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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. '
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- ABSTRACT

The spectra of internal cdnversion electrons of energies between .
10 and 650 keV emitted in coincidence with the spontaneous fission of
252Cf were measured and correlated, to fragménts of Specificbmasses} A
magnetic steering device was used to guide the electrons to a lithium-

drifted silicon electron detector shielded against interference from

fission fragments, alpha particles, gamma rays and x-rays. This device

also made possible the measurement of the electron spectra in the
specific time intervals of approximately'o to 0.9, 0.1 to 1.7 and 1.1 to
2.9 nsecs after fission. ' '

The measured spectra showed well~defined struéture and were
analyzed by means of'a least-squares peak—fitting procedure. Many of
the lines were identified as K and L conversion line pairs, thus facil-
itating multipolarity assignments on the basis of K-to-L ratios.
Estimates of intensities and halfflives'are also given for a large
number.of the eiectron lines. By correlating the electron spectra with
the gamma-ray measurements of Bowman, it was possible to assign many of
the electron lines to specific isotopes. A

Several of the analyzed electron peaks were suggested as specific
examples of possible -2+ to‘0+ transitions in even-evenbnuclides. Two

llORu displayed energies and

transitions thought to be associated with
multipolarities that strongly suggest a region of stable deformation

near mass 110.

-
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Binding energy calculations were carried out employing a non-
relativistic Hartree-Fock computer program developed by Roothaan. The K
and L binding energies of ér, Pd, Xe and Sm were calculated as a function
of iohic charge ranging from the neutral atom to the fully ionized ion.
It was found that the K and L binding energies are both increased over |
the neutral atomic values by approximately 0.9 keV for the most probablé
ionic charges of the fission fragments, and consequently that the K

x-ray energies are almost unaffected.
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I. INTRODUCTION'

The fission process has loﬁg been utilized as a means of'ﬁro-
ducing neutron;excess isotopes for the purpose of investigating their
radiocactive decéy schemes.‘ Most of the nuclear spectroscopic information
which has evolved as a result of studies of fission product nuclides,
however, pertains almostrexcluéively to those isotopes whose beta decay
halfli?es are'long enbugh for the application of chémical'separation
techniques, while very little detailed information has been obtained
concerning the radiation emitted by the extfemely short lived primary
fission products.

' Recently, advances in the technology of electronics and solid-
étate physics have led to the development of reliable multidimenéional ‘_
pulse-height analysis equipment, extremely low-noise pulse-preamplification
devices, and to possibly the most important breakthrough yet in the
problem of radiation deféctionQ-the development of high resolution semi- .
conductor detectors. This timely state of affairs has brought aboﬁﬁ,
for the first time,.the possibility of examining the radiation energy
spectra for fragments of specific masses by enabling‘the.simultaneous
measurement of the fission fragment and radiation energies with precision
sufficient to identify individual nuclear transitions and the fragment
masses from which they originate. R

The conseguences of'these.remarkable developments are numerous.
It means, for example, that the methods of nuclear spectroscopy,
previously limited to the regions of nuclides where‘fast chemistry aﬂd'
other separation techniques could be applied,‘may now be extended to a
region of neutron-excess nuclides whose short halflives had, in the past,
placed them.entirely,out of reach. It provides a method whereby infor-
mation concerning the spins and‘de—excitation processes of primary 
fission fragments‘may be obtained. Moreover, it means that it is now
péssible to study the properties of.individual fission fragments as
identified by theirryharaéteristic radiations, réther than studying the

average properties of fragment distributions.



-

the previously observed continuous gamma ray spectrum from

" The present'studieSUWere undertaken upon the successful demon-

: 1
stration by Bowman, Thompson and Rasmussen of the capability of reducing.

252

Cf fission

:fragmentsvinto spectra displaying discretely resolved structure when

sorted with respect to fragment mass. Employing the simultaneous meas-

urement of coincident fission fragment and electron energies by means of

semiconductor detectors, a comprehensive investigation of the internal

"conversion electrons emitted within apprOximately 3 nsec after fission

in ass001atlon with the varlous gamma transitions observed by Bowman,

et al. = has been carried out and is reported herein. Now, as a result
of the present work, it has been possible to assign many of these
observed gamma transitions to speoific isotopes as well as to deduce
certain information relating to conversion coefficients, multipolarities

and life-times.

These studies have utilized 2520f as the fission source. The
250

reason for this choice was that Cf undergoes substantial spontaneous

- fission branching and hence the need for a reactor, along'with the .

various experimental difficulties inherent with its Gse in an experiment

of this type, is alleviated. The'regiOns of nuclides constituting the

heavy and light fission products of 252

Cf are roughly outlined_on the
sectlon of the chart of the nuclldes presented in Flg I-1. " The regions
of interest in the present work are centered along the two dark lines
dellneatlng the most probable fission product 1sotopes as a functlon of
mass. 2 As may be seen, the nuclei dealt with in these experiments are’

con51derably removed from normally occurrlng stable nuclei and are

. generally not access1ble in nuclear reactions. It is, therefore, one of

.the primary purposes of this research to obtain information relating to

the nuclear level structure of nuclides in these regions.

]
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Fig. I-1. Outline of nuclides formed in the spontaneous fission of - °Cf.

The most probable primary fission product isotopes are indicated by
the two dark lines spannlng the delineated regions of heavy and llght
Tission products.
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The chronology of evehts in the spontaneous fission of 2520f

leading up to and occurring after the emission of prompt gamma rays and . N

internal conversion electrons is depicted in Fig. I—éuandla»typical example

of the resultant diétribution of energy in the process is illustrated ih | 4 ,

Fié.I-}Q As the fission barrier is penetrated, the nucleus distorts until |

it ruptures at the scission point. The two resulting fragménts, each

having on the average approximately 15 MeV of internal excitation, are then

accelerated to relatively large kinetic energies by the Coulomb field of

these positively charged nuclei. Promptly thereafter, approximately

10 MeV of ‘internal excitation is lost by each fragment through the

emission of neutrons. At this peint the fragments are still left with

on the order of 4 to 5 MeV of internal excitation and begin to further

de excite by the emission of gamma rays and their ass001ated internal

conversion electrons. Subsequently, the fragments reach stablllty after

a series of beta decays. ‘ _

Although it has not been possible, in the past,’to'investigate

gamma radiation frombfiésion in great detail, the gross.characteristics
'Vof this subject have been fairly well established. For example, the

ehape of the total energy spectrum for both 55U’and 520f has been
measured by a number of experimenfers_end the results of several such
studies are compared in,Fig.IJ£taken from the'work of Smith, Fields and
Friedman. 3 Fission'gamma -ray energy release as a functicn of time has
been another popular area of 1nvest1gat10n the results of which are
summarlzed in Fig.I5 taken from a review of the subject by Maienschein.
The observance of an unexpectedly high amount of energy release in the
form of gamma-ray emission {8 to 9 MeV per fission) along with a multi--
plicity of approximately 9 to 10 gamma rays per fission by Smith et al 5
'Bowman and Thom.pson5 and others has led to the conclu51on that the
process of gamma emission in fission is characterized‘by cescades from .

reletively high-spin states. By compariéon'with the low-spin, low-

s

B
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Multiplicity, high-average-energy de-excitation characteristjcs'of

neutron capture reactions and the high~spin, high-multiplicity, low-

average-energy de-excitation characteristics of heavy-ion reactions,

Vfission gamma de-excitation displays the properties of an intermediate

‘reaction type. This fact, coupled witﬁ some cpeculstion about the average

gamma ray multlpolarltles in fission, has led to est:mates of JnltJ

fragment spins on the order of 8 to 10 H. 6

Several puzzllng questions have evolved from the limited 1nfor-

.matibn on prompt fission gamma radiation broughtdforward by studies such

vas those mentioned above. One fact which cannot be reconciled by past

assumptions about the distribution of energy in fission is the mégnitude
of the total fragment excitation energy taken away by gamma emission.

The usual assumption that neutroh emission'will dccur much too rapidly
for efféctive competition from gamma emission'as long as the fragment
retalns sufficient energy to emlt a neutron 1eads to the expectation of
only 4 to 5 MeV of excitation left for gamma emission. Experlmentally,
however, approx1mately twice th1§ amount is observed. The gamma muiti—.
plicity also poses ceftain theoreticsal problems. It is apparent, there- .
fore, that the abiiity to investigate -in detail the properties of prompt
gamma ray and conversion electron emission from indiVidual fission
fragment isotopes would be of great value not only for investigations
dealing with radiocactive decay schemes but also for the further study -

of the wvarious processes which give rise to the above anomalles
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II. *EXPERIMENTAI APPARATUS
Experiments dealing with the measurement of the energy spectra

of internal conversion electrons emitted from flSSLOn fragments of
selected mass are fundamentally limited both by the energy resolution
of the electron spectrometer and by the accuracy of the method used to
ascertain the fragment masses. With the advent of semiconductor detectors
and their inherently good resclution characteristics as well as their
suitability for use with eoincidence techniques, 1t has been possible,
for the first time, to carry out experiments with sufficiently improved
energy and mass resolution so as to enable a.detailed study of the de-
excitatioh characteristicé of'very short 1ived}fission fragment isotopes.

| The complexity of this type of experiment:stems from the fact
that not only must the energies of electrons énd fission fragments
evolving from the same fission events be individually measured and re-
corded, but also the event-by-event correlation between the electrons
and fission fragments must be maintained. The fulfillment of - these
conditions necessitate the use Of a rather elaborate electronic systemn.
Furthermore, the preeise,measurement of electron energies requires the
elimination of any window for the electroﬁs to penetrate that would
seriously degrade the experimental energy resolution. In the present
experiments, this restriction necessitated that the electron detector
be located inside the'fissioh‘chamber, imposing the further complication
of devising a means of shielding the detector from 1nterference by
figsion fragments, dlpha partlcles, X~ rays and gamma rays. Conventional
methods of shleldlng,'such as placing the detector behind @ lead
collimator with a view of only a small portion of the fragment flight
path, result in such a low detection geometry as to ‘make any detailed
study impractical. The problem was resolved, by employing a magnetic

steering device to guide the electrons around a 90° arc, away from the
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fission source region, to a shielded detector. In the sections which
follow, the electronic system, detectors, and magnetic steering

mechanism are discussed in detail.

A. Electronic System

In Carrying out the conversion electron'experiments, jt‘was‘
necessary to incdrporate various eiectronic_components into a system
which would permit the following:

(a) The detection of coincidences between the fragment pairs

and the emitted electrons;

(b) The measurement of fragment and electron energies for those

events where a triple eoincidence was detected}
(c) The assimilatibn of the energy measurements individually
but in such a way that their coincidence correlation was
‘retained; - ‘ _

(4) The optimization of energy and time resolution;

(e) The maintainance of electronic gain stability over long

perlods of. time.

A 51mp11f1ed block dlagram of the electronic arrangement used is shown

in Fig. II-1.

Pulses from the f1551on fragment detectors were ampl:fled by

- standard low- n01oe preampllflers while those from the electron detector

were sent to a spe01ally designed preampllfler_1ncorporat1ng a‘field-
effect transistor in the input stage. The details of this preamplifier
7

The 51gnals were then routed to tran31storlzed

llnear ampllfler systems via varlable gain ampllflers
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From a
preamp.
Electron Double
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" From fragment 2 Frogr?cef{\t‘2 | Triple trigger J.
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From fragment { l\ L\ F’OQT:’.]“ I ] o ] recorder
. - 3 amplifier
preomp. ! system
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stabitizer

Fig. II-1. A simplified block diagram of the electronic system.

s
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Zero crossover signals were generated in each amplifier and sent
to a triple coincidence unit where it was required that an electron had
to be detected within the time interval of 18 nsec after fission to 180
nsgc after fission in order to generate a gating signal. (The large

resolving time for eléétrons was needed because of the lengthy flight

time required for the detection of‘low energy'electrons in the magnetic
‘steering device). The fission fragment zero crossover signals were

further subjected to a fast double.coincidence requirement having a 50

nsec resolving time. The triple coincidence accidental rate was always.

less than 3% of the total triple coincidence rate. Whenever an event

occurred in which the triple and double coincidence requirements were

satisfied, a gating:éignal was fed to the multidimensional pulse-height

: aﬁalyzer, which in turn analyzed serially the pulse-heights from'the

various amplifier systems. This information was stored in the analyzer

_memory even by event, so that the order of'the_detector pulses was’

maintained. Each time the analyzer memory became full, the output was

written«on magnetic tape. A picture of the various electronic,compbnents

is given in Fig. II-2 and the multidimensional analyzer is picturéd in

Fig. II-3.

To avoid any possible gain shifts thét would alter the deteétor.’
energy calibratioﬁs during the long operation peribds,_a'digitél-géjn
stabilizer unit.of the type described by Nakamura and la Pierre8 was
incorporated into the electronic system. This unit continuously

anitOred distributions of selected events from each detector and

~maintained the first moméhts of these distributions in prescribed.

positions by feeding back to the.ﬁéfiable gain amplifiers preceding the
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Fig. II-2. A photograph of the electronic components comprising the
electronic system.
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Fig. II-3. A photograph of the multidimensional pulse-height analyzer
system (center), digital gain stabilization unit (left), and
magnetic tape recorder (right).
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main amplifiers the analogue voltages corresponding to the differences

in the number of puises appearing above and below the pre-selected peak 2 8

channels. The stabilizer was triggered by gating pulses generated in .

the double coincidence units in Fig. II-1. N
The eleciron system was. stabilized by monitoring the 277.6 keV

243

gamma ray of a tm source mounted directly behind the electron detector
on the surface of a semiconductor alpha detector. The stabilizer gating
pulses were generated by requiring a double coincidence between gamma

rays detected in the electron detector and alpha particles detected in

the alpha detector. All 2450m gamma rays below the 277.6 keV line and
vany‘noise above was blocked by means of a single-channel analyzer. In

the case of the fission fragment systems, stabilization was accomplished
by monitoring the light-fragment distribution, and gating was achieved

by means of a double coincidence requirement betweenbfragnents detected

" in detector 1 and fragments detected in detector 2. This dlso enabled
the simultaneous recording of the double-coincidence fragment distributions
along with the triple coincidence fragment distributions. Each time a
v-& or F1l-F2 stabilization coincidence occufred, a marking pulse was

sent to the fourth dimension of the multidimensional analyzer so that

the stabilization events couldfiater be sorted from the triple coincidence
‘events. _

As an example of the operation of the stabilization system,
stabilized and.unstabilized fission ffagment spectra taken at two diffefent
times during an experiment are shown in Fig. II-4. As radiation damage
to the detectors over the course of the run caused the detector leakage
current to rise, the bias voltage across the detector decreased
correspondingly. This decrease in detectof bias caused a downward gain
drift as evidenced by comparing the stabilized .and unstabiliied specfra 1%,
in Fig. II-ba taken at 25°C after. the detector had been'exposed to -

'2.54 X 109vfissions/cm2. By utilizing the stabilization system the

s
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Fig. II-4. A comparison of the stabilized and unstabilized fission frag-
ment speckra at times _a) after the detector had been exposed to
2.54% 107 fissions/cm” and b) after the detector had been exposed to
4.39 109 fissigns/cm®. | ' .
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fission fragment distributions showed no detectable gain drift and
remained nearly unaltered even after the unstabilized spectra had shifted
down in gain by almost 50% as evidenced in Fig. II-4b after exposure to

4.39 x 109

s 2
fissions/cm”.

. ‘ B} Detectors
1. Electron Detector

- The conversion electrons were detected through the use of a
lifhiﬁm—drifted silicon detector 17 mm in diameter and 2.5 mm in de-
pletion depth. Its method of fabrication is described by Goulding.‘9
- The energy resolution was optimized through the application of a specially
designed preamplifier which incorporated a field.effect transistor’

(F.E.T.) designated 2N3823 in the input stage. |
- In order to further optimize the detection system; a study of
resOlution as a function of bias voltage and temperature was undertaken.
The F.E.T. temperéture was held constant at -135°C While the silicon
detector was operated at a number of different temperatures (ranging
from -50°C te -160°C) maiﬁtained by means. of an electrical heating
system attached to the detector mount. 'Timed counts were made for a
series of bias settings at each temperature and in this way the optimum
bias was determined. =The relative resolution could be measured quite
accurately by comparlng the peak heights of the 193. 6 keV K-conversion
203

electron line of Hg for the various timed counts, care being taken
to-maintain the same system gain each time the bias voltage.was changed.
The results of these measurements are shown in Fig. II-5. As indicated,
vthe best resolution was obtained at a temperature of -93°C and 318 V
bias. The optimum operatlng temperature and bias have been found to
vary con51derably from case to case depending on the detector and
experimental conditions, but. the trends in the variation of resolution

and bias with temperature appear to be general as can be seen by com-

parison of Flg I1- Qﬁw1th the data given by Elad and Nakamura. 10
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The measured resolution (FWHM) at the optimum temperature and
bias was 3.0 keV for the K line of 2O5Hg as shown in Fig. II-6 where the

- K, L, M and a shoulder due to the N line may be éeen. (This spectrum

.

was taken using the magnetic steering device). The resolution capa-
bility of the electron detector, however, appears'fo be somewhat better
than the electron measurements indicate, since an experimental resolution.
of 1.5 kerwas obtained from measurements with 117-keV Pu KBl—X—rays.

The electron peaks in Fig. II-6 display a considerable amount of tailing,
and this effect is probably partly responsible for the resolution dif-

ference between X-rays and electrons.

2. Fission Fragment Detectors A A

The fission fragment ehergies were measured through the use of
phosphorus—diffﬁsed silicon detectoré characterized by an extremely thin
window (< 1 micron) and a depletion depth of épproximately 200 microns.
The partiéular detectors used in the present experiments were constructed
from 40O ohm-cm silicon wafers 25 mm in diameter according to the method
~outlined by Goulding.ll (The detectors wére collimated to 15 mm in
diameter).

The effect of radiation damage to the fission fragmént detectors
was studiéd as a function of the number of fragments detected in order
_to determine its consequences on fragment energy measurements during the
electron. experiments. The most apparent effect was found to stem from
the rapid rige in leakage current (shown in Fig. II-T) when the detectors
were operated at room temperature}v The continuous increase in leakage
current caused a corresponding drop in bias voltage across the detector
and resulted in a continual downward drift in the gain of the syétemt
Total loss of resolution occurred after the detectors had been exposed >

to 5.6 X 107 fissions/cm2 (leakage current = 32 u amp).
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- By cooling the fragment detector, a great improvement was observed in

the leaksge current and rise time characteristics, while overall deteri-
oration of the detectors was suppressed to the p01nt of increasing the
detector life by a factor of three or better.
The optlmum operatlng temperature for the phosphoruo -diffused
detectors used in these experiments was found to lLP in the. range -30°
to -50°C. At temperatures below -)O C, the operation of the detectorS»;
became hampered by polarization and trapping effects as evidenced by the
appearance of siow-rise components in the detector output pulses and a
rapid degradatioh in resolution. A typlcal fission fragment spectrum
is shown in Fig. II-8. For reasonably good detectors, peak- to-valley

ratios of around 2.4 and peak-to-peak ratios of around 1.3 were obtalned,'p

C. Magnetic Steerihg Mechanism

1. The Motion of a Charged Particle in a Magnetic Field with Rotational

Symmetry and Radial Dependencebl/rn.

The steering mechanism used in the present experiments employed

a magnetic field with rotational symmetry and radial dependenCeki/rn.r A

_geheral.treetment of the motion of a charged particle in an inhomogeneous

magnetic field is given in Appendix A and from the two types of drift
motion discussed in that'sebtion, it is expected that a charged particle-
moving in the fringing field would experience an azimuthal drift motion

around the circumference of the magnet superimposed upon a'spiralling:

- motion elong the magnetic lines of force.: For tréjectories with vertical.

components below a critical value, a "mirror effect" would occur resulting

in; reflection of the electrons back and forth across the plane of symmetry;

Stated more: conc1se1y, the particle motion is a superpos1t10n of a

troch01dal motionand a vertical osc1llat10n through the symmetry plane

—~

ole -~
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-25-

The motion of.a charged particle in such a field has been studied'
ektensively by Malnfors.le Malmfors treated the problem by means of a
perturbation method and obtained the following expression for the
azimuthal angular displacement of a charged particle after one vertical
oscillation through the symmetry plane: ' o

2

27 mc n —8n+u .ZR |
A== __.~/ ~/l+E/ 1 - —g —5 . e (T1-1)
@] r
T

In this equation, T is the radial distance from the center .of the'magnet‘
to the starting point in the plane of symmetry, B0 is the field strength

at the starting point, Z_ is the oscillation amplitude (distance from the

R .
symmetry plane to point of reflection), and E is the particle energy in
units of mcz. The azimuthal angular displacement of a charged particle
after one orbit in the plane of symmetry is given by '

2 | |

0 ° T P . '
d =mn ;—§ [l t( i n+n-1 - 5 + ...] s , (11 2)

where p_ is the radius of curvature in the plane of symmetry when the
oscillation amplitude is zero. Another equation of interest gives the
drift time required for a particle to precess»l/h of the distance around
the magnet. It is valid’in'the region of- relativistic velocitiespandv
is expressed by ' ' R

2 . o 7 2

Ty me .Eoro_ B+1 | n(n-2) °R
T = gvdrift = Qm_ca-; n (1+E/27 1+ 7z
' o s (II 5)

An 1llustrat10n of- the region of acceptance 1nto the steerlng

device for a .point source located on the: symmetry plane 1s shown in

‘F1g II- -9. All electrons emitted between the two cones are transmltted
around the magnet The transm1551on of the device may- be calculated by :
'integrating the surface area of a sphere over-theVreglon,bounded_by the -

two escape cones as follows:
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Fig. ITI-9. An illustration of the region of acceptance into the magnetic
steering device for electrons emitted from a point source located on
the symmetry plane. All electrons emitted between the two cones are
transmitted around the magnet to the electron detector. '

€,
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* “The total surface area of a sphere'is b, thus the transmission is given

by
‘T =58in ® = . : C R : (I1-4)

Now, from Egq. (VII-12) it follows that

sin2 o = cos2 6 =1 - sing'e =1 - 2
. : c c B
Rz
T=\1- 22 R S (11-5)
. Rz -
Malmfors found that
Boz _ nQZR2 o o : _
5 =|1- 5t e o, : . (11-6)
Rz » 2ro . : :

~and substituting the first two terms of this expansion into Eq. (II-5);

.the expression for the transmission becomes

n ZR max
T = — . : o , o (II-7)
: r ,
NER o] : .
‘It is seen, then, that the transmission of the steering device is indepen-
‘dent of electron‘energy and 1s solely determined by the maximum oscillation

amplitude of the reflection through the symmetry plane.
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2. ZExperimental Design

The magnetic field used to steer the conversion electrons away

~from the fission source region was produced by éleO KVA C-magnet. A

plot of the magnetic field strength as a function of radial distance
from the center of the magnet is shown in Fig. II-10 along with a cross
gsection sketch of the poleface designed to create a nearly'constant n

fringing field with high convergence at the pole-tips. The radial

'position'of the electron detector and fission source during the experiments

is also indicated (ro = 6.5 in.) and the field strength at this radius

was 6000 gauss. The maximum oscillation amplitude of the electrons, Zl,
was limited to 1 cm by means of two deflectors. Since the field strengths
at any two radii in a region of constant n afe related by the expression
I‘E,m o

- 2 . i (I1-8)

n
1

mlb::
=

2

=

the value of n may be determined from

"log H. -.log H .
2 l;: -n S _ (11-9)

log r, - log r

2 1

The value of-n;in the region of the detector-source radius was found to
be 3.35. -
o It was of interest in these experiments, to kﬁow the values of
several quantities as a function of electron‘énergy; namely, the radius
of curvature in the symmetry plane Por the displacemenﬁ, a, Qf én
electron after one orbit in the symmetry plane, the maximum displacement,

A, of an electron after one complete vértical,oscillation through the

'symmetry plane, and the time,of flight 1/u of the way around the magnet,

,T9O°' ‘The radii of curvature wére obtained from a table of magnetic

_ et L . '
rigidity for electrons éhhilefhe other quantities were calculated. from
Egs. (II-1), (II—E)'and'(II-5). Inserting the appropriate constants into.

these equations yielg the following expressions:
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r  ® - 0.6377 egg_cm R - (11-10)
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Tgo° = 14.9789 [Ef%;%7§7] nsec . | (11-12)

Again; E is-expressed in units of mce. These quantltles are tabulated in
Table II-1 as a function of electron energy. '

A large dlscrepancy was found between the flight times calculated
fromiEq.v(II—lQ) and those obtained experimentally at low electron energies.
For example, the flight time calculated for a 20 keV electron was 390 nsec N
whilefthe experimentally determined value was approximately 180 nsec.
Thie'difference‘was attributed to:inaccﬁracies'in the field measurements
neafAro and to a variation in the ratio Ho/n along the electron flight
path due to irregularities:in the magnetic field. (In the region around
»ro, the ratio Ho/n is changing very rapidly.) |

A film study- of the radial distribution of

" electrons accepted into the steering device was conducted inside a

203chonversion
vacuum chamber placed between the polefaces. A stfip of X-ray film was
mounted inside the vacuum chamber radially from the center of the magnet

2OBHg amélgamated on the end

and an electron source, which consisted of
‘of a thin copper wire, was mounted 90° around the magnet at a radial
positiqn of 6.5 in.: Onevof the exposed film strips showing the distri-
bution of electrons transmitted arodnd from the source is presenfed in

Fig. II-11.

_ A sketch of" the ba51c layout used in the electron experlments is
presented in Flg IT-12. As indicated, electrons.stertlng at the symmetry
plane precess in troch01dal orbits around the magnet in a 90° arc to the
electron detector while being reflected from polefece to poleface aleng

.magnetic lines‘of fbrce. (The trajectory'of an electron leaving at the
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Table II-1. Calculated quantities pertaining to the'motion of electrons

in the magnetic steering device. (6000 G, n = %.35, ro = 1645 ~m)

Energy (keV) Py (cm) d (cm) A (cm) »W<§Oo)(nsec)
10.0. .056 .002 .250 772.8
50.0 129 .011 1569 160.2

100.0 186 .022 - .82k 83.4

" 150.0 033 .03 . 1.031 57.6 .
200.0 275 .ou8 1.216 L5
250.0 .313 .063% 1.387 36.6
300.0 350 078 1.549 31.%
350.0 .385 .095 1.704 27.h
400.0 419 .112 1.8%5 2h.n
450.0 452 .131 2.002 22.2
500.0 485 150 2.145 20.3%
550.0 2517 .170 2.287 18.8

- 600.0- 548 - 192 2.h2g S 1T7.5
650.0 .580 214 2.56h 16

700.0 610 .238 2.700 154
750.0 641 262 2.835 ks

-~ 800.0° 671 287 2.969 - 13.8

850.0 701 31k 3,102 13.1
900.0 731 341 3.03) 12.5
950.0 .61 .369 3,366 11.9

1000.0 791 1399 3.hk97. 11.4

e ————————————— = e —
NOV 9 1966

o 2
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Fig. II-11. A film strip which was exposed at the detector position to
electrons transmitted around the magnet from the source position
in the steering device.
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Fig. II-12. A diagram depicting the magnetic steering mechanism for an
electron emitted at the critical reflection angle Qc. The electron
starts at the symmetry plane and precesses in trochoidal orbits
around the magnet in a 90° arc to the detector while being reflected
from poleface to poleface along magnetic lines of force.
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critical reflection angle 90 is depicted). The fission fragment detectors
were placed parallel to the symmetry plane and only those electrons which
were emitted near 90° with respect to the fragment detector axis were
allowed to reach the electron detector. A large lead shield was located
in a position which blocked any interfering radiation.

A very useful application was made of the tact that the trans-
mission of the steering device can be controlled by varying the maximum
oscillation amplitude. This property was employed, as illustrated in
Fig. II-13 by moving the source off the symmetry plane and resfricting
the region of acceptance into the steering device by means of two de-
flectors. These two deflectors limited the maximum oscillation amplitude
of the electrons and since the acceptance angle of the device is pro-
portional to the maximum oscillation amplitude as depicted for electrons
emitted at point 1 and point 2 in‘Fig. IT-13, this restriction reguired
that the fission fragments from which the electrons were emitted be near
the symmetry plane at the time of emission. The transmission at any
point between the deflectors may be calculated from Eq. (II-5) by re-
placing Boz with the z component of the magnetic field at the source

position. From Eq. (II-6), it is found that

2
1 n2 ZR
T T2
Bsz Boz Bsz | c s
B. "B X®_~ 5 ; (11-13)
Rz Rz 0% 2 Z
l-n’7s
2 2
T
o

where ZS is the distance from the symmetry plane to. the point df emission.
It follows, after substitution of this expression into Eq. (II-5), that

the transmission at any point between the deflectors is given by
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A dlagram ‘of the fragment detector ~gource- deflector assembly.

With the source positioned as shown, only those electrons which were
‘emitted while the fragment was between the two deflectors could be’

detected.

The limitation imposed upon the electron trajectories by

the deflectors caused the critical angle of acceptance for electrons
to vary from 0° at the deflector position to a maximum of 8° at the"

symmetry plane (p051t10n 1).
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T(z) = n (IT-10)

The deflectors were spaced 2 cm apart in the experiﬁents and hence ZR nax
was 1 cm. _
The calculated_detection efficiehéy as a function of the distance.
of the fragment from the symmetry plane at the time of electron emission
(ZS) is plotted in Fig. II-14. It is seen that by positioﬁing the de-
flectors 2 cm apart, a time resolution of appfOXimately 1.7 nsec was
achieved since the awerage fission fragment velocity is abeut 1 cm/nsec.
Furthermore, it is apparent that only electrons emitted from that frag-
ment of each fragment pair which passes thfough the symmetry plane have
~any probability of being detected. Henee, in this way total separation
of electrons emitted from heavy and light fragments is accomplished.
A.picture of the vacdum chamber and magnet is ehown in Fig. II-15.
The fission fragment detector-source assembly was mounted to a micro-
meter screw mechanisﬁ, the handle of which may be seen on the front
flange of the vacuum chamber. This feature enabled the positioning of
the source over a range of radial distances. Other details seen on the
front flange include the fragment detector electrical eonnections, a
thefmocouple'lead for monitoring the fragment detector temperature, and
a liquid—nitrogen reservoir which supplied coolant to the fragment de-
tectors. An inside view of the front flange is pictured in Fig. II-16
and shows the fission fragment detector-source-deflector assembiy. The
construction was such that the various componeﬁts could be repositioned
at any.point along the detector axis.  The fragment‘detectors were
collimated to 15 mm in diameter by the detector modnts and cooled to ’ %
-50°C. Three detector-source-deflector configurations were used in the -

electron experiments. In configuration 1, the californium source was
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Fig. II-14. The calculated detection efficiency for electrons emitted
from fission fragments as a function of the distance of the fragment
from the symmetry plane at the time of emission.
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Fig. II-15. A photograph of the magnetic steering device showing the
magnet and vacuum chamber.
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ZN-5647

Fig. II-16. A photograph of the front flange (inside view) showing the
fragment detector-source-deflector assembly. Also shown are the
detector cooling straps and thermocouple wire.
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positioned on the symmetry plane with the deflectors at a distance of |
em on each side of the source. The fragment detectors were positloned

at 2 cm on each side of the source. This arrangement allowed the de-
tection of electrons emitted in less than 1 nsec after fission.
Configuration 2 was used to detect electrons emitted near 1 nsec after
fission. The source was positioned one cm from the symmetry plane, while
detector 1 was located 2 cm from the symmetry plane on the same side as
the source and detector 2 was located 1 cm from the symmetry plane on the
other side. One deflector was mounted around the source and fragment
detector 2 was utilized as the other deflector. Configuration 3, which
was designed for the detection of electrons emitted near 2 nsecs after
fission was attained by repositioning the source and fragment detector

1 at distances of 2 and 3.3 cm respectively from the symmetry plane.

The top flange, which may be seen in Fig. II-15, supported the
electron detector mount and liquid nitrogen reservoir used to cool the
detector. An upside down side view of the top flange assembly is
pictured in Fig. II-1(. The detector mount was constructed of copper
and collimated the electron detector to 1% mm in diameter. _ It was
attached to the liquid nitrogen cold finger through a block of teflon
which acted as a resistance to heat transfer. By heating the detector
mount through the large copper wire visible in Fig. ITI-17, the detector
was maintained at -93°C. Since it was important to locate the F.E.T.
near the detector in order to minimize stray capacitance and since the
F.E.T. had to be cooled in order to optimize its low noise characteristics,
the entire first stage of the preamplifier including the F.E.T. was
mounted behind the detector and cooled to -135°C by attaching it to the
cooled detector mount. The rest of the preamplifier is seen mounted on
the outside of the flange. A,porzion of the silicon élpha particle de-
a+3

tector which was used to detect Cm alphas in coincidence with gamma
rays detected through the back of the electron detector is visible im-
mediately behind the electron detector mount in Fig. II-17. The

coincidence, as already mentioned, was used for gain stabilization purposes.
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Fig. II-17. A photograph of the top flange (upside-down side view)
showing the electron detector and mount, the alpha detector (imme-
diately behind electron detector mount), the heating wire, and the
first stage of the preamplifier.
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ITI. EXPERIMENTAL METHODS

A. Experimental Procedures

1. Source Preparation

Experiments with slandard conversion electron sources discloscd
the fact that serious restrictions are placed on the configuration o' the
source holder as a result of the trajectories imposed upon the electrons
by the magnetic steering device. Specifically, these restrictions ulem
from the following two properties of the electron trajectories in the
steering field:

(a) The electron drift displacement, d, in the azimutha.l
direction (around the magnet) after one orbit, is so smill
the electrons tend to reenter the source backing;

(b) The wavelength of the oscillation through the symmetry planc,
A, causes electrons having low energies or low takeoff angles
to collide with the source holder.

Both of these effects cause serious tailing and peak displaccment
in measured electroﬁ spectra. Although these problems were not prescnt
in the detection of delayed electrons emitted from fission fragments,
(since the source was positioned off the symmetry plane during the
experiments, the electrons were emitted from single fragments which had
traveled away from the source to the symmetry plane) it was still neceg-
sary to find a means of circumventing them in order to effecltively
calibrate the system for energy and detection efficiency. The solution
finally emerged in the form of a satisfactory design for the source
holder and source backing after many attempts with various configurat.ions
including wires and discs of different sizes.

The source holder consisted of a circular wire loop 1/% in. in
diameter constructed from 1/64 in. diameter stainless steel wire. A
straight 5/8 in. length of stainless steel wire of the same diameter

was soldered to the loop radially at a point along the perifery and
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through the use of conversion electron standards such as

_45_

used to connect the loop to the fragment detector-source assembly. One
such mounted source loop may be seen in Fig. II-16 centered between the
two deflectors.

The .source backing was mounted over the loop and the source de-

posited in the center. ~For the conversion electron standards, the source

backing con51sted of a-2 ug/cme film of zapon enveloped over both sides

of the source loop with approximately 10 ug/cm of gold vaporized on

each side over the zapon giving a total source backing thickness of

about‘éh.gg/ch. The electron sources were prepared by evaporating to
drynessvsmell drops of the source solutions plaoed at the centers of the
films. =

| The source backlngs for the 25 Cf sources were made from b pin.
nlckel films (~ 70. ug/cm . The nlokel films, 1in the form of nickel
plated over copper backlngs; were stamped into 3/8 in. diameter discs
and attached to the source loops with epoxy cement. The copper backings
were ‘then dissolved in a solution of H,S0, and Naé Crou'. Finally, elec-

trical contact with the source loops was insured by overlapping small

drops of conducting silver paint on the nickel films and source loops.

2
224

Deposition -of f onto the.nickel films was then accomplished by the

"gself-transfer" mechanism whereby the source loops were placed over a

- 7 ug source under vacuum. " The sources prepared in this manner and used

in these experiments typlcally had fission rates of 5 X 105 to 5 X 106 . i

flSSlon/m;n. Light and heavy fragments were found to lose on the average,

2.3 and 2.1 MeV respectively in penetrating the nickel films.

2. BEnergy and Eff1c1ency Calibration ' _ ‘L

Energy callbratlon of the electron detector was accompllshed
109Cd QOBHE,
207, 137, . . . | =

Bi and Cs. Simultaneous calibrations with electrons and gemma rays

were also made at the beginning and end of each experiment By means of . 1

,,,,,
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the electron standards and a e 5Cm source mounted directly behind the

243
electron detector. Utilizing the Pt X-rays arising from the “Cm
platlnum source backing and the Pu X-rays arising from the alpha decay

L
product of Cm as well as the 245

calibration was obtained ranging from 14.% keV to 277.6 keV (the higher

Cm gamma rays,.a 1% point X-ray-gamma

energy electron experiments had to be calibrated by electron standards

2h3

alone). As previously‘mentioned, the Cm source was also used in
conjunction with a digital gain stabilization system to insure that the
energy callbratlon did not change due to electronic gain drift.

The fission fragment detectors were calibrated automatlcally
during the experiments by the fission fragment dlstrlbutlons, since the
- energies of the light and heavy fragment peaks are well known for 52Cf

(see Section II—D). As with the electron detector, digital gain
stabilization systems were also used to stabilize the.fragment detector
caiibrations.

Although a satisfactory source holder and backing design was
worked out for measuring electron energies without serious tailing and
peak displaeement effects, no means could be found by which the experi-
mental geometry 51tuat10n for fission fragments could be reproduced for
electron standards. For thls reason, it was not possible to measure

vdlrectly the detection eff1c1ency for electrons emitted from flSSlOn
"fragments._ Several studies were conducted, however, in which efficiencies
were measured with a series of calibrated electron sources mounted on
v_seurce‘loops made with decreasing diameter wires. EXtrapolations were
then made to determine the efficiency for a source withont a source loop
(zero diameter wire). o '

~ The detection.effieiency'was also_calculated. The‘transmieeion'
was fTirst cemputed for the experimental configuratien by means of
Eq. (II-7) which gave T = 13.8%. By carefully tracing the coordinates
of the field lines at the source radius in an electrostatic wedge tank‘

At

R
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and meaeuring the magnetic field strengths along these coordinates by

‘means of a Hall probe gaussmeter, another calculation of T was made from

Eq. (II-5) utilizing the directly measured values of'BOZ and Bﬁz' This
calculation yielded the value T = l5.5% in amazingly good agrecment with
the above result. Froﬁ the knowledge of how the electrons are distributed
as they precess around to the electron detector obfained from the film
studies, the percentage of the transmitted'electrons which actually
impinged on the electron detector was then calculated. Correcting fhj'
value for the detector eff1c1ency gave a calculated average detection ‘
efflClency of 5 O% This value was in good agreement with the extrapolated
results of the efflciency measurements. The detection efficiency should
be nearly constant as a functidn of electron energy in the range from

0 to 300 keV since the only energy dependent factor is the detector
efficiency and this has been found to be a very slowly varying function

in this energy range.

‘B. . Experimental Effects

Several rather special effects had to be con51dered in carrylng

out the electron experiments. Of primary concern, was the question of

electron energy loss between emission from the source and detection at

“the detector. The search for energy loss processes was inetigated by

the discovery of relatively large differences between simultaneous energy
calibrations by X-rays and gamma rays and energy callbratlons by electrons.
After checking to make sure that the vacuum was sufflclently low so as

to exclude electron energy loss due to collisions with gas molecules,

the possibilify of energy loss through radiation from the electrons as

a. result of their trochoidal motion ‘in the magnetic fleld was 1nvest1gated.
The energy radlated per revolutlon was estimated from the follow1ng

15

expression for energy radiated from electrons mov1ng in circular orbits™”
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where
A E = energy radlated/revolutlon ;
v = 1
- ‘ J v
1 - 62‘
B=V/C >

p = radius of curvature

This calculation for 500 keV electrons in a 6000 Gauss magnetic field
yielded the value of l.20-><_‘lO—8 keV/revolution.‘ Multiplying this ;
quantity by the number of revolutione from source to detector for an
electron moving on the symmetry plane, the negllglble value of ”

2. 08 X 10 -6

The discrepancy between the gamma ray and electron energy calibra-

keV for the total energy loss is obtained.

| tions ﬁas.finally diacovered to be caused by a magnification of the effect
of the intrinsic detector window. In teste where electrons were allowed

~ to enter the detector along straight line trajectories in the absence of

a magnefic field, the inherent detector window was found to shift the
electron peak positions down in energy by one keV on the average.

Electrons travellng in the magnetic steerlng fleld however were forced
to_enter the detector at very acute grazing angles on the average and
hence - "saw" a much larger window. The shifts experienced by the electrons
ih the magnetic steering device typically ranged from 2 to 6 keV depending
on the detector age. Fortunately, the energy loss was-ascertained to be

linear as a function of energy from O to 650 keV.
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The magnetic field had no observable effect on any of the detectore
used in the electron ‘experiments. The electron detector preamplifier,
whlch was mounted near the detector, also showed no indication of magnetic
field effects. The fission fragment trajectories were not altered to any

significant extent by the magnetic field since the fragment flight paths

-were nearly parallel to the field and the radius of curvature of an average

light fragment traveling in a 6000 gauss field directed perpendicular to-
. . A

the motion is more than 120 cm.

Another important-consideration'pertaining to the detection of
electrons emitted by.fissiOn fragments in flight‘was the consequences of
emission fromfa moving source. It is shown iﬁ Appendix B that the
velocity of a relativistic electron in the laboratory coordinate system
is related to its velocity in the center of mass coordinate system by tﬁe
equation

252} | 22 o 2 o . 2.1/
F 'cm cos,elab+[(vcm Vo P cos elab_VF sin Qlab)(l—ﬂ )]

2 2 2 .2
B~ cos Qlab'- 6‘51n elab
o (I11-2)

where VF is the fragment velocity'in the laboratory syétem,,B =-VF/C and

Qlab is the angle between the_electren trajectory and the fragment trajec-
tory (angle of emission) as measured in the laboratory system. ~Hence it
is apparent that the laboratory ehergy of electrons emitted from moving
fission fragments is a fairly repidly varying function near 9 = 905

This fact is demonstrated in Fig. III-1 for a 40 0 keVv tran51t10n arising. -
10

- from a fragment travellng at a veloc1ty of O. 1036 X. 10 cm/sec (a mass.

142 fragment)where the calculated dlfference between the electron energy

-as measured in the laboratory system and,the electron energy in the center

of mass system>(transition'energy)-is plotted as a function of laboratory
system emission angle. It is seen then that the shifts experienced by‘;

electrons emitted from moving fragments can be quite sizable.
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energies of an electron emitted from a moving flSSlon fragment as a -
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Since the acceptance angle of the magnetic steering device and
size of the fission fragment detectors allowed the detection of electrons
having a rather large spread of emission angles, it was expected that
the meaeured electron peaks should show considerable broadening. Further-
more, this broadening effect should be smallest (on an absolute energy .
basis) for low energy electrons emitted'from heavy fission fragments and
increase rapidly with the electron energy and fragment velocity.

-A rough eStimate of the magnitude of this broadening effect in
the present experimehts may be obtained by using, for instance, the
L0.0 keV example mentioned above. From Egs. (II-4) anda (IT-7), the
maximum acceptance angle ® is calculated to be 8°. The average trajectory'
angle of fission fragments satisfying the 001nc1dence requirement may be
approximated from the calculations of Concus and watson.l6 For configu-
rations 1 and 2 the everage_fragmentctrajectory angle with respect'to the
detector-source axis is taken to be 13°. ‘These two angles establish the

approximate upper and lower limits of the everage emission angle for an

" electron accepted into the steering device to be 111° and 69°

respectively. By referring to Fig. III-1, it may be confirmed that tlie
shifted energy difference between these two angles is 5.1 keV and
comblnlng this with a detector resolution of 3. O keV (FWHM)

(o 2 2 _ 2

Itotal - Oshift © Cdetector)
5.9 keV. The experimentally measured resolution was found to be 4.7

results in a total resolutlon estimate of

keV. The variation of the energy resolution as a function of transition
energy is considered in more detail in Section‘IV-B.

The relation between the angular'distribution of the electrons
emitted in-the fragment system and the angular distribution of the

electrons emitted in the laboratory system is given in Appendix B as
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. o, 2
(Vigp = Vgeos 6p,) (2 - %)

_N(elab)_m - Viep

N(Qcm) [vlabg(l - s’ O ap) - gvlabVFC6S lap * foﬂ)/e . (Il{ 2
Since the motion of the fission fragment causes an asymmetry about 90°
in the angular distribution of electrons emitted in the laboratory
system, it was important to determine how the measured electron peak
positions. were affected. Assuming an isotropic ahgular distribution ih
the fission fragment coordinate sYstem, Eq.-(VIIrEG) was used to caicu—
late the anisotropy in the laboratory system. For the 40.0 keV electron

ekample, the distribution was such that

lab
N(golab?

N(or . ) ,
—22_ - 1.2108

N(Olab)

'N(18oiab)

= 1.44E8

As a result of this anisotropy{'the average angie of emission in.the labo-
ratory system was shifted to an angle less-than‘90°‘and‘heﬁce, the mea~v
‘sured electron peaks were shifted up in energy. It was neéesséry to
calculate corrections for this effect so that the frue transition energies
could be détermined from the first moments of the measured peak positions.

‘The details of these corrections are discuséed in Section IV-B.

-
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C. -Data Processing

Upon completeion of an experiment, the data which had been re-
corded on magnetic tape, was processed by means of a series of four
programs on an IBM 7094 computer. A flow chart of the operation is shown
in Fig. III-2. v

The data, which consisted of three correlated pulse heights for
each Fnge triple coincidence event, two correlated pulse heights for
each F1F2 double coincidence stabilization event and one 7y pulse height
for each yX coincidence stabilization event, was first sent through
Program 1. This program plottéd the stabilization distributions on the
printer and cbmputed’the 1st and égg moments and the standard deviations
of the light and heavy fragment peaks of the stabilization distributions
énd of the gamma ray stabilization peak. It then computed linear cali-
bration equations:for the fragment distributions by using the first
moments of the light and heavy peaks for calibration points.

Program 2 used the_lEE_moment and energy calibration information
to compute the fission fragment mass mapé. These maps consisted of
arrays in which fragment masses were calculated for each D1, D2 channel
combination for those pairs which resulted in a total fragment kinetic
energy (ET) between the limits of 150 and 230 MeV. An example of the
gomputer printouts for two such mass maps are shown in Table ITT-1 and
III-2. In Table IIT-1, it is seen that the mass of é fission fragment
giving rise to a channel 90 pulse in dimension 1 ahd detected in -coinci-
dence with a. fragment giving rise to a channel 66 pulse in dimension. 2
is calculafed to be 107.2. .The mass of the dimension 2 fragment is found
ta.be 137.5 from Table III-2. ' '

The output of program 1 was then sent through Program % where
the mass maps from Program 2 were used to sort the F.F.e triple coinci-

12

dence events and the FlF2 double coincidence stabilization events in-

to mass 1ntervals of two mass units. Once this had been done, the

o
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F R e- coincidences -

Data { Fi Fz coincidences | gyqpiiization
Y @ coincidences | events

Plot stabilization
distributions.
Program ‘Compute Ist and 2nd moments,
| os, energy slopes and -
| intercepts

Sort F, F,e- and F R
stabilization coin- Program Program
cidences with respect(] =~ 3 2

to mass interval and '
fragment kinetic energy.
Compute average values

Calculate fission-- '

fragment mass
maps

' [ Plot F, Fpe- coincidences

Program in each mass interval
4 as a.function-of e~ energy.
—4.~ | Plot Ya stabilization
spectrum.

- Electron spectra

, : - . MU B8-10881
Fig. III-2. A flow chart of the computer processing operation.



Teble ITI-1.
DIM. 1
DiM. 2
31 0.
32 0.
33 0.
34 0.
35 0.
36 0.
37 .
38 0.
39 0.
40 0s
41 0.
42 0.
43 0.
% 0.
45 0.
46 0.
&7 0.
48 0.
49 0.
50 0.
5L 0.
52 0.
53 0.
54 0.
55 0.
56 0.
s7 0.
58 0.
.59 0.
! 60 0.
61 0.
62 0.
63 0.
64 .
65 0.
66 0.
61 ('8
68 0.
69 0.
10 0.
71 0.
12 0.
13 0.
74 0.
75 0.
16 O.
n” 0.
78 0.
79 0.
80 0.
81 0.
82 0.
83 0.
8¢ 0.
85 0.
86
87
8y
89
0
91
92
9
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
12
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130

MASS MAP WKT THE LST FESSION FRAGMENT IN TAPE DEMENSION 1.

40

50

140.157
140.653
141.164
141,441
162.042
142,643

T 143,249

143.898
144.535
145,160
145.778
146.390
146.994
147,610
148.280
148.930
149.566
150.1868
150.797
151.394
151.829
152.442
152.862
153.287
153.715
156,144
154.575
154.991
155.395
155.797
156.199
156.59%
156.997
157,396
157.788

- 158,179

158.567
158.952
159.333
159.709
160.082
160.451
160.818
161.183
161.561

161.894 -

162.242
162.584

s

60

157.3%2
157.685

10

152.050
152,423

_55_

80

C.
100.420
100.936
101.406
102.008
102.52¢6
103.022
103.538
104.069
104.642
105.212
105.91¢
106.559
107.125
107.605
108.076
L08.582
109.110
109.744
110.23¢
L1C. 716
111.089
111,705
112.577
113.483
114.418
116.429
118.130
120.000
121.663
123,887
125.196
126.612
127.894
128.847
129.409
130.013
130.718
131.242
131,613
131.9¢6
132,330
132.683
133.049
133,425
133,792
134,154
134.301
134.708
135.119
135.534
135.955
136.393
136.834
132,214
137.713
138,364
138.794
139.1%8
139.591
139,983
140,377
140,771
141.1¢6
141.562
141.957
142.352
142,746
143.139
143.530
1423.919
144,306
144,677
145.043
145.4C9
145.774
146.128
146.5C0
146.880
147.285

0

108.913
109.514
110.4C6
110,594
t11.C48
111.530
112.021
£12.5C4
112.954
113.387
113.85%0
114.329
114.873
115.499

116,221

116.842
117.5¢8
118,631
119.679
120,733
121.920
123.012
124.202
125,361
126.163
127.1€0
126.GC4
128.727
129.29%
129.717
130.250
130.792
131,209
131.518
131.948
132,347
132.737
133.127
133,519
133,910
134.297
134.9¢5
135.31%
135,617
136.040
136.4C5
136. 714
137,154
137.53¢
137.917
138.298
[

141,919
142.337

122.301
123.111
123.817
124. 117
125,608
126.240
126.860
127.548
128.224
128.781
129.313
129.760
13C.197
130.849
131.086
131.493
131.8%6
132.548
132.875
123,217
133,563
133.911
134,261
134.6C9
134,995
135.303
135,652
136,002
136.353
136.7Cs
137.057
137,413
c.

110

o 15C oLV, ET .LE. 230

120

114,166
114,591
11 15

115.439
115.861
116,281
116.6082
117,064
117.445
117,824
118.202
118,587
118.979
11 10

130

110.908

11
112,724



Table 1I1-2.

MASS .MAP WRT FHE

oM. 1 “0 50 60
UiM. 2

31 0.

32 .8

33 0.

34 0.

35 0.

36 0.

371 0.

38 0.

39 0.

AU O.

41 0.

2 0.

43 '

44 0.

45 0.

46 0.

47 0.

Y] 0.

9 0.

s0 0.

51 - 0.

52 0.

53 0.

54 0.

55 0.

56 0.

3 0.

58 0.

59 0.

60 0.

61 0.

62 0.

63 0.

64 0.

65 0.

66 '

61 0.

68 0.

69 0.

1Q Ve

n U,

T2 [ .

73 0. -395

T4 0. 104,431

[£] 0. 104,475

10 0.

1 0.

78 U.

19 U.

a0 0.

81 0.

82 0.

83 Ou

84 0.

85 0a

86 u.

8¢ 0.

88 0.

89 u.

90 U,

94 0.

92 0.

93 89,395

94 89.170

95 88.930

9 BB, 876 96.070

97 HE. 410 95.674

98 68,133 35.285
99 87,844 94,898
100 7,540 94,514
101 47,231 94.133
102 86,917 93,755
103 86.599 93.506
104 u6.277 93,135
105 A5,923 92.6880
106 55.560 92.615
107 85,20t 92.342
108 G4 84D 92,061
109 4. 4B0 91,775
110 84,103 91,483
111 83,842 91,193
112 83.517 90.900
113 534193 90. 602
114 62.868 90,301
115 62,569 89.996
16 82,239 89,689
1 41.928 89.380
119 al.6t7 89.068
119 81,306 88,752
120 80,995 88.435
121 40.709 88,118
122 80,322 ar.802
123 80,046 87.486
124 19.1712 87.171
125 19,494 86,844
126 19.215 86.513
127 Q. 86,184
128 0. 95.858
129 0. 85,534 92.319
130 0. 85,213 92,014

-5k -

- 70

98.266

80

0.
130,004
137.708
137.312
138,912
L36.583
136.284
135.942
135.5¢€8
134,026
134,501
134.129
133,732
133.432
133.440
133.199
132.900
132.56%
131.913
131.489
131.420
131,366
13¢.89%
130.219
129,490
128.762
128.9C5
125.433
123.725
122.163
120.159
119.015
117.748
116.864

115.961 -

115.640
115.260
114.765
114,549
114.454
114.311

104.253
103.857

S0

109.296
1c8.q78

ico

114.51)

114.208

113,898
Q.

110

2ND FISSION FRAGMENT IN TAPE DIMENSION 2..... 150 (LY. EV .LE. 230

120

158, 388
157,918
157,441
196,952
196.460
195.963
155,462
154,998
154.409
153,850
182,298
152,748
152.204
151,737
151,214
150,694
150.177
149,663
149,157
146,656
148.1%6
147,659
147,163
146,618
146.190
145,707
145,229
144,748
144,261
143,727
143,251
142,778
142,309
141,845
141,307
1402932
140.480
140,031
139.58¢
139,143
136,703
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average numbers of emitted neutrons, kinetic energies, velocities, yields
and masses of the fragments falling in each mass interval were computed.
Finally, by means of Program 4, the electron pulse heights were
plotted for each mass interval on a Cal-Comp plotter and resultant
electron spectra obtained. The gamma ray spectrum used for stabilization
was plotted at the same time and used as a check against experimental or
processing malfunctions. A representation of the final spectra obtained
after the computer processing is presented in Fig. III-3 in the form of
a picture of a three dimensional model constructed by cutting the
resultant electron spectrum for each mass interval out of plastic and

mounting them side by side in order of increasing mass.

D. Mass Calculation

Several problems complicate the conversion of fission fragment
kinetic energies as measured by semiconductor detectors into fission
fragment masses. First of all, it has been found that for heavy ions
the output pulse helghts of semiconductor detectors are not strictly
linear functions of energy alone because of the existance of a pulse
height defect.l7’18 Secondly, the measured energies are those of the
post-neutron-emission fragments since neutron emission occurs in a time
less than 10—14 sec after scission. Therefore, the exact conversion of
these energies to masses requires a knowledge of the numbers of neutrons
which have been emitted.

In the present experiments, the energy to mass conversion was
carried out by means of an iterative process which incorporated a mass
dependent energy calibration, proposed by Schmitt et al.l9 and neutron
corrections based on the measurements of Bowman et al.go The process
was initiated for any given pair of coincident fission fragment pulse
heights, designated as X, and X,,by first computing their approximate

1 2
energies from linear calibration equations established from the known

o
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Fig. III-3. A photograph of a three dimensional representation

of the mass sorted electron spectra as a function of fragment
mass.
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energies of the lEE.QOents between the 3/4% points of* the heévy and light
fragment peaks., The lEE_moments, PL and PH’ were determined from the
double coincidence stabilization distributions and set equal to energy

values of 103.77 ang 19.37 Mev, respectively.19 Hence

E~MX+b -~ ' o o (TTI-R)
where
‘ 2k Lo
M =
APH_PL

Conservation of momentum requires that

# = M-QB | : (I11-5)
2p lp

where the subséript p denotes Pre-neutron-emission quantities. Further-

more, it is obvious that
| Mlp My = 252 . } | (I11-6)

_ Approximating Ek)and E2p by substituting El and EQ, approximate pre-

neutron-emission masses were then calculated from the expressions

250

Mlp:—_—T . M2p2252 -,Mlp ‘(vIII-7)
1 + E— ‘
2
Also, the total kinetic energy, ET’ was approximated by

e



-58-

The calculated values of Mlp‘and M2p were next corrected for
neutron emission from brevious measurements of the average number of
neutrons emitted as a function of ET and the average’number Qf neutrons
emitted as a function of mass.go A it of the experimental data of
Bowman et al. yielded the following functional dependence of the average

total number of neufrons, Vins emitted in a 2520f fission event:21

B(M)(E,, - 150.0)

' M;E~ = AM)e” T (111;9)

Vo (ML Ey)

Values of the parameters A(M)-ande(M) as well as values of the ratio of
the number of light fragment neutrons over fhe number of heavy fragment
neutrons are given in Table III-3 as a function of pre-neutron-emission
mass. |

Aftér determining the numbers of neutrons emitted, first approxi-

mation, post-neutron-emission masses were calculated such that

M = Mlp_— vy s M, = sz - Vg . (II1-10)
At this point, "mass corrected" energy values were calculated from the
pulse heights and the post-neutron-emisgsion masses by means of the

following mass dependent calibration equation:l9

P

L
Py~ Pa

frzf—iri- (24,0203 + 0.03574 M)
L™ g

Ef=(24_0203 + 0.0357k M)
+.0.1370 M + 89.6083 : o - (TII-11)

The iterative brqcéss was then entered into‘by returning tb, Eq. (ITI1-8)
using the energy values obtained from Eq.,(III—ll) and recalculating the
post-neutron-emission masses. This procedure was_repéated until the
difference in the mass values_resultiﬁg from two consecutive iterations
was less than 0.05%. On the average, not more than 4 iterations were

required for convergence.

&
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80. 0000
82. 0000
84.0000
86,0000
88,0000
0. 3000
93. 3000
96. 1000
99, 0000
102.0000
104. 5000

107.0000

109. 5000
112. 0000
114. 7000
117. 2000
119, 3000
120.0000
121. 0n0o
122. 0000
123.0000
124,0000
125.0000
126.0000
127.0000
128, 0000
129. 0000

130. 0000

131.0000
132.0000

132, 7000

134.7000
. 137, 3000
140. 0000
142, 5000
145.0000
147.5000
150. 0000
153. 0000
155.9000
158.7000
161.7000
164,0000

166. 0000 -

168. 0000

. "170.0000 .
" 172.0000
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Table III-3. Neutron correction data,

RATIO(LT. /HVY, }
AVE. NO. NEUTRONS

0.1500
n.1900
0.2200
0.2500
0.2630
0.32080
0.4090
0.5470
0.5250
0. 5940
0. 7510
0.9880
1.2100
1.5560
1.9440
2.9620
5. 2660
6. 0000
6. 7000
7.0000
6.5500

5.5000.

3.8500
" 1.0000
0.2590
0.1820
0.1530
N.1430
0.1490
0.1670
0.1900
0.3380
0.5150
N.6430
0.8260
1. 0120
1.3320
1. 6840
1.9050
1.8280
2.4440
3.2660
3.8020
4.0000
4.5450
5.2630
6.6670

AVE. TOTAL NO. NEUTRONS
A EXP (=B (ET -150.))
A

9. 6000
9. 3000
10. 2000
10.6000
10.9500
11.4000
12.0000
12, 6000 .
13.3000 .
14,1500
14,9000
15. 8000
17.8000
19, 4000
20, 3000
20,4800 S0
19,7000
19, 1000
17. 5000
15. 6n00
15, 3500
- 15,3000
15.4000
15.6000
16,0000
16.5000
17.0000
17.600n
18,1000 -
18,7000
19,1500
20.2500
20.5000
19,5000
18.1000
16,0000
14,8000
14,0000
13.4500
12. 8000
12. 2000
11.6000
11.2000
10.9000
10. 750n
10.6000
10,4000

(ET) =
' 8

0.0120
0.0160
0.0200
n.0230
n.0280
0.0327
0.0380
N.0415
0.0435
0.0450
n.0455
n.0460
n.0455
0.0445
0.0437
0.0405
0.0365
n.0350
0.0325
0.0300
0.0275

- 0.0260

0.0255

"'N.0250

0.0255
0.0260
0.0275
n.0295
0.0320
0.0335
0.0355
0.0390
0.0420
0.0445
0.0455
0.0460 .
0.0455
0.0448
0.0435
n.0410
0.0380
0.0335
n.0300
0.0265
0.0225
0.0195
0.0160
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Since the fragment masses are derived from measured fragment
kinetic energies, any dispersion introduced into the energy measurements
will also be reflected in the calculated mass distributions. It has been
pointed out by 'I‘errell22 that, besides arising from instrumental effects
and intrinsic detector resolution, a great deal of dispersidn in the
energy measurements arises as a result of the varying directions, energies
~ and numbers of emitted neutrons. - The combination of these effects has
been found to give rise to a mass resolution of 4.8 amu (FWHM) in thé
present work. .This'was determined, as illustrated in Fig. III-A,.
the 162 keV electron peak, by plotting the intensities of several con-
version electron lines from thevspectra given in Appendix D as a function
of mass. Since each conversion electron line in reality belongs to a '
51ngle isotope, the experimental disper51on involved in measuring a frag-
ment mass may, in this way, be directly ascertalned _

In comparing an experimentally measured mass distribution with
the "true" mass distribution, the former is. generally considerably
broader, especially in the valley and light and heavy peak tail regions,
as a result of the experimental mass disper51on The usual way of re-
moving this . disper51on is by the method of Terrell22 which by a symmetrical
distribution function having e negative second central moment eqnal to
the variance of the measured mass resolution fUnctlon is folded into the
experimental mass distribution. This procedure has the effect of reducing
the variance of the mass distribution by an amount exactly equal to the
yariance of the experimental resolution.function.

Assuming that the radiochemical mass distribution as measured by

23

Nervik™ is a good representation of the "true" mass distribution, com-
- parison of the "uncorrected" measured mass distribution from the present
experiments and the "true" mass distribution, as shown in Fig. III-5,
yields surprisingly good agreement. Apparently the method used to cal-

culate the measured mass distribution has the same resolving effect as

s
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the procedure described above. On the basis of Fig. IIi-B, then, the

©usual mass dispersion correction was assumed Lo be unnecossary in-those

experiments. The average values arising from the mass calculations for
a fypical experiment are given in Table.III-H with réspect to pre-
neutron emission mass interval and in Table TII-5 with respect to post-
neutron emission mass interval. In both of these tables, number é
quantities are with respect to the aﬁerage mass of the listed mass in-
terval, while humber 1 quantities refer to the average coincident mass.
The headings NU, ET’ E, and V refer to number of neutrons, total kinetic

energy, fragment kinetic energy, and fragment velocity respectively.



_ MASS
INTERV AL
91 93
93 95
95 97
97 99
99 101
101 103
103 1ns
105 107
1n7 109
109 111
111 113
113 115
115 117
117 119
119 121
121 123
123 125
125 127
127 129
129 131
131 133
133 135
135 137
137 139
139 141
161 7 143
143 145
145 147
147 149
149 151
151 153
153 155
155 157
157 159
159 161
161 163
163 165
TOTAL

TOTAL
COUNTS

504.
2534,
31589,
5276.
78009,

10648,
14213,
17438,
18048,
18051,
15889,
13679,
10994,
8369,
5175.
2403,
1088,

203.
1418,
2016,
4771,
9476,

12258,
15151,
17485,
19478,
20228.
18491,
164181,
10409,
6979,
4669,
3109,
2214,
12880
739,
195,

321265,

NU
TOTAL

4.39
5.07
4,63
4,37
4.06
3,73
3.55
3.44
3,52
3,80
3.93
4.17
4432
4.39
4. 65

5023

5. 36
4.82
5.13
4.72
4. 55
4.27
4,19
3.98
3.86
3.73
3.46
3, 40
3.57
3.74
-3.96
4.27
4.51
4.93
5.27
5.78
6. 26
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Table III-4, D O U B L E
AVERAGE
WRT. MASS BEF ORE
AFTER NU EMIT,
NU 1 NU 2 MASS 1 MASS 2
3.18 1.2y 159.39 92.61
3.52 1.55 157.91 94.09
- 3.03 1l.60 155.97 96.03
2.85 1,52 153.94 98.06
2.61 1.43 151.93 100.07
2.33 1.40 149.94 102.06
2.07 1,48 147.97 104.03
1.83 1.61 145.97 106.03
1.70 1.82 144,01 107.99
1.67 2.12 142.02 109.98
1.55 2.38 140,01 111.99
1.48 2.69 138.02 113.98
1.30 3,02 136.05 115.95
0.99 3.41 134.09 117.91
0.69 3,96 132,12 119.88
N.67 4,56 130.12 121.88
0.79 4.57 128.39 123.61
2.03 2.80 126.34 125.66
4.36 0.77 123,76 128.24
4.12 0.60 121.86 130.14
3.88 0,67 119.95 132.05
3.35 0.92 117.93 134.07
2.97 1.22 115.97 136.03
'2.58 1.40 113.98 138,02
2.35 1.51 111.99 140.0!
2.09 1.63 110.00 142.00
1.79 1.66 108.02 143.98
1.60 .80 106.01 145,99
1.50 2,08 104,02 147.98
1l.41 - 2.33 102,05 149,95
1.40 2.56 100,06 151.94
1.48 2.79 98.08 153.92
1.56 2.94 9%.08 155.92
1.52 3.40 9.10 157.90
1.42 " 3.85 92,11 159.89
1.35 4.43 90.10 161.90
1.32 4.94 88,08 163,92
AVE.
SIGMA

COINC.

VALUES

NEUTRON EMISSION

BEFORE--AFTER NU EMIT,
ET T El E2

177.83  64.08 111.00
173.94  63.55 107.19
176.06  65.83 107.16
177.29 67.74 106,65
179.24% 69.99 106,54
181,13 72.25 106.31
182.91 T4.49 105,90
184,67 76.TT 105.36
185.97  78.79 104.51
186,55 81,49 103.13
187.78  82.56 102.16
188.74 84,45 101,00
189,77  B86.47  99.86
191.24 88.84 98.86
192.51  91.14 97,62
191.95 92,40 95,43
193,48 94,29  94.99
197.12 96.64 96.71
192.40  94.54 93,88
191.85 95.81 . 92,31
192.18  97.52 91,00
191.19 98.87 88.88
189,25 99.62 86.30
188.61 101.01 B4.46
187.94 102,27 82,65
186.65 103.20 80,57
186,00 104,52 78,84
184,65 105.37  76.76
182.79 105,81 74,43
181.12 106,31  T2.24
179.35 106.64 70,04
177.40 106.74  67.82
176.06 107.16 65.90
174,12 107.32 63,67
173.16 108.17  61.81
171.66 108.62 59,74
170.52 109.24 57.84

185,58
9.73

vl

0.886
0.887
n.907
0.926
0.947

" 0.967

n.988
1.009
1.029
1.047

1.068.

1.087
1.108
1.130
1.152
1.168
1.189
1.220
1.230
1.247
1.267
1.284
1.298
1.317
1,335

- 1.352

1.372
1.389
1.405
1.421
1.438
1.454
1.472
1.489
1.510
1.530
1.552

v2

1.518
1.483
1.467
1.448 -
1.432
1.416
1.400
1.384
1.367

1.347

1.330
1.312
1.295
1.280
1.264
1.242
1.231
1.222
1.182
1.163
1.147
1.126
1.102
1.083
1.064
1. 044
1.025
1.005
0.984
0.964
0.943
0.923
0.904
0.884
0.867
0.848
0.831



MASS

INTERV AL
91 93

93 95

95 = 97

97 99

99 101

101 103
103 1S
105 107
107 109
109 111
111 113
113 115
115 117
117 119
119 121
121 123
123 128
125 127
127 129
129 131
131 133
133 135
135 137
137 139
139 141
141 143
143 145
145 147
147 149
149 151
151 153
153 . 155
155 157
157 159
159 161
161 163
163. 165
TOTAL

TOTAL
COUNTS

2406,
3496,
4587,
6621,
9770.
14047,
18141.
20891.
20622,
17685,
14731,
11461.
- T420.
2916.
699,
128.
84,
340.
1675,
3585,
T114.
13687,
15137,
17407.
20005.
20861,
20473,
16257,
11196,
T104.
4396,
3354,
1800.
931.
387,
178.
44,

. Nu
TOTAL

5.38
4.86
4.61
4.29
4.03
3,84
3.
3.65
3.77
3.95
" 4.00
3.99
3.92
4,16
4.52
5.10
4.32
5.08
5.26
4.83
4.94
4.34
4.26
3.95
.3.80
3,53
3.37
3.36
3.55
3.75
4,14
4.39
474
5,32
5.89
6.43
7.21

321636,

‘:VRT. MASS

NU 1

3.77
3,21
3.00
2.78
2.53
2.24
1.96
1.73
1.60
1l.46
1.27
1.00
0.68
0.58
0.67
1.87
1.98
4.20
4.53
4.20
4.05
3.17

2.80°

2.42
2.15
1.83
1.57
1.40
1.32
1.32
1.43
1.41
1.30
1.23
1.21
1.20
1.13
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Table III-5, D O UB L E

1

NU 2
1.61
1.66
1. 60
1. 51
1.51
1.60
1.75
1.92
2.17
2.48
2,73
2.99
3.24
3.78
3. 85
3.23
2.34
0.88
0.73
0.63
0.89
.17
1.46
1.53
1.65
1.70
1.80
1.97
2.23
2.43
2.1
2.98
3,44
4,09
4,68
5,22
6.08

AVERAGE

CoINC.

VALUES

AFTER NEUTRON EMISSION

AFTER NU EMIT.
MASS 1 MASS 2

154.56 92.06
153.13 94.01
151.33 96.06

149.65 98.06

147.93 100.04
146.13 102,03
164.28 104,01
142.36 105.98
140.25 107.98
138.07 109.99
136,06 111.98
134,10 113,90
132.18 115,90
129.77 117.87
127.76 119,72
124,73 122.17
124.22 123.46
120.24 126.68
118.69 128,05
117.07 130,10
114.95 132.11
113.62 134.03
111.71 136,03
110.07 137.97
108.27 139,93
106.52 141.95
104,67 143.97
102.72 145,91
100.56 147.90
98.36 149,89
95,95 151.91
93.69 15%,92
91.38 155,88
88.85 ' 157.82
86.24 159,87
83.74 161.83
80.87 163.92

AVE.
S1GMA

BEFORE--AFTER NU EMTIT,
1319 El- E2

172.46 62.62 106449
174.83 65.04 106,60
176.03 66.91 106,07
177.73 68.95 105.92
179.37 T1.06° 105,56
181.20 73.38 105,11
183.15 75.83 1n4.59
185,34 78.40 104,18
186.91 80,76 103,22
188.16 83.07 1M1,98
190,10 85.68 101,22
192,23 88.49 1Nn0.50
195.45 91.91 100,31
196.72 94,52 98,64
199,22 97.12 98.43
195.08 95.53 95.60
201.05 98.76 98,84
193.44 94 .64 94.86
190.73 93,97 92.70
191.19 95.84 91.53
189.40 96.59 88.A89
189.38 98.87 87.n5
187.55 99,87 84,33
187.74 101.71 . 82,93
186.62 102.81 80,87
185.84 104,13 79.03
185.03 105,40 TT.14
183,96 106,48 75.07
182.15 107.09 72.61
180.64 107.73 . 70.37
178.26 107.75 67.75
176.84 108.41 65,57
175.82 109.55 63,36
174.18 11n,33 60.78
173.32 111,56 58,50
172.50 112,70 56439
169.73 112,90 53.29

185.56
9.74

vl

0.880
0,901
0.919
0.939
0,958
0.980
1.003
1.026
1.049
1.073
1.098
1.124
1.153
1.180
1.206
1.210
1.233
1.227
1.230
1.251
1.267
1.290
1.307
1.329
1.347
1.367
1.388
1.408
1.427
l.447
1.465
1.488
1.514
1.541
1.573
1.604
1.634

v2

1.482

1.467
1.447
l1.432
l.415
1.398
1.381
1.366
1. 347
1.326
1.310
1.294
1.282
1.260
1. 249
1.219
1.233
1.192
1.172
1.155
1.130
1.110
1.085%
1.068
1.047
l1.028
1. 008
0.988
0.965%
0,944
0.920
0.899
0.878
0.855
0.833
0.813
0.785
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IV. INTERPRETATION OF RESULTS

A. The Electron Energy Spectra

1. Gross Characteristics

The total electron spectravunsorted with respect to fragment mass
are compared in Fig. IV-1 for thfee of the low energy experiments. The
three sets of data were taken (a) with the fission source at the magnet
symmetry plane, (b) with the fission source 1 cm from the magnet symmetfy
plane, and (c) with the fission source 2 cm from the magnet symmetry
plane. With the source iﬁ fhese positions, electron detection was
restricted to those electrons emitted by fission fragments thch had
traveled to within the distance intervals of.O to 0.9, 0.1 to 1.9 and
1.1 to 2.9 cm from the fission source, the avérage detcction position in
each interval being 0.4, 1.0 and 2.0 cm from the fission source, respec-
tively. Hence these three curves represent the energy spectra of electrons
emitted from fragments‘df all masses at the approximate times of (a)

0.k nsec, (b).l}O nsec, and (c) 2.0 nsec after fission.

Clearly visible in the gross spectra of Fig. IV-1 are well-defined
electron peaks characteristic of the internal conversion of nuclear gamma
transitions. Specifically, peaks are seen at energies of 25, 33, ko, 75,
0, 102 118 and 150 keV. Furthermore, the structure displays a rapid
increase in intensity and complexity with decre351ng energy in accordance
with the well known dictates of the internal conversion process. The
appearance of well-defined structure in the gross spectra of Fig. Iv-1
is somewhat surprising considering the number of possible nuclides in-
volved‘and the extremely large number of different energy levels avail-
able for gamma de-excitation in highly excited  fission fragments. This
Observation suggests that perhaps the conversion electrons in fission are
predominantly associated with a restricted small fraction of the total

number of gamma transitions possible.
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From an éxperimental stahdpoint; a particularly noteworthy
feature of Fig. IV-1 is the extremely good energy reproducibility of the
spectra considering they were obtained in three‘differént experiments‘
and under three different experimental configurations. It is also ' : ®
satisfying to note the easily discernable changes in relative peak
intensities over the various time intervals represented by the three
specfra. This observation lends confidence to the basic usefulness of
the experimental method for determining haiflives.
| , | USing the total yields of'electrons.emitted in the three time
intervals represented by the spectra in'Fig. IV-1 a decay curve was con-
structed and found to be crudely analyzable in terms of a two component
decay. The resuiting halflives of the two componerts were found to be
0.17 and 2.6 nsec and the average yield of electrons per fission was
calculated to be 0.60. Within the limits of error imposed by this
greatly simplified treatmént, these values are in agreement with the

25

results repdrted by Atneosen et al.,gu Glendenin and Griffin, and
Kapoor et al.26 on measurements of K X}rays in coincidence with fission.
These studies do indicate, however, that the electron yield per fission
should be somewhat higher than the above value in order to account for
internal conversion in the L shell and the emission of Aﬁger electrons.
The low energy cutoff in the present experiments was above the energies
- of the Augér electrons émitted from the light fragments and so these
electrons are not included in the above yield éstimate, but a yield of -
0.60 electrons/fission still seems too low tovaccount for'cbntribufions
from L shell conversion and heavy fragment Auger electfons in light of
the average X-ray yleld per fission of 0.59 obtained by averaging the

results of the above experimenters.
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2; The'Mass-Sorted Spectra

Mass-sorted spectra are shown in Fig. IV-2 for three heavy frag-.

ment mass intervals and in Fig. IV-3 for two light fragment mass intervals.

‘They were obtained by sorting the data shown in the total spectrum in

Fig. IV-1b (i.e. the experiment in which the source was 1 cm from the
magnet symmetry plané)'with respect to the masses of the coincident frag-
menfs. These spectra clearly display both well-resolved and complex
sfructure which chénges markedly from_mass interval to mass interval.

It is quite evident thét sbrting with respect to mass has indeed accom-
plished the desired effect of decreasing the complexity of the spectra

to the point of making possible energy and mass assignments of numerous

: tran51tlons

- Although the sortlng process has greatly 51mpllf19d the electron
Spectra, it has by no means reduced them to the realms of simple analy51s
for noﬁrestrictions have been‘placed upon the nuclear charges of isotopes
contributihg to the spectra. Therefore each spectrum contains possible
éontributions from at least three different elements. Moreofer, com-
plexity also arises from the fact that éach electron peak is spread over
5 to 6 mass intervals due to the dispersion involved in measuring a frag- .
ment mass. The low energy portions of the heavy frégment spectra in
Fig. IV-2 are further complicated by the appearance of KLL, KIM and
KLN Auger electrons spanning roughly the energy region from 20 to 40 keV
over the heavy fragment mass reglon

"~ A number of the electron peaks in Figs. IV-2 and IV-3 have been

labeled alphabetlcally for use here in showing examples of possible K-

“and 'L- llne comblnatlons and for use in Sectlon IV.A-3% in demonstratlng

the correlatlon between these electron data and the gamma ray measure-

27 28 ;29

ments of Bowman and Bowman et al. Possible K and L lines are

denoted by the letters K and L preceding the identification letters.
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Several examples of possible
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These tentative assignments were arrived at by looking for‘pairs,of.peaks
displaying energy differences close to the differences in K and T binding
energies of elements specified by the most probable charges for the
given mass intervals. Theoretical values of K to L ratios were also
useful ih picking candidates for K and L pairs. Although the K_to I
ratio of a transition is quite sensitive to its mulfipolarity, the various
ratios-conéidared for these transitions can be limited, for the most part,
to those arising for El, Ml or E2,transitions,'since higher multipolarity
transitions can be ruied out on the.basis of the lifetimes involved
(>>CLO-9 sec). Many of the peaks in these spectra quife obviously are
complex and in order to obtain accurate K-L energy differences and K to
I ratios accounf must be taken of the inﬁerféring structufe. This problem
is . undertaken in Section IV-B.

~ In Fig. IV-4% are shown two épectra obtained in one of the high
energy experiments. The electron intensities in this energy region are
s0 low that it was only possible to obtain enough statiatics'to observe
definite strucﬁure by using the experimental configuration in which the
source was located at thevmagnet symmetry plane. Unfortunately, in this
configuration, separation of electrons emitted by different members of
-fragmént pairs is not possible and so these spectra contain contributions
not only from the lighﬁ fragments of mass 107-109 and 109-111. but also
from thevcoincidénﬁ'heavy fragments of mass 137-139 and 159—lhl. Even
50, these spectra are useful in illustrating the correspondence between
the gamma-ray measuremants and the electron measﬁrements‘as will be seen.

Two low-energy speétra for the maas interval 145 to 147--one taken

with the source 1 cm from the magnet syﬁmetry plane(g'm l_nsec) and the
other taken with the source 2 em from the magnet symmetry plane (E.N 2
nsec)--are compared.in Fig. IV-5. It is interesting to note.the changes
in relative intensities of many of the peaks arising from their different
rates of decay. In particular, the three sets of peaks located at ko, 55
and 73 keV show markedly differént relative intensities in the two sets

of data.
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Fig. IV-k. Combined electron spectra in coincidence with complimentary
heavy and light fragment pairs having mass ratios of 1.25 and 1.30.
The expected locations of K and L conversion lines as determined from -
their associated gamma rays are plotted below the spectra. As a
‘rough guide, the line lengths are proportional to the gamma ray
"inten31t1es _ ,



~Th-

340 T T T I T T T
K';—\
O
= 2.72f ~
wn
o
o
3
3 204 -
“ -
(o]
| .
(b .
£ |.36 -
3 .
c
q’ L]
= ..
o 0.68F .
Q)“ L]
o ed . _ .
~ Mass interval ‘
« 145-147
O Ly 1 I I 1 1 1 ] L1 ﬁ:hm

, _
50" . 100 - 150
Energy (keV) |

. MUB-9908
Fig. IV-5. A comparison of two mass sorted spectra for a heavy fragment
" mass interval; one taken at an approximate average time of 1 nsec after
fission and the other taken at an approximate average time of 2 nsec
after fission. o



®

R N

75

Table Iv-1. Observed electron peaks.

Observed
Mass

Observed. Electron
or Electron Group
Energy (keV)

100
102

104

106

108

.- 110
112

11k
116

134
136

193
132

o2
127
272

43
72
150
170
290
48

25
48
101

38
126 -
216
234
545
51
22
301
312 -
100
25T -
223

320
26
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Table IV-1. (cont'd)

Observed _:‘ o Observed Electron .
Mass - or Electron Group
Energy (keV)

138 208
“ ' : 338

357
450 .

140 o : o o

142 : - 322

b - LTk
' . C 1k

162

193

210

2h3

270

© 202
347

146 . : .25
148 ‘ ' 90
117

© 134

153
408

150 ' 38

. . 5 l T .V
By gy
16 RN T
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"The energies of all the peaks observed in these experiments over
the energy range of 17 to 650 keV are listed in Table IV-1 along with
the average masses of the mass intervals in which they appear in their
highest intensities. Since many of the observed electron peaks are not
single lines, but the sum of a number of>lines, the energies of the peak
cehtroids are not necessarily the Eorrect electron transition energies,
and the mass intervals at which fhe peaks appear in their highest in-

tensities are not necessarily- indicative of the true masses of the indivi-

dual electron lines. For these'reasons, the masses and energies listed

in Table IV-1 are repfesentative of the observed structure only as opposed
to the analyzed structure to be presented in Section IV-B.

The complete set of electron spectra for all mass intervals taken
in the low energy (10 to 180 keV) experiment'with the source 1 cm off the
magnet symmetry plane are giveﬁ in Appendix D. '

By Summing‘the number of events in each. electron spectrum over
énergy, the electron yield as a function of mass was obtained and is
shown in Fig. IV—6 for the two time intervals 0.5 to 1.5 and 1.5 to 2.5
nsec after fission. These.curves include only those electrons of
energies between 10 and 180 keV. (Actually the low energy cutoff is
somewhat higher than 10 keV since the Auger electrons from light fragments
are not included in the yield curves of Fig.‘IV—6). The yields are seen
to be quite shérply peaked at mass 108 and mass 150.5. Other note—
worthy'features includéd the extremely’lOw yield observed near symmetric
fission products, the slight discontinuities near masses L1k and 1,
and the sudden drop in yield after mass 151.

, In Fig. IV-T7 the yield of electrons hafing energies from épproxi-
mately 10 to 64O keV in the time interval 0.5 to 2.5 nsec after fisscion
1s compared with the X-ray measurements of Kapoor, Bowman and Thompson.
The solid lide-in_this figure represents the number of K vacancies,

resulting from internal conversion, as a.function of mass and the dashed

-
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' Fig. IV-6. The low. energy electron yield as a function
over the two approximate time intervals of 0.5 to 1.
flss1on and 1.5 to 2.5 nsec after flss1on.
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Kapoor, Bowman,|
8 Thovmpson
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Flg. Iv- 7 The total electron yield as a functlon of fragment mass over
the approximate time interval of O. 5 to 2.5 nsec after fission. Also
shown for comparison are the yield of K electrons and the yield of X
vacancies as functions of mass over the time interval of O to 50 nsec
after fission gs calculated from the X-ray yields of Kapoor, Bowman,
and Thompson. :

i

Jﬁﬂiﬁ
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line represents the yield onK conversion electroné plus Auger clectrons

aé a funcﬁion of mass. Both of these curves have_beeh calculated from _ -
the X-ray yields‘of Kapoor et al.26 which cover the time interval from

0 to 50 nsec after fission; Although these curvee are not useful in : .
demonstrating quantitative agreement with the electron data, éeneral
qualitative agreement is quiterevident. - The generallfeatufes of the

electron yield as a function of mass presented ih this figure also agree

. : L
well with the data of Atneosen, Thomas, Gibson and Perlman.2

3.  Correlation with 7—ray Measurements

Several experiments have been reported by Bowman et al.2 ’29~in

252Cf fission fragments in flight within

which'the'gamma rays.emitted by N
50 nsec after fission have been measured. These experiments were basically-
. similar to the present electron experiments in_that the gammea rays were
detected in coincidence with the fissien fragments (by means of a lithium-
drifted germenium detector); the fragment energies were measured and re-
corded with the energies of the colncident gamma rays, and the data were
_processed and sorted in a Similar_fashion. Spectra were taken with the
detector positioned at 90° and ét 0 and 180° with respect to the frag-
meht flight path. ,
Three gamma-ray spectra obtained by Bonan27 at 90° to the frag-
ment flight path are shown in Fig. IV-8 for.the.same mees intervals as
the electron spectra of Figs. Iv-2 and IV—S. Since in: the gamma-ray
experiments there was no way in which detection could be limited‘tovdnly
those gamma rays emitted‘by a selected member of each fragment pair, these
spectra eontaiﬁ gamma -ray liﬁes from both the light fragments and the
- coincident heavy fragments belonging to the mass intervals specified

in the figure.
%

Bl
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Fig. Iv-8. Mass sorted gamma ray spectra in 001nc1dence w1th compllmentary

heavy and light.fragment pairs belonging to three different mass in-
tervals. A number of the peaks are labeled alphabetlcally for com-
parlson with the associated electron spectra.
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In order to demonstrate the agreement between the electron results
and the gamma-ray results, the approximate energies of gamma rays giving - =
rise to the labeled XK and L conversion electron lines in Figs. .IV-2 and
IV-3 were calculated from the binding energies of the most probable .
charge elements. Tﬁe‘resulting>gamma—ray energy positions are indicated
by arrows and identified by the letters of the corresponding electron o
‘peaks in Fig. IV—8.. Aé can be seen, excellent agreemént is obtained in
most cases. This test is extremcly crucial for both sets of data and !
it is particularly reassuring at this point to find order evolving amidst
the various complex1t1es and uncertainties associated with these experlments

Tentatlve ass1gnment of gamma-ray- conversion-electron sets may
be further tested by 1dent1fy1ng the gamma rays as belonging to light or
‘heavy fragments. For example if it could be shown that gamma ray £ in
Fig. IV-8 does indeed belong to a lighﬁ fragment, then its apparent
correlation with the conversion electron peak £ in the light mass inter-
val of.¥05—ld7'ih Fig. IV-3 could be considered rather conclusive. if,
on the'oﬁhér hand,. it was shown thatlgamma ray 1 was emitted by a'heavy
frégment, then most éssuredly the correlation between these two peaks
would be a mere coincidence. The method by which the gamma rays may be
“assigned to either light or heavy fragmehts is based upon observing their
Doppler shifts in the. O and 180° spectra. The O and 180° gamma ray
measurements were made in an ekperimental configufation in which the
fissidn fragment detectors were located 1 cm from the source. Therefore,
any gamma rays which were emitted béfore the fragments had reached the
détectdr'received a Doppler shift due to the motion of the fragment.

: By1sorting the data such that only_those'events were selected in which

the heavy ffagment vas traveling toward the gamma detector (light frag-
ment away from the detéctor) or in which the heavy fragment was traveling o
away from the gamma detector (light fragment toward the detector), the
gammé rays can be identified as belonging to either light'or heavy frag-

ments by observing the directions of their Doppler shifts. An example
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of this type of analysis is presented in Fig. IV-9 for the heavy fragment
mass interval 143-145 and its complementary light fragment mass interval
103-105. In the top, middle and bottom spectra, the heavy fragment ig

moving toward, perpendicular to and away from the gamma-ray detector,

‘respectively. . Thevpeaks are labeled alphabetically and those peaks which .
‘show either a light fragment shift or a hean‘fragment shift are specified

by the letter L or H following their identification letter. Those peaks

‘displaying“an'unshifted component denoting emission after the fragment

has. stopped in the détettor are specified by the letter U. It may be'
seen thét peak b4 (peak A in Fig. IV-9) does Jndeed belong to a light |
fragmentin agreement with the evidence supplied by the prev1ous compari-
son with the conver51on electrons.

v - The same type of analysis has been applied to the mass 109- Jll
(137-139) interval spectra covering the energy range of 300 to 620 keV
shown in Fig; Iv-8. fThe spectrum in Fig. IV-10a is for the case of the
heavy fragmeht'traveling away from the detector (180°) and the spectrum
in Fig. IV-10b is for the case of the heavy fragment traveling toward
the detector (0°). Inspection of these spectra shows three peaks
identified with light fragments (E,I,L) and twelve identified with

‘heavy fragments. . Using theigamma~ray energies as determined from these

measurements, the expected location of the associated K and L conversion

lines have been plotted below the high energy electron spectra in

'Fig. Iv-4 assuming a most probable heavy Z of 53 and a most probable

light Z.of 44, As a rough guide, the line lengths are taken from the
intensities of the gamma rays in Fig. IV-10. Again it is seen thatv

there is good-égreement»between the two sets of data.
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Fig. IV-9. Mass sorted gamma ray spectra in coincidence with mass (143-
145) --mass (103-105) complimentary fission fragment pairs with heavy
fragment moving Toward (top), at 90° (center) and away (bottom) from _
the gamma ray detector. The gamma ray peaks are labeled alphabetically
followed by the Letter L, H or U for peaks in a light fragment Doppler
shifted position, a heavy fragment Doppler shifted position or an un-
shifted position respectively.
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‘Fig. IV-10. Mass sorted gamma ray spectra in- c01ncidence with mass (137- "
.139) --mass (109-111) complimentary fission fragment pairs taken at
'a) 180° and . b) 0° with respect to the fragment flight path.
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B. fnalysis of the Electron Spectra -

1. Determinatibn of the Electron Peak Characteristics

‘ In order to untangle the complexities associated with the number
of isotopes cbntributing to the electron spectra, it is important to have
a knowledge of the shape and width of a single electron line measured
under the same experimental»qonditioné. Since, as was pointed out in
Section III—V,‘detection‘was possible for electrons having a large spread
of emission angles, and since the laboratory energy of an electron emitted
from a moving source is a function of its angle of emission, it is evi-
dent that the peak shapes pertaining to these experiments are primarily
dependent upon the way in which the relative probability of detection
varies as a funcﬁion of emission angle. The only recourse, under the
circumstances, was to find some mééns.of identifying a single line in the
electron specfra for use in establishing the experimental peak shape
characteristics. . .

| As might have been expected from an inspection.of Figs. IV-2,

IV-3 and the figures*of Appendix D, the electron peaks were found to be
véry nearly‘the shape of Gaussian Ffunctions. This fortunate state of
affairs reduced the problem to that of establishing the standard de-
viation or width of a single electron line as a function of.electron
energy and fragment velocity. A satisfactory solution was obtained by |
formuléting thé'problem in terms of an "effective" upper and lower limit
to the range of experimental emission angles which resulted in electron
detection. VThese.”effective” angies are defined such that electrons
emitted at the upper or lower effective emission angle receive:enérgy
shifts exactly equal to one half the full width at half maximum (FWHM)
of the experimental electron péak (méasured from the first moment energy
.of the peak). The procedure by which the effective emission angles in

the center of mass system (6 - and 6 ) were calculated for a given
_ : cm 1 cm 2
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experimental electron peak associated with a fragment of average velocity

V. and having a first moment laboratory energy E b’ and standard devia

F

tlon ¢ is outlined as follows:

1.

Calculate the laboratory energies of the electron when emitted

at the lower and upper effective emission angles (E] b ] and
Eiob o respectlvely) By definition
= T = | |
Flab 17 Frab ¥ 3 7 Fray * 118 Oy
= FWHM =
Breb 2 “ F1ap =2 7 Frap 7 b 1800 ,
here = 240 ' b in associated with th
WACTE Ochirt ~ VO 7 93et’ Yget "E1NE crated w ©

intrinsic detector resolution (the FWHM of a Gaussian

function is equal to 2.36 o). Then, convert these energies

to velocities'by means of the equation

o 2 o.1/2 | '

m_c : _

v =[1 - {-———) } c - (1v-1)

2
E+me .

Assume the average angle of emission in the laboratory system

(giab) is 90° and calculate the velocity of the electron in
the center-of-mass system using Eg. (VII-16) of Appendix B.

Calculate the center-of-mass emission angles, Gcm and 0

~using Eq. (VII-20).

1 cm 2’

‘Calculate the average angle of emission in- the center of mass

system (8 ) by assumlng that the probability of electron.
emission. from m0v1ng flSSlOH fragments is a nearly constant
function of emission angle for angles near 90° wlth respect

to the fragment tragectory. Hence



5. Using the.@cm obtdined in step 4, calculate Viab by means. of

'éQuation (VvII-1hk), convert this to energy by means of the equation _

2 1 ]
E = -C - 14 Iv-2
Mo B A—— » (1v-2)
1 - (v/e)
and compare with the ihitial_ﬁiab.
6. Based upoq the comparison of step 5, assume a new éiab and -

repeat steps 2 through 5.
7. Reiterate until self-consistency is reached.

Since the effective angles Qc and 90m’ are specified solely by the

m 1 2
experimental configuration and hence do not depend upon the electron
energy or ffagment velocity, they may,_onée determined, be used to

1ab and VF. | )

_— and ecm o Was accomplished by applying

the procedure outlined above to a large number of the experimental peaks

calculate the E,_and o for any E

> %shift
The determination of GC

over a range of energies and fragment velocities. The B s and o's of

1
lab ‘
the various peaks used were accurately ascertained by fitting the peaks
with Gaussian functions by means of a least squares computer program.

A number of different values were obtained for Qc

and 6 as was
cm

expected since it was not known beforehand which gé;ks were'sfngle'lines
and which were complex. However, it was easyrtb_conclude which choice

of values to take based upocn the close consistency they displayed through—
out the spectra. These values wefe 77° and 103°. .Thebcalculated'depen~
--denece of. ¢ on.énergy_is shown in Fig. IV-11 for a number of fragmeht.
velocities (mass intervals)_and it is noted-that'cvis a rather rapidly

increésing function of both the electron energy and the fragment velocity. ‘ *g
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i - Flg. IV-11. The calculated dependence of the measured electron peak w1dth '
' (c) on electron energy and fragment velocity. .
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The average angle of emission in the center of mass system as
determined by the above procedure turned out to be 90° as a direct
consequenéé of fhe fact>that thé experimental peak shapes were symmetrical.
This indicates that the emission probability was symmetrical about 90°
with respect to the fragment trajectory. The energy corrections needed -
to convert the laboratory peak enefgies to center of mass transition

and the-

-

energies are'now‘directly calculable from the measured Elab
knbwledge of éﬁm through the use of the equation [see Eq. (VII-19) of
Appendix B]

22 2 | .
v, . TBT-V 2 22 2, 2.2 22y71/2
| lab . F jcos Qcm + [(Vlab “V,.p B COS Gcm Vg sin Qcm)(l B7)1]
. F .
V. =
cm v 2
© lab 2 2 2 .2
1 - 02 _B cos ecm - B%sin Gcm

(IV-3)

‘Table IV-2 lists energy corrections for labdratory energies up to 200 keV.
- To obtain the transition energies represenfed by electron peaks in the
specfra of Appéndix D, subtract the correction>given in Table IV-2 for

the "appropriate masszinterval from the measured peak energy (Elab)'

2. Determination of the Electron Transition Characteristics

| A knowledge of the characteristics of an electron peak arising
from-a single electron line can be used as a powerful<£ool for resolving
complex structure. This information was applied to the electron spectra
reéulting from the present experiments through the use of a Gaussian
fitting program developed especially for this purpose. Utilizing
the method of least squares, the program was cbnstrqcted such that any
'1number‘of peaks up to and including ten, eaqh individually specified by
a ¢ consistent with its peak energy and associated fragmeht velocity,
could, in combination, be varied in their intensities and first moments

.0 obtain the best possible it to the experimental data.
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Tuble IV-2. Electron enerygy shift corrections,

Average mass b 08 Mz w6 120 13z L6 Bo- b w8 w2 16
Elub(kev) ) Correction (keV)
20,00 0.59 0.56 0.54 0:51 0.49 0.4 ‘0.30 0.35 0.32 0.30 0.28 0.25 0.23 0.21
40.00 0.61 0.59 0.56 0.53  0.50 0.48 0.39 0.36 0.34 031 029  Dbl2g6 0.2k
60.00 0,64 '0.61 0.58 0.55 0.52 0.50 0.b1 0.37 0.35. 0.32 0.30 0.27 0.25
80.00 0.66 0.63 0.60 - 0‘5'7' T 0.5k 0.51, 0. k2 o.v39 0.36 0.33 0.31 .0:28 0.25 0.23
100,00 0.68 0.6% 0.62 0.58 '0,56 0.53 0.h3 o.ho' 0.37 0.3% 0.32 0.29 0.2 el
120.00 0.70 6,6‘7 0.6h 0.60 0.58 0.55 0.hy 0.h1 0.39 0,36 0.33  ~ 0.30 0.27 vk
140.00 0.73 0.69 0.66 0.62 0.60 °~  0.57 0.6 - 0.3 0.%0 0.37 0.3h 0.31 0.28 0.25
160.00 0.75 0.71 0.68°  0.64 0.61 0.58 0.48 0. by 0.h1 0.38 0.3 0.3z 0.29 0.26
180,00 0.77 0.73 0.70 0.66 0.63:  0.60-  0.49 0.4 0.k 0.39 0.3 - 033 0.30 0.t
200.00 0.76 0.72°  0.68 . 0.65 0.62 . 0.51 o.k7 - 043 0.40 0.37 0.3k 0. G2

0.79
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There ére, of'course, always a number of uncertainties involved
in fitting data of this sort since any given region composed of more
than one peak may usually be fit equally well, from a statistical point
-of view, by several different combinations of peaks. In the present
situation, however, a figid constraint exists in the re@uirement that
each individual'peak of any combination of peaks exhibit a distinct be-
havior as a function of mass. Specificallyz any given peak must display
a constant first moment oVer all the mass intervals in which it appears
and its intensity when piotted-as a function of mass must be approximately
Gaussian in shape with a ¢ of 1.7 to 2.0. (The above speoifications were
determined by plotting the intensities of a number of single electron
peaks vs. mass as illustrated in Section ITI-D and these plots were used
to establish a "standard" massIresolving’function). These properties were
enough to lend considerable confidence to the results obtained from the
peak fitting analyses v |
' - The procedure found to work best in analy21ng the electron spectra
was to first fit all of the spectra by allowing the first moments and
_1ntens1t1es of the various trial peaks to be varied so as to obtain the
best least squares fit to the experimental data. Next, the aferage
firstimoments of the . individual peeks were determined by weighting the
Avalnes of the first moments resulting from this’initial.fit'by their
'resultant intensities and averaging them‘over.ell the mass intervals in
Which they appeared. Having establiShed‘the peak—avefage‘first noments
vto a falr degree of accuracy, the last step was to again fit all of the
spectra——thls time with the peak first moments fixed at their average
Velues——ln order to obtain accurate values for the peak intensities. As
‘an'example-of the "goodness" of the fits obtained in the first step of
~ the above procedure, a completely fitted spectrum for the mass interval N
145-lh7 (1 nsec experiment) is shown in Fig. IV-12. The first moments
and intensities of the fitted peaks appearing in fhis figure are given in

TS
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Fig. IV-12. Gaussian fitted electron spectrum.
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Table IV-3 alohg with‘their FWHM's. The error limits specified in this -~
table are to be taken only as an indication of the "goodness" of the
‘least squares fit. ‘

The final results of two eomplete peak-fitting analyses of each
of 75iindividual electron spectra are presented in Table IV-4. 1In the
first column 1s listed the mass assignment of each electron line. These
masses were determined by plbtting the peak intensities vs. the average
masses.of each of the mass intervals in which the peake'éppearedvand
Titting the "standard ‘mass resolving function through the experimental
points. The mass coinciding with the first moment of this fitted resolving

. function was taken.as the mass of the fragmeht to which the electrons
belonged. The error'estimeted to be associated with these mass deter-

* minations is *1 mass unit. The second column: of Table IV-4 lists the
corrected transition energies of those electron peaks attributed to K-
conversien lines. These energiles were acquired by -the weighted average
procedure described'atove and are estimated to be_as accurate as 0.5
keV in most cases”based upon a comparison of thevenefgy values obtained
for the same transition by means of two indepeﬁdent experiments.

The third and fourth columns of Table IV-4 give the average elec-
tron emiseion rates for each transition over the time intervals speeified
by the'experimental configuratioﬁs in which the source was located 1 cm
from the magnet symmetry plane (Rl) and 2 cm from the magnet symmetry

plane (R respectively. These quantities were determined by summing the

2) _
intensities specified by the fitted mass resolution functions over all
contributing masses, adjusting this gquantity for mass yield'and detection

'efflclency and.thendlv1d1ng by 1. 72/V where 1.72 cm is the -width oi the

detection interval (FWHM) and Vg

the number of variables affecting these quantities, they are, for the

is the fragment Veloc1ty Because of

most part, presented only as rough estimates.

ws




]

iq'

-95-

Table IVfB. Electron peak energies and intensities for

gaussian fit of mass 145-147 spectrum.

Corrected . o, Intensity FWHM
Energy (keV) (].O_3 electrons /fragment) - (keV)
18.9%0.2 3.1t0.2 4,08

22.420.1 ~ 8.520.3 - .18
25.40.1 ©17.2#0.3 425
29.9%0.1 7.6%0.3 k.39
33.3%0.1 8.4+0.2 4. 46
37.80.3 4.20.2 4,58
41.7%0.1 11.940.2 4,70
45.840. k4 2.640.2 4.79
49 .40k 2.240.1 h;89 _
53.6+0.2 C4.120.1 5.00
58.020.1 6.940.1 5.10
62.520.6 1.0:0.1 ' 5.22
69.920 4 2.020,2 5.38
Th.10.1 11.6%0.2 5.50
77.740.2  4.0£0.3 5.57
190.240.0  1.26£0.02 . 5.86
98.40,1 2.8%0.1 6.0k

102.540. 14 1.76£0.08 6.14

107.3%0. 4 0.9%0.1 - 6.23

116.50,0 - 4.060.03 6.4

126.441.0 0.33%0.08 6.66

132.6%0,3 -1.02#0.07 6.77

1k2.820.1 1.96%0.0k 6.99

150.910.5  0.57+0.06 7.15

160.9%0,1 . ~ 2.88#0.03 7.36
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Table IV-4, Results of the anslysis of the electron spectra. .
~
PO R S T e i
Number {kev) (10'3 clectrons/rrfsgnent/nsec) {nsec) (11.)-2 electrons /fragnent) {kev) IK/IL Multipolarity A B b
99 192.0 71 ) ) (207.7) : 209.5 2100 19
100 791 . 37 : . (94.8) 97.2 98.0 40
102 131.9 12 9.2 1.7 4.0 (148.4) (151.8)
186.7 6.2 (203.2) e11.2 )
105 169.7 18 12 1.2 13 (187.0) 190.2 190.6 b2
106 71.0 43 ) .27 1.1 10 87.3 4.8 E2 oh.2 k.0 ik
R 148.8 2k : 16 1.4 6.7 {167.1) (170.8)
107 4.6 . 40 2k 1.0 9.5 (59.9) (63.6)
108 a2 T 43 1:0 ) 17 : (66.3) (70.1)
100.2 7.k (119.%4) 123.7 123.2 A%
10 s0.2 3b 27 ) 2.2 ’ 14 (69.4) ’ 73.2 73.2 4
745 19 11 ’ 0.9 © ke 9.5 5.7. E2 97.7 97.5
125.8 . 3.3 . (145.0) 9.2 8.8 uy
215.1, 8.7 . . 235.4 4.0 £z 238.0 238.1 i
113 - 36.1 24 . (55.8) - 60.0 fo.z by
us 2L, 20 " 7.8 0.6 3.8 by 2.4 B2 - LY Y LY
L V1.8 oy st 0. i 11 (80.) : 6.7 8.9 i
129 zhry - 0.63 o C o (zme) ) (283.2)
WO k0.8 69 : 3 1.0 18 . 69.6 b 5.7 T6.3 ok
1 77.6 28 22 2.6 o . 1104 . 5.3 oM 116.2 115.9 6
: ‘10k.3 L6 : (236.1) w2 .6 w26 56
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IListed in column 5 are the transition half-lives. These hali-liver
were calculated in the following way:
" Since the number of fragments which have not decayed via a given

transition af’any_time t is given by

where'No is the total numbef of fragments‘forméd and A is the decay con-
stant associated with the transition in question, the numbers of fragments

which decay via this transiﬁibnvin the time intervals t, to tg and t.._.3

1
£0 th are given by
At At At St - )
ANy = N e Lie Plame tri-e 2y
' ' - ° . o (IV-h)
' Aty AL, At (b, - t,)
_ 3 by 300 . b3
AN2 = NO[Q © - e ] = Noe [1 - er v ] E
‘In these'experiments_té f tl = tu»— t5 so‘
At ) . o
Al_\]g. = € 5 = e-x(tB i tl)
1 My
e
E
1 —f = -A(t, -t
n N (ts )
a\
2
-lD‘KN—l-}
A = . 5 (-TV‘L))
(t5,“ tls

but by, = 0.695/\ and



e g oLk 0ak 1
3 1 Vp o Ve Vi -
hence ‘
0695 R :
tl/g_— ————————;——_ - . : | (1v-6)
‘ \ ln(———) '
B

The'error limits attached to the half- lives determinéd in these experi-
‘ ﬁmpntf are *20% and are attrlbutable mainly to the inaccuracies dSuOLllL(d
~with measuring the source and deflector positions.

In the sixth colqmn, are listed the total emission intensities
per fragment mass. These quantities were'calculated from the equation

obtained by solving for N, in Eq. (IV-4); namely

A Ni.éxtl_’
Lot = N = 7 (T, - ) (Zv-17)
. [1-e ] ’
Substituting Eq. (IV 5) for X ylelds
| —ln(AN /AN
L S G ) . o
e > (1v-8)
tot f - 1o (A, /Aaw, )(t, - £ ) _ :
il ~ e (ta 17
butr :
t
1
s = 0.1k
Tt
and .
o ' 1.86 - 0.1% . __ I RN
(t2 = tl)/(tB'” tl)_= =g =1.72 . . , -

fhéreforé, ' - o B . o o : BN
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0.1k In (an,/AN,)

, Aml e :
= . : (1v-
Lot 3 1.72 In (AN /AN )7 o (IV-9)
2/ T :
1 - e ]
| |
As with the quantities'Ri and R, the values listed for Ti ot are pre-

sented only as rough estimates. o _ _

The seventh column of Table IV-4 contains a listing of the IL-
conversion electron energies associated with the K lines of column 2.
Those numbers not in parentheses give the energies of the 1. lines which
have been located in the electron spectra. The numbers in parenthescs
are the calculated L—line energies (fof those cases where identifiable
L lines could not be found). They were obtained by adding the K-L bind-
ing energy differences of the most probable charge clements to the K
line energies of coiumn 2. There are a number of reasons why.L lines
freq@ently could not be identified. Interfering structure, for example,
commonly made it impeseible to pin down definite L line energies in some
cases, while invother_instances it is possible that lines attributed to
K lines were really L lines. The factor con31dercd to be most froguently

responsible for missing I, lines, especially in the light fragment region,

~was large K-to-L ratios. Theoretical conversion coefficients-and K-to-I,

ratios are listed as a function of ehergy for an average light fragment

-Z of MB in Table IV-5 and for an average heavy fragment 7 of 55 in Table

IV 6. 50 From these tables, it can be seen that for light fragments, the
Jarge K-to-L ratlos for El and Ml transitions make it unlikely that I

bllnes would be identifiable for tran51t10ns of these: multlpolarLtleg

Tt is also ev1dent that throughout the energy range llsted for both Lhe
heavy and llpht frapmento, E2 transitions cons istently djjp]ay The _
smallest K-to-L ratios and therefore E2 transitions ohou]d be the eatlest_
to 1dent1fy in the'spectra on ‘the basis of K-to-L ratio. This is 1ndecd

the case as may'be seen by 1nspect1ng columns .8 and 9 of Table IV- 4 where

the measured K to L ratlos and the multlpolarlty 3551gnments deduced from

them are listed.



Table IV-5. .Conversion coefficients and K to L ratios for 7

£100-

- U3,

 a1(K+L)

9.2

Energy . E1 K/L M1 K/L B1(K+L) E2 K/L  a2(K+L)
(keV) | | -
30 80 k.o ok 21 2.9 135
40 9 2.1 27 10 3.0 52
50 107 1.1 ol k.5 - 4.8 2%
6O 113 0.6k 19 2.0 h.9 1
70 97 . 0.35 12 0.87 .6 h.9
80 80 0.20 9.6 0.52 e 2.5
90 83 1 0.15 8.9 0.35 4.5 1.6
100 86 0.12 10 0.26 5.4 Cl.e
150 129 0.058 16 0.1k 12 0.48
200 194 0.0%5 21 0.080 20 0.25
250 106 0.010 1n 0.024 5l " 0.0u8
300 8k © 0.0047 - S92 1 0.01% .5 0,024
350 85 0.003% 0.0093 7.8 0.01L
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Table IV-6. Conversion coefficients and K to L ratios for 2=55.

 Energy  El K/L  ol(k+L) . ML K/L B1(K+L) E2 K/L a2(K+L)
(keV) - ' '
30 5.5 5.3 3.2 16 1 0.25 200
4o 6.3 3.0 5.0 9.6 0.39 5%
50 - 1.9 C1.7 6.1 5.8 0.67 20
60 8.0 0.99 6.8 3.7 1.0 9.8
70 7.8 ©0.59 7.0 ok 1.2 5.5
80 7.1 0.36 7.5 1.7 1.4 En
90 7.2 0.26 7.1 1.1 1.8 2.3
100 N X W 7.8 0.88 2.0 1.6
150 13 : 0.11' 7.k 0.28 3.6 0.41
200 - .17 0.063 7.3 0.13% L.5 0.16
250 8.0 0.018 7.6 0.070 5.0 0.07k4
300 STk | 0}016_ | 7.6 0.043 5.l 0.0k
0.0071 7.6 0.028 5.8 0.026

350 7.8
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‘ In column 10 are listed energies of the gamma rays associated
‘with the conversion electron lines. Those numbers in column 10a not in
parentheses are the measured energies of gamma rays identified in the

2f

data of Bowman while those numbers in parentheses are values calculated
from the binding energies of the most probable charge-elements. It is
important to note that'the.binding energies used in calculating_gamma
rey'energies must be corrected for the state of ionization of the fragments
~involved. since the binding'energies of highly ionized‘ions are consider~
ably increased over those of neutral atoms. The problem of.ca]culatjng
these correctlons is taken up in Sectlon V where it is found that thc K
binding energy increase remains an approximately constant'0.9 keV over
the entire range‘of_fragment atomicbnumbers. This correction hae been
used both in calculeting the gamma ray energies and in.assigning the atomic
numbers llsted in column l of Table IV-4 on the basis of Lhe energy
’ dlfferences between the gamma ray energies and the K conversion line
energies (i.e. the K blndlng energles). ‘The energy valuesrglven in
column 10b are the calculated gamma energies for‘the Z assignment epeci—
fied in column 12. As can be seen, ciose'agreement is obtained in most
instances and the Z ass1gnments are felt to be accurate to better than
1 atomlc number.

Table IV- 4 is by no means presented as. a complete 1lst1ng of all
the electron structure appearing in the various spectra. Included in
this table are only those llnes which showed enough consistency in the
‘analysis to. promote. reasonable confidence in the accurécy of the listed
qqantities, Moreover, for many of the electron lines below 50 keV in the
heéVy fragment spectra, analysis was not poseible because of the inter-

ference from very complex Auger electron structure.

y}’
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C. Discussion
A number of features pertaining to the gamma de—ekcitafion pro-
cesses of fission fragments may be deduced from the olectlon yield curves
given in Figs. 1V—6 and IV-7. It is reasonable, for example, to expecct
the variation of. electron yield as-a function of mass to reflect the
relat;ve importance of low-energy transitions in the de-excitation pro-
cesses of ﬁhe various fragments, based upon the behavior of eonversiun

coefficiénts as a function of transition energy. Pursuing this line of

rcasonlng, it follows that low- energy transitions are paltlcularly

abundant in the regions of mass 108 and mass J52 It was fur1her p01nted
out by Atneosen et 81.24 that the existence of closely spaced levels is
not - in itselfba sufficient’condition for the productlon of a relafiVQly
large number of conversion electrone, but that it is also necessary for
de-excitation to take place throqgh 4 sequence of.these 1@Velu.' These
properties are characteristics of rotational transitions and, although

in no way concldéive,‘the above deductions are consietent both with the

31

proposal by Johansson, that there exists a region of stable deformation

‘near mass 110, and with the known deformed region beginning around mass

150. The low electron yields near mass 132 are most likely attributable
to the sharp rise in‘energy characteristic of single'particle transitions
associated with the doubly closed shell configuration of 50 protons and
82 neutrons. ' '

If, 1ndeed, the above deductions are correct, thenbevidence of
rotational transitions might be perceptibie in the électron spectra {or
mass intervals near 110 and 152. Referfing to Table IV-4, it is seen

that -a number of transitibns have been identified for mas S'llO Two of

these: tranuntlonv, namely the 97. 7 and 358 O keV gdmma rdys assngned to

110
Ru are particularly good candidates for 2% to 0F and 4" vtq.2 rotational

transitions since they appear to have the required E2 multipolarity.

The_energiee of these two transitions are somewhat lower than the 300 keV
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_Table IV-T.

10k-

Systematics of even-even first 2+ states in -
rare earth region,.

Nuclide

First 2+ Y
Energy (keV) EE (nse

1&2C =
58 esu

10l
608y

| 146

148
6sz88

148
 6oNdas

150 '
625788

152 _
64%%88

150
50Ny

152

154 |
64%%0

. 62511192

- 156

160
6qu96-

6zsm9o_fvl,-H"

640 ' - v. 0.006
696 | S 0.008
45—3 | ' B 0.06 

334 e . : 0.05 -
 .300 o : ‘ 0}2'
 ? 53 o 0.05

3hL S ',- 0.05

o 132 T ::. | 1.6
:, 122: - _.iv’f : : ; _-i.4‘ 
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the quadrupole deformatlon parameter ¢ glven by Nathan and Nielsson.

- where

‘Solving'for € résults:in,a value of 0.3 which is comparable in mégnitude

_and occa51onally dlps as low as the 75 keV 2+ state evidenced in Gd.
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SN | + o ot S !
4 to 2 and the 130 keV 2 to O transitions estimated by Johansson~

but agree well With the value (~100 keV) bbtained‘by extrapolating from

a plot of known first 2+ énergies of ruthenium isotopes-as a function of

‘neutron number. The energy ratio is also consistent with rotational

behavior in this region.

Assuming the above mentioned transitions are associated with a

“rotational band of llORu,'an idea of the magnitude of the deformation

vjnvo]vrd may be obtajned by oalcu1atJny the 1n1r1n i quadrupole moment

QO 1mpl1ed by the tran51tlon energy and llfetlme and correlating it w11h

2

A2

" The value of Q calculated on the basis of the measured half-life
ol . .
of the 97.7 keV tran51t10n is 4 x lO cmg.--The quadrupole deformation

parameter é is glven by the equat10n52 .
e=-1xV1i+28 0 (1v-10),

= (1/3)z <> B . - (IV-llsgl

Sy
R

= .

to the distortion parameter'found-fof l)8Gd and other nuclides in the
deformed rare- earth region. _ o

' A survey of the known systematlcs of even- even nuclldes in the
raré earth deformed reglon indicate that for deformed nuclei, the first

2+ state commonly ranges between 100 and 150 keV above the ground state
160, .33

Based upon extrapolations of the first 2+ energies'of neighborihg isotones,

the 2+ statéS‘of the most probable charge even-even nuclides lying be-
tween maséeS'l5O and:l6O are estimated_to_fall betwéen 70 and 100 keV
while the 4+ and 6+ states‘are expected to lie near 250 and 500 keV '
respectively. Referring tQ.Table’IV-h,fit is seen that many of the

=

1\
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observed electron lines are associated with or imply association with
gamma rays having energies near those estimated for 2+ to O+ rotational
transiﬁions. Unfortunately, the large conversion coefficienfs inherent,
with low energy E2 gamma transitions and the low mass yields in this
region makes,it,difficult to locate with confidence gamma-ray lines which
would'further‘substahtiate the K-line assignments and establish the 7
of the emitting nuclide. o v

Another quantify which is frequently of help‘ih eValuating evidence
for 2+ to O+ transitions of even-even nuclides in the hea?y fragment re-
gion ie.the transition half-life. By plotting the log of known 2+
energies versus the log of their half-lives it was found that thelpoints
approximetely lie alehg a stfaight line. The data used for the present
halfﬁﬁie,estimafes are summarized in Table IV—7.33 (A more'geheral study -
of the behavior of E2 transitions from the first 2+ state in even-even
nuclides as aefunction of transition probability»has been reported by
Grodzins. 54)-v | |
Two trans1t10ns in Table IV-4 appear to be partloularly good
candldates for even-even 2+ to O+ transition .from the standpoint of
energy, namely the 157.2 keV gamma transition assigned to lll'BCe and the
87.2 keV transition assigned to 56 Nd. The half-life estimates for
transitions of these energies are 0.7 and 4 nsec respectlvely which are
in reasonable agreement with the measured half-lives. of 1.3 and 1. 9 nsec.

8
The values of' QO and e calculated for the 157.2 keV transition in

are, however, unreasonably low (QO = 1.3 x 10 -2 2, e = 0.1).

A complex peak which appears to be assoeiated with fragments of
'._massV158v(see spectrum for mass 157-159 interval in Appendix D) bears
pointing out-because,of its unusually high intensity. The peak has been
found to Be comprised eséentially of two linesvhaving energies of 63.5
and 68.% keV. For all of their intensity; howeQer; no evidence of

asSociated'L'conversion lines could-be found in the spectra. This fact
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excludes their being E2 transitions since the.K to L ratios for E2 tran-
sitions of these energies are around 2.0.: ML and El K to L ratios for
these transitions, on the other hand, are on the order of 8 and hence
the transitions probably arise from deformedvodd—mass nuélides, where

Ml transitions.in rotational cascades should be quite common.

153, 33

" The known transitions of provide an insight into the
character of typical odd-mass transitions in the heavy mass_regioh. The
ground state has spiﬁ.and parity 5/2+ while the first two excited levels
are.a 7/2+, 83 keV state and a 9/2+, 191 keV state. De-excitation pro-
ceeds via a two transition ML-E2 cascade and a crossover'transition from
the 9/2+ level to the ground state in relative amoﬁntscf 26% and Th%
respectively. The 9/2+ level hes a half&lifé of 0.24 nsec and the 7/2+
level has'a”0:7 nsec half-life. Strong cfoss—ovef transitioné are‘known
for a number of other odd-mass nuclides in this region, for example the
crossover transition (64% relative intensity) having an energy of 256mkéV
and ahalf-life of 0.9 nsec in'lsle,j5 and hence the character of odd

mass de-excitation occurring in the nuclides of most probable charge

may be assumed to display similar properties.

» It becomes evident that~in order to account for the large number
of low energy transitions having lifetimes in the range of 1 to 2 nsécs
observed in these éxperiments it must be postulated that‘a large per-
cenﬁage of the lines arise from the decay of odd-mass nuclides. In
searching for lines having these characteristics, a number of possible
crossover transitions were found as>may be seen by again referring to

Table IV-4. 1In particular, the gamma ray lines indicated for masses 139,

14k and 145 at energies of 283.2, 280.7, 181.7 respectively are of about

the.right energies for crossover transitions while the 116.2 keV gamma

ray at mass 144 and the 113.3 keV gamma ray indicated at mass 146 look !

~ about right for cascade transitions. There were, however, no clear cases

‘where all three transitions for any one nuclide could be found.
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;Returning onpe—again to the electron yield'curve of Tig. IV-'(,
one should like to explain‘the‘puZzling drop in electron yield beyond’
cmasy 151 on the‘bas's of the'present data. The fact that the yield doco
not continue to_drop5 but_ievels out around mass 153 suggests the poussible
eXistance Qf highly converfed low.energy rotational transitions in a
number of nucléi spanning the heavy mass region. As theAheavier mass .
nﬁclides are approached, 1t is reasonable to expect these levels to:move
down in energy. Perhaps the sudden drop could be explained by assuming
that as the mass 150 nuclel are approached, the predominant  cascade
transitions move below the K binding energy and hence abruptly reduce the
electron yield. The yield would level out in the observed manner due to
the large contribution from electrons converted in the L shell. (This
suggestion was First put forth by Vandenbosch.35) Rotational transitions
fitting the ébove déscriptioh were looked for in the presént data, but

. no conclusive evidence could be found in support of this proposél.
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V. BINDING ENERGY CALCULATIONS OFvHIGH TONIZED ATOMS
Due to the high velocities attained by fiesion fragments (& 109'
cm/sec) immediately upon fissioning, they are unable to carry along many
of their outer orbital electrons and hence become highly ionized. Tn
attempting to ascertain the nuelear charges of fission fragments by
measuring the difference in energy between associated gamma rays and

internal conversion electrons, it is important to be aware of how the K

electron binding energies are affected by this high state of ionization.

Qualltatlvely, the effect on the binding energles of aterplng
a number of outer electrons from a neutra] atom may be underst.ood by
picturing the electronic charge as residing on the surfaces of spheres

centered about the nucleus. Figure V-la illustrates the repulsive potential

~due to the electron shells which would be felt by a test charge as il was

brought toward the nucleus of such an atom. Before the first shell of
charge is reached, the potential is given by 38 e /r As this shell is

penetrated, its contrlbutlon to the potential becomes a.constant'cl and

the further increase- is due to the remaining charge 36e. The repulsive

‘potential continues to increase in the same fashion until the K shell is

penetrated at which point, it becomes constant. The attractive potential

on the other hand, is given by —58e2/r and is due tp.the nuclear charge.

tBy adding these two potentials, the binding potential is obtained and this

potential establishes the.binding energies of the various electrons.

In Fig. V-1b is shown the same potentials for a etrontlum atom

~with 1ts two outer electron shells stripped. It is seen that the net

effect is to lower the blndlng ‘potential by the amount C +'C2 It is

rexpected then that the blndlng energies of an lonized atom will be
.hlgher than those of a neutralatom and furthermore,that these increases in
" binding energles ‘should be nearly the same for all occupied orbitals of

the ion.
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(o) ‘Neutro! strontium atom
C+CptCyt CatCy .
ek : ’

2
26%/1+C+CotCatCq
- ™ 2
1Qe2/r +C/+CptCy

‘Repulsive
potential .

l
_ |
U(r) r'

KL M_-—INTT o r
" K binding 7 ~— Attractive potential
enerqgy /

-38e2/r

~Binding potential
(Uonrocl. + Urepuls,)

T T T T

b

(b) Strontium +10 ion

c3+c4+c5
Pl 2e%r+CytCy
] floer |-
B I }+C3 l 28e%sr.
U(r)
r
MUB 10567

Fig. V-1. Idealized electrostatic potentlal energy dlagram for
neutron strontium atom b) a strontium #10 ion. v

.a)a



is based on the assumptlon first brought forth by Bohr

~surement of the curvature in the paths of
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A. Estimation of Fission Fragment Ionic Charges

The first problem in considering the ionization effect is in
determining the degree of ionization itself. Very little experimental
daia-are available on fission fragment initial ionic chérges, and no

satisfactory method for calculating them precisely from a theoretical

.or emplrlcal formula has yet been devised. In fact, about the only means

. of estlmatlng the 1n1tlal ionic charge of a f1031on fragment in a vacuum

36——that only those

electrons whose orbital velocitiés are greater than the translational
vélbcity'of the fission fragment will remain bound. In this connection,
Bohr approximéted the velocity of an electron in an atom by
: e ¥ Z* -
veEm v (v-1)
where 7% is the effective charge on the electron in question, n* is its
effective principle quantum number and v is the orbital velocity of an

electron in the ground state of the hydfogen atom. Solving for the Z¥

.of the electron whose ve]oc1Ly v is equal to the veloc1ty V of the [(rag-

" ment, the result is,

7% = L

~ meo o (v-2)
L | .o o SR

1/3

<

Bohr then approximated n¥ with 2 based on the ThomasfFefmi statistical

model of the atom and obtained

. /3
oL 2P
o 2.2x 10

37,38

Extensive experimental studies by Iassen

255

invoiﬁinguth@ mea -
ie) fission fragment° 1n a
magnétié fiéld.have yielded initial charge values of 22 and 20 for the
most probable-heavy and light fragment respectively. Since'fhe time that

w
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‘ the e measurements were made, however, more reliable masg s and. velocity
data have become avallable; If the most probable mass and velocity data
of Miltdn et al.59 are nSed in conjunction with Lassen's Hp.measurémunts,
the most probable light and heavy fragment ionic charges become 21 and
23, reepectiVely An ionic charge of 21 for the most probable light

235 Ul

mass 96) is in very good agreement w1th the measure-

fragment of
ao . 91y
Zr. The values obtained from Eq. (V-3),

ments of Cohen et al.
‘on the other hand,vafe 2% for the light fragment and 17 for the heavy
fragment. - These values not only deviate substantially from the experi-
mental Values; but also are reversed in their trend, resulting in a
larger cnarge for the light fragment than for the heavy fragment.
Table V-1 summarizes the fragment charge values presented here as well
as the data used in obtalnlng them. _

Before attemptlng to determlne the nuclear charges of flSSlon
fragments. from the energy differences between corresponding gamma ray
and internal conversion electron'lines, the binding energy increases due '
to the high state of ionization of the fragments must be known. For this
reason, detailed calculatlons of the K binding energles for various
fission product atoms were undertaken

In lieu of any experlmental ionic charge.data_on 2520f and due to
the apparent unreliability of Eq. (VeB)? it will be assumed that the most
probable heavy fragment ionic charge is about 2k and the most pfobable‘
light fragment ionic charge is about'22. The assumption that the most
probable ionic charges resulting from 255U‘f‘ission and 2520f fission wzll
differ slightly seems reasonable on the basis of the difference in the
fragment velocities and masses in the two cases. It.was further felt,
.due:to the-uneertainty in the ionic charge assignments, to be of general
interest‘to calculate, for various atoms in this region, thevKibinding
~energies for a series of states of ionization rangingvfrom tne neutral
'atomvto the totaily ionized atom. |

Lear
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The binding energy calculatloﬁs were carrled out u31ng a computgr
1
program written by Roothaan and Bagus employlng a non-relativistic’
" Hartree-Fock self-conSistént field (S.C.F.) method. Before di: oussnng

the results of these calculations, some details of the. Hartree-Fock

S5.C.F. method and its application in the computer program will be described.

B. The Hartree-Fock S..C. F. Method

The genéfa] Hartree-Fock method, in its various forms, has been
wldely used in atomic calculatlons - It was originally developed by
Fock's ke application of the Hartree method to determinantal wave functions.
The Hartree method éonSists essentially‘of COnstructiﬁg wave“
functions to deséribe'étomic‘configurations from prodﬁcts of one electron
orbitals for-the'various N electrons and solving thé resulting N

simultaneous nonlinear integrodifferential equations of the form

'[—1/2V32v+ V(rj)} Ui(rj)‘:'ei Ui(rj) . (v-k)

These equations are solved by successive:épproximationé until the'solutions
- are self;cdnsistent; fhat is; uhtil the final wave functions determine a-
final potential which agrees to a high ordef»of accuracy with the poténtial
determlned by the preceding iteration. ' \

Wave functions found in thls manner, however, ‘do not satisfy Lhe
restriction that they be antisymmetric which is 1mposed by the Pauli
- exclusion principle. . The simplest function which does satisfy the anti-
Pymmetry prlnCLple is a determinantal functlon and hence this leads to .

the Hartree- Fock S. C. F. method

oW
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The Hartree-Fock method as applied to atomic calculatlons has

received numerous and detailed treatments MB,MM

For the present pur-
poses, therefore, the presentation which follows will be limited to a
brief description of its application in the computer program. = For com-
pleténess, however, the derivation of‘the Hartree-Fock equationo for.
closed shells from the variational method, and Roothdan ] formu]afjon
for open ‘shells are outlined in Appendix C. .

The prefcnt binding energy caLculdTJonb were carried outl Lhrough
the use of an IBM 7090 computer program written by Roothaan and Bngu
The program is based on an expansion method (developed by Roothaan ))
which applies the procedures outiined_in Appendix C to‘determinantal wave
functions comprised of LCAO- type'orbital expansions. |

In applylng the LCAO method, each orbital @ is expanded in terms
of a given set of sultable basis functlons Xp. Advantagc>ig taken of the-
symmetry propertles afforded by Roothaan s open-shell formulation which
permits. the orbltals to be grouped in sets, each set transforang under
symmetry operations- accordlng to an irreducible representation of the
symmetry group. Hence, each occupied orbital of a given species and
subspecies is constructed from a linear combinafion'of the basisvorbitals

of the same specie$ and,subépecies such that

®ina :§Xp)\ofc)\'pi =Xa Ha : (v-5)
where the basis functions are given by

‘The indices i\Q and pAX are analogous to the quantum number nlm used to
specify hydrogenflike wave functions. The radial pérfs'of the basis

R . : -
functions used in the computer program are normalized Slater-type functions

given by . .



(v-7)

_ In brief, the computatlonal process starts with a set of trial
wave functlons of the type given in Eq. (V-5). Thlsbrequlres input
eestlmates of the Slater orbital exponents CK “and the Vectors CK

Using the basis functlons, the 1ntegraloL enterlng the Hdrtree Fock
Hamlltonlan are calculated, and an iterative proceos entered into in
whlch the elgenvectors are solved for repeatedly until the 1nput and out-
put vectors agree w1th1n a certaln threshold. The iterative schemes used
in the program to obtainkconvergenf solutionS‘from aq.few successive
iterations as poss1ble are described in detall by Roothaan and Bagus
* and so will not be dlscussed further

' The program is- d951gned to work w1th mlnlmdl hlphly OptlmlAPd
b331s sets 1nbtead of w1th loosely chooen large basis sets which lead
“to programmlng and machlne time compllcatlons The bas1s functions are
optimized by the variation of the Slater orbital exponentu. The method
of variation 1nvolves complete SCF .calculations of the total energy for

a series of values of the orbltal exponent in quest;on. An extrapolation
is then performed to obtain the value of the orbital exponent which
- minimizes the fotal-energy. The exponents to be varied and the émounts.
of variation to be applied_ére specified in the'input data. The program
provides for the optimization of basis.functjons in sets of one, two or
three. Optlmlzatlon of a set of two wave functions, for example, involves
. the variation of the second orbital exponent until a mlnlmum in the total
energy 1s found, then the flrst orbital is varied by the amount spec:fled
1n the input, and the program again undertakes the varlatlon ol the _
,econd exponent until the total energy is agaln minimized. This process

1s repeated untll both exponents in comblnatlon are fully optjmnzed
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~ The output data of the SCF program consists of a lisfing of the
final optimized orbital exponents, the final eigenvectors, and the values
of the total energy, the potential ehergy, the kinetic energy and the
TLagrangian multipliers which are referred to as orbital energies. In
addition, the value feéulting from the application of the virial »
theorem 1 and the cusp values = are listed as a test of the accuracy -
of the energy determinétiohs and the_accuracy of the eigehvéctors-in the
region r — O, resﬁectively: For an exact solution; the virial theorem
should yield a.value of -2 andvthe cusps shoud have the values —Z/X+J.
Further output options allow the’tabulation of the orbital wave Tuncilions
and the orbital densities as a function of r as well as the printing of
the various matrices aﬁd intermediate data_entering into the BCT calculﬁtionm.

| Many general problems can'be handled by this SCF program including
thos¢ involvingvopen inner shells such as, for example, the configuration
151'252 2p6.' Limitations of the program, however, include ‘a maximum
value of 6 for the principle quantdm numbef, a maximum value of 5 for

the angular momentum and a maximum of 20 basis functions.

C. Results of Calculations

The electron binding enérgiés of Sr, Pd, Xe.and Sm were calculated
for a.number bf ionic charge states spanning from the neutral atom to the
totally ionized atom. These particular atoms were chosen because they
outline the light and heavy fission product regions‘and therefore makoe
convenient bases for extrapolations to other fissidn product c¢lements.

The K bihding energies were obtained by computing the total
energiés of both the ion in question and bf the ion with one lsg electron:
- removed. The difference between these two computed total energies, then,
is precisely the K binding énergy of the ion. In all céses, the tctal
energies were calculated with minimal basis sets (one basis function for

each océupiedvorbital) using fuliy optimized orbital exponents.
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: p : o - 8
‘The K binding energies for the neutral atoms are well known. =
The K binding energies for the totally ionized atoms (ionic charge of

Z“l) are ea51ly calculable from.the Sommerfeld relat1v1uilc hydrogen

L
atom equatlon 9 given by -
| 2 Lo 2 2 L
B - 2wl [i el g_)}
i h ~ n \g+1  hn
B M| .2 2 2} _
El,O = - ChR N vt Z [l + 0.25 a2 3 | (V—8)

where & 1s the Sommerfeld.fine structure constant and R, is the Rydberg
constant for an infinitely heavy nucleus. Inserting the appropriate

- values, this equation reduces to-.

-6

E. . = - 13.606 x 107 22[1’+ 13.31k x 10

2
1,0 Z ]keV . (v-9)

v By comparing the calculaﬁed'values for the neutral.and totally ionized -
‘cases with the values obtained from Ref. 48 and Eq. (V-9), the error in
the calculated values was found t6 range from 1.8% for strontium to
4 . % for'samarlum. This error was attrlbute d to calculational error
arlblng from the use of minimal basis sets, and to .correlation and
relat1v1stlc energy effects not taken into consideration by 1ho calcu-
latlon

Thé percent error was very nearly the same for both the neutral
and the fully ionized cases. On this basis, the percent error in the
calculated'values was assumed. to be cpnstant with respect to ionic chargé
.state and a linear adjustment was made on all calculated K binding énergy

.values such that the tﬁo extremes:of ionic charge stétes (neutral and

totally ionized) agreed with the values obtained from Ref. 48 and Eq. (V-9).

“
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These values were then plOtted as a function ionic éharge and a smooth
curve was fitted through the points. The adjusted K binding encrgy

curves for Sr, Pd, Xe and Sm:are shown in Figs. V—E; V=3, V- and v-5,

‘respectively. These curves are believed to be accurate to better‘than_

0.05% or in most cases to at least O. l keV. Similar curves are given in
Pigs. V- 6 and V T for the adjusted 2s and 2p blndlng energlcs as a
function of ionic charge.

As -an ald to extrapolatlons to other eLements, the perccnb increas
in blndlng enurgy is plotted as a function of percent ionization Jh g,
V-8 for Sr, Pd, Xe and Sm. The relative position of the curve representing
any other element in the region may be established by-calcﬁlating the
point corresponding to total ionization (ionic charge = Z-1) through the
use of Eq. (V-9).

Thé K and L electron binding energies as well as thede X-ray
energies are listed in Table V-2 for the neutral atoms and several
probable ionic charge states. It is seen that,vas expectéd, the Kd X-ray
energy is_essentially'unaffected by the state of ionization while the
binding energies expefience considerable increase. |

The K binding energy increase is plotted in Figw'V—9vas a function

of atomic number for several probable ionic charge states. If the most

'~ probable fission fragment charge states are assumed to be +21, +2%, +2k4

‘and +26 for Sr, Pd, Xe and Sm respectively, it is seen that the binding

energy increase remains nearly a constant 0.9 keV as a function of atomic
number . | _

In order.to facilitéte fﬁrthéf work in this or related areas, the
remaining orbital energies for the various cases calculated are iiéted in
Table IVQBJ These values are strictly the calculated values and have not
beéﬁfadjusted.in‘any way. The fully optimized orbital expOnenté used in

“these calculatlons are listed in Table V-l for the neutral atom cases un-

less otherwise pec1fled.

B
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Table V-2. K, L and Ko energies for Sr, Pd, Xe and Sm
fission fragment ions.

Electron Binding Energy (keV)

K~ X-Ray

- Pd

 Sm

15 28 2P Energy (keV)
St Neutral 16.10 2.2l 1.97 14,13
spt20 . 16.89 302 - 2.76 k.13
st 16,97 3.10 2.8 .13
srtee 17.05  3.18  2.92 14,13
Pd . Neutral 24,36 3.61 3.26 21.10
e 25.21  L.h9 L.k 21.07
pate3 25.28 k.57 h.22 . 21.06
+2h 2535 h.65 0 k.30 21.05
Xe Neutral 34,55 ,5.&5" ” L. 9L 29.61
Xe 23 35.38  6.25 5.7k 29.6)4
xe2H 354k 6.32 5.81 29.63
xet?? 35.50 6.38 5.8 29.62
 Sm Neutral ¥%6.85  7.7%  7.02 ©39.83
st 2 47.58 8,51 7.8 39.78
s X764k 85T 7.85 39.79
+26 k.71 863 T7.92 39.79
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Flg. V-9. The calculated increase in K binding energy for several probable
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energy increase for the probable charge states of +21, +23,. +24 and +26
spannlng the whole reglon of fission product 1sotopes '
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Table V=3. Caléulated orbital energies.,
Strontium 35 3p 3d Lg hp 5s N
 Sr Neutral - 0.347  0.280 0.132 0.048 0.028 0.00k
srt® 0.47% . 0.kOT 0.260 0.150
*20 0.9  0.933 |
o Palladium o 3s 3p 3& L I)-I-p .Vhdv'
P4 Neutral 0,628  0.537 0.335 _ 0.081  0.050 = 0.005
patl0 0.836 0.747-  O0.54k  0.272 0.237
- pg*18 1.085.  0.998  0.800 - '
+28 g .
paté® 1.717 1.642
. Xenon 3s " 3p 3d s Lp Lg - 5s 5p
Xe Neutral 1.058 0.948 ; - 0.690 0,200 0.157 " 0.067 0.022 o.blo
¥ 1.169  1.059 ~ 0.802  0.309  0.265  0.175
xet18 S 1,512 - 1.hoz 1.1k45 0.5% 0.548 '
xet28 1.845 1.739 1,489
+36 : :
Xe 7 2.628 2.543
Samarium 3s 3p 3d s Lp L 5vs 5p
58 1.739  1.608  1.293  0.483 0.7 = 0.302  0.163  0.1k0
sm+l6 1.920 1.791 1.479 0.655  0.599 0.476
om*20 2,381 2.255 1.9k 1.029  0.970 :
sm*3M 2.794 2.673 2.37h o
+hh : .
Sm 3.729 3.638 -
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VI. CONCLUSION _

The results of these experiments have shown that the study of the
conversion electrons emifted in fission is an especiaily attraotive way
in which detailed information may be obtained concerning the low-energy
gamma de-excitation characteristics of fission fragments. 'Experimental
"~ techniques, such as the ones developed here, allow the measurement of the
'conversioﬁ électrons with a selectivity that is‘unattainable in the study

of the gamma rays, both with respect to separating radiatién emitted rrbm
different members of coincident fragment pairs and with respedﬁ to mea-
suring the spectra associated with definite and well—defined time inter-
vals after fiséidn. It was found, however, that serious.limitations are
imposed uﬁon the enefgy resolution obtainable in_experimenﬁs designed to
detect. electrons in thebdirection perpendicular to the fraﬁment Tlight
path as a consequence of their emission from a moving source.

The data which have evolved from this work indicate that a large

. percentage of the gamma rays emitted in fission must be attributed to the
decay of" odd -mass nuclldes.: Moreover, 1t was found that 1he obe ervod
structure is in general agreement with what is expected on the ba51a of
the systematics of nelghbor;ng nuclei. }urther evidence was found for
~the existence of a region of stable nuclear deformalion near mass 110.

The large'maximum'in »electron yield around this mass number and fhe
characteristics of two transitions thought to be associated with lloRu
both suggest rotational behavior. |

The binding-energy calculations established the fact ‘that the

state of ionization common to fission fragments has a relatively large
‘effect upon the electron binding energies. . It was found that the increase
in K binding energy is, on the average, 0.9 keV for highly>ioni2edvfission
fragments and that this increase is appfoximately constant over the whole
region of elements formed in fission. By~&irture of the fact that both
the K- and L-shell electron binding energies are increased by approximately _

the same amounts, however, the K X-ray. energies were found to remain very
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nearly the same as those observed for the neutral aﬁbms;‘ A nﬁmber of ©
experiments are suggested by the magnitude of the dependence of the K
”binding energies on the large ionic charge ststes formed in fission. For
example, 1f conversion electrons from any given fission fragment could

be measured with enough energy precision in flight and after the fragments
have come te rest (i.e. néutralized their charge), the detected shift in
energy could be used to directly determine the Ofiginal state of ioni-
zation. - It would also be intefesting to investigate the effect of ionic
charge on conversion coefficients and transition lifetimes by means of
fission fragments; o '

It is worth pointing out the applicability of the magnetic
steeringvdevice used in these experiments to other types of conversion
electron ihvestigstions:~ Experiments involving the study of conversion
electrons from alpha -emitters, low energy gamma and X-ray emitters, and
positron emitters are partiéulafly suiﬁed for: this device which offerse
high detection efficienty and a means of shielding the electron detector
from the ihterfering radiations. - ‘

Perhaps equally:as importanf.as the results of these experiments
_has been the demonstration of a technique which, by using fission as a
means for their pfoduction, makes possible the spectroscopic study of a
large number of neutfon—excess isotopes. it seems .certain, based uﬁon
the present work, that by the application of methods.capable of improved
mass determination, sueh'as time-of-flight or mass-spectroscopic tech~
niques, this type of experimentatien will be particularly fruitful for

some time to come.
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APPENDICES

A.- The Motion of a Charged Particle in an Inhomogeneous Magmetic Field

A charged partiéle moving in an inhomogeneous magnetic Tield nay
experience two types of drift motions. In each case the orbit of the

charged particle is determined by the well known_Lorentz farce given by
F=q(@x3B®  , ' (VIT-1).

.where’Q'and v are the‘chérge and velocity'of the particle and B.is the
magnetic field strength. ' | _

The fifst-type of drift motion may be'understood by  considering
the Sitﬁation depicted in Fig. VII-1. Here, the magnetic field is
symmetrical about the 7 axis and the field lines are slowly converging.
The radius of fhe particle brbit, called thevLarmof-radius) may be ob-
tained by writing the expression for the centripetalvaccelerétion imposed

upon the particle by fhe Lofentz force; namely

2 . |
mvl ’ . .
avy. B, =R ’ : (vir-2)

where i is the particle velocity in the plane perpendicular to the 7

axis and BZ is the fiéld strength in the z ‘direction. ©Solving for R, gives
R =— L S (VII-3)

Tt may be shown, that in a magnetic field which'varies‘only slowly

in distances of the order of a Iarmor radius, the motion of a charged

50

particle is such as to keep its magnetic moment constant. The magnetic

moment is by definition given by
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‘Fig. VII-1. Diagram illustrating the vertical drift motion of a charged
- particle moving in a slowly converging magnetic field. : :
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current X area

c
1

qVJ D .
-+ _ ]
= 55 X TR = l/2quR . B (VITI-})

By substituting Eq. (VII-3), this reduces to

u =

w,e
|._.._

= Constant  , (VIT-9)
z ' - ‘ .
where TL is the particle kinectic energy in the plane perpendicular Lo
the magnetic field. ’

Now, it can be verifiéd that there is a force tending to push the
particle into the weaker‘magnetic field region by taking the z component

of Eq. (VIT-1). Thus

av | o
rle” m® (v11-0)

‘FZ = qV_LB

where Br is the radial éomponent of the magnetic field. From the spatiél

relationship of v, and Br it is evident that the force in directed uuch
that the vertical velocities of gyrating particles which are approacliing
regions of stronger magnetic field are decreased.

‘The magnetic flux through the particle orbit is given by

Lomv
® -5 =B n(_i,

2198,
m - (VII-T)
ce2m Ll 2m L
T 2 B T 2
q z. q
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Since the magnetic moment'is a cdnstant of‘motion; thé partié]é is con-
'\stréined to move in such a way as to keep the flux through ifs orbit
éonstant._ In a highly'convergent magnetic field, 1his means that Lhe -
particle will gyrate in‘tighter ahd-ti;hter_helicél spirals until it is
reflected back'into thé weaker fieid. Thié is the fundamental require-
ment for a magnetic mirror. | '
| In considéring'the conditions necessary for reflection to océur,

it is evident, since the magnetic moment is a constant of metion, that

A T : . =
: 1 v ,
- oL _ _RL , (VIT-8)
B B ,
0z Rz

where the subscript o refers to the particle's starting point near Lhe
,symmetry planevand the»subééript R reféré to the reflection point (see
Fig. VII-1). If the pértidle is to be refiécted, the component of kLnetiC'
:energy parallel to the field lihés, TH,Amust be Zefo at thé reflection
point. The total kinetic energy, T, of a pérticle moving in a magnefjc
field, however, is constant since thé Lorentz force is always at right
angies to the velocity and can do no work. vThiS méans thét.af ﬁhe

T.

Lo
Since T is constant,

vreflection point T

2 .2 2 : , ] .
v v v, : : _

gﬂf =5 -5 P : (VIT-9)
Tz z Z : ‘ '

but, from Eq. (VII-8)

= — : , S (VII-10)
B, B, SN -
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Mekingvthis substitution iﬁto Eqg. kVII;9),'it is found that
'%f”e s Z_L. - - singeo . (VII-11)
JSince V” goes to zero at the reflection point, the critical equation for
reflection is found by setting the_quantity in parentheses in Bg. (VIT-11)

to zero.

- B2 s‘j..‘ngeo =0
- Toz

los]

sin“g > 2% . = (VII-12)
c - X .
. Rz

o3)

' Therefofe, any particle stérfjng at the symmetry plane having an initial
’ve1001ty angle of @ will be reflected where the field lines have con- |
verged to. give a fleld of BR .
The second type of drift motion in an Jnhomogeneou magnetic field
may be very simply illustrated by referring to Fig. VIl-2. ‘The dependence
of the Larmor radlus on the magnetic field strength as given in Eq.
(VII-3), requlres that the radius of curvature be smaller in the strong¥
fleld reglon than. in the weakjfleld region. This results in the drift
displacement, 4, after one orbit. Further details'of_particle_drift

51

motiorn are given by Simon.

B. Kinematic Relations for Electrons Emitted froﬁ Moving Fission Fragments

Considef the two coordinate systems S and S' picture in Fig. VTI—B:
where S represents the laboratory system and S' represents the center of
mass system. Choosing the x direction as the direction of motion of’ the _
- fission fragment relative to the laboratory system, the following quantntiee

are defined:
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 Weak field

region o B in z direction
o 7
| ~ Symmetry
DU e plane
Strong field df<— = plane
region
X
MUB-10885

-  F1g. VII-2 Dlagram 1llustrat1ng the- azlmuthal drift. motlon of a. charged
partlcle 1n an 1nhomogeneous magnetic field.. S .
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Fig. VIi-B. Diagram defining the laboratorY»aﬁd'center'of mass coordinate
systems. : ' C
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Vf = fissiénvfragment1velocity‘relafive;fo_the 1aboratory'syptem;
ch = electron velocity relative to center of mass system;
' VVlab = electron_velocity relative to laboratory sysfcm;
Ocm = electron emission angle relatlve to center of mass bystem,
‘Qlab ='electrOn emission angle relatlve to laboratory system.

" The ‘equations which relate the electron velocities in the two coordinate

G'Systems are the Torentz transformations of gpecial relativity:

ch(x) + V. ~ ch COS..Gcm + VF
lab(x) Ven(s) Ve Vole
' 1 + 5 1+ 5 cqs ]
c c S p
(VII-IB)
lab(y)
Now
S0 :
W2 + 2V V. cos 8 '+ V.S - V2 BQS1n2 6 Jl/g _ R
V... o= cm cm ] cm F cIn cm (VTI@]N)
lab - : chVF s ’ T
‘ ‘ 1+ 5 cos O
. e

where B ;:VF/C, _
The relation between 8 : and elab may be easily obtaiheq'by noting

that Tan 6, . = Utilizing this fact, substitution of

lab(y /Vlab( )

- Egs.. (VII-13) gives
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v sin O ﬂJI - 82
cm cm

v cos 6 + V.
cm cm B

Tan @lab = (v1j-mo>

An equation giving ch as a funcﬁlon'vlab.and Qlab is found by
simply exchanging the laboratory and center of mass subscripts and re-
'placing VF by -V since the only difference between the coordinate systems

F
S and S' 'is the sign of their relative velocity. Hence

2

2 ‘ 2.2 . 2 ;
[Viap = BV Vpeos Oppy, + Vg - ¥y B sin” 0, ]1/2 o
V= , (VIT-10)
cm . v vV
_ SR lab F cos 6
c? " Tlab

and similarly
- - s
- Viapsin O yi - P

Tan 6 - (VII-17)
en Vlab '

cos elab - VF

The laboratofy velocity may now be obtained in terms of'ch and Qlab by -
re-expressing Eq. (VII-16) in the form ' ]

V 2y 260 0. -+ v.2Psinf 0. -ty N v °
cm. F O lab  F lab .. v 2 + 2008 6. V|11 = Smly.
v ” o cq : lab - -~ Tlab F{T “62 lab
+ (v -v.)y=0 S (VIT-18)

and solving for V The result is:

lab”

, vty o IR | 3
- coem - A, L2 . 2.2 2 o 2. . 25
s = V., cos Qlabf.[(vcm T Vem P COS_'Olab: VF1§1n.GJabX

lab. O F S : . _ 2R : i »
o —5
i -V .
: ..cm 2 -2 ) 2 . 2 :
1 - > B cos elab - B7sin -Qlab

w o S B ' S S S )

ot

1AM
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“The center of mass and laboratory angles may be-obtained in terms

ovi_ ch and Vlab by rg—expressmg Eq. (VII—lh) ‘m the "form-

o 2 2

v V : v ' . v
cm T . lab } 2 4, - “lab o
5 1.- - cos »ecm + 2chVF l_ 5 |cos QCm
c e - : c
2. 2
S : g V. "V
G 2, 52 2. ocm Fo}
Ve PV - Vlab_._ o2 B Q
and. solving for cos Qcm This result is
2 .
Vv Vv 2
1. 1. E
2 , 2
- c e
. 1 -
cos 6 = T . _ (VII-QO)
cm B S
2
c

F
2\ 2
- 11 - lab I VF
; T2 .2
1 5T
Ven

- 2 |
cos B . = — T . - . (vIir-2e1)

lab' F . _ '
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, Another important expressibn relating the angular distributicn of
electrons in the center of mass system to the angular distribution of
electrons in the laboratory system may be derived from the fact that Lhe
) - 3 () . .

number of electrons emitted between the angles elab and Dlab + dolab in
the laboratory system must equal the number of electrons emitted between
the transformed angles & and 6+ d9  in the center of mass systém.
‘ : cm cm cm :
Let

N(6 = number of electrons emitted/unit solid angle in

lab) _ _
.laboratory system; -

N(@cm) = number of electrons emitted/unit solid angle in center

of mass system. - '

Then _ -
Yo, =N06_)a,, . o,
lab (Glab) S em (Gcm) -

N(6

whére‘the'QfS'are laboratory and center of mass system solid angles given

by

o) =

= 27 sin 6 a0

Thus;._ , | :

, N(@lab)_Eﬂ sin 6, delab =-N(Qém) gw sin 0_ 40
and o

‘N(6,_,) sin6 & .

lab’ cm- . cm - | o . (VIT-22)

NOup) — sin 0y, 0y

<
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From Eq. (VII;lB)

‘ ‘ . ) R . ......,...uwm’é-u--
8 (qano ) 8 Viap 540 elabﬂJi - P
Brgp - By Vaap 08 O - Vg
. 2 N
o B gy - Viap'p €08 Qlab> 1 -P
sec- O a0 = < 5
v lab- (Vlab cos elab - VF) .
6. costo’ (v 2 . V. v cos @ )V(I— B2
cm “cm lab lab F - lab’ - - (VIT-23)
- (V. cos 6. - V.2 (V-2
lab ~~ “lab ~ 'R/
and . e
: e S W a2
SR -51n_9cm Vlab sin Glab ; - B
Tan @cm “ cos @ Ty cos O -V
' ‘ cm lab lab F
5o
S . 2
sin O cos' 6V 1 -8
. Ocm _ » cm-lab (VTT -2h)
sin lab Vlab cos Olab ~ Vﬁ
and L
coé‘@ - ‘ 'Vlabcos-alab - Vg ¥ o
cm 2_, 2 g2 o 2711/2
. {Vlab sin Glab(l’" B.) + (Vlabcos Glab - VF) J
L - ' (VII-25)
Threrefore
RICHO v BV, - Vo cos 6, ) (1 - 7).
- V1ap’ ~__"1ab ‘'1ab T 'F ap’ M TR
N )Y T 2 a2 L 2 o - . 213/2
cm [Vlab (l‘" 5 sin Gléb)v" 2V13bVF COS_Glab + VF» :

L (VIT-26)
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A C..iHartree—Focvaheory
1. Open Shell Thebry o

v Proceeding according tokthé'variational~principle, the total

energy of the system is to be minimized such that
sfexHOAT =0 . - - (VII-27)

The wave‘function to be-used in thisvprocedure is an antisymmetrized

product of one-electron functions expressed in the form of a determinant.

® = —— % (-1)F- (¢la, ¢18,- ¢ B) _
/2n (VII-28)
b)) PB(L) ... 6.0(1) ¢ pl1) |
s ep@ . ea2)  ¢p(2)
= v | .. e e I
{#,2(en) ¢18(2n) RE $,(en) ¢ p(en)
wherg.P is the sfandard pérmutation Oﬁerator;
. The Hamiltonian deséribing the system is
2n 2 .2 2 .2n L2 :
. BT Vi Ze : e : ,
H :§: [ 2m Ty ] * { r. . R (VII-29)
i=1 - ' 1 i>j=1 1

where the first and second terms constitute one and two-electron operators-
respectively. In:considering the diagonal matrix elements of one and two-
electron .operators between‘determinantial wave functions, it.can be shown

52 , : :
thatj, : ' : _
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' 2n . . : :
<A [ Jelectronl A) = Z: <ai |£] ai> S : (VIleO)

] i=1 v

where Fl@léctrpn.:: %; t lelectron, and
S | on ERREI
(A ,GEelectronl A) =:2: [(akat ’g] akat - G(Spln Kk, spln t)
» B Bt :
‘<akat-lg[ atak'] S o (vxl—jy)._

where G, = .§:  8 . ' Since the Hamiltonian is spin independéntf"

2electron i>3 ij
only the space functions need be considered. Writing out the expression

for the total energy by applying Eqs (VII-30) and (VII-31), Lhe following

express1on is obtalned

| a5 2 |
= f (I)*.H d av = ,2. %zlf q)l(l) . - (l) B i_i__. ®i(l) dVl‘
n ‘ ¥' ok egi . o ;
L % @)t e
m<n=1 . S _
- ¥ 1e2 ) - a . L |
I e [ e ey - omee)

~The first integral in the second term in Eq. (VII-32) is known as a
1Coulomb integral while the ‘second 1ntegral is called an exchanpe 1ntegral
The factors of two in Eq. (VII- 52) result from the fact that there are
various combinations of spin functlons which lead to the same <omb3nat10n
of space functlons and hence the summations need only be carried over the
‘number of space orbitals (n) instead of over: the number of electrons (2n)

- Now- lettlng
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o {hhgve(l) Zeg] \
IRITRE U e r, ¢;4V3
J ., = Coulomb integral oo $ . - (VIT-33)
Kmn = Exchange integral y

“the total energy may be expressed as

. . . _ o r_nh
E=2 [Z O+ Z (2, Kij)] . C(VIT=3h)
i i>j ‘ :
03 defines Coulomb and exchange operators by the relations

Roothaan

: . * "ég ,
T 00 = {£9," ) ) o o |
', | e 2 ~ » (VII-35)
R_m(u), ¢(U.> = (f ¢m (V) % (b(v) ’dV‘v)qﬁm(u)

Using the calculus of variations to minimize the energy, Eq. (VII-34) is’
varied by an infinitesimal amount, resulting in the following cxpression

upon substitution of the Coulomb and exchange operétors Egs. (VII-35):

§E.='2 gf 6(1)1*(1) [HQ + JE '(vg 3,] - KJ)] ¢i(l) dVll‘*—_ 2 §f8 (2')-](])
[HO s 5; (27, - ;‘%j>] ‘*¢j(l.‘) av, . - (v1-56)

In carrying out the variational procedure, the wave functions must

be constrained to remain orthonormal; that is,
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5/ ¢, o, av = [ 8@1*;¢5 av + fo.* 5¢3 o -,_(Vii-67)'_'

"The usual way of insuring this cohdition is to employ the méthod of
Lagrangian multiplier_s.5 ~ The above constraint Eq. (VII-37) is applicd

_ by adding the following terms to Bq. (VII-36):

2 g? €55 {f .&P-i*(l) ¢j(l-) dVl‘ + f(bi%(l) &bj(l) dVl]_ -

2 LT ey ) ;. (1) P3(2) 1 2 .Zzéjeid [ %1y 5" )oy
R 1. 1 :

(VII-38)

where ?ji and»eij'are Iagfangiaﬁ,multipliers. 'in'ﬁhis way,vthu problem
of finding the conditions for @& = O for only those Bii's which are ‘
compatible with the orthonormality constraint now becomes equivalent to
finding the conditioné for &' = O‘without gonstraint, but at the same

time giving suitable values to the Lagrangian multipliers. The result is

aE"‘.—_— . zl:‘f &bl*(l) {HO+ § (2 Ej - R.J)](bl(l) - §(—" b,

+ (Complex conjugate) =0 - . o (VII-3%9)

Tt is now required that each term in Eq. (VIIé39) be identically
zero. = Since the variation is arbitrary; the infegrands, therciore, must
- be zero. Hence, writihg out the integrands yields the Hartree-Fock closed

shell eguations



.'H + g:(e Iy - _:'J)_,’ (1) ) 501 €1 | X
" -~ N : o ’ ‘ (V'IJ:-la-o)

o] — * * K 3 . )
LEREENCEFRR Y by = Loy e

or, writing out the first of Eg. (VII-40) explicitly,

‘o2 2

(202 2] E e
TE T o | e e e
o * e o T : Do o Ut
,“?;i:l 195 (2) > ¢i.(2_) Wyl by = }J:Zlqu(l) €17 - (VIT-l1) |

The Hartree-Fock Hamiltonian operatbr’may’be defined as
F=H + ) (27, -K) | L (vIT-he)

“and used to re-express Eq. (VII-41) in‘matrix notation:

’Flas =3 € - - | ' ' (VIT-U3)

The -¢'s may now be transformed to a new set ¢i’ by means of an arbitfary'

unitary transformation such that-

¥ =u B
C : (VI M)
LI L §

-

where
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The Hartree-Fock Hamiltonian operstor matrix is invariant to such a unitary

transtormation since it is>comp05ed of scalar products'
Fo= F o o (VTT-hs)
“and since the matrix ¢ may be shown to be Hermitian, it follows that there
exlsts a unitary matrix whioh will diagonalize €. There results no loss

of generality in picking the representation in which € is diagonal. In

'thisrepresentation the Hartree-Fock equations are given by
‘ - . ’ . ’ - i
F ¢i(1) €4 (7)1(1) s (VII-h6)
and the_expre ssion for -the: total energy is readlly found by multlplylng
both sides of Eq. (VII-46) by @ (1) and expressing the resulting equation
as an integral over all space after substituting Eq. (VII-42) for F.
Comparison of this equation with Eq. (VII-34) yields

| E=i (Ho +te..) . (VIiT-h7)

Equation (VII-46) is a pseudo -eigenvalue equat]on since the operator F

' ﬂ-ls deflned in terms of the solutjons

2. Open Shell Theory

~In solv1ng the Hartree-Fock closed shell equat:ons, a great
‘simplification results from the reallzatlon that the ¢.’s ust have the:
form of solutlons of a central- fleld problem; that is, the orblfal must
»bglong in et 10 1rreduc1blo reprcbcntatlonL lhl state of aftdtrJ
stems from the fact that the Hartree-Fock problem for closed-shell dtoms

MB to be spherlcally symmetrlcal ‘ Open shell cases,

or- 1ons can be shown
however, do not possess spherlcal symmetry and so a process of uphcrlcal_

avcrag]ng 1u.requ1red 1n order to. get Oentral field type orbitals.
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The customary procedure innsolving,oben—sheil.probiems is to set
upicentrél-field type orbitals to represent a single cbm@onent of”a set
.of-degenerate total wave functions;and then vary these functions such
that the energy is minimized. The- solution of the Hartree-Fock'equatiena “
in this manner is not in general possible without the introduction of
further simplifying approximations-: Roothaan,i‘L5 on the other hand, has
developed- a methbd whereby the open-shell contribution to the total
energy is,taken into accouht by swmming over éll members of the partialdly
eccupied degenerate set and introducing a fractional occupation number.

As e result, the Hartree-Fock Hamiltonian operators ére totally symmetric
and the solutions arevautomdtieally central-field type symmetry orbitals.
Furthermore, no additional approximations are needed.

Starting with a total function consisting of a sum]of anti -
symmetriied prdduets, each of which contains a doubly occupiled clbsed-
shell core.dJC and”a partially occupied open shell chosen from a set ¢0,

Roothaan writes the expectation value of the energy as follows:

o ' ‘
+1 Y (2aJ__ - BK_ )
: mn

E-2 ngo +‘§z (27,  -_ Kkg) {_'f'[z )r:n:Hm

+2‘Z<2ka-1gm>] L  omay

where, using Roothaan's noﬁation, the indices k.aﬁd»l,"refer'to closcd-
shell orbitals, m ahd n refer to open-shell orbitals, and i and j refer
to either set. In Eq..(VII—MB), a and b are constants which specify the
state of the configurétion while f is the fractional open-shell occupation
» ~number. The first two sums represent the closed-shell energy, the next
two sums represent the open—sheli energy and;the last sum represehts the

Ly

open-closed shell interaction energy.
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Proceedlng in .a manner similar to that used in the 01u‘(d-§hgll
- theory, the Coulomb and. exchdnge operators are deilned in an analogoug
way; this time, however, separate operators for open and clos ed she’l | s

: are deflned such that

Jc - %; Jk
J =¢ )T (VIT-hy)
(o] - m
‘m
j: = 3 + &T

T ¢ o

‘and 51m11arly for K o? K and KT In addltion the following Coulomb and

exchange coupllng Operators are deflned

L;¢ = <¢11301¢>-¢1 + <¢i]¢>.30¢1 -
| | - - . (VITI-50)
My = (8; [K 10> &y + (o, 1) K o,
LC - ng MC.=‘§ Mk | |
Ly =T, + L o o MT';ﬁMé_% Mo. .

oA of the above operators aré invariant under the'transformation
o : o o . Tt
8.0 =80 B =BF v (i)

c c.

where Uc,and ﬁo are unitary matrices.
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The energy [Eq. (VII-48)] is then minimized SubJLCf 1o the con-.

ftrajnt that the orbitals remain orthonormal Thc result lu

L 237 -K +27 - 2: %, 5:‘¢n - | .

(H C C o}

£(° + 27 - K, read, - k)¢ = ) ¢1 € +-§g'¢n‘€nm
Now, since thé open and clbéed shell orbitals may only be transformed

- within themselves according to Eq..(VIi—52), the above equation cannot

~ be transformed into a-pséudo—eigenvaiue e@uation as in the closed shell

- case due to £he’presence of lagrangian multipliers which couple open |
and cloéed shells and hence the nondiagonal lagrangian multipliers cannof
in general be removed. By re-expressing the closed-open shell coupling
terms ﬁsing the coupling operators [Egqs. (VII-50 and (VII—51)],‘however,
Roothaan finds that the open-closed Lagrangian multipliers may be absorbed
into the left-hand side by the substitutions

(eaLo - BMo)'_qbk =vf %;.¢n' €hk
. o : o (VII-54)
f(zocL _-uBM ) ¢, = - Z ' R '
. I l lm' '

where O Li:%% , B = éi:%T " In this manner, “the open and closed shell "~
terms may be transformed separately and thelr respectlve Lagranglan '
‘multlpller matrices dlagonallzed. Further manlpulatlon allows. a formulatlon
in which the open and closed shell orbitals are solutions of the same -
pseudo elgenvalue equatlon In thié“formulation, the total energy is

found to be..

. oy :
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E= Y (Hk°’+ ek)‘+;f §: ;(H0v% ¢ ) -t 2: (203, - BK_)
ok T m o ‘
£ z; (2 Jmn_" BK.) - _ | (VIT-55)

- D. Experlmental Conver51on Electron Spectra ‘

The measured electron spectra obtained in: the pro ent exper1mﬁntu

are prv;vnt(d here for convenient reference. Figs. VIT-h though‘VLL—(
show the 1 nsec delayed, electron, low energy-spectra for all,mags in-
tervals contained in the first half of the light frégmeht.region, the
‘second half of the light fragment reglon, the first half of the heavy
fragment region, and the second half of the heavy fragment region
respectlvely, superlmposed on 51ngle plots. The 2 nsec delayed, electron, low
‘energy spectra are sthn superimposed for.thé.same sets of mass intervals in
Figs. VII-8 through VII-11.

~ In Figs. VII-12 through VII-36 are ‘shown the complete set of 1
nsec delayed, electron, low enérgy_spectra'for individual mass intervals.
In those plots where two spéctré appear, the larger of the two is a times

4 magnification of the smaller.
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