~ 

,. 

/ 

.. 
B. Choice of Detectors 

The charged-particle-induced fission data to be reported were taken 

With two .sets of detectors. The data for 65 MeV alphas were taken 'With 

1700 ohm-em. diffused-junction guard-ring detectors obtained from W. L. 
' 49 Hansen of this laburatory. The remainder of the data were taken 'With 

200 ohm-em. detectors of the same type (see Table I). The properties of 

and the choice of operating conditions for these and other detectors arc 

discu~sed in detail in Appendix E. 

c. 2''2 Detailed Comparison of Detector and Time-of-Flieht Results for Cf J 

This section will describe attempts to find an adequate calibration 

. equation 'With which to process the ch~~ed-particle-induced fission data. 

'.rhis was uone by nams·af a comparison or' detector and timc-of-flieht encrey 
252 measurements for Cf spontaneous fission. There is nothing new in this; 

howcvc!·, .it is surprising that a detailed comparison using all the avail

able time-of-flight data has yet to appear in the literature. 'rhe most 
21 complete work to date has be.en the work of Britt, Wegner, and \-.~1etstone. 

They discuss primarily the total mass distribution and the average total 

kinc~ic energy as a function of mass and conclude that, when corrections 
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emission ot neutrons ar.e properly. made i good· agreement is obtained '.·· 
y ... ··_: .; -<~-:: 

..• > ·,:::·:. i;: .' .: 'between the time-of-flieht and detector results. This section will show ·\;·'.~:.:;·?:<: 
.. ::._· .. ·that it is necessary to make a more detailed comparison in order to see the .< •. ,~.. 

,. .,. -··· ''•'· '.· 

.', -~~~- '···~;· _ ... ··:· .~:::·; __ ·:effect of the non-proportionality. Further, recent time-of-flieht re-··.' .. ·.·· · ... ' 8 . ~t!( ':··~-~:· ~--_;~,. 
have made it appro- :·':~: · .. · ·· . . _;. :, · · ~--··:'·measurements by Milton and Fraser19 and by Whetstone1 

' .. ' : . ,. ~ 

' 

'.· .... 
. _·, 

' -~ ·: 
·.(' 

; priate to repeat the comparison in general. 
o, 

It should be emphasized again at this point that an exact solution ... 
.- .. 

't• to the calibration problem is yet to be found and that, at present, this 

problem remains a serious limitation to precision measurements of fission

fraemcnt ki~etic energies. 

... ' . ·. '·~: .... 

Appendix F gives a suggestion for an exact solution of the detector 

. calibration problem. Such an exact solution 'W>Uld seem to be prerequisite 

for high precision fraBMent energy measurements which may be necessary to 
. . 

gain information on som~ of the finer details of the fission process. 
': 

':-~ ;·· '. ::·: .. 

'·,;'.-_. 

:, ... . 

"' :: .. -·;· ·. 
'·.· '. ·.· 

) .. 
._.,· 

. ·'.· 1. Calibration Schemes . ~ ..... 

.· ·:, ''c' 
a. Constraints on the nature of the calibration equation 

·. -::--
Neith<:!r time-of-flight no_r detector measurements give any infor- ·. , .... 

.. . mation on the fragment charge; consequently the inclusion of charee as a . · ·· · :::··:·.' 

·· · ·· variable in a calibration equation -would have to be done via some correla-

·, 

'. i .. 

... ;' 
';. 

tion of the most probable charge with mass. Thus, for the purposes of 

data. processing, the general calibration equation -- possibly a. function . 

of energy, charge, and mass -- reduces to one involving energy and mass 

o~ly. Therefore no attempt to introduce a charge dependence has been made, 

either implicitly or explicitly, and only calibration equations which de-

.· . · pend on cnerc;y and mass will be c·onsidered. 

· · l"t~om the discussion thus far and, in particular, from the work of 
20 . 

Schmitt ct al. four empirical constraints on the nature of the mass 

dcpenue .. .::•.' ~.!merge: 

(1) For a. eivcn mass the pulse-height energy equation is linear, at least 

for th(' 0ncrgy range corresponding to fission fragments i.e. 1 E
1 

5 20 MeV. 

(2) ·At a_ given energy the pulse height decreases with increasing mass. 

(:;) The mass dependence only bec.omes appreciable for masses above about 

10-80, i.e., it exhibits a threshold effect. 

_.,· . 

·,' 

' 
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(4) ,The JIUl.SS 80 curve is parallel but displaced from the alpha line;. the 

i. mans' 127 curve has a slightly more positive slope. 
. · ... 

· · · · · · What ha.s been done is to formulate various physically reasonable calibration . : ... · 
. ·,;. 

· ·, equations based on the above empirical constraints, calculate fragment . ,,. ~ · . ~·· 

enercics from detector pulse heights using these equations, and finally to ~ >' ' ' 
.... 

compare the results with the time-of-flight data. The approach is strictly :; . 

empirical; no attempt has been made to deduce equations on the basis of any· . --~. :': .... 

'· propo~ed mechanism. ··: ... 

b. Mathematical formulation 
. ' .. ~. ·. } ~ . 

From constraint (1), for a given mass,· A1, the energy, 

related to pulse height, V, by a lin.ear equation: 

'•. 

•• 1 • 

I • t ~' 

;,, 

···: . .':····} 

.. ' I . 
; ' 

(6) 
... ~ . 

• 1 •• 

! '. 

'·. 

.. 

t 

./ 

· ,. · where the coefficients, a and b, are functions of mass. Constraints (2), .'. 

(3) 1 (4), and Fig. 2 suggest that the dependence of a and b on A1 is 

schematically as shown in Fig. 3. The slope b is plotted as a ratio to 

the alpha slope, ba· Figure 3 has no quantitative significance whatsoever. 

In practice the variations in E1 for a given V introduced by the mass 

·dependence amounts to less than lorf,, so a and b could be expanded about 

some typical fission fragment mass, say 106 • 
. . 

. . . 
(7) 

where the ;csults of Schmitt et al. 20 suggest that second order terms may 

be necl~.onary 1 at least in a(~). 

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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. uccauuc they adhere closely to the constraints mentioned above. 'l'he third . . 

i~ an attempt to formulate ·a scheme which has the most physical significance: 
( 

anu meet~ the requirements of the above con~traints. 
: :~ ~ ... 

. ... : .. 

. ' 

. ( l) •.rwo l'cak Calibration Scheme 

(hereafter referred to as the TP scheme) . 
. '·. :' 

'l1liG scheme is an extreme in the sense that all masa dependence 

is n~clected, i.e., a(A1 )::. a
0

, and b(A1 ) = b
0 

in Eq. (7). The coefficients,< 

a nnu u, arc evaluated from the average energies and pulse heights for the 

he~:a.vy c~cl light. peaks oi' the cl52 spectrum. Several experiments, based 
22 2) 3v 

on thi:.; or similar schemes 1 have been report·ed. 1 1 :> 

(2) Co:n:r.on Intercept Scheme 

(herca1'tcr referred to as CI) ' 

·In thin scheme the pulse-height energy curves are taken to be a 

family 0~ lines having a common intercept at v = 0 but with slopes incrcas

in~ linearly with mass, i.e., 

a(~) = 0 

' 'rhis in the opposite extreme from the TP since it gives the maxi:nu.'ll slopes 

ruM minimum intercepts (0); whereas the TP scheme has the minimum slope and 

maximum intercept. 'l'his calibration scheme is almost idcnUcal with that 
24 used by Viola and Sikkeland. -_ 

(3) Parallel Line Scheme 

(hereafter referred to as PL) 

I 

Thia scheme attempts to meet the requirement of the above con

straints, at least approximately. It is assumed that the lines for all 

masses arc parallel to the alpha line, i.e., the tendency of. the r127 

line to have a somewhat higher slope has been ignored. 
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The origin and basis for these approximations will be more apparent when the 

. results arc e;i vcn. 

The· mathematical form of this scheme is identical to that used by 

Haines althou~h in that work the slope of the calibration equation was 

determined by the o16 + Aul9? system·. 16 This scheme is also close to that 

used by Britt et al.j however, these workers found_that the displacements 

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

.~ dependence. 9125 

Figure 4 illustrates graphically the above caiibration schemes. 

2. Choice of Variables 

Fission-fr.agment pulse-height data in two-dimensions - i.e., the 

number of events having pulse heights v1 and v2, N(V1, v2 ) -- are usually 

transformed into one of two physically-significant representations: light-: 

fragment energy and heavy-fragment energy, N(EL, EH); or mass and total 

k~netic energy, N(A1, ~). The latter is more commonly used; however, for 

this comparison the (E1, 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 isolated as much as pos-

. siblc; 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 'or the profiles of N(E1, EH) 1 viz. N(E1 ), EH = constant and 

N(EH), E1 = constant. These averages and standard deviations, a, are 

calculated: 
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· Similar definitions apply for EH(E1 ) and aH" · The standard de,viation 

(i.e., the square root of the variance) is a measure o~·the width of 

the distribution, as discussed in Section II C. 

). Choice of Time-of-Flight Values. 

Both Whetstone18 and ~tilton and Fraser19 have remeasured cl52 

fission fragment velocities by the time-of-flight method. The results are . 

'not identical; however, Fig. 5 indicates that it makes little difference 

which ~ct is chosen for the reference energies. The plot sh ws the dif

fcrc~ccs, ~ and L1I' between the Whetstone and Milton-Fraser values. 

The energy values differ by a constant amountj i.e., the shape 

of the Ei(EH) and EH(E1 ) are the same, so that, if detector values are 

nonnalizcd at one point, the remainder of the curve should be reproduced. 

The divcreence of the curves at low energies is not felt to be sienificant • 

. The enereies eiven in this work are relative to the Whetstone values • 

1,, Treo.tment of Neutrons 

Time-of-flicht measurements give fraement enereies prior to the 

emiscion of neutrons; whereas a detector measures the energy of the: 

fru{jfficnt subsequent to neutron emission~·: Since the neutrons are usually 

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

. the fra{9l~ent velocity, v
1

, "Wil; not be appreciably changed; consequently 

the initial, E1 , and final, E1 1 energies differ only because of the loss 

. in mass due to the emission of u1 neutrons (See Appendix D): 

(9) 

'' 

.J 
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' :' ., ' ' The N.nal energies I calculated. rr~m the detector pulse heights I were 

.. ,,· 

•.. . ' ~ ','·.'. 

. ·.: .·.converted to prompt energies on an event-by-event basis; i.e., for an: . . 
. ' ,. ·J(· .·' '\ 

obcerved (EL , Eli ) 1 the corresponding prompt (EL, EH) were calculated by:-;· · . 

Eq. (9) uaing values for the average number of neutrons for a given mass, . ·.: · · 

( ) 26,27 . '' ' ' 
v1 A1 taken from the work of Bowman, et al. I•'or a more detailed :· · JJ;· · 

discussion of the effect of this type of neutron correction the work of . ,_\ . 
. 21 •' _.1 .. 

Britt, Hegner and Whetstone should be consulted. Similarly, the final · .. 

'•; ··. 

overall average heavy and light fragment energies used to evaluate the 

coefficients of the calibration equations were calculated_ from Eq. (9) 

uainc; values for the overall average initial energies and maases·given by 
18 - . 27 . Whet atone and overall v 

1 
values given by Bowman et al. These values . 

· are ahown in Table II. 

5· Results 

.. '. 

It is more convenient to plot the differences between the detector 

and time-of-flight average energies rather than the values themselves; 

consequently the curves shown will be of~ and ~H where, for example, 

(10) 

· If there were perfect agreement between the two methods, then this curve 

would be zero at all points. The data are plotted in· 11 fever chart 11 form 

in order to keep better track of the points for a given calibration scheme . 

'Without being committed to drawin~ a smooth curve through the points. 

· Results will be shown for one set of detE!ctors; however 1 the conclusions 

drawn are based on results obtained from :several sets of detectors lvhich 

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

typical; no effort has been made to select 11best 11 results. The results 

shown arc from 1700 ohm-em guard-ring phosphorous-diffused detectors 

operated in the flat portion of the pulse-height bias curve at 92 V. F'i~re 

6 shows plots of 6E~ and ~H. Because the coefficients of the calibration 

equations were calculated using the known overall average heavy and light 

: •. 
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'l'he avero.ce energy values differ slightly from those published in Ref. 

· 18. The r.-: ... we were calculated by us from only a part of the original 

data of H..::~\ 18. This wns obtained by private corranunication throuah the 

co-op.crat.lon of Dr.·~. L. Whetstone, Jr • 
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cncr(Sica 1 each curve is effectively normalized to. the time-of-flight '; ·, ·. 
• . t . ' .. 

. . vo.luc (0) nt one point •. · .The .Al\ (EH) ·curves shown in Fig. 6 all lie \-lith.;.~:,:;··_·:: ... 
.. :. ; .. · , .·. · .·: ·:····; .. ·in ± 1 ~leV of the zero line. 'l'he TP curve shows the greatest tendency to -~: :, ·. · ·· 

. ·~ . 
. ' 

· · devio.tc; however, the O.(Sreement for all cases is satisfactory which is no~·· :·· 

. . . 

·./ 

I· 

surprisina Gince the non-proportionality is .smaller for light fracments. 

·:A much more pronounced deviation is shown by the~-;; (E1 ) curves in.Fig. 

~ . t;; --~_,·· / . ; 
-~· ~ ., . 

. , ·. 

. ' .. 

In po.rticulo.r the TP curve shows little tendency to follow the time-of-
.... 

flie;ht curve and tends toward large positive valut:s ac E1 decreases. On , . 

the other hand the CI curve is slightly negative-for low E1 and tends_more 

positive fo.r high E1 • The PL occupies o.n in-between poaition, as expected.·····' 

On. the bus is of Fig. 6 alone, the TP calibration gives the poorest ae;reement .. 

wlth the time-of-flight data; however, no real distinction can be ma.de · · .. · 

betwoen the CI and PL. . In general; a good description of the averaee ener- ··: ·· 

giez seems to require a high slope and small intercept in the calibration 

. ·· · .··:·equation· •. 
. . 

. . , Figure 7 shows curves for a1 (a :t'unction of EH) and CJH (a function , · 

of E1 ) along 'With the time-of-flight curve. _The error bars on the time-

of-flight data represent the difference between the Milton-Fraser and 

. :. · l-fnetstone measurements. The most striking :t'eature of thP.se curves is that 

the order of agreement is reversed from that found for the averages· in F1g. · 

6, i.e~, the TP calibration gives the best agreement; whereas the CI curve ·-. 

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

.oa.cupies an intermediate position. This is because the 'Widths of the 

distributions are most strongly influenced by the slopes of the calibration 

lines which are largest for the CI and s~llest for the TP; thus good 

agreement here requires small slopes and large intercepts, the opposite 

requirement from the averages. However, the 'Widths from detector measure

ments are more affecte~ 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 

beet acrcement. SUch a tendency already exists in the CJH curve of Fig. 7b. 
One conclusion which can be drawn from the ab'ove analysis is that 

it is impractical to attempt to adjust the parameters in these calibrationa 
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reverse is true for the widths. Consequently, it seems neces:;o.ry to · · 

preuetc~inc the coefficients. There are only three piece::. of information.: ' 

which co.n bcreo.dily used to calculo.te a calibration equo.tion for each 

detector; the o.verage heavy and light fragment energies and the slope of 

the alpha line. Therefore we are limited to a three parameter equation 

and cannot reproduce exactly the type of mo.ss dependence in too intercepts 
20 o.nu slopes which is indicated by the Van de Grao.ff results. ThuG the 

PL scheme ho.s been formulated as a compromise between the more extreme. 

CI o.nd TP schemes. This scheme is not completely satisfactory; however,· 

it is sufficient for calculating energies from charged-particle-induced 

fiGsion do.to. which was the purpose of this investieation. 

The effect of the above calibration schemes on fissioning systems 

other than Cf252 will be considered when these results are presented in 

. Section IV. 

One pleat~ing aspect of these comparisons has been the sensitivity 

to the various calibro.tion schemes shown by the 6E and a curveo. At the 

bce;Lnninc it wo.s thought tho.t, since all the schemes were normn.lizcd to 

uhc averac;cs of ·the Cf peaks, all three might give un o.dcquo.tc representa

tion of Cf and that no distinction could be ma.dc among the various schemes • 

6. Compar_ioon of Mass and Total Kineti~ Energy Curves 

The data in N(E1 , E2 ) form ma.y be transformed into N(~I' ET)' 

where ~[ . is the heavy fragment mo.ss and ~ is the total kinetic energy, 

by the usual equations: 
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. It should be emphasized that all the data have been used in the previous 

comparison; these results are merely looking at the data in another way. 

Figure 8 shows the average total kinetic energy vs. mass curve 

for the TP and CI schemes. The PL has been omitted for clarity; it falls 

in between the TP and CI curves. The time-of-flight values in this case 
. 19 

are from Fraser ~~d Milton. The general shape of the time-of-flight 

., . 

r·:· 

curv~io.reproduced fairly well; however, the detector curves are broadened 

. and do not follow the dip at symmetric fission very welL As might be 

expected from the average energies, the CI calibration gives better agree

ment. 

Ficurc 9 shows the total mass yield curve as measured by detectors 

·and time-of-flight. The results of all the calibration schemes arc contained 

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

. ·calibration equation. This is explained by the fact that the effect of the 

·above calibration schemes is to change the shape of the distributions alone 

·linea of constant mass across the (E1, f:·H) map; so that 1 to a fir:;t approx

imation, the number of events at a given mass is not changed. 
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The p~sentation and discussion of the results of these ex-

· periments will be organized in the following way two remaining ex-·. <.'i .. ·. · 

perimental considerations, the effect of calibration uncertainties and •· :·,' ·· 
·.·I'· ~· · ... /, . i 

'the effect of the neutron corrections, will be illustrated. A sys-

tematic presentation of the results will then follow. Since fission i. 

data have a natural division depending on the x value of the fissioning · '-' 

... • · nucleus, the Bi209 and Au197 data will be discussed oe·parately and ·: , .: · · 

compared with quantitative liquid drop calculations available for this 

reaion of x. This will be followed by a more qualitative discussion of· · 

the Th 232 and tf38 data. 

A. Effect of Calibration Uncertainties 

Calibration errors become increasingly more sir~ificant as the 
• 252 fisu!onine nucleus becomes fUrther r~moved from Cf • Consider, in 

particular, low x fission. For these cases the most probable mass split 

(symmetric) aivcs fraement masses close to the most probable light mass 
. . -~52 

· from cr- ; however the pulse heights from these fraaments are comparable 

to thcoe of the heavy peak. The spread in the predicted values of the 

fraement energy is then the separation of the light fraement calibration 

· lines at the pulse height of the heavy peak which Fig. 4 shows to be 

quite significant. This discrepancy will increase due to the divergence 

of the calibration lines as·the most probable energy decreases (i.e., as 

x decreases}. 

This effect is illustrated quantitatively in Table III which 
-l!· 

compares the values for (ET ) , the overall average of the total 
·X· 

kinetic encrcy distribution after neutron emission, and ~2 (ET ) , the 

variance of this distribution, for the three caliPration schemes dis

cucsed in Section III. The averages in this case are over all w~sses. 
. 232 

Data are presented for a high x case, Th + 25.7 MeV alphas, and a 

low x case, Bi~09 + 65.0 MeV alphas, for comparison. As was expected 

· . . . 
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·Table III •.. Comparison of properties of the ·overall, total kinetic 
encrey distribution as calculated by three calibration schemes 

:., I ;.:• 

Gyf;t.cm . 

(MeV) 

· Th 232 .f.. 25.. ·r MeV a .· 170.3 

2· (MeV) •.. 

lo8 

Calibration Scheme 

PL CI 

* -II· 
(ET ) JJ.2(ET ) 

(MeV) (l4eV) 

169.1 123 1C6.7 146 

... /• ' •,. 

~ ' . 
'·' ' · •... ; . .' ·i 

. .,, ...... , ·! 

J .', ,t., > -;._:. ,• ·; ·' : ~~ 

•;' •t'' I, 

. ;;. ~, . r 
.: >/ ': :·::.·~~·· I 

.. . . i' 

. 'i'' 1 
.:..-· \ ,· :.·. , ,'1.. fl 

. :· . . . 
I 

r 

' .. I .. , .· ! 

I 
,/ . · .. , ,, ... 

' '·j· . 
: 

. . . . . . . ' . . 209 .. 
Bi· + 65.0 MeV ex · 151.2 71 96 ' . 

.. .... . · 
81 140.2 

... 

* . (ET ) · is the overall average total kinetic energy uncorrected for 

neutrons. JJ.2 (ET*) is the variance of the overall total kinetic 

energy distribution and is also uncorrected for neutrons. 
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·· .. ·:. ·. ,'' 

' ..... · . .-.; ·. 
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. · from Fig·~. 4, the: TP. s~heme gives the. ~ighest (ET*),.·. ·_values :and the,:: :~ . . ·: ·, ... ' .. \:·::< .... 
· ·. CI the lowest, while the reverse is true for the variances. The . . , :· . 

",· difference in (ET*) for the three ~alibrations for Bi209 is 11 MeV;. · ·,i ·: ... ·· ..... _;::· 

·· .. whereas it is only }.6 MeV for Th232 These numbers represent the · 

maximum possible uncertainty due to calibration; thus, even for the 
' 1 
ca~e of Au 97, the PL scheme shoul.d give the true value to within 

"\, 

. ~-j: .... : .. · 

± 3 MeV. For the Th232 case the uncertainty is about ± 1 MeV which is 

somewhat smaller than the cumulative systematic error from other sources;: 

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

PL scheme is ade~uate for the processing of these data; and all of the 

· data to b~ presented subsequently will be from this scheme unless other

wise specifically mentioned. However, for data at still lower x (which 

is the direction of current interest) calibration errors will become 

still more important; and the adequacy of the PL scheme should be 

queztioncd. . ·: 

The variances show a much wider spread; hence the uncertainties 

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

more difficult to estimate but are probably about± 10 {MeV)2 • 

Two further conclusions can be drawn. First, data from various 

experimenters should not be compared unless the effects of differences 

in C3libration schemes and in Cf252 reference energies are taken into 

consideration. Secondly, because calibration errors are stronely 

dependent on x, systematics established by the self-consistent use of • 
the same calibration do not necessarily have relative error~ which are 

significantly smaller than the corresponding absolute errors. 

Figures 10 and 11 indicate that the invariance of the total 

mar.:; -yield curves to the nature of the calibration equation which was 

ob~erved for Cf252 is maintained for the Bi209 and Th232 cases dis-
24 

cussed above. This is significant because Britt and ~etstone have 

shown that by a comparison of detector and time-of-flight overall mass

yi~ld 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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involved., ~alibration'UJ1certainties·could ~ve potentially- been very

important. 
; ·, 

' Since'thcre ia more quantitative interest in the Bi data, the 
* * ' . effect. of calibration on the I~(ET ) and I-L2 (A) curves :for Bi209 (i.e., 

on the variances before neutron correction) are shown in Figs. 12 and 

1,. The differences for the high x data are similar and have no marked·· 

· effect.on the qualitative feat~es which are of interest :for these cases. 

B. Effect of Neutron Corrections 
. . 

The changes in the mass and total kinetic energy variances 

broueht obout by the neutron corrections' given in Section II are 

illuatrotcd for the case o:f Bi209 ;- 65.MeV,alphas in Fic;s. 14 and 15. 

The effect on the I-L:2 (ET). ~urve is.J to first approximation..J a downward 

shift; however there is some flattening of the curve since the correction. 

ic larecr for the more asymmetric cases. The curves for the masc 
• • • f ' 

variances almost coincide; hawever this results from plottine the cor

rected mass variance vs. the average initial total kinetic energy 

* (ET ), for the ET· at which the distribution was observed, where: 

· · ... * · · · vT· ·• 
(~) = E~ '. ( ~ + T ) . . .. -

' . ' 

The resulting upward shif.t of the· total kinetic .energy scale coupled 

with the downward ~hift of·:the va:rU . .ii'ce makes the ·initial and final 

curves almost <;:onincide. ·. Only neutron c~rrected. results will be 

presented in the rernainder.of this pape:r unless otherwise specified. 

c. Low x Results from the 

This ·section will present the experimental results in the form 

',I • ', 

'. ·.· 

; ·,. ; 

~· . 

.¥ . 

of moments of the N(ET 1 _. A1) map and compare the results with recent f 

calculations by- Nix based on the liquid-drop model. 2 ' 29 These cal-

culations have their origin in the work of Cohen and Swiatecki on the 
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·.potential enerCY of.a deformed uniformly-charged.liquid drop. A 

.· principal :result of this work has been the elucidation of saddle-point 

· shapco ac·a ~ction of x (the saddle-point Ghape is the critical shape 

... ; . ·.· · in the d~·formation process leading to fission beyond which it is 1m-

. ponoible 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 resemb~ing two spheroids connected by a thin neck; thus little 

additional deformation is necessary to cause the drop to scission. This 

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

mined at the saddle point. These simple features have led to the model · 

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. . For a given x the potentia.l enert;y 

(the sum of the Coulomb and surface energy) is then calculated in terms 

of these co-ordinates. The potential energy calculations t;ive saddle

point shape::; which are s~netric tangent spheroids {i.e., the family 

of.' chapes specified by q
1 

= ~ + q
3 

= 2q2) up until about x ~ 0.80, 

where they change to overlapping spheroids and approach a 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 assumed 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. 1-'or given sets of initial conditions at the saddle-point the 

clasoical equation~ of motion are solved, and the separation of the 

vibrating fragments is traced out to infinity. This allows the prob

ability distributions in initial conditions to be transformed into the 

~ ·. 
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Figure 16'. co:..ordinates used in sp,heroid model. ql is the separation 

of the centers of the spheroidS. ~ is the semi-major 

axis of the left-hand spheroid. q
3 

is the semi-major axis 

Jf the right-hand spheroid. U is the fractional volume of 

the left-hand side of the drop. 

I I 



···. 

··~-

.. 

I 

....... 

. ' 
·' 

•,. 

.. 

'-'~5-

probability'N'(~;; ·A
1

) .of. observing a given fraement 'total kinetic 

cncrey ET ·:,·an~ mass, A
1

• The result can be represented approximately. 

by 
. 

_ .E0F{ET,A1) 
N(ET,Al) = 

r .. ~EO Al~ ·j ~ 
!.)2 

l 
'1(-- ~TA/2)2 l A 

2 \ T 
E2 

exp 
2 c a c2 .T 6 

where: A is the mass of the fissioning nucleus. Here E0 is the 

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 enerror ET • 

(Sec Ref. 2) In appropriate units E0 and a depend only on x.· The 

const~nt, ~2 and c6, determine the widths of the distributior.s in the tvo 

.i~itial conditions which are most important in determinine the mass and 

total kinetic enercy distributions. The distributions of initial con

ditions .. till broaden with temperature which, in turn, vill cause a 

broadening of the observed mass and total kinetic energy distributions.2 

The factor, l"(ET,A1) 1 has a rather complicated ET and A1 dependence but, 

in practice, has a value close to unity. A mo.st appealing feature of 

these calculations is that none of the experimental data is used to . . 
. determine the constants in Eq. (11) i there are :no adjustable parameters. 

The above expression has been programmed for the LRL 709+ 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 

e:A"Perimental data. 

FiL~re 17 compares the experimental and theoretical curves for the 

avera~c total kinetic energy, (ET), as a function of mass. The error 

bars on the experimental points are statistical errors vhich are taken 

to be a 1neasure of the relative error of one experimental point to 

·'·, .. 

i ., 
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MeV alphas. The theoretical line is not normalized to the 
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.··another •. · The .total systematic error 1 including ca.li brat ion and neutron . ; . 

correction ~cc~tainties, io estimated as·± 4 MeV.' · Although the calcuJ.a.tecl : ... j' .... 

... curve drops off faster 'With increasing asymmetry, only i'or the extreme ~~~~·/. ·· 
· ..... 

a.cymmetric events do the two curves lie outside the ayctematic error 

limits. However, the reproducibility of the deviation for both. Au and 
... ·.' 

·' 

Bi, which were completely independent measurements, indicates that it 

.· .. io probablY real. 

· Fieure 18 is a similar comparison for the varianceG of the 

total kinetic energy distributions, ll2(ET), aa a function of mass. 

A~nin there is excellent acreemcnt near symmetry; but here the experi-

mental and theoretical curves show ~he opposite curvature with increasine 

asyrrJnetry. Systematic error is estimated as ± 10 (MeV)2, so the dif

ferences arc aienificant. 

In Fie. 18 the deviation of experimental points from the theo

retical curve beeins at masses 120-125 for both Bi and Au rather than at 

a con~tant mass ratio. This s~gcest that this deviation might be 

correlated with the doubly~closed shell at A = 132. Thus, at lower x, 

this argument predicts better agreement between experimental and thea-

.· rctical !l2(Br:r) curves. 

Figure 19 shows the variances of the mass distributions, 

. !l2(A1), as a function of total. kinetic energy, ~· The overall shape 

of the experimental curves, particularly the rapid increase at low total . 
kinetic energy, is well reproduced; however, the slopes of the t~~ curves 

do not acree well. On the other hand systematic errors are estimated at 
. 2 
± 12 (amu) which means that the deviation of the theoretical curve from 

the experimental points is less than experimental error for a ranee of 

total kinetic energy which includes roughly 8o% of the observed events. 

Taple IV is a comparison between theoretical and experimental 

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

agreement for all cases. 

·. ' 

·.t.'. 
f" , .• ' 
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Figure 18. Comparison of theory ( soiid line) and experiment (points) 

for the variance of the total ltinetic er:ergy distribution 

as a function of mass for (a) Bt209 + 65 MeV alphas and 

(b) Au197 + 10 MeV alphas. The ;theoretical line is not 

n~:.rmalized to' the experimental points in any manner. 
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1 · for the variance of the mass distribution as a functlon 
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and (b) A~l9? + 70 l•leV alphas. T'ne theoretical line is 

not nonnaliz.ed to the experimental points in any manner. 
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. Table IV. ·Comparison of observed and Pl'edicted overall moments of. the . , . 
"· mass and total kinetic energy distributions for the low x cases.. .:' · · 

... 

,· ,, 

\ 

Bi209 + 65.0 MeV a Au197 + 10.0 MeV a 

Exp. ·Theory Exp. Theory ) ,._ 

:·' 
•' 

(E )· 
T 150.1 ± 4 150.4 142.1 ± 4 142.0 

J.L:2 (ET) 74 ;t 10 70.1 
I 

69 ± 10 74.3 
' .. 

l:l2(Al) 131 ± 12 126-3 137 t 12 147.4 

. ; 
·.··. 

(ET} is.the·overall average total kinetic energy corrected for neutrons • 

. 1.t2 (ET) and l:l2 (A1) . are the neutron-corrected variances of the overall · · · · 

total kinetic energy and mass distributions respectively. 
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', l· '. ~ . . ·.' .. , . ' '' :· ~ . . ·. . D. High x Results 

For x above 0.67 the simple features of the saddle-point shapes 

, · ·. ·'·:· "Which made possible the <;alculations discussed above no longer exist. . .. ~~ :' .' . 

In a narrow region of x the saddle-point shapes calculated by Cohen and 

. Swintecki change rapidly from shapes resembling two fragments connected 

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

-;I' 

.~. ~-.. ' .. ,. 
-~7~~ · .. 

···.. . . two fraements. The properties of these saddle-points do not necessarily i 

determine completely the properties of the fragments, i.e. 1 the saddle-

f. 

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 V~hich states 

that two independent mechanisms for fission can coexist within the same 

fissfoning nucleus.9,25,30,3l,32 ,33 One mechanism, the 11 symmetric mode", 

is c-haracterized by a predominantly symmetric mass distribution and lower 

total kinetic energy than the corresponding 11asymmetric mode". Britt 

et al. have analyzed similar data in this region and find it consistent 

~ith the two-mode idea; 9,~5 however,. the idea has been questioned by 
28" 34 others. 1 The point of view to be adopted: here is that the two-

mode hypothesis is not an alternative to or necessarily incon5istent 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 V~ith the above properties are 

· .. 
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; ', .,, • '·:: .·', .·:· -:,: • ,· ~· • , ' L • : ••• • •'',, ~-'.: :·.<. ... , .... > 
··• po:::;siblel or;~ \lhich could show \lhy two me.chanisms \IOUld appear to exist). · .. ··' 

. ! 

'·.\lould then ou~omaticolly explain all data correlated by the hypothesis. : ·':··::: .. :·,. ·· 

. ... The t\lo-mode h::(I>Othesis has a disadvantage common to many phenomenological -·· ..:·:_::: . 

concepts in tha,t it tends to absorb much of the experimental data in the 

.· .. formulation of the concept~ 

planations from definitions. 

One must then take care to distinguish ex-

,.;;., . 
· .. 
·>· 

:~ .:"" 

Table V sho\ls the overall averag~s. and variances of the total 
'1 ''·· . 

. kinetic cneray distributions. studied~ All limits of error are estimates 

·of syctematic errors. Also.included are results from Britt and Whetstone25 
. ' 8 ' 232 . 
· · (detector) and \fuetstone (time-of-flight) for Th + alpha particles 

· and from Fraser and Milton for tl35 + thermal neutrons10 -which forms· the 

~arne compound nucleus. In accordance -with remarks made in Section A 

these detector results are comparable since they -were obtained usinG -what 

is felt to be ·a similar calibration scheme, and are based on the same 
2'2 209 197 Cf :; values. '\o!ork on Bi and Au + 4 3 MeV alphas has been reported 

. 35 . 209 . .238 
.·by Vandenbosch et al. and on Bi . at 43 and .u- at 43 and 29 ll.eV 
. 22 
by Unik ct nl. i however, these arc not comparable at present since 

they are based on different 
·X· 

252 Cf values and a different calibration 

scheme. The values of (ET} from the present experiments are about 

3-3·5 MeV hiGher than those of •Britt' and Whetstone. This is too large 

to be accounted for by calibratiop ~certainties alone (compare Table 
232 . 

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

error for this experiment. .· 

·' The {ET) values -obtained from detectors are sienificnntly hiGh-

.er than those from time-of-flight Measurement~. This cannot be accounted 

for on the basis of uncertainties in the neutron correction used to 

obtain the detector values. No adeq_~te explanation of this exists at 

the present time. 

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 Th
232 and in Fig. 21 

2-8 
for Ul) • Results for three different bombardment energies are in-

cluded. All curves are plotted in terms of normalized yield (to 200'/J by 

',·· 

'1:, 



! ' 

... ' . . . ' . . 

··., ,, 

;..53-. 

. .. 
·~ ' i ' 

·• ·, . . . 'I . , , . • , ,. . . 

. : : · Table· V. Properties of the overall total kinetic energy distributions· .. · 
· · ··. · for high x cases. 

' .,· 

/ 

System 

.. tf-35 + nth (Mil ton and Fraser) 

Th232 + 21.4 MeV ~ 

Th232 +.21.8 MeV~ (~~etstone) 

.Th232 + 221.1 MeV a 
(Britt and 1Whetstone) 

Th~32 + 2r;. ·r MeV a 

Th232 + 25. '( MeV a (Whetstone) 

· Th232 + 25.7 MeV a. 
(Britt and Whetstone) 

232' Th + 29.5 lv1eV a (Whetstone) 
' 

Th232 + 29.5 MeV a 
(Britt and Whetstone) 

Th232 + 33.0 MeV a 

Th232 + 65.0 MeV a 

tf-38 + 25.7 a 

tl-38 + 33.0 a 

tf-38 + 65.0 a 

* {E ) T 

170.6 ;!; 2.5 

167·5 

169.1 :i: 2.5 

166.8 

166.0. 

167.6 ± 2.5 

162.6 ± 3.0 

172.9 ± 2.5 

170.9 ± 2.5 

166.7 ± 2.5 
· . . , 

ET 

167.7 

172.5 ;!; 3.2 

169.1 

171.4 

171.3 :t 3-2 

168.2 

; .. 171.1 

170.5 ± 3·5 

.168.0 :t 4.5 

·176.0 :t 3-2 

174.7 ± 3·5 

l73· ± 4.0 

J.l (E ) . 2 T 

130 

··116 ± 15 

240 

101 

121 :t 15 . 

153 

103 

.164 

107 

124 ± 15 

154 ± 15 

139 ± 1J 

111-3 ± 15 

111·1 ± 1) 

* ' (ET ) and {ET) are the overall average total kinetic energy un-

corrected and corrected for neutrons, respectively. J.l2 (ET) is the 

neutron-corrected variance of the overall total kinetic energy dis

tribution • 

'· . 
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Ficure 20. 1>1nss profiles for va~ious total kinetic energies E·X· and "'. 

/ 

bombardment enercies Jtx for · Th232 + alphas. Total 

kinetic enereies are hot corrected for neutrons. !lass 

* distributions are for range of :t 3 MeV.from quoted ET 

values. Yields are in percent per 3 em vhere the total 

yield is normalized to 200%. 
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· enereies are not corrected for neutrons. (Nass distributions 
·X· 

are for range of ± 3 MeV around quoted ET values. Yields 

are in percent per 3 amu Yhere the total yield is norrr~lized 

to 200%.) 



i 
j. 

· .. ·.,': 

... 
'•.·' ·- ,. ... ·' . . 

·-,':_·.; 
··.> ' l 

'.:. 

-56-· 
. •.t. 

• ' :• '• •." ' . : ,' ·: •, I', ' 'I' . ! .~. ' . 

. '· ·.· -· ;• 

-:·· .. :'.;'.::··~"· ~ ::.·--t;::,_.l>·';:· ,·, "~,; 

... ~ . .\ .: - . '. ·: .< . ' . .. ·: ' ; : . . : .. ' . . .. ' : : ' ·. ..· . . 
··,·: .. ·._ 

';.-_ 

.· ·:, _·convention); ~thus the relative heights and areas or' the curves are : -<~ ~ .:· . : ... 
... _ ·-.: 

··:':·:comparable. J\ll the important :features o:f the data may be seen :from 
'. ', . ' I."' • 

1 
.· these curves. · 

,. ,·. ·. 

... ,. · .. :. · Note· the tendency for the mass-yield curves to be tr1ple peaked ;; 

·· : _. ·. at low total kinetic energies and low bombarding energies. The Th232 
a· 

distrib.ution:J show a more pronounced effect than the rJ-3 preswnably 

:.·· .. 
i_"i: : ..... 
\· I 

. \ \. :~ 

·-.~ . . :~. . . 
..: ···. . 

· · ·. ··'·.. ' due to the lower x v.alue. These transform into asynunetric distributions · 

· · · .. · · ·' · (with increasing total kinetic energy and into symmetric distributions) 
,r. 

· · · vith increasing bombardment energy~ . The increasing yield of the 

symmetric fission relative to.the asymmetric as the bombarding energy 

f).· 
'I 

is· increased is clearly shown. There is a resemblance between these 

transitions from asymmetric to symmetric fission and the similar trans-

. ..,. .. i tion which occurs with decreasing x. The interpretation of this latter .. " ,., 

·' 
·;··-. 

·· · transition as the superposition of two distinct nn ss distributions has 

· .: · ·led to. the revival of the_ two-mode hypothesis. 9,3l In the present case 

·/ . 1 t 'WOuld be possible to interpret the superposed synunetric and asynunctric · 

'it.· 

.. ·. ··. 
_, ... ... 

. ,. 

. distributions 3S being distrib~tions at high and iow excitation energy 1 

respectively, since the probability of fiss'ion occurine after the emission 

of one or more neutrons is higl'i.:36 i 37 This is especially true of the 

Th232 and, in particular, the increased asynunetry of the Th232 data 

relative to tf38 at a given bombatdment energy might be due to the larger 

probability for prefission neutro~·,emission in the former. Note also 

the tendency of the asymmetric_pea~s to move closer together as the 
. . . . 
total kinetic energy increases •. · 

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

· use of moments. Figures 22 and .23· sho~ the average of the total kinetic 

enereY distributions as a function: o:f mass for the various bombard.'l!ent 

energie~ studied. The "dip" at symmetric fission is nov \Jell established 

althoueh there vas considerable uncertainty as to their existence at 
8 7 8 one tine. From preliminary work, the work of others in this region, ,;J 

. 16 -9 
and the work of Haines and Thompson at high excitation energies '' 

it was expected that the dip would vanish 'With increasing excitation 

· eneray. It is the manner in which the dip disappears that is of interest. 

I; 
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Figure 22.: · Average total kinetic ener£3Y as fuilction of mass for Tn232 

_+ alphas at four different bombarding energies • 



.': . 
. '. ' 

. ' .. 
. •. 

·"' : ·.• ~··· . . . ' (, ' ' ·." '• .· ··\ 1' 

.. • .. , .I .. ·: ..• . '·;,· ' ...... 
\ . '·. 

··.· ,."·' 

. •', • r • • 

·. ,: i . . ,(. ', 

' '' ':·:I 

. 186 ,--,_,.:~----~-......... -,-----r-----, 

182 ;• . 

178 

·-> 
Q) 

::E - <> 
..... ~· 

r~ e 

' ' 

154 
80 

0 

. . 

~ 

. o 25.7 MeV 
. A 33.0 MeV 

· ... · . . <> 6500 MeV 

'o~.·. 

_\; 

too;•. 
.·.Moss 

': . 

120 
, .. 
'; 

'' ' . 
' 

140 

~---·--·---c--.~--.... ---~~---···--·~··-····-· ~---••· ·•-··-·- •··-· . ······-•--·"''•'• • 

•,. ,· .·.I ;,, 

, .·I 

Figure 23'· 
. ' . 

Average total ki~etic. e~ergy as .function of rna cs f~r 
+alphas· at three different bombarding energies. 

I .•. 
; . ' 

'. 

j 

1 
160 

.. 



-59-

. ~ ' . : . ' '' 
··:. 

' ... 
· .. :, :_ · :.:.<·: ... ·. · .·.What appearn tQ happen is. that the. peak at about· ma.ss 133 dccreanco; 
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'·<< .. ·_, ·. . ... whc:rco.s th~ val~ey at synun~tric fission: and the a::.~ctric wings cta.y . 

',I ,• t,. "o, 

'' '• ~ 

.. 

' 

. . • .. · 

'•:. 

''' 

rcla.ti vely constant. The tlata. of Britt and Whetstone show a similar 

trcnd. 2!> Thin ic what would be predicted by a. two-mode hypothesi:. in 

which the E,.r diGtribution for a c;iven mass is viewed n.s a sum of the 

individual distributions from the s~~etric and acyrr~ctr.ic modes and 

in which the syrr.metric mode erows in with increasine excitation energy • 

. The totn.l kinetic energy distributions for masses ncar A !?1 132 then 

receive lareer a.nd larger contributions from the lower enerey symmetric 

·mode events. This.causes the average total kinetic enerc;y decrea.ce. 

·in thio mass region. This effect would have been difficult to reconcile 

vl th th'c present formulation of the hypothesis if the dip had disappea.red 

o.s o. consequence of an increase in the average;total kinetic cncrey a.t 

:::yuunctric fission. The Th 
232 

curves are somewhat of an exception since 

.· (E.r) il.t cynunetric fission is about 1.5-2 MeV higher for 3).0 r.teV alphas 

and about 4 MeV higher for 65.0 MeV alphas than for the 21.4 a.nd 25.7 

.·~ .. 

•, 

· MeV point::;. It is possible that this effect is not real since the 65 

MeV data were taken under completely different experimental conditions 

(dcte~tor, t~rc;et, etc.-- see Table I); whereas all the low energy data 

n.rc from the same experiment. The relative error of the 65 MeV.data to 

the remainder is th~s no better than the absolute precision (± 3-4 MeV). 

But the 33.0 MeV curve remains significantly higher than the 25.7 and 

2~.4 curves if statistical errors are taken as ·a measure of the relative 

error for the ~ow energy points. 

A similar effect, although smaller and barely outside statistical · 
. 238 

error, is observed for U • There is no obvious reason why the Th and 

. U cases should be different in this respect. 

Vn.ndenbosch has been able to qualitatively account for the dip in 

· (ET) vs mas~ curve by assuming that the effects which determine the 

ground state shape of the fragment remain important at the scission 

point.34 Thus, at symmetry for the Tn232 + alpha system, both of the 

fro.ernents are "soft" toward deformation reflecting a predicted of;epilency 

of the fraernents in their ground states to be deformed. The Coulomb 

' .. 
I •. 

.·:·,' 
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of the. fragment~ has a inass close to a closed shell (e.g., A~ lj2), 

this frac;ment tends to assuJnc a spherical shape which decreases the 

separation distance and increases the kinetic energy. On this model 

.. ·. '·: ... 

the dip is not associateu with symmetric fission per se but rather with 

i· 

~ .:..~.: 
•":· 

• ~· l 
the mass ranee 112-120, and the peak is associated with the reg~on about ; · 

132. 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 tanc;ent spheroids. 

Superimposed on this is: 

(2) ·the dip in the rec;ion of A ~ 112-120 

(3)· a 11 bulc;e 11 due to the closed shell at A~ 1.32 
I 

(E'l) curves which show a dip have be'en reported for nuclei raneing from 
25'~ ' 228 ' ' ' 

1~ to Ac and in each case the maximum in the curve occurs for 

A ';;;'130-1.35~'9, 10123, 25 However, the dip tends to follow symmetry 

rather than the 112-120 mass region. Both of these trends can be seen 

by a comparison of Fic;s. 22 and 2j. As the excitation encrvJ is in

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

of the fragments to be less important, i.e.,,the shell effects tend to 

"wash out 11
• The decrease of the bulge near mass 1.33 is consistent with 

.this view 1 but the tendency of (ET) at symmetric fission to stay con

stant is not unless one assumes that the rate of "washing out" is dif

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

65 MeV curve docs e;ive some credibility to the latter state:-:1ent. All 

in all, the case for a bulge in the (ET) curve at A ~ 132 beinG due 

to a shell effect is strong; however, the analogous case for the dlp 

' 

• ':9' 

is on much weaker ground. ,. 

Ficures 24 and 25 show the variances of the total kinetic energy 

distributions as a function of mass. The shape of these CUl~es is con

::;ictent with the two-mode hypothesis because, with increasing &symmetry, 

the superposition of a displaced distribution from the asymmetric 
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Variances of total kinetic energy distributions as a function 

of mass for Th
232 

T alphas at four different bombarding 

energies: (a). 65.0 MeV, (b) 33.0 MeV, (c) 2'j.'( ~1eV, 

(d) 21.1~ t~eV. The points in the region from rna ss 11'( to 

129 for the 21.4 MeV curve have been folded to improve 
· ' ·statistics. 
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mode ~combined 'With-~ decreasin'g yield oi' th~ sYmmetric mode ... ;.·.: ' 

· ': · hao a broadening effect on the overall distributi,on. Britt et al. have :·'·::.'·~:/·· /. ~·' '. 
' : ;.1 _.,:·· 

made a detailed analysis of similar curves including an attempt to draw 
: ..... ·.•,.·,<.: .,•; , ... ~' ... quantitative conclusions concerning th'e properties of the modes. 9 · 

.. ·· '• 

.-: • •, .J • ~ • ~.' ' 

. t'·' 

.·I 

. '· 
, .. 

. / ' · .. 

. _; . 

·,!. 

.. ·.'' 

lt ,·· ... 

: ·, 

'! ·. 

Repetition of such an analysis on the present results would serve no 

useful purpose. The only prediction which the two-mode hypothesis can 
--~~: ·; ... ' '·' . 

,, . 
: .. /· 

.···,, ·.· 

nnke on the effect of increasing excitation enere;y is that the variances '! .... <: 
ohould increase at those masses where the contribution of the symmetric ' . ·. >. · 

,s. . 

mode is. becoming increasingly more significant. However, this prediction··· ~- ·: . 
. . .l 

is nullified because, in general, the distributions are expected to 

. broaden with increasing temperature. 
.. · ... 

.• ,<·.' 

Several features of these curves are, nevertheless, worthy of 

comment. (1) The maxima in the variance curves occur about 3-5 mass 

units lower than those in the average total kinetic energy curves. (2) 

The- maxima in the variance curves tend to shift to higher masses with in

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

.· ··'1. 

.·:.: .;. 

' 
Figs. 22 and 23. (3) The d~p again appears to be correlated with sym-

lnetric fission and tends to die out with increasing bombardment energy; 

however1 the manner in which this occurs is ~ore complex than for the 

averages. YniDt appears to happen is 

(a) the asymmetric wings (around A1 ~ 150) tend to rise steadily; 

(b) the maxima tend to stay about constant; 

(c) . 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 varianc~: at symmetric fission between · 
. 232 ·. . 

E. B 21.1~· and ~:l = 25.7 for Th and betweel:}; Ea = 25.7 and El = 33.0 for 

~3 however, it is not outside statistical.~rror.) Neutron emission 

before fission would counteract the tendency,pf 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 .. 

~1e overall mass yield curves shown in Figs. 26 and 27 are actually 

a by-prouuct of the more detailed information obtained in a two-dimensional 

·- ·~ 
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Figu.re 26.' Mass yield curves for Th232 + alphas showing transition 

from asymmetric to symmetric fission.· Yields are normalized 

to total of 20Q%. 
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. experiment; hO\olever~ there. is still considerable interes~ in these 
' . 

· .. ·_.··: 
\·.,· '·:·· . ;'; 

· curves. Further these. distributions are least subject to calibration 
. '' '• · ... 

. . :· 

< erroro. Such curves do not.posseos the mass resolution of mass spectre-. 

metric or radiqchemical measurements; but, on the other hand, there are ~; . . 
·. a .... t~ ~~ j'.:: · 

no miosing mass regions.and the relative error of one part of the curve· 

. to another is small vhich may not be true in radiochemical work. 'I'he '. ,;.: ,•' 

.. \ ,./ ,- ... : 
net result is that.the overall shape of the mass yield curves and the 

' . 

transition from asymmetric to symmetric fission is better demonstrated 
· ... '! \ 

by experiments.of the tYPe described in this work. 

Figure 28 illustrates some 1=·~operties of the mass 
~~~·· · .. ··. 

distributions ae : 
-~, ... 

a function of total kinetic energy. ·For the case of 21.4 MeV alphas + \~ · . 
232 . . . 

Th the fission is predominantly asymmetric and one wrnts to present 
I 

the properties of the individual as~mmetric peaks. However, the strong 

variation of the yield at symmetric fission with total kinetic energy 

causes significant changes in the calculated ptatistical moments which are . . 

not nccessariiy -~eiated to the properties of:the heavy peak itself. Thus 

Figs.· 28a and 28b give the most probable hea-vy mass and the half-width 

. at half-maximum measured on the high mass sid~ of the heavy peak. The 

mass distributions were folded for tpe.purpose of this calculation. For 
. . . * 1/2/. 232 

comparison Fig. 28c is a :plot of (JJ.2 (A)) 1 2 for 65 MeV alphas +. Th 

,. which is o.f co~par~ble magn1tude
1
to the a'Jove.balf-width. !:1 this case 

the variance was calc\llated mrar all masses ~ince th~ fi::wi:m l.s pr~-

.· .. ' U0tnltl·'i~ltl.~r A;111!tl~t;!'iC. A monotonic decrease in the width of the mass 
. ' 

aistributions with increasing total kinetic energy is something which 

all fissioning systems seem to have. ·~n common {compare Fig. 19) although 
•'. I 

there are individual differences in ~lope an4.1 curvature. This similarity 

supports the interpretation of such ~tirves. map.e by Haines and Thompson 

which states that these curves,reflect the approximately-parabolic shape 

of the averaBe energy releas~ curve taken as •fl function of mass. 39 HiGh 

total kinetic energies can only oe 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. 

.ji 
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Dc:ta are not corre~ted for netitron.s (a) most probal:>l~ heavy mass for Eq.c = 21.4
1
MeV. (b) upper 

(h1gh mass} half-w1dth at half max1mt.un for 21.4 MeV iilphas. (c) 1/2 {f-12 • (Af}}i/ 2 for 65 MeV 
alphas. This is equivalent to a fourth-width at 1/2 (JJ.t (Af))i/2 half-maximum for a predominately 
symmetric mass distribution. 4 
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. /' · ··. The heavy peak also shows a m1>notonic decrease with increasing . · ··· :. 
. !',; ,,., .... ~·: 

·total kinetic.\ener~y~ i.e.·, the two aa~etric peaks move closer to-
. ' 
gether as was noted in the discussion on Figs. 20 and 21. One should 

realize, however, that this trend is implicit in the data that have 

. · .. already been presented. Given that U.e average total kinetic energy 

' ... 

is a decreasing f'unction of the heavy mass, it is inevitable that the 

average mass will be a decreasing f'uni'. tion of total kinetic energy unless 

the. two-dimensional N(.c)p ET) distribl.:tion is very irregular. 

In the light of Fig. 28a reca:.l the oft-quoted result that the 

heavy peak of the overall mass distritution tends to stay constant for 

. all fissioning nuclei (see Figs. 26 a1;d 27). Obviously this is only . 

true on the average, because, as a fw~ction of total kinetic energy, 

the heavy mass peak varies by about 1~· mass units.· 
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· :V. ·· CONCLUSION : 

... , The most satisfying aspect of this work has been the comparison 

of the low x data with the theoretical liquid drop predictions. The 

rather eood 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 0.6'1) 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 

'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 

to provide experimental values for fission barriers to compare with the 

liquid drop predictions by utilizing the ability of certain materials, 
... 4o 
· · ·... such as mica, to preferentially register fission-fragment tracks. 

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 precision of 

fission energy measurements. Improved precision would allow the reliable 

measurement of differences between' experimental and theoretical curves 

which may be sign,ificant in determining the influence of shell effects 

.on nuclear fission. 

. ' 
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APPENDIX A.· 
·., . 

Details o:t" the Electronic Syotem · 
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. \ 
A bloc~ diagram o:t" the electronic system is shawn in Fig. Al • 

· The Goldsworthy Model VI linear system was operated in the double

differentiating mode using rise tines in the 0.2-1.0 j..LSec. range •12 

In order to improve stability: (1) the variable preamplifier feed ·. ·,-

back cupacitor was set at its maximum value (13 pF). With this setting 

the pl"eamplifier will become completely charge sensitive (i.e., output 

pulse height independent of detector capacitance) at a detector capacitance 

of about 250 pF or less. (2) The bias supply resistor was decreased 

from 22 to 0.5 megohms. This reduces the effect of any changes in 

. detector leakage current. Linearity checks on the whole system 'W_ere 

made prior to each run. 

Coincidence gate widths were set at O.j-0.4 j..LSec. and a delay 
252 . 

curv.~ usine Cf fission fragments was taken prior to each run to in-

sure that the entire coincidence system was :functioning properly. 

The basic features of the multi-dimensional analyzer, designed 

and built by M. Nakamura and G. S. Simonof, are schematically shown 
- 14 

in Fig. A2. The analyzer utilizes pulse stretchers to receive and 

hold the input pulses until they can be analyzed sequentially by a 

sinele 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 held 28 

18 clmnnels by 2 events, was altered such that two pulse heights up to 

·25G channels could be stored in the location previously occupied by 

the nwr.ber 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 (1024/n "Where n is 

the number of dimensions which must be an even number) is reached, the 

memory is dwnped onto magnetic tape. A most useful feature is that the_ 

analyzer is capable of reading back its own tapes to give the singles 

I,' 
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dirit;ibutionJ in each of the· dimensions which are a valuable check on 

.· -what hao been ,l.tritten onto tape. . 

T'ne Au197 · + 70 MeV o: measurement -w~s made in collaboration -with· ·: ·. ' ~ 
· .. F. Pla:::il u:::ing a some-what different electronics includin~ a faster 

. coincidence system. These electronics will be described in a later 

.· 41 
. report. 
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''i.· Symmetry Praperties of the 1/..nGs-Total Kinetic Energy Distributions.· 
•.• 1 ..... •, 

' ! .~ ' 

': 

'' . ,;; ' . ~· .. 

If the two-dimci;·,sional data are not folded, the required 

·; . symmetry properties of the distributions provide a valuable check on 

syGtematic errors which are not the same for each detector, e.g., 

difference in detector resolution, errors in the backing foil thickness . ·· •. , .·· 

•· : · correction, etc. Soine of these properties are: 

' . * : ~; .. . ~ •. ' ' . (1) the sinales energy distributions in each dimension should be 
"·;: ', 

identical. 

(2) the moments of the total kinetic eneray distributions taken as a 

-, ·.· 
··.•· 

.. .. ,, 

' ~ . ' 
·function of mass should have reflection symmetry about symmetric fission."· ·· .. . . ' . ~ . . 

. '. 

,., ... 

~ ... . , . (3) the mass distributions, both overall and as a function of total · ·· 

· . .,. 

.... . . : 

.. •. 

. · ... · :. : kinetic enermr, should have reflection symmetry. 

(4) the average mass of mass ·distributions for predominantly symmetric 

fission should be half the mass of the fissioning nucleus. This ·should 

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

enerGY· (Also all other odd moments would be expected to be 0.) 

(5) for mass distributions analyzed in terms of heavy and liaht peaks 

all the moments of the light fragment distribution (includinG the zeroth, 

the number of events) should agree with those of the heavy fracment for 

. :ooth 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 occur 

smoothly, systematic errors are indicated. 

Neutron yield will vary with both fragment mass and total kinetic 

enerr,y; 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 

mieht possibly be used to obtain information on neutrons. 

~ . ' 

': 
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Item 1(l).is particularly useful since these· distributions de-

pend only on the pulse heights in a single detector; hence deviations 

are more ea~il~ interpreted. Shifts in these distributions of about 

1 l•1eV were not ·.,uncommon; the worst case was 2 MeV. It is important 

to match these ~istributionc, even if this must be done arbitrarily, 

~incc a significant diapersion in the re~ultine total kinetic enerGY 

distributions will recult if they are not. In these experiments it 

wu~ found that using the angle of the uncollimated detector rather than 

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 syst·ematic errors in the average values. 
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Calculation of v ·· .. 
T 

. ·. ·· By combining the experimental mass-total kinetic energy in-

formation with values for the energy release in fission,(ER>' cal

culated using a program written by Milton, it was posoible to estimate . 
1~2 

. v'l'. A value for vT(A) for each mass split was calculated at the 

·averuge total kinetic energy for trot mass. (Note that this is not 

neccs~urily the same as the value of v'l' at a given mass averaged 

over the total kinetic energy.) 

(E ) - (E (A ) ) 
X T 1 

(E ) y 
(Cl) : 

(Em)' is the average ·initial total kinetic energy for the mass split, 
. .L ' 

i.e., values prior to neutron emission should be used. As a first 

approximation to vT 1 vT 1 
, was estimated using the empirical formula 

of Leach:nan. 

y I = 
T. VT + 0.12 (E) 

0 
(C2) 

where vT is vT for spontaneous fission of the compound nucleus and 

(E · \ is 0the average excitation energy··:of the fissionine nucleus. 43 
x' 49 · 

Values for YTo were taken from Hyde. This value of YT 1 and the 
. ·X 
ob~crvcd (ET \A)) were used in Eq. (5a) in the text to calculate 

(ET(A1)). 'To be precise one should iterate a sect:)nd time; however, 

. thi::; wuz not done since the resulting change irr''vT is about ± 0.3; 

whcrenc the final value for vT certainly cannot be trusted to better 

than ± 0.). (Bn(A1)} is the average neutron binding enerey which is 

alzo c~lculuted by ~tilton's program.42 (E ) , the average neutron 
n 

kinetic energy, was calculated: 

--·:. 

. ·.:·' .. ,·._: 
. .. '\ 

"1 

. . : . 
' : . : ; ' : :' I, ~ ~ 

~ ;',·: 
.•. /. :·.·. ! •. 

> ·" •• :·· j; •.... 

•) .. 
... _· .. ·., 
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(E ) 
n 

.-78-

. J 8x(E ') 
a 4/3 Tm = 4/3 Ax 

... 

,' .· ' 

'.' . . ' . ' ' ~ 

(c~) 
'I •, • 

14-5 Tm is the mean· temperature of the fission fragments. (Ex') is the 

. averaee value of the total fragment excitation energy which will vary 
I 

with mass; however, the crude approximation, (E ) N {E ) 1 was used 
, X X 

which makes {E ) a constant. A i·s the total mass of tl.<.:! fissionine . n 
.nucleus. {E~) is the average total energy carried off by ~ rays. It 

wao assumed that this should reflect primarily the properties of the 

fra@nents rather than the fissioning nucleus; thus the experimental 
. 2~ ~ 

value of 8.2 MeV measured for Cf was used. In calculating {Ex) 

an attempt was made to take pre-fission neutron emission into account 

· for the tf38 and Th232 calculations.. This was done by using the fission 

branching ratios given by Thomas, Harvey and Seaborg42 for tf38 and by 
41 232 Warhanek, Vandenbosch and Huizenga for Th • It was assumed that 

the branchine ratios were independent of excitation enereYi 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 

system Th232 + 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 vT 1 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 is typically about 5 MeV larger than the 

energy release at all masses and for Au this difference is increased to 

1)-20 MeV, ·i.e., (ET) is dropping off slower than (ER) with decreasing 

x. ~1us 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 the form of neutrons. 

' .. ··'· 

II 
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I .. ~.. , . :. . ·,. .. . . . ,. , ~-.. . . .- . . . . . . . , . . · .. , . . . 
1 • '· .: .: . Table CI.· • Calculated values· for the average total number oi' neutrons 

· , · . .'_ . ·~ ~ cinl tted in fi::;o~on1 NT, and the a.vera.gc excitation energy oi' the fission-
.-,,~··:>. : . , · \ ing nucleus {Ex) · 

.. 

. ~ .. 
. ,• 

... 

.. 

• 

• 

Target 

Au197 
. Bi209 

; . : 232 
. . . 'Th .. 

.··. ·. 

Th232 
Th232 
Th232 
u238 

. 238 u 
u238 

. . 

. 10.0. 

65.0 
21.4 

25.7 
33.0 
65.0 
25.7 
33.0 
65.0 

'I'' 

\ 
.. t·· . 

(E ) 
X 

67.2 
.· .. 54.4 

12.9 . 

13.6 
17.9 
49.7 
16.2 
20.7 
51.7 

.. 

6.0 

).0 

4.1 
7.8 
l~. 4 

5-3. 

9-3 

.. f. •_, 
·.,·· :· 

·'' ··'' 

• ,i • . ,·. 
.;·· 

. :' 
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APPENDIX D 

Derivations oi' Neutron Correction Formulae 

. . 

The method used in deriving these corrections is basically that . , 
16 28 uced by Haines and by Terrell. 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. 

Let E1v and ~v be the energy and mass of a fragment after. 

the emission of v neutrons (i.e., ~v = ~ - v). For the case of 

one neutron of energy Eln emitted at an angle of e1 in the center

of-mass system of the moving f~gment 1 vector analysis gives: 

)

1/2 

cosel 

(Dl) 

vhere M is the neutron mass. Similarly the energies before and after · 

the emission of the vth neutron are related 

~v M (H E )1/2 
E ElV-1 + Elvn - 2 lvn lv-1 . 

coselv. = 
~v-l ~v ~v-l lv 

(D2) 

where e1v is the angle at which the vth neutron is emitted. Equation 

(D2) is the basic equation from which these derivations will proceed. 

The standard assumptions of isotropic emission of the neutrons 

in the center-of-mass system 1 and the assumption that no correlation 

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

will be made, e.g. 1 

' ~ t 

• 
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~· ' ... 
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.. '• . 
.. '. ' .. ·. 

\ .. ~ 
.. . · .. 
···t;· '·' ' .. 

I'.'. 

11: ..... 

·•: -.~ ,' ,, 
· --_·,-_:···., . (coso

1
· ).'· 

" v 
o: 

' ." ( cos2e ) ,, a 
. · ... · . lv . 

-.~.· ·-1/, 
·.,. 

.·.·· .. :· . 

: .. 
c ~ • .. • ' 

•, .· .... ·_., .. · .. :' i; : 
. (El Eln) 

' .. 

. ... ··. 
. ·. ·.· 

, .. ·· 

· .. · · The eXact calculation of these corrections requires lmo-wing · 

·. '-v
1

·· {E.ri A1) 1 the· average number of neutrons for a give~5~ss and 

. · -.total kinetic. energy; ho-wever, -with the exception of Cf , such 

·. · .. infonnation is not available for any fisoioning system. To obtain ex-

' . ~·. 

, .. ··. .•, ,• 

" .. ' . 

.. · 
···- . 

..... .-, __ ,, 

···.·, 
plicit expressions it is then necessary to assume ( v1 f (ET1A:J_)) = · · ·. 

( v1) (f(ErrA:J.)) -where f(ET, ~) is any function of mass and/or total .. 

· ·· · kinetic. enc::.-gy •. More explicitly, in deriving corrections to the total·-:·::: . 

. , ... · kinetic energy distributions for a given mass it is necessary to assume·, · .- . 

, '·I •. that v1 is independent of total kinetic energy, and in deriving 

corrections to the mass distributions for a given total kinetic energy 

-it is necessary to assume that v
1 

is independent of mass. Thus it 

is inconsistent to allo-w v1 to be a function of mass in the total . ·, . 
• I' ,•, 

· ... 
· · · kinetic energy correction and allo-w v1 to depend on total kinetic 

. ·. -~:'-~ ' . . . 

. .. :. 
I .. , :. '·' 

i'' 

energy in the correction to the mass distributions although some in

formati_on might be obtained on (v1 (A1 )) and ( v1 (ET)) individually 

i.e., on the additional averages of v1 (~,ET) over ET and A1 re

spectively.25,53 Consequently, it -was assumed, removing the brackets, 
'•., 

'.; 

VT 
that v1_ =v2 = 2 = const. (vT is the total number of neutrons emitted· 

,_; 

by both. fragments.) . . . 

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

The measured total kinetic * is energy 1 ET I 

·:+ 
(a) ET = ElY + E2v 

... 
* (b) 

(D3) 
(ET ) = ( El) + (E2) 



/ 

) 

';i 
where the avc.rages are taken with the mass held constant and where v. ·;·: ' 

· neutrons are ~ssumed to be emitted from both fragment 1 and fragment 2. ,. ·• · · 

· EqUation (D2) O.s a recursion relation; and, by successive app.lication, 

it is possible,to express (E1v) in terms of (E1). The terms of order 

M/A1 which occur are found to be negligible and the final reduction 

gives 

* (E ) 
T 

2. Correction to the variance of the total kinetic energy distribution · 

for a given mass. 

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

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

(D5) 

As in sect~on (1). E1v may, by successive application of (D2) 1 be ex ... 

pressed in terms of E1 retaining only terms of order M/A1 . ~1e re

sultine equation is averaged, than squared and subtracted from the 

corresponding expression obtained by squaring, then averaging. This 

givez: 

A 2 (El) (En) \1 A2 

N2(E;lv) (..1:!....) (El) 
4 

~ 
lv (D6) = 1-1-2 +-M 2 Al 3 Al i=l A .. 
~l 

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

of successive neutrons emitted from the same fragment. Eq. (D6) may 

i 
! 
i 
j 
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· be simplifiea-;and expressed in terms of ET by using: 
' ·' ' . 

.. ·.' 

\ ·~ 2 . 
{a) il2{El) = {A ) ll2{ET) (D7) 

. ' 

(EI) ~ 
(ET) = A l 

(c) 

2 2 v Alv Alv (v + (~} i: - + -- ) . 
~i2 

= 
~2 i=l A 

In an identical manner the products in the third term in Eq. 

(D5) may be evaluated. This result, combined with Eqs. (D6) and (D7), 

is substituted into·Eq. (D5) to give 

-)(· v~ vA1 2 
.1.!2 (ET ) - (ET) (1 ~A) + = 1-12 - A1A -

(DB) 

4v M rA:t 
+ ~] 3 {ET) {En} l ~ + - -A 

where· only the 1st order term from (D7c) has bee'n retained. Note that 

the \1 term obtained from (D7c) is dimensionless. The statement that 

. the correction for v .neutrons omitted is just v times.that for 1 

rteutron is true to first order but not in general. Solving for 1-12 (ET) 

eives Eq. (5~) in the main text. For the variance of the overall total 

kinetic energy distribution averaged over all masses, 1-12
1 (ET) , an 

analoeus equation (although not strictly correct) was used: 

v -2 
(1 - _! ) 

A 

. ~· 

'··..- .· 

... 
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;. Correction to mass variance for a given total kinetic energl• 

.. "MasseG" have been calculated from the observed energies by: • 

(D9) 

vhere the primes are used to distinguish ~" from ~ • The difference 

· ·• between ~ and ~" is not large; so that the corrections to the 

kinetic energy distributions could be calculated holding ~ constant 
" . * but applied to distributions for a constant ~ • The difference ET 

and ET is larger, thus the correction for the mass variance calculated 
-)(· 

along lines of constant ET cannot be assumed to be the same as that 

calculated along a line of constant ET i.e., whereas 

~2(~") 
A2 * = ~ IJ. (Ei )= ll2 (~) 
ET 

2 2 

(DlO) 

~2(~) f 
A2 

IJ.2 (El) E 2 
T 

It will be necessary to carry the calculation of ~2 (E1*) 
second order in the small dimensionless parameters v/ A , M/A, 

to 

(~lv) ~2(~) 
---;w , and Considerable calculation can be saved if it 
(ET ) 

is recoenized that any second order term appearing in (E1v) 2 (which is 

cubtracted from an e~uivalent term in (E1
2)) is really third order 
v 2 

since the subtraction will introduce a IJ.2 (~)/A term. Thus only 

second order terms which do no~ subtract need be considered. 

The derivation will only be carried out for mass distributions 

taken symmetrically rather than distributions analyzed as~metrically 

in terms of ,J;leavy and light fragment distributions. Thus: 

.• 
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.. · 

. ; < 

( .. ·•· ... 
·' .. 

(Dll) 
A 2 · 

= ((..1.) )'- ~ 
A .. "" 

Th; pr.oblem is then to calculate ll2 (E1-~<·) in terms of JJ.2 (~) holding 

ET constant. This is done by reducing (D2) until E1v is a function 

of E1 J then writing E1 as a function of ET and ~ :. 

where 

E T 

• 

E = 1 

* 
ET is then written as a function of E 

T 
and ~ 

- E* = T 
[ vA 
1 + A,~ + 

. - 2 

vA ME ~ 
1/2 

v 
1 - 2 ( 1~ ) z cose11 V. AETA1 i=1 

(Dl2) 

v ] 2nd order terms 
z c. ose2j . + which subtract 

j=l 

+ higher order terms 

\ 

: 2 
These relations are then inserted into the E1 ~xpression and (E1 ) 

2 A v v 
and (E1v ) are calculated. The quantity (~ ) appears frequently 

in the calculation, and is expanded: 

. ..... ·' 
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'· It>is al~o· a~.sumed that .there is no correlation between the angles of 

:emission of successive neutrons,·i.e., 

... ,: 

. '.' ; 

· .. '; 

. ... .. . . .-.~ 
'. .· . .. · ,. 
'•:. 

' ... :~ . 
·, . 

·_,, .. 

: ·,. 

'.':-. 

•. 

... 

. ! 

coselj) = 0 (Dl4) 

. ;,. . '. 

··. (Note that the v term which arises from this source is dimensionless) 

.· .. 

De~ite all the above simplification a considerable amoUnt· of calculation· 

is necessary to give the final result: 

(E ) 
+ 2v MA · n-l<· 

E T 

(Dl5) 

Solv~nB for ~2 (~) and using "T = 2v 1 the result given in Eq. (5c) 
in the text is obtained. Note that to the order of approximation in 

this derivation (first order in X ) the correction for v neutrons is 

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

used for the overall mass variance, ~2 • (~) averaged over all total 

kinetic energy: 

"2' '(il..2) = ["2 '* <il..2l 

-1 

( 
2vT ) 

l - A 

•. 

. ·' 
..... · " . 
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' ·' APPENDIX E .. 

' ''J, ., 
Detector Properties and aperating Conditions ·,, '' .. ' 

For.fission fraement energy measurements it is desirable to have, 

a large·electric field in order to maximize the charge collection but, 

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 re~onse of semiconductor 

detectors to fission fragments indicates that at least three different 

processes can contribute to the non-proportionality between pulse height 
20 46 47 48 and energy. 1 1 ' All of these processes have been investigated by 

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 .r.1ore significant. 

1. Bias (Field) Dependent Incomplete Charge Collection Efficiency 

The pulse height from a semiconductor detector is bias dependent 

bven after compensation is made for any change in pulse height due to 

changes in detector capacitance. 46 ,47 The pUlse heie;ht 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 chare;e 

collection efficiency. (The 11 flattening-out" .of the pulse height does 

not, however, mean that the charge collection efficiency is lOCi; it 

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

from the detector.) 

;.,, . .' 



,·_, .. ·. 
'; 

-... · 
... 

.. :-. 
'1• 

,{ 

. ·• . 

'·· . 

' . ' 

( 

-88-
' ., 

.... 
! 

Miller:a.nd Gibson have examined several possible origins for this 

effect o.nd condluded that recombination of electrons and holes on recom

bination center9 is theoretically the most probable mechanism for the .... ' \ 46 

.... . · 

incomplete charge collection. 

F'i[:.~re El shows sample curves of pulse heie;ht vs. J B/ p which is 

proportional to the maximum electric field. (B is the detector bias in 

volta and p is the resistivity in ohm-em.) Pulse he1ght is plotted 

a~ V /V where V is the pulse height at saturation. Figure in shows 
s s 

that, even for a given resistivity, other factors besides the electric 

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

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

unfortu.'1atc since it is difficult to hold a high bias on large area 

detectors and since such detectors are necessary for many experiments • 

·rt has been particularly difficult to achieve saturation with large area 

','--.:. surface barriers. 'fhe curve for the large 14o ohm-em. detector is typi

cally what one observes. Success with large area diffused-junction detec

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

·bias to be used than is possible with a simple diode. 49 It appears that 

· minimizing detector area may be just 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 creating 

a larger background. 
1.rhe pulses .from a detector which. is not operated on the plateau 

tend to show a variation in rise times as viewed from the output of a 

prc::ur.plificr. Such a variation is not observed when the detector is 

operated 011 the plateau; consequently such observations may constitute a 

rapid means of correctly adjusting detector bias. Certainly a detector 

which shows an observable variation in rise time is not on the plateau 

but whether the converse is true has not been thorouGhly investigated. 

Unless otherwise 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 he~, for Cf252 peaks expressed as a fraction of 
its saturation value, vs B/ p which is proportional to the maximum 

. electric field. Heavy and light peaks fall approximately on one curve. 
(a) 1700 ohm-em phosphorous -diffused guard-ring. (b) 140 ohm-om 

. surface barrier, 16 mm2 area. (c) 140 ohm-om surface barrier, 1100 mm2 
area. (d) 200 ohm-om phosphorous -diffused guard-rng. Detectors (a) and 
(c), not made from same Si. bar. 
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2. The "Angle Effect 11
.. . 

' .... " 
Exper~ments vlth vell collimated sources of fission fragments 

· indicate that 'the detector pulse height is dependent on the incidence 

angle of the fragments. This is expected since, in a surface barrier 

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

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

detector, the "vindOVl" is just the undepleted rer;ion of the P-N junction 

near the surface. This enerr;y loss, ~ , was obtained by measuring a 
the shift in pulse height for fission fraonents entering at 60° compared 

to those entering normal to the detector surface. The energy loss is 

r;iven by ~ = b &! where &! is the shift in pulse height and b is a 
the energy per channel of the electronic system. The \ -.~lue of b will 

depend upon the choice of calibration scheme, consequently the values of 

~ vill be ambiguous to this extent. Table El gives some measured values · a 
·for several detectors for the heavy and light peak of cr252 . The values 

in ~able El are calculated with a calibration equation based on the two 

peaks of Cf252 • If a slope calculated on the basis of an extrapolated 

alpha line were used, the values of ~ would be about 5% lower. Tne 

source-detector distance was 4 inches which gave a maximum spread of 

± 5° in the incidence angle for the largest detector used. Peaks were 

determined using both a local-averaging method devised by F. Plasil50 

and a Gaussian-fitting program obtained from the Los Alamos Scientific 

Laboratory.5l Tne resulting energy losses from the two methods agree . 
to vithin ± 0.2 MeV. The values listed in Table El are from the local-

averaging method. 

It can be argued tha't the above measurement really does not 

measure a window thickness since the charge collection efficiency would 

be expected to be higher when the column of ionization created by the . 
impinr;ing fragrr£nt is oriented obliquely to the electric field lines 

than when the ionization column is parallel to the field lines. From 

this point of view the measured energy loss, ~ 1 is the difference a 
between the energy loss due to the window, ~ , and the gain in energy w 
due to oblique incidence, A E

0
• However, the discussion in Section 1 

., 

,,. 
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·. Ta.ble EI~\ ·Measured· a.ng1c effects 'r~r 'seve~a~ detectors. 
•' 

'. 

Dct •. 'l'ype 

6 DiffuGcd-junction 
eua.rd rine 

5 Dif1uccd-Junction 
eua.rd ring 

2 Diffu3ed-Junction 
cuard ring 

1 Surfn.ee barrier 
ORTEC 

" Surfa.ce barrier c 

OR'l'EC 

·l(· 

Re~:>istivity 

(ohm-em) 

200 

200 

. 1700 

;oo 

;oo 

Bias 
(volts) 

100 

t~o 
·lf 

100 

100 

100 

AE 
Light a peak · 

2 2 +l.O 
• -0.2 

2.1 ± o.; 

2.; ± 0.2 

0.2 ± 0.2 

o.; ± o.2 

l~ot operated on plateau of pulse-height bias curve • 

• 

Hea.vy peak 

2 
, +1.0 

.o 
-0.2 

2.1 ± 0.2 

.. 0.6 ± 0.2 

0.6 ± 0.2. 

.. 
: ,. 

; ;,. 

,, 
• .. ·. ·. 
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~ .• ::t~;:::.;_ ·:.: ·.·,. .; .:'::.{/'::: ._ .. : ... ··.:·_ ·. ·: .. ·:: · ••. ,, __ . ;:::~;r·-; 
~-~!;ii~~i~,~i·'i,\•;:·.i!~'. C.:~~.;,~ ta]<~ll :o mean th&t recombination (i>r any other. effect w)11Cb 
:,:}~,·{:.:G.~~~;:,'·: ;·;)~<··:'<~ .•. ita,origin in::.the .shielding·of .the center, of the. ionization column 

{iJd',:;\'f~Y·':-. :.i·.e:L.~' the electric field) is expected to be field dependent; thus the in

:::(:,,'f~:Y,i))':>':'::':' '!/dependence of pulse height and bias is to be taken as an indication 

~:<1:,·/L"~·lJ·.·.,_;\·::'~::.:·;·,··that ·such ·effects-have been· eltmtnated•,-Hovever·,-tre-data ·tn-Tabl·e-El , __ ;.;.'f_-:"~-,..,-,rc-,-::-!·-~.,~1 
, '· ··· arc not consistent with these ideas because what little is kno\.rn of ., ' 

.,., ",:. / ~'' 
·.';' 

... ·. 

. . . ' . . 
' •' ~: \ . 

fission fraement range-energy relations indicates that the light peak 
. ·.' _21::2 15 

·· of cr) will lose more energy in a thin· absorber than le heavy peak. 

. ~ ... ·. ~ 

·," I • ·.~' '. • 

.,. -~ ..• 

..... " 

ThiG qualitative behavior has been observed many times in measurements 

or target and backing foil thicknesses. With ·one exception, the ener~· 

losses for the heavy ~eak are larger than those for the light peak . 

. This suggests that -OE0 for the light peak is larger than that for the 

Since very little is understood about recombination effects,,· 

-there is no definite prediction as to how 6E0 should depend on energy 

The ~bove results are reasonable if 6E0 is assumed to be 

an increasing function of the maximum ionization density (i.e., maximum 

Note that these results do not contradict the observation that 

heavy peak is more displaced from an alpha calibration line since 

a third contribution to this deviation vhieh is yet to be dis

From this point of viev the smaller values of tEa for the 

surface barriers can either be due to a smaller ~w or a larger ~0 . 

AEw was expected to be larger for the diffused junction detectors than 

for the surface barriers since the diffusi~ns vere carried out at 900°C. 

for 1 hour, which is a relatively long exposure. However, the differences 

in the 6Ea values are larger than was expected vhich suggests that ~0 
may be larger for the surface barriers.·, 

Although thesd results suggest that some sort of field-independent 

recombination effect may eXist, too few data are presented here for any 

definite conclusion. In particular better knowledge of fission-fragment 

range-energy relations may prove the above statements invalid; further · 

a Slll.Qll positive slope in the pulse-height bias curve in the region vhere _·.· .. 

the measurements were made cannot be ruled .out. A more complete study. 

of this effect as a function of bias, resistivity, detector size, 

: ~ 

' ~-

·"'' •. '····'• 

.;._ 

'.;· 
·' ~.'· 
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'· ·,. fobricotion t~chnique, etc~; which is outside the·scbpe of this work.,·· .. ,··· 
· ... ·· :.···;:·-' 

; '\o•ould be more definitive and quite interesting •.. 

. ,. Residual Puise Height Defect 

Tne discussion in Sections 1 and 2 indicate that even if a 

detector were operated on the plateau of the pulse-height bias curve 

and the existence of a window ~ere quantitatively taken into con

sideration, the detector pulse height would still be less than expected 

1'rom an extrapolated alpha line. This resulting deviation, 5 1 has 

been called, for lack of a better name, the "residual pulse height 

defect." 

·. where . ~f = true fission fragment energy 

6E = energy loss in window w ... 
bcx = slope of extrapolated alpha calibration line ,. 

vf = fission fragment pulse height 

Since the measuremen~s in Section 2 cannot be unambiguously identified 

with 6H 1 .it is not possible to get quantitative values :r~)r 5 • How-w . 
ever, the measured 6E is a lower limit for ·~ ; consequently some a . w . 
upper liml ts for 5 1 • omax 1 can be calculated using bEa in place of . 

· L'E in the above equation. These are shown in Table EII for the heavy· 
'rl 252 

and ll~ht peaks of Cf 

.. 

The experiments of Schmitt et a~·· .. 20 nicely illustrate this effect. 

If an 11angle correction" is made on the curves shown in Fig. 2, the 

Br/9-81 
line then coincides with the alpha line and the I 127 line, which . . 

previously had a slightly positive slope with respect to the alpha line, 

is ·now parallel to it but still displaced. Qualitatively simi2:ar results . 
were obtained with a large number of detectors. The magnitudes of those 

displacements are consistent wlth the omax values given in Table EII 

although the latter are somewhat larger. 

. . / 
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Table EII. 

.. 
Det. 

• .. 

Values of· o · max 

Type 
~-~~-~· --,------____ .......__--~---

-~-~ L-

6 Diffused junction 
•• - f guard ring 
,., :',: 
.. , 

~. . 
5 Diffusca·~unction . guar ~ng 

.. 
2 Diffused junction 

guard ring 

1 Surface barrier 
ORTEC 

2 Surface barrier 
ORTEC 

* 

1_ •• 

. -94-. 

for several detectors.for Cf252 • 

--·---
Resistivity Bias 0 (!-'leV) .. ax 

(ohm-em) (volts) Heavy Light 
---- ---

200 100 5·9 3.6 

200 4o* 7.0 4.2 

1700 100 5.1 2.5 

300 100' 8.5 "' 3 .I• 

300 100 8.9 6.2 

Not operated on plateau of pulse-height bias curve. 

.. 

I. 

\ 
i 

,• :-· 

. ' 

! 
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. , -These results. suggest that the residual pulse height defect is :. 

:\ :·.: ··· ... , ~a :f'un~t:l.on of mass (and/or charge) only.~ A possible mechanism for this 

_:'· .. :: ·: · ::.?-:<··.' .. effect would be the non-ionizing nuclear C:)llisions that are the energy 

· · · ·· .. ... : .·. · · '· · :· ··: .:_ '-' > lozs mechanism1 for fission fraements at the end of their range when 

. . ~they become neutrally charged. 52 The resulting energ-J loss would depend 
... 

. ~· ·~ 

· .. 

I 

only on some critical velocity at '\othich the fragment became neutral 

which, in turn, would depend only on the charge and mass of the fragment 

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. I!owever, in view of the discussion in Section 2, it is still not 

possible to rule out recombination-type effects. 

4. Conditions Associated with Detector Resolution 

The requirements for the resolution of a semiconductor detector 

for fission \Drk need not be strict. Detectors that are unsuitable for 

alpha particle spectroscopy may make excellent fission detectors. The 

'work of Schmitt et a1. 20 has shown that, for monoenergetic Br79-Bl and 
.· 127 I ions, the full width at half maximum is about 1 MeV. In the present 

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

the light peak-to-valley ratios of the Cf252 pulse height spectrum. ~1e 
·valuen of these ratios for the singles energy spectrum measured by time 

18 of flight are 1.37 and 3.11 respectively; however, these values refer 

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 

emphusized that only approximate agreement with the standard values is 

expected in view of the non-proportionality. 

·.: ' 

:,.., 

., . 
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. In s~~p cases a poor detector may be· disc~vored by 'Watching . 

the .noise level. These detectors show sudden burstG of noise lasting • · 

up to several seconds. The noise .level during these bursts is several 

'timec the quics~ent noise level which, in some cases, is quite low. 

Such detectors u~ually give a poor pulse height spectrum; however. 
' 

obserVing the noise is much less time-consuming. The bursts are probably 

acoociated with microscopic breakdown or "channeling" at the detector 

surface~54 Channeling is also indicated by a sloping or "ohmic 11 current

bias curve instead of the flat curve expected from a diode. Th:is be

hav~or has not been observed in guard ring detectors • 

In. order to obtain the maximum resolution, the detectors 'Were 

always operated with their edges covered and in darkness. It was 

observed that for a certain type of fluorescent lighting it was possible 

to h~ve t'WO co1npletely-resolved fission spectra registering simultaneously 

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

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

bias., 
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The Possibility of an Exact Solution.to the Detector Calibration· 

Problem.· 

. , This could be done by a simultaneous measurement of vi, v2, v1, · 

v2, where v . is a velocity and V a pulse height. The velocity meas

·urements themselves arc sufficient to calculate the masses and energies 

. of the. fragments; thus the following transformation can be performed 
. 252 

u~ing known values for v1 (A1, ~) for Cf 

I 

where the N refer to numbers of events, and the A refer to the mtl.sscs 

after neutron emission. . N1 and N2 are exactly what is needed to establish.· 

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

E and A: . v
1 

(E1, ~) and v2 (E2, A2 ) may be calculated • 
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