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The problem of relating these measured charge values to the actual 

fission quantized charge distribution is complicated by the uncertainty 

of the mechanism of X-ray emission.  If this mechanism is one of nuclear 

de-excitation in origin, such as internal conversion, which for K X-ray 

emission seems to predominate, then normalization of the change yield, 

at this point, is virtually impossible, because internal conversion is 

very nuclear structure dependent, and essentially no information is at 

hand, from which a systt.-.iatic normalization procedure can be constructed. 

On the other hand, if X-ray emission is atomic In nature, such as that 

which may result from electronic transitions after inner-shell lonlzation 

by passing energetic fission fragments through thin metallic foils, then 

the unfolding of the charge distribution from the observed X-ray spectra 

can be managed since inner-shell electron ionizatlon for such processes 

is understood.  Hence, this is a promising technique for determining fission 

quantized charge distributions and, in fact, is the technique we under- 

took, for fission yield charge distributions. 

Of course, at the same time that the fragment charge is 

determined, the mass of the fragment must be measured.  Many techniques 

have been used in the past, but they all suffer in that uasses have never 

been determined to better than 1 mass unit, so quantized nass yields 

arc still to be determined. Many possible techniques ror determining 

quantized mass yields have been explored.  It was felt that the most 

promising of these was an energy-time-of-flight measurement on the 

fragment itself from which the mass may be calculated from (classically. 
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for example) m = ZEt^/d".  Such an experiment requires. If n Is to be 

detemined to better than 1 mass unit, a very long flight path with 

excellent fast timing to r ke At/t small, as well as excellent energy 

resolution in a solid state detector such that !.E/Z  is very small.  The 

problem of timing over a long flight path with a reasonable effective 

solid angle was solved with the use of an electostatic particle guide 

ot the type described by Oakey and Macfarlane.  See Section II.B for 

a comprehensive discussion of the electrostatic particle guide.  The 

problem of excellent energy resolution from a solid state charged particle 

detector is more serious.  An inherent difficulty in accurately determining 

the kinetic energy of a fission fragment (typical A = 100 amu, and E = 

100 MeV) io that the large value of the charge of the fragment (say 20) 

makes the energy uncertainty (AE) from the detector larger than, say, for 

prolons, deuterons, alphas, or other light charged particles, because the 

much larger number of ion pairs produced in the detector for the heavier 

fission fragment means that more atomic recombination will occur before 

all Ion pairs are collected, and heuce, more energy uncertainty. However, 

this problem can be circumvented to some degree by two techniques. The 

first is to 'channel' the heavy fragments with a special silicon surface 

barrier detector.  The much improved energy resolution for those particles 

that do channel (about 75% in practice) then makes energy determination 

2 2 
to the accuracy needed for quantized mass determination via m = 2Et /d 

more feasible.  The other technique is to degrade the fission fragment 

energy with a thin foil.  Then the smaller energy can be measured more 

L 



accurately than the larger energy and hence dE/E will be reduced.  Since 

the particle energy is degraded before entering the particle guide, the 

time measured by the guide is that tor a particle of reduced energy but 

the same mass as the particle incident upon the foil, so degrading the 

energy if it improves dE/E, must improve dM/M. 

During the period of the ARPA Contract, several very novel basic 

nuclear physics experiments grew directly from our efforts to measure 

l Ission yields. 

The proto-type of the electrostatic particle guide has been 

installed on one of the beam lines from the University of Texas EN Tandem 

Accelerator, where it is being used for high energy resolution mass 

identification for charged particle induced reaction products.  It is 

operated essentially in the same way as the fission electrostatic 

pattlcl« guide.  There are two modes of operation:  (1) pulsing and 

bunching the b- am from the accelerator itself gives a periodic structure 

to the beam from which time-of-flight measurements utilizing the particle 

■ay be made, and (2) by running the accelerator with a DC beam and having 

the charged reaction products go through a thin plastic film before 

entering the guide for transport. The film is 'observed1 by a photo- 

multiplier system, and thus, the photons created by the particle traversing 

the plastic film initiate ?. very fast signal in the photomultiplier from 

which the particle can be timed as it traverses the guide.  This technique 

using an electrostatic particle guide for high energy resolution and high 

mass resolution is ideal, for, say, (d,p) reactions studios to highly 



mmmm 

o- 

«XCitad states in the resMual nucleus, ar.d heavy ion transfer reactic. 

studies, where the use of a single energy detector is mandatory if one 

expects reasonable energy resolution.  This application of the electro- 

staric particle guide is more fully discussed in Section II.C of this 

report. 

Gamma decay from fission fragments has also been investigated 

in an attempt to extract fission yields. Our measurements have involved 

gamma-gamma coincidence studies, and more than 500 gamma transitions have 

been identified as to particular fission isotope. Section II.F reports 

on some of these experiments. 

A very sophisticated PDP-15 computer system has been developed 

during the course of the fission experiments.  An on-line multiparameter 

(up to 4) data acquisition program as well as an off-on-line multiparameter 

data analysis program now exist to provide the experimenter essentially 

my degree of flexibility for his particular experiment. 

/ 
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II.  EXPERIMENTAL PROGRAMS 

A.  X-Ray Measurements 

This section reports the observation of internal conversion 

cascades in nuclei formed by the fission of 252Cf.  The measurement 

involves the detection of the X-rays following interval conversion 

transitions. The development in recent years of hig'i efficiency, high 

resolution solid state detectors to measure the X-i:ays produced in a 

fission event in coincidence with other processes has renewed interest 

in the study of fission yields. The fission process produces highly 

excited fragments with unstable nuclei having very short halflives. 

Their electromagnetic radiations as well as their teta-decay and their 

internal conversion electrons form complicated spectra that can be 

12 3 
analyzed most efficiently by coincidence techniques.      These have 

been used to determine the charge, mass ani energy of the fragments 

in order to identify the isotopes with short lives that are produced 

£J  .  A,5,6,7 
during the fission. 

The most rudimentary X-ray coincidence measurement to make, 

g 
but one which has not been reported previously,  is that of (X-ray, 

X-ray). The present measurement gives the result that not only do the 

complementary fission products produce coincident K X-rays, but also 

coincident K X-rays from the same Z element are produced with comparable 

and more often much greater magnitude. This obviously can happen only 

by some means of multiple successive K shell ionizations in the same 



clement, Since double K shell lonlMtlon will shift the X-ray energies 

appreciably for the lirst of the two K X-ray transitions. 

Source and Detectors 

A small   Cf source (approximately 550 fissions/sec) was 

sandwiched between two pieces of cellophane tape (C HgO^) and placed 

he I ween the faces of two semi-conductor detectors with 1.0 mm and 5.0 

mm Bervl1Lum windows.  The cellophane tape stopped the fission fragments 

ami as far as can be determined prevented Doppler distortions in the 

X-iiv spectra while obtaining the maximum coincidence rate. 

The X-rays were detected by high resolution C.e(Li) and Si(Li) 

detectors.  The Ge(Li) detector had an approximate active volume of 0.1A 

cc and the Si(Li) detector approximately 0.03 cc.  A resolution of about 

325 eV full width at half maximum at 16 keV was obtained with both 

detectors. 

The efficiency, in the range of operation from 10 keV to 40 keV 

was 100% for the Ge(Li) detector and from 100% to 28% for the Si(Li) 

detector.  Corrections due to counter efficiency have been made with 

respect to measurements dependent on the Si(Li) detector.  The solid 

angl« of each of the two detectors was about 0.5 sr.  This experiment 

was repeated with two 100% Ge(Li) detectors and the results agree within 

statistics. 

Coincidence System 

Pulses generated in the Si(Li) and the Ge(Li) detectors by 

the X-rays vere amplified and passed through constant fraction timing 



.Ils.rimlnators as sh.-wn In Fig. 1.  The timing signals from the fast 

als. riminaturs were senl to a t lme-to-pulse-height eonverfr (TPHC). 

K was required that the X-rays be detected within the time Interval 

oi   SO nanoseconds in order to generate a gating signal through a 

signal-channel analyzer (SCA).  Tha linear X-ray pulses from both 

detectors and the output of SCA were routed to three 1024 channel 

analog-to-digital converters (ADC).  A two-parameter analysis was 

then performed on line via a PDP-7 and PDP-15 computer system.  The 

gated linear signals from the Ge(U) detector were sorted and stored 

in 102A channel spectra according to windows set in the computer on 

the X-ray peaks in the gated spectrum from the Si(Li) detector. 

Calibration 

. 55^   , 133n 
The two X-ray spectra were calibrated with  Fe and   ba 

sources and by observing the position of the known peaks of the X-rays 

of the light and heavy fission fragments.  The energies of the other 

peaks were determined by a least squares' fit to a third order polynomial 

function.  The gains of the amplifiers were checked at every 10-hour run 

by noting the position of the prominent peaks of each spectrum.  The 

set-up was stable enough that no gain adjustments were required. 

Windows 

When the peaks in the X-ray spectrum of the Si(Li) detector 

contained a sufficient number of counts, gates were set on the -'a^ 

X-ray peaks of 14 fission fragments (as indicated in Fig. 2) by the 

channel location in which these X-ray peaks were stored in the spectrum. 
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Alt.-r  .1   107-liour   run  the-   7  pairs  of   spectra:     Y-Pr,   Zr-Ce,   Nb-La,   Mo-Ba, 

Tc-C«,   Ku-Xo  and  Rh-1  wore  graphed  and compared with   the   total  X-ray 

coincident   spectrum obtained   from the Ge(Ll)   detector.     Figs.   3a-g show 

tiiese  spectra. 

Resu)ts 

Numerical results of this experiment are tabulated In Table 1. 

The Intensities are given relative to Tc and corrected for the efficiency 

of the Si (LO detector which varies from 100% for Y to 28% for Pr.  The 

intensity of the K X-rav from the light fragment is usually about the 
a 

s.ime Whether the window is on the heavy or on the light fragment X-ray. 

The inverse is usually not so.  The intensity of the heavy fragment X-ray 

is usually much greater in self coincidence.  Exceptions to this are 

Tc-Cs and Ru-Xe pairs.  In the fourth column of Table I are listed the 

inlensitv ratios of the K X-ray lines of each of the fission products 
Q 

with the K  X-ray of the complementary fission product.  In most cases 
d 

the ratio of self coincidence to complementary coincidence is greater 

than one for the heavy fragments and less than one for the light fragments; 

the only exceptions are Tc and Ru with the ratios greater than one.  Fig. 

A shows a bar graph of the results tabulated in Table 1. 

The coincidence X-ray spectra given in Figs. 3a-g show the total 

X-ray spectrum compared with the coincidence spectra for the complementary 

pairs.  The prominent peaks are the characteristic K^ and Kß lines.  Th* 

self coincidence is usually more prolific than the complementary X-ray 

production.  There are several spectra where prominent peaks apparently 
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liiu-   to   low energy  gamma  rays   are  observed,   e.g.   Y   (Fig.   3a)  where a 

peak  appears  at  about   the  Ru  K^  energy,  but  no Ru Kß   is  seen. 

The  remainder  of   the  discussion will be  devoted  to  explanations 

or   proCMMfl which may   give   rise   to multiple X-ray yield   from a  single 

fragment.     The  various  possibilities  one may  consider are:      (1)   K X-ray 

production by  the  primary   fission process  followed by   internal  conversion, 

(2)  multiple K X-ray production  in  the stopping process  of   the  fission 

products.   (3)  K shell   ionization  resulting  from ß-decay of   the  fission 

fragments followed by  internal   conversion in the same  fragment,  and 

(A)  multiple  internal  conversion processes  from cascading  transitions. 

These will  be discussed below. 

(1)  The presently  accepted source of K X-ray production in 

fission processes  is  the X-ray  following an internal  conversion electron 

transition in the nuclear  de-excitation of a  fission product.   '       The 

primary fission process   itself   is  thought  to be adiabatic  in  the rearrange- 

ment  in the K shell electron  configurations  for  the  fission products.    This 

is believable since  the velocity  of  the K shell electron  is much faster  than 

the velocity of  the  fission product  itself.     Thus  the   two K electrons 

would  fill  their  respective  shells  in each of  the fission  products as  they 

emerge  from the  electron cloud  of  the californium atoms,   ana  consequently 

no prinary K X-ray would be  produced.     If  this were a source  of  the X-ray 

production,  the X-rays would be Doppler shifted and would not  appear as 

a single narrow  line  in our spectra.     The  fission product will stop  in 

10~12 seconds,   and  the  lifetimes  of  the K X-ray  transitions  are of  the order 

of  10        seconds. 
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(2) In the  present experlMent the  fission Cragmcnts were 

stopped in C.-H-O. (cellophaoa tnpe) which was In contact with the 
10 o 4 

source.  The stopping procesi of the fission products in the tape is 

nol a likely source of K X-ray prodtction.  From cross section calcula- 

9 
ttona using the tables oi Khandeiwal et_ aj,.  for the case of the most 

probable mass and energy of terhnetlum (10A u, 100 MeV), it was found 

ih.it ihv  number of K X-rays expected from these fragments when they 

are stopped was about 10  X-rays per fragment or 70 K X-rays after 

,i 107-hour run, which is negligible. 

(3) A third possible explanation for double K X-ray production 

leading to X-ray self coincidence is K shell ionization produced by 

nuclear beta-decay of the fission fragment followed by internal conversion. 

Tin' probability that beta-decay causes K shell ionization has been studied 

■  ,  ,     ■  ,, 10,11,12 .    ,,  13,14  , ...  „ 
both theoretically        and experimentally.      An accurate estimate 

2 
of   this probability can be made using Migdal's result which is P, ■ 0.6A/Z . 

5 
The l/Z dependence favors K ionization for the light fragments, thus an 

optimistic estimate of the effect can be made by considering the case of 

a Zr fission fragment.  For this case P, is 4 x 10  .  With such a small 
k 

probability it seems unlikely that this can be the source of K X-ray self 

CO i nci dence. 

(4) Multiple internal conversion involves two or more internal 

((inversions in cascade.  In the literature there are a few cases where 

Internal conversion cascades are likely, e.g., the decay of   Sn (317 
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koV, lri8 koV).13  For the 158 koV Ml transition, the K she 1 1 Internal 

.oiiv.-rs Ion coefficient a,, was measured to bo 0.137 which compared well 
K 

with calculated values.  The 317 kcV M4 transition feeding the 158 keV 

level has a 1A day half life and e/y is listed as being very large. 

Thus for low energies, internal conversion cascades can compete 

favorably with gamma decay cascades even for multipole orders as low 

as Ml. 

4 
The following considerations show that the latter process 

can explain the data even though it may intuitively seem unlikely: 

(a) The experiment discussed above and tabulated values ' for 

0 show that internal conversion is probable for low-energy transitions 
K 

in the mass range of the fission fragments. 

(b) Recent experiments show a large number of low-energy gamma 

252 2 7 
rays in coincidence with K X-rays from   Cf fission. 

(c) The odd Z elements have the largest number of low-energy 

rransitions, but in general the multipolarities are not known so the 

internal conversion probabilities cannot be given with certainty. One 

case where two gamma rays with known multipolarities are known to be in 

cascade18,19 is for the 97 keV 2+ ♦ 0+ and 209 keV 4+ * 2+ transitions 
aK 

in 150C.'. The respective E2 K shell conversion probabilities PK = -j^
- • 
K 

neglecting    L shell  conversion,   are 0.58 and 0.11. 

(d) The  results  shown  in Table I  show  large variations with Z 

and  are without any noticeable systematic trend.     Thus  a nuclear process, 

internal conversion,   is more  likely.     An atomic process would be expected 

to  pftülf a smooth dependence with  Z. 
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(e) Tlu> predominance of self CO'ncidmiCC seems to Indicate that 

th* maiority >'l the observed X-rays occur following isomer 1c transitions 

or alter iWlecav so that they are not in prompt coincidence with X-rays 

from the complementary fragment. 

Corrg1 at ion Effects 

Prompt fission X-ray coincidence yields for random population 

of nuclear levels in the fission products will be proportional to (total 

X-ray yield fi ' complementary light fragment).  This result dictates that 

t lie ratio (K /lv ) complement ■ 1.0, since complementary X-ray coincidence 

production can arise only from prompt processes.  This resul*: is approxi- 

mately horn out, as seen in Table I, for the ratios Y/Pr, Mo/Ba, Ru/Xe, 

ami Rh/1.  However, the ratios Zr/Ce, Mb/La, and Tc/Cs are far from unity. 

Tin' last column in Table 1 shows the result one should obtain for random 

2 
X-ray events using the yields obtained by Watson e_t al.       The last column 

shows little agreement with the relative intensities in column 3.  This 

is evidence that nuclear level population in fission fragments is strongly 

correlated.  That is, if one fragment de-excites via internal conversion, 

the probability of the complementary fragment being in a state which also 

decays by internal conversion is not random.  This is consistent with 

conservation laws, but has never been shown. 

Conclusion 

The results of this work leave many questions which can be 

answered only by further experimentation.  Certainly more detailed knowledge 

of the structure of these nuclei is needed. 

J 
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Nuclear sholl effects are evident in the almost complete lack 

of X-rays from Te (Z = 52) and the low int-nsity of X-rays from Xc (Z = 54) 

which have proton numbers near the closeJ shell at 50.  Those isotopes 

of To and Xe observed in   Cl binary fission also have neutron numbers 

near the N = 82 closed shell.18 Thus their low-lyinp, levels are more 

widely spaced resulting in higher energy transitions and correspondingly 

much lower probabilities for internal conversion. 

It seems that multiple internal conversion is the process 

dominating the observation of K X-rays in self coincidence.  Flectron- 

olcctron coincidence experiments involving internal conversion electrons 

would help confirm this hypothesis. 
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Tabl«  I 
252 

Cf   Fission X-ray  Coincidence  Normalized   Intensities  and 

Intensity  Ratios with   I,,     -   1,   for  Self  Coincidence. 
Tc 

Relative Intensities 

Window      (K )  ..        (K ) a seit          a complement 
' Set On 
1                                         i 

(K )  ,. 
Ji self 

(K ) a corap 

p(a) 

Y 
Pr 

0.111.01 
0.97±.Ou 

0.131.01 
0.101.01 

0.8610.09 
9.7 11.2 

0.0210.004 

Zr O.OAi.Gl 0.171.01 0.2Ai0.03 O.06±0.007 
Ce 0.62±.04 0.061.01 11.0 11.7 

Nb 
La 

i 

O.IOt.01 
1.551.08 

0.33±.02 
0.111 01 

0.3110,02 
14.0 11.4 

0.1010.013 

Mo 
Ba 

0.081.01 
0.161.02 

0,181.01 
0.131.02 

0.4510.39 
1.2 10.16 

0.1110.013 

Tc 
Cs 

1.001,04 
1.681.07 

0.601.03 
0.391.03 

1.7 10.08 
4.3 10.23 

0.3810.046 

Ru 0.371.02 0.061.01 5.8 10,55 0.0610.008 
Xe 0.10*.01 0.061.01 1.7 10,25 

Rl> 
I 

0.131.01 
0.161.06 

—t—r-i—r-r— ■ rra-rr.a.a _ gj—.= -3 

0.151.01 
0.101.01 

0.85i0,07 
11.6 il.2 

0.0610.008 

(a) P is the product of K X-ray yields of complementary fragments from 
252 primary   Cf fission products normalized to the Ru/Xe K 

complement from column 3.  The yields were taken from ref. 2, Table I. 
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FIGURK CAPTIONS 

Fig. 1    Srhomatlc diagram of electronics. 

Fig. 2    Windows set on light and heavy fragments X-rays. 

Fig, ] X-ray spectra obtained in coincidence with windows set on 

(a) Yttrium Prastodymium, compared with the total X-ray spectrum; 

(b) Zirconium and Cerium, compared with the total X-ray spectrum; 

(c) Niobium and Lanthanum, compared with the total X-ray spectrum; 

(d) Molybdenum and Barium, compared with the total X-ray spectrum; 

(c) Cesium and Technetium, compared with the total X-ray spectrum; 

(f) Ruthenium and Xenon, compared with the total X-ray spectrum; 

(g) Rhodium and Iodine, compared with the total X-ray spectrum, 

l-'ig. 4    Results tabulated in Table I are shown as a bar graph.  X-ray 

production from each fission product is compared to its complement, 
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B.  Blectroatatlc Particle Guide 

In the case of the time-et-flight technique the experimeriLdl 

mass resolution Is a function of (1) the energy resolution of the 

Eragwrnl tetCCtors« (2) the timing resolution of the electronics, and 

(3) the .mgular resolution of the time-of-flight measurements.  Fig. 1 

shows how these quantities enter in the calculation of the mass resolution. 

Fig. 2 shows the contributions to the mass resolution for the uncertainties 

AT - 1 ns, AF, = 1 MeV, and with A9 = 2°, E = 100 MeV, D = 10 m, M = 100 u. 

The large solid angle tor such a long flight path will be discussed later. 

the expected mass resolution <AM/M- = 1 U (FWHM) which is due almost 

entirely to the energy uncertainty indicates that with this time of flight 

technique the integral nuclear mass distribution (i.e., quantized A yields) 

may be unfolded from the experimental mass spectrum with a great degree of 

certainty.  Of course, the long flight path of 10 m implies a vanishingly 

-2 2 
small solid angle (4 x 10  msr for a 300 rm detector).  Hence euch a terh- 

nique is impossible because of count rate consideratiras.  However, by 

using an electrostatic particle guide, consisting of a wire at a negative 

iiij'.li voltage running down the center of a cylinder the length of the flight 

path, ions may be confined to trajectories around this wire as they traverse 

the guide.  A tremendous increase in solid angle may be gained by using 

surii a device.  Fig. 3 shows the calculated electrostatic guide efficiency 

for both a point source a radial distance r from the center of the guide 

and an extended uniform source over the entire guide cross section.  The 

collection efficiency in the case of the point source is proportional to 
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the fragment energy, M expected.  As is seen from Fig. 3 an increase 

In solid angle of several orders of magnitude is expected over the case 

of no particle focusing.  We feel that the time-of-flight technique- 

using such a guide is a very practical means of extracting fission 

fragment integral (A values) mass yields.  Such a guide has now been 

constructed at the University of Texas Center for Nuclear Studies.  A 

10 m long stainless steel tube with an inside diameter of 5.05 cm has 

a 5 roil wire running its length.  The high voltage is provided via a 

50 keV high voltage feedthrough to which a voltage from 0 to 50 keV 

may be applied. 

A preliminary experiment was performed to investigate the 

relative collection efficiency of this guide for fragments from 

252 252 
spontaneous fission of   Cf.  A small   Cf source (approximately 

10 fissions/minute) was placed on axis about 2 inches from one end 

of the guide.  A 300 mm lithium drifted silicon defector with a 

depletion depth of 100 pm was placed centered on axis about 2 inches 

from the other end of the guii'.'. At a pressure of 1 x 10  torr the 

voltage on the wire was varied from 0 to 20 keV, and the number of 

fission fragments detected by the particle detector in 1C0 seconds was 

observed at each voltage setting. The results of these measurements 

are shown in Fig. 4.  Indeed, these measurements indicate that such an 

electrostatic particle guide Increases the "effective" solid angle over 

the 10 m flight path by many orders of magnitude as suggested by the 

calculations. 
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FIGURE CAPTIONS 

Klg. 1   Quantities invclved in calculating mass resolution. 

Fig. 2   Contributions to mass resolution for AT = Ins and AE = 1 MeV. 

Kic 3   Calculated electrostatic guide efficiency for point source 

and extended source. 

Flg. h Experimental plot of count rate versus voltage on central 

wire of particle guide. 
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C.  High Resolutior-Charged-Particle Mass Identification Using Time-of-Flight 

Research in the field of low energy nuclear physics has generated 

a variety of techniques for charged particle mass identification, sich as 

conventional particle telescopes, magnetic spectrographs, and time-of- 

flight   A sirnnle technique is reported here which exploits an electrostatic 

particle guide similar to that described by Oakey and Macfarlane to 

transport charged particles and permit time-of-flight measurements over 

quite long flight paths.  By placing a single, high-resolution charged- 

particle detector at the end of the guide, the mass may be determined from 

the obvious relation ■ = 2Et2/L2 where E is the energy deposited in the 

detector and t is the time for the particle to traverse the guide of 

length L. Where excellent mass resolution together with the best energy 

resolution from charged particle detectors is desired this single-detector 

energy-mass-identifier is far superior to conventional particle telescope 

systems, because for these telescopes two or more detectors must be used, 

and also by virtue of the fact that the detector for the guide system is 

safely far from the region of the target and the beam.  Since ions, once 

trapped by the logarithmic potential2 of the electrostatic guide, continue 

to traverse the guide no matter what its length (except for those colliding 

with the very thin, high-voltage wire along the guide's center), the guide 

may be made almost arbitrarily long, so that any desired velocity resolutioi 

may be obtained, while still maintaining a relatively large collection 

efficiency.1 The mass resolution of such a system is then given by 

AM m   [Ji>2  + ^2 + <2A9>^ 
M    l E      t 
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wluTo M./r. repreMtltfl the resolution of the energy measurement, At/t 

rrpiesmls the resolution of the time measurement, and AO is the angle 

oi   the >one of acceptance of the guide.  For the system and test to 

be described &II«1 amu. 

The device consists of a 7.1 m long stainless steel tube of 

inside diameter 5.08 cm with a 20 rail tungsten wire along its center. 

A standard high-voltage feed-through provides up to 20 keV negative 

voltage to the wire.  The wire is terminated about 5 cm from the target, 

and the detector is placed about 2.5 cm from the other end of the wire. 

The guide is mounted on a rotating arm. radial to the center of a 10.0 

cm scattering chamber.  The present system can cover scattering angles 

between 0° and 60°.  The beam is stopped on a small Faraday cup located 

2 cm  behind the target, in the scattering chamber. 

To test the usefulness of this system for mass identification, 

a thin carbon foil was bombarded with a 9.0 MeV pulsed deuteron beam 

from the University of Texas EN Tandem Accelerator.  Beam pulses of 

3 
about 4 ns width occur every 400 ns. A Sherman-Roddick preamplifier 

was used with an Ortec 2 mm surface barrier detector of active area 

100 mm2 to generate the linear energy signal for the energy amplifier 

as well as a fast (rise time about 2 ns) timing signal.  The fast signal 

was taken as the start and a fast pulse generated from the source oscillator 

wave train was used as the stop for input to an Ortec time to amplitude 

converter (TAG) to generate a signal proportional to the time for the 

particle to traverse the guide.  The output of the TAG and the linear energy 

I 
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■igtUÜ  were  fed  to  ■  PDT-IS   computer where  the  data was  accumulated  in  the 

two-parameter mode  of   our  on-line  data  acquisition program SUPERVISOR. 

A  total  of  21  on-line windows were  selected on   the  time-of-flight  spectrum 

so  that   the  performance  of   the  system as  a high resolution  mass   identifier 

could be evaluated.     For  events whose  time  fell within each   of  these 

windows a separate  1024  channel  energy spectrum was updated. 

The  figure  shows   the  total coincidence  time-of-flight  and energy 

spectra for  the  test  run at   25°  laboratory scattering angle.     For this  run, 

-5  koV was applied  to  the wire.     For a discussion of   the  effective solid 

angle of  such a device  the  reader  is  referred  to ref.   I.     For our system 

the  electrostatic  guide  accepts  an effective solid angle   of   2 msr  for an 

applied voltage  of  -5  keV.     The  energy  resolution  is   22 keV  at 9.0 MeV, 

while  the  time  resolution  is  6.8 ns as determined by  inserting a fixed 

time delay of  50 ns  into  the TAG circuitry.     The windows placed on the 

time  spectrum were quite  generous since at  these energies protons and 

deuterons of  the same energy are  separated in time by an  interval about 

an order of magnitude  greater  than the  time resolution.     The energy and 

time  spectra were  then calibrated and masses were calculated off  line for 

2    2 
those peaks appearing in  the  gated energy spectra using m =  2Et  /L  . 

The  calculation was done  twice,   once  for  the  lower and once  for the upper 

time  limit on the time-of-f light  gate.     For protons  the  calculated mass 

was al 7ays between 0.9 and  1.1 amu while for deuterons masses were 

generally between  1.9 and  2.1  amu.     Several alpha particle  groups were 

/ 
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also observed with a mass resolution between 3.8 and 4.2 amu.  The 

lower spectrum in the figure shows a gated energy spectrum for the 

tlm  window between channels 443 and 459 of the time-of-flight spectrum 

i-orrosponding to flight times between 179 and 193 ns.  Note that only 

protons appear in this spectrum, and that a much improved background 

is provided« 

Since the collection efficiency of the guide is proportional 

to the inverse of the particle's energy,  this system is particularly 

useful for studying products of reactions with large negative Q values. 

Higher energy particles due to other reactions are selectively filtered. 

Tiiis technique is also quite applicable for the detection and identification 

of heavy   ion reaction products where particle telescopes cannot be used 

and excellent energy resolution is required. This system is simple, very 

Inexpensive, and can compete favorably with the much more expensive 

magnetic spectrograph which can only measure the charge to mass ratio. 

i 
J 
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FIGURE CAPTION 

(Top •Bd Middle) Total energy and tlme-nf-flight coincidence spectra 

at 1?S0 for  C + d at 9.0 MeV incident deuteron energy.  (Bottom) 

Gated energy spectrum for the time window between channels 443 and 

459 (vertical arrows) or the time spectrum corresponding to flight 

times between 179 and 193 ns. 

/ 

J 
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i). internal Conv«rnlon Spectroantnt 

In-bo.m studies of internal conversion (IC) constitute a 

relatively unexplored area of experimental nuclear physics.    Such 

conversion electron studies allow investigation of short-lived levels 

,„ „uclei that are not normally populated by long-lived radioactive 

decay, bot only by nucUar reactions.  In-beam measurements also are 

..dv.mt.mcous becauSe nuclear reactions provide large effective source 

strength, and allow control of the thickness, size, and uniformity of 

the source.  Besides giving the usual information on spins and parities 

0, nuclear levels, in-beam IC studies also may be exploited to measure 

mu le.ir lifetimes directly. 

A major problem associated with any attempt at in-beam detec- 

tion o, electrons is the necessity of separating the electrons from the 

Katnma-ravs in order to minimize background levels arising from Compton 

scattering in the electron detector, while still obtaining high trans- 

mission of electrons to the detector.1"3 An axial 6-ray spectrometer 

was designed and built for use with the University of Texas EN Tandem 

Van de Graaff accelerator.  To test its usefulness for in-beam conversion 

electron studies a 90Zr target was bombarded with 11.2 MeV protons at 

a  current ol 300 nA, and the conversion electron spectra were studied. 

These spectra demonstrate that the transmission (3.5%) and low background 

provided by this instrument will make it a useful tool for future experi- 

mental investigations at this laboratory. 
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A schematic drawing of the experimental apparatus is shown 

in Fig. 1.  The two large outer coils consist of 238 turns each.  A 

stainless steel chamber 1.55 m long and 38.1 cm in diameter houses a 

i 
lead rod 5 cm in diameter and 1.3 m long, placed along the axis of the 

charter.  A smaller coll of 107 turns is placed around the lead rod 

in the center of the cylinder.  The three coils are wired in series 

such that the field produced by the central coil 'bucks' the field 

produced by the two larger coils.  The beam enters at a 135 angle to 

the axis of the apparatus to strike the target which is housed in a 

triangular stainless steel compartment welded onto the end of the 

chamber and centered on the axis and with respect to the depth of the 

coil at that end (i.e., the target is centered in all three dimensions 

of the coil). 

The stainless steel compartment contains two ports, one for 

attachment of a beam dump and another for a Ge(Li) detector, used in 

2 
direct determination of internal conversion coefficients.  A 70 mm x 2 

um Si(Li) detector with 2 to A keV resolution is centered on all three 

coll dimensions at the other end of the chamber, thus completing the 

configuration for optimum electron transmission (3.5%) as indicated 

by calculations.  The lead rod along the line joining the target and the 

detector reduces considerably the number of gamma-rays reaching the 

detector.  Those radiations scattering off the walls are diminished in 

intensity since the distance between the target and detector is 

reasonably large. The spectrometer is dispersive and for a given coil 
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curroiU (up to 70 A) focuses electrons of an energy EQ  t  AE, where 

.W.   is about 7% of K .  F.lortrons of onorgics up to about 400 keV 

ran bo tocusod by tbe present system.  Immediate plans arc for a 

Larger power supply to bring E  .  to about 1 MeV.  The system is 
v / j Hid A 

^poratoH at i pressure of 5 x lO"  torr provided by a liquid nitrogen 

trapped oil diffusion pump. 

Provisions have been made for a computer-controlled sweep 

of the current range of the spectrometer to allow for more convenient 

observation of the electron lines originating in a given reaction. 

Kxt.Mislvo use of the rDP-7 system for control of future measurements 

of conversion electrons is planned. 

To test the usefulness of the internal conversion electron 

90 
spee'rometer for in-beam studies, a  Zr target was bombarded with 

11.2 MeV protons, and the electron spectrum was scanned.  Since the 

threshold for the 907.r(p,n)90Nb reaction is about 7 MeV, it was expected 

90 
that conversion electrons from transitions between states in  Mb as 

well as between states in 90Zr (excited by (p.p1) inelastic scattering 

ami (p,ni- ) decay)  would be observed. 

Fig. 2 shows I composite spectrum of the electron groups observed. 

The individual spectra for the various coil current settings are joined 

and overlapped to display a continuous spectrum.  The vertical scale has 

been changed at each tick mark on the horizontal axis to give the reader 

the best view of any particular transition.  The energy range of the spectro- 

meler is limited at the lower end by an overwhelming number of knock-out 
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electrons (delta-rays) and at the upper end by the current delivered by 

the power supply. A range from about 90 to 400 keV can be covered at 

present.  The data shown in Fig. 2 were accumulated in about 2-3 hours 

of running time.  The average beam current for any one run was approxi- 

ma'oly 300 nA. 

In Fig. 2 a total of 16 electron groups is seen.  There is 

perfect correspondence between 14 of these groups and the known gamma-ray 

trmsition energies in 90Zr and 90Nb in the range 100-400 keV.  " In 

addition, an electron group of energy 218.5 keV is observed which can 

be explained as an internal conversion (K shell) transition between the 

(3.31(35) MeV)  2+ and (2.077 MeV) 4+ states in 90Zr.  A corresponding 

B2 gamma transition has not been reported to our knowledge.  Also, another 

olectron group of energy 152.4 keV is quite consistent with an internal 

conversion (K shell) transition between the (0.8226 MeV) ? and (0.6512 MeV) 

i+ states in 90Nb; the corresponding gamma transition, to our knowledge, 

Q 

has  not been observed. 

In conclusion,   this  axial  ß-ray spectrometer has been  found to 

provide a  larger  transmission with comparable resolution and  lower back- 

ground  for  in-beam internal  conversion studies  than in earlier  reported 

experiments,  and should provide  an  important  tool in the  future study 

of  nuclear structure. 
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FIGURE CAPTIONS 

Fig. 1   Schematic drawing of axial ß-ray spectrometer used for in-bcam 

internal conversion measurements. 

Fig. 2   Composite in-beam electron spectrum observed for 11.2 MeV proton 

bor^ardment on 90Zr.  The individual spectra for the various 

coil current settings are joined and overlapped to display 

continuous spectrum.  The vertical scale has been changed at each 

tick mark on the horizontal axis to give the reader the best view 

of any particular transition.  The 16 electron groups correspond 

90     90 
to internal conversion transitions in  Zr and  Nb in the energy 

range 100-400 keV. 



50 

^ 

-O Q. 
— O 
O      k- 

> 

X Q: 
^ LU 

h- 
^f h 
X 5 
J 
3 

O 
tt; 

CJ 
J LÜ 
I CL 

s 
C/) 

c 

to 
3 

^ ■o l/l 

< 0) 

c 

c ■o o 
CP OJ ll 
o ■o 

o 
OJ 

o 
u 

en 

5 ^ r 
<D       0)      O 
O   Q   CL 

J 



>    N 
a> o 

(7) 

iSL 
II 

CO 1- 
• 

h 1 
O 

1 Q: 
Q. < 

LJ f- 

> 

>- 
CD 
K 

z 
LLJ 

o 
K 
H 
o 
UJ 
_l 

I 

(joaun)        A1ISN31N 





53 

where £„ is fixed by the spectrometer coii current and AE is about 7% of En. 

Thus the observed IC lines, at a given coil current setting, appear on a 

background distribution which has relatively steep slopes and a width an 

order of magnitude larger than the detector resolution. 

92 2 
The target was a 98% enriched, rolled  Mo foil of 600 ug/cm . 

IVo complete scans of the IC spectrum were carried out, one at 8.0 MeV 

incident proton energy, the other at 11.0 MeV incident proton energy. 

Results 

92      92 
The threshold for the  MoCp.n) Tc reaction is 8.84 MeV, so 

that the IC groups observed in the 8 MeV run can be mainly assigned to 

92 
transitions in  Mo excited by proton inelastic scattering.  One could, 

however, also imagine the possibility of proton capture to highly excited 

93 
states in  Tc followed by a cascade to lower states and subsequent 

internal conversion.  We see at least one transition of the latter type. 

For bombarding energies of 9 MeV or more we expect to observe 

92 92 
IC transitions in  Tc as well.  Further S-decay of  Tc will feed specific 

transitions in  Mo.  In fact, at the energy of 11.0 MeV we observed fewer 

92 
Mo transitions than at 8.0 MeV.  However, the 11.0 MeV runs were con- 

siderably shorter than those at 8.0 MeV because of the strong electron 

92 
yields from transitions in  Tc and our main interest in these. 

In Figs. 1 and 2 are shown the composite spectra of the electron 

groups observed, at 8.0 and 11.0 MeV respectively.  The various spectra 

for the range of coil current settings used have been joined piece by 

piece and overlapped to display a continuous spectrum.  The vertical 
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.si;üi> h.is been changed at each tick mark on the horizontal axis so 

thai tlu^ host presentation of any particular group is obtained. 

The energy range of the spectrometer is limited at the 

lower end by the large number of knock-out electrons from the target, 

and at the unper end by the maximum current which our present power 

supply can deliver.  A range of from 100 to 500 keV can be covered 

at present. 

In Fig. 1 a total of 14 electron groups is seen.  Five of 

4 
the transitions correspond to previously observed y-ray  transitions 

in 92Mo.  In addition, a transition corresponding to the 390 keV y-decay 

of 93Tc5 is observed. Other traditions, which have not previously been 

reported, are seen at 140.6, 144.0, 171.2, 182.2, 214.5, 306.5, and 337.5 

92 
keV.  These are presumably transitions in  Mo, as can be verified directly 

by the K to L separation in the case of the 140.6, 171.2, 114.5, 306.5, 

337.5 keV transitions.  These transitions, however, do not fit into the 

known level scheme of  Mo, and thus may be transitions at higher excita- 

tion energies than covered by the known level scheme.  Finally the transi- 

9? 
tion at 363.6 keV is consistent with decay of the 3.369 MeV level in Tto 

to the 3.005 MeV level. 

Turning next to ng. 2, the 11.0 MeV spectrum displays transitions 

at 135.0, 213.5, and 259.5 keV which are consistent with known y-decay 

transitions in 92Tc.4 Also observed are the 148.0, 244.0, 330.0, and 

392.0 keV transitions seen at 8.0 MeV and corresponding to known transitions 

92 
in 92Mo.  One additional transition, at 116.0 keV, is assigned to  Tc. 

/ 

J 



55 

The table summarizes the transitions observed. The number of 

new transitions observed in this limited energy region is encouraging. 

A clear stimulus is provided for further study of the nuclei Tto and 

92Tc with this technique.  In future work, internal conversion-electron- 

prron  coincidence and internal conversion-electron-Y-ray coincidence 

studies will be invaluable in locating the newly observed transitions 

within an expanded level scheme. 
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92 
Table:  The observed Internal conversion transitions seen from p +  Mo 

at I - 8.0 and 11.0 MeV. 
P 

E 
P 
(MeV) 

Transition Energy 

(keV) 

Nucleus 

8.0 1AC.6 
92Mo 

8.0 1A4.0 
92Mo 

8.0 148.0 
92Mo 

8.0 171.2 
92Mo 

8.0 182.2 
92Mo 

8.0 214.5 
92Mo 

8.0 235.0 
92 

Mo 

8.0 244.0 
92 
^Mo 

8.0 306.5 
92Mo 

8.0 330.0 
92Mo 

8.0 337.5 
92Mo 

8.0 363.6 
92Mo 

8.0 392.0 
9"» 
^"Tc 

8.0 480.0 
92 

Mo 

11.0 116.0 
92, Tc 

11.0 135.0 
92,, Tc 

11.0 148.0 '2M0 

11.0 213.5 
52
TC 

11.0 244.0 
92M0 

11.0 259.5 92lc 

11.0 306.5 *m 
11.0 330.0 92M0 

11.0 392.0 'JIC 

Transition 

2.759(8+)-2.6115(6' 

4.484(ir)-4.249(9' 

2.5262(5")-2.2825(^ 

2.6115(6+)-2.2825(' 

3.369-3.005 

0.390(l/2~)-0.0(9/: 

3.572-3.092(2+) 

0.60803-0.47335 

2.7594(8+)-2.6115(( 

0.21394-0.0(7+) 

2.5262(5")-2.2825(/ 

0.47335-0.21394 

2.6115(6 )-2.2825(< 

0.390(l/2')-0.0(9/' 
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FIGURE CAPTIONS 

Fi^;. 1   Composite electron spectrum from p +  rio at E = 8.0 MeV. 
P 

The vertical scale has been changed at each tick mark on the 

horizontal axis to give the reader the best view of the data. 

92 
Fig. 2   Composite electron spectrum from p +  Mo at E = 11.0 MeV. 

The vertical scale has been changed at each tick mark on the 

horizontal axis to give the reader the best view of the data. 
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252 
F.  X-Ray-Gamma-Ray Coincidence Studies from Spontaneous Fission of   Cf 

The study of fission, both spontaneous and induced, has often 

involved coincidence techniques in attempts to correlate the various 

products.  The myriad of states available to the system and the complexity 

of the decay schemes for the highly excited fragments present a rich 

source of information which is valuable both as a means of identifying the 

features of the scission process and as a means of studying the structure 

of the neutron-rich nuclei thereby produced, which are for the most part 

accessible in no other manner.  The latter has received considerable 

252 
attention in the case of the spontaneous fission of   Cf from Cheifetz 

1 o 3 
et^ aj,., Wilhelmy ej: a_l• ,  and Watson et_ al.       These studies of coincidences 

between fission fragments, internal conversion electrons, X-rays, and/or 

Y-rays, have revealed much about deformed even-even nuclei in the populated 

regions. 

252 
The mass yields from binary fission of   Cf have been determined 

with both coincidence and radiochemical methods. '  In the former experi- 

ments, the resolution was about 2 u.  A method devised by Schmitt et^ aj,. 

in take into account pulse height effects in solid state detectors as well 

as neutron boil-off values from Bowman e^ aj.. has allowed considerable 

confidence to be placed in recent mass calculations.  The behavior of prompt 

neutrons, the correlations between the ensuing direct forms of decay, 

Y-radiatic i and internal conversion, and the mass yields have been investi- 

gated at length.3'6'    The work presented in this paper is concerned with 

observing low energy y-t "ansitions in the fragments from the spontaneous 
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259 
fission of  "Cf by use of an X-ray, y-ray coincldencf system.  This is 

an effective tool in separating the many radiations Involved.  Such 

9,10 
methods have been used in studying higher energy transitions. '   The 

continuing improvement in the resolutions of the available X-ray and 

Y-ray detectors, has made possible these measurements to a degree of 

accuracy heretofore unmatched. 

Experimental Setup 

252 
A 0.08 pCi   Cf source on a nickel backing was sandwiched 

between two 0.1 mm thick pieces of plastic on an aluminum aperture.  The 

plastic stopped the fragments, thus providing a high coincidence rate 

and preventing Doppler distortions in the spectra.  The source package 

was placed in contact with the beryllium window on the face of a thin 

window 0.14 cc Ge(Li) low energy photon detector and with the :ace jf 

a 0.09 cc Si(Li) X-ray spectrometer about 2 cm away.  This geo.«;ry 

provided optimum solid angles such that the count rate limitation of the 

Si counter, around 4000 counts/sec was reached.  The actual resolutions 

133 
of the respective detectors, 350 eV at the 31 keV line from a   Ba source 

and 500 eV at the 81 keV line from the same source, were degraded somewhat 

by the electronics used as will be described below.  Both detectors 

rested on pliant foundations bo reduce pulses due to vibrations in the 

experimental environment. 

Pulses from the detectors were routed through the timing and 

amplification circuitry presented in Fig. 1. The fast discriminators were 

set just above the low-level noise.  The time-to-amplitude converter (TAG) 
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was set at a full scale of 100 riser, and the stop signal from the Ge 

lountor was delayed A0 nsec.  The time resolution of the system was 20 

nsoc FWHM.  The TAG output was directed to a single-channel analyzer 

(SCA) which accepted the 40-90 nsec segment of the total time spectrum 

which included practically all of the coincidence timi' ;■ peak. The 

time requirement was roughly set at 50 nsec since lifetimes were not 

a major interest in this experiment.  The output of the SGA provided 

a gate signal to allow the linear pulses to enter 1024 channel analog- 

to-digital converters (ADG). 

252 
The X-ray spectrum was calibrated by taking a self-gated   Cf 

248 
singles spectrum; the L X-rays from internal conversion in   Gm following 

252 
(i-dfcay of   Gf provided a convenient source of known lines.  The y-ray 

57   133       153 
spectrum was calibrated in a similar manner with  Co,   Ba, and   Gd 

252 
sources each superimposed on the   Gf spectrum to maintain count-rate 

conditions.  Both energy calibrations were fit with third order polynomial 

functions.  The total running time was about 10 days with a coincidence 

rate of about 50 counts/sec.  The gains of the amplifiers were checked 

daily by simply restarting the total coincidence spectra and noting the 

locations of the prominent peaks.  Fortunately no adjustments to the 

data were required, siace no substantial gain drifts were encountered. 

Online Data Analysis 

A PDF-7 computer was programmed to perform a two-parameter matchup 

between peaks in the X-ray and y-vay  spectra.  The two-parameter program, 

initiated by a gate pulse at ADG1, accepted the linear pulses at ADG2 and 
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ADCT in either order.  An additional pulse at the gate ADC before the 

Other two had both received inputs would abort the current sequence and 

n'inltiate the search.  The coincident yrays were sorted and placed in 

corresponding storage areas, according to windows set on the pertinent 

Ka1 . p^.'ks in the V'-r.^v spectrum.  In this way the y-rays  from a 

particular set of isotopes and the complementary set of isotopes were 

separated from the radiation of the other fragments.  Each gated spectrum 

was stored in 1024 channels located in the additional memory of a PDP-15 

computer; an interprocessor buffer provided the access between the two 

computers. 

Results 

The total coincidence X-ray spectrum in Fig. 2 consists of well 

separated Ka   X-ray peaks for the various fragments, with the light and 

heavy fragment groups centered about Z = 43 (Tc) and Z = 55 (Cs), respectively. 

The Ni and Ge X-rays in the low energy end of the spectrum were probably the 

result of y-fluorescence of the nickel backing and the Ge crystal itself in 

coincidence with other y-rays.  The efficiency of this detector begins 

deci.asing from 100% at about 15 keV and is about 30-35% in the region of 

the Cs peak.  The intrinsic resolution of the Si(Li) system was degraded due 

to count rate effects.  The "effective" resolution of the system was sufficient 

to allow sixteen Jell separated windows to be set accurately as shown in Fig. 3. 

The gates in each case were roughly equivalent to or slightly less than the 

FWHM for the KQ „ peaks and, as is evident in the sorted data, allowed little 
1» ^ 

overlapping between adjacent peaks. An additional concern in this arrange- 
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■ent was the location of K^ groups which in several instances were 

unreaolVttd from nelRhboring Ka groups.  Specifically the Y, Zr, Nb, 

and Mo Kg X-rays were unresolved from the Nb, Mo, Tc, and Ru Ka X-rays, 

respectively, in the light fragment region.  The 1, Xe, Cs, and Ba Kß 

!i..-s -verlapped with the Ba, La, Ce, and Pr Ka X-rays, respectively, 

in the heavy fragment region.  In such cases a comparison of the 

appropriate sorted spectra, taking into account the relative intensities 

of the Y-rays as well as the fact that the Kß X-rays were much weaker 

than  most of the corresponding Ka X-rays, reveals the extent of the 

overlap.  Except for Pd and Sb, these settings recorded spectra for 

seven pairs of complementary fragment-.'  Y-Pr, Zr-Ce, Nb-La, Mo-Ba, 

Tc-Cs, Ru-Xe, and Rh-i. The cross referencing within each pair proved 

highly informative in analyzing the data. 

The total coincidence y-spectrum which has 0.2' ke^'/channol. 

Fig. A, has as its most noticeable features the large number of X-rays 

in the low-energy end and a 68.8 keV y-ray  which dominates the region 

of interest in this work, 45-230 keV.  Energies below 45 keV lie in the 

range of some of the X-ray groups and so are open to ambiguity.  The 

light fragment X-rays were only partially recorded whereas the heavy 

fragment group is entirely present, though compressed due to the gain. 

Immediately above this group is a series of closely spaced y-rays of 

various intensities and energies, the strongest being the one at 68.8 

keV.  The efficiency of this detector, 100% at 60 keV, 50% at 80 keV, 

and dropping .o 28% at 160 keV and about 20% at 220 keV, must be considered 

in order to get a true picture of the relative strengths. 
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The sorted >-ray spectra corresponding to the windows on the 

1 i)',ht fragment X-rays and the complementary spectra from windows on the 

heavy fragment X-rays are shown in Figs. 5-11.  Figs. 12 and 13 show 

the  spectra from windows on Pd and Sb X-rays, respectively, for which 

no complementary spectra were taken. The criterion for determining 

peaks was   a minimum of thirty counts above background in the peak 

channel and a somewhat Gaussian shape.  j.arge single channel fluctua- 

tions were disregarded.  The center of a given peak was estimated to 

the nearest quarter channe]. The fit on the calibration was accurate 

to 0.1 keV and coupled with the error in the choice of the peak channel 

gave a total err^ - of ±0.15 keV. A point to note in each of the light 

fragment spectra is the predominance of the X-ray of each fragment's 

complement in the low energy end, a simple X-ray, X-ray coincidence 

arising from internal conversion in both fragments, which competes 

favorably with gamma decay in many of the low energy transitions. 

Interestingly, each gate on a heavy fragment X-ray often saw 

an additional X-ray from that same fragment in the Ge detector. This 

self-coincidence demands two X-rays from the same fragment within a 

time span of about 50 nsec, an event which can arise from i;wo internal 

conversions in the same cascade. This phenomenon is currently being 

investigated. 

The effects of gates on overlapping Ka lines and unresolved 

Kn-K groups are noted by looking at the relative intensites of the peaks 
pa 

in the various spectra involved. The nature of the most heavily produced 
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group of y-rays,   these  seen by the gate on Technetium,   is extremely helpful 

In  this  respect.     The  68.8 keV y-ray which dominates   the   total   coincidence 

spectrum belongs  to  this  group  and is probably  the   transition assigned 

T 108 
69 keV by Watson e_t  al.     in Tc.     Any  interference  between gates  in 

which Tc  or  its  complement   is  involved can be gauged  accurately by  the 

strength of   this  one   line.     It  appears  to  a slight   extent  in all of   the 

speitra,   indicating a   small  background  contribution.      In  the  gated 

spi'ctm  from the  adjacent  Mo and Pd peak:.,   it  is   a  bit   stronger  as  should 

be expected.     In  total,   however,   it   is  obvious  that   this  strongest  group 

of   lines  lias been well  separated  from the  others. 

The  energies  of   the observed gamma rays  are   given in Table  I, 

and  the   two  spectra  for  each  complementary  set  of   fragments are  compared 

with each other  and with previous  data.     A few  lines which  did not quite 

qualify as peaks but which were definite possibilities  are  included in 

parentheses as  are  any quantities  from other works which were reported 

doubtful.     Also  lines  obviously due  to overlap  from adjacent  spectra or 

from Lg  X-rays have been omitted.    Weaker  lines have been  included if 

evidence  from relative  intensities implies  that  they may be  genuine.     In 

many cases  the  combined  information allows a definite  assignment of mass 

and charge.     In doubtful  cases, where previous  results disagree,  the 

assignment   is  placed  in  parentheses. 

There  is  generally excellent agreement with  the  data of Watson 

et aj_. 3    Seen in  the present work are all  low energy   transitions  in the 

appropriate  ranges  of  mass  and charge  to which  they  give a confidence 
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level of A or B.  In a few cases the present data or the consensus of 

other reference! indicates the transition is from a fragment with 

cheric adjacent to that assigned by them. 

Agreement is also excellent with the data of John et^ al. 

Al 1 low energy transitions in the mass range of the present work with 

half lives less than 80 nscc are seen.  However only three isomeric 

transitions are observed, and two of these are probably members of the 

same cascade.  Since their gamma ray detector was shielded from the 

second fragment detector, this data gives a reliable indicati.on as to 

whether the transitions occur in the light or the heavy fragment. 

1 2 
Comparison with the work of Cheifetz et_ al.  and Wilhelmy e^ al.  on 

the decay of even-even nuclei reveals further agreement.  This work 

also explains the weakness of the Xe and Tc X-rays, since the 2-0 

transition energies for these isotopes are generally larger than the 

others, with correspondingly lower internal conversion probabilities. 

Most of the low energy transitions seen by Alvager ^et al. 

correspond well to values reported in this paper.  Since a mass 

separator was used, this data generally gives the best mass values. 

3 
There are two cases of apparent disagreement between Watson e_t al. 

12 7 
and Alvager ^t_ al.  on the one hand, and John j2t ^1.  on the other 

hand, as to whether the transition is from the light or the heavy 

fragment, possibly indicating doublets. The present data eliminates 

some ambiguities.  For example, John ej^ al^.  observed a 97.5 keV, 

mass 150 gamma ray as well as a 98.3 keV, mass 101 gamma ray, either 
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of which could have been the Zr-Ce 98 keV line.  However the latter was 

attributed by them to be in the same gamma ray cascade as the 91 keV, 

mass 101 transition (see Table II) which the present data show to be 

from   Y. Their use of lifetimes as a guide for grouping transitions 

in ;i cascade has been supported by the present data, which in every 

applicable instance assigns the Y-rays t0 t^6 same nucleus.  This 

implies the 98,3 keV line is also from   Y and this is probably 

3 101 
the line that Watson et^ al.     attributed to a 99 keV transition in   Zr 

but with a confidence level of C. 

In the present data, the 112,4 keV gamma ray from Mo-Ba appears 

strong and sharp in both gates.  The energy agrees very well with the 

'„amma ray assigned to mass 104 by John et. aJL.  The 119.6 keV gamma ray 

from Tc-Cs is seen weakly in bo>.h spectra.  Again the energy agrees well 

with the gamma ray assigned mass 109 in the same work. 

Whore they overlap, there is generally little correlation between 

9 
the present work and the previous gamma ray data of Ruegsegger, Jr, et^ al. 

and Eddy £t aj^.  ; however the latter works covered mainly higher energy 

gamma rays which lie beyond the energy range of the aetector used in the 

present «icrk. 

Discussion 

The de-excitation process in each primary fragment is culminated 

by a Y-cascade and possibly interml conversion.  In a given binary fission 

event, one of the two post-neutron fragments or both can emit X-rays as 

well as y-rays, as depicted in Fig. 14. An X-ray, Y-ray coincidence require- 
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mem does not limit the event to a direct one, as a delayed cascade- 

lntein.il .inversion sequence in a beta-decay product is accepted under 

this lormat.  The three possibilities. X-ray from one primary fragment 

and Y_ray from the other, X and Y from the same primary fragment, and X 

i 

and Y f ro"i a ^eta decay chain member can bo. separated to an extend by 

a comparison of the data for gates on two complementary X-rays.  A 

Y-ray appearing in both spectra must be associated with a prompt event 

some of the time, since a delayed Y-ray would not be in coincidence 

with an X-ray from the complementary fragment even though it is not 

cetLain which is the complementary fragment. However, it is possible, 

but not necessary, that some of the time, y-ray  can be associated with 

a delayed event in self coincidence with its cascade internal conversion 

X-ray.  Table I demonstrates the great number of these lines which must 

be direct in some events.  It also indicates that most of f.he gamma rays 

assigned to a specific fragment are in coincidence with X-rays from both 

that fragment and its complement, or from only the complement, implying 

a direct transition.  The lifetime data of John et jil.  generally support 

this conclusion. An unidentified y-ray  seen in only one of the spectra 

could arise from a direct or delayed event. 

Excluding those instances where y-rays  have been matched 

with the data of earlier experiments for a particular Z value, no 

distinction can be made on the basis of this data between the complementary 

fragments as possible sources of the radiation. This problem can be 

resolved only by allowing separation of the fragments by free flight 

and thereby greatly degrading the geometry. 
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A gamma-ray from a given fragment will appear in the spectrum 

gated by X-rays from that fragment, if it is in coincidence with one 

or more cascade transitions having an appreciable probability for 

internal conversion.  This situation can result from low transition 

energv or a high multipolarity.  However, generally a multipolarity 

greater than E2 will result in a halflife too long for coincidence with 

a preceding transition.  These features are illustrated in Table II 

which gives the 2-0 ground state band transitions observed in the 

+   + 
even-even nuclei and the 4-2  transitions in these bands, according 

1 2 
to the data of Cheifetz et al.  and Wilhelmy et al.  Also given are 

the nature of the transitions observed in the present data, and the 

internal conversion probabilities P defined in terms of the coefficients 

13 
n , tabulated by Hager and Seltzer, 
K 

aK 
P.. = K   1+^ 

P  is the probability for K-shell internal conversion, neglecting higher 
K 

shell contributions.  For the odd Z nuclei. Table II gives the energy and 

halflife of transitions attributed to the same cascade by John et al., 

which are observed in the present data, and the PK for El, Ml, or E2 

transitions. 

The 2-0 transitions in the even-even nuclei are all observed 

in the spectrum gated on the complementary X-rays, but the only line seen 

strongly in the self-gated spectrum is from   Ce, which has the lowest 

*H 
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energy 4+ - 2+ transition, with by far the largest P .  The transitions 

in the odd Z nuclei seem to follow the same trend, as exhibited by the 

range for P over the probable multipolarities, i.e., a y-ray  is seen 

In the self-gated spectrum when there is evidence that it is in coincidence 

with.  tr-isition with an appreciable internal conversion probability. 

A reasonable assumption to make in analyzing this data is that 

the majority of the strong low energy lines arise from transitions bet- 

ween low-lying states; states higher in excitation would in general tend 

to emit higher energy radiation.  In particular, the comparison of the 

spectra for the even Z groups with the even-even data of Cheifetz e^ al. 

and Wilhelmy ec al. suggests that practically all of these low energy 

y-rays are coming from even Z - odd A nuclei, in accordance with expecta- 

tions from nuclear structure.  The odd-even and odd-odd nuclei similarly 

would be expected to give rise to a multitude of low-lying closely-spaced 

states; the odd Z spectra accordingly display a profusion of low energy 

lines.  In addition, the odd Z - X-rays predominate in the total 

coincidence spectrum; the relative intensities of the X-ray peaks in 

this spectrum are very similar to those in the prompt coincidence spectra 

of Watson ejt al.      and therefore support the assertion that many of the 

X-rays and y-rays seen in this experiment are prompt.  The predominance 

in the X-ray production of odd Z over even Z heavy fragments was attributed 

by the same work to closed shell effects in the Z = 50, N = 82 region. 

The present work indicates less of an effect for the light fragments, for 
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which the neutron levels, in the general range N = 58 to N = 68, are 

well-removed from any major closed shell. 

The preconditions for the substantial amount of internal 

conversion contributing to the decay schemes of these fragments, small 

energy spacings or large spin differences, were recorded in gross 

spectra by Kapoor .et .al.  and Kleinheinz and Siegbahn.   The former 

252 
group found that roughly 57% of the X-rays from   Cf fission fragments 

represent half lives from 0.1 to 1.0 nsec and 23% are emitted from 1.0 

to 50 nsec.  Thr latter work revealed that the lifetimes for transitions 

130 to 260 keV In energy are to a large extent compatible with Ml or 

enhanced E2 transitions.  The specific lifetimes reported by Watson 

et al.  for the transitions seen in this work are also in the 1 to 2 

nsec range.  All of this data concurs with the present data in the fact 

that a large number of the y-transitions are Ml or E7. in origin and so, 

coupKd with small transition energy, would give rise to a large number 

of X-rays as well as low energy y-rays. 

Although quite a few assignments of y-rays to a specific mar.s 

and charge were possible in this work, many of the strong low energy 

lines have not been seen in previous work and sc remain unidentified as 

to mass.  The limitations on the data of John et al.  prevented further 

matching of y-rays.  They analyzed only the strongest lines below 80 

keV, omitted the 70-80 keV segment due to lead X-rays, and recorded 

.s emitted a minimum of 3 nsecs after fission.  Transitions reported 

here which are direct and fall within their energy range but which they 
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failed to see are probably somewhat less than 3 nsec in lifetime. 

The lower energy y-rays  were simply beyond the capabilities of their 

9 cm Ge(Ll) detector.  An experiment involving y-ray  fragment mass 

coincidence is planned »s a supplement to this work, and those results 

will be used to complete the identifications. 
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Present 

E 
Y 
(keV) 

Y Pr 

48.6 

52.5 

54.8 54.8 

58.2 58. i 

65.5 

68.9 

71.7 

74.2 

76.6 

79.9 

82.3 81.9 

87.6 

90. S 90.8 

95.1 

98.2 98.2 

100.5 100.7 

102.7 

103.4 

109.2 

U9.3 

TABLE I 

YTTRIUM, PRAESODYNIUM 

Others Assigned 

E (keV)     Mass E (keV)       Mass 
Y Y 

66a      (150Pr) 65.5        150Pr 

74a      150Pr 74.2        150Pr 

91.5b,k < 
91.0 

ioiY 

98.3b,k "Z 98.2 
ioiY 

99a (101zr) 

109.4b     150±0 109.3        150Pr 
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YTTRIUM,   PRAESODYNIUM       Cont'd 

Present 

E (keV) 

Y Pr 

122.6 

125.2 

130.2 130.2 

134.5 

158.2 (158) 

Others 

E  (keV) Mass 
Y 

122.0b 99^ 

Assigned 

E  (keV) Mass 
Y 

122.3 
99, 



Zr Ce 

48.0 

b2.2 

J3.4 53.2 

35.0 54.7 

58.0 

59.1 

64.3 64.3 

70.2 

75.2 

82.8 

ZIRCONIUM, CERIUM 

79 

Present 

E (keV) 
Y 

Others 

E (keV)     Mass 
y 

Assigned 

E (keV) Maps 

98.2 

87.3 

98.0 

104.0 

117.8 117,6 

121.o 

130.2 (130) 

133.8 .33.4 

(135.9) 

(141.1) 

143.1 142.4 

97.1 

97^ 

99a 

c,d,k 150 Ce 

150±1 

(101Zr) 

+0 
103. Z15^'1 150^ 

130 9b,h,l j^o+o 

135.4 b.g 

143' 

148 
+1 
-0 

149 Pr 

97.7 

103.6 

130.6 

134.0 

150 
Ce 

150 Ce 

150 Ce 

148 
Ce 



ZIRCONIUM    CERIUM       Cont'd 

80 

PiRsent 

E   (kpV) 
Y 

Others 

E  (keV) 
Y 

Mass 

Assigned 

E  (keV) 
Y 

Mass 

Lx Ce 

151.5 

158.8 (158.4) 

209.5 

213.1 

142.6 

145./ 

151.9d 

152.lb 

153a 

155.7f 

158.7C 

153. S1 

it 158' 

209 

212.7V 

214.8 

149 
+0 
-1 

102 

101 

102 

Zr 

+1 
-0 

Zr 

148 

147 

148 

d,k 150 

Ce 

+0 
-1 

Ce 

Ce 

100 Zr 

142.7 

151.8 

158.7 

209.5 

212.9 

149 
Ce 

102 Zr 

(148Ce) 

150 Ce 

100 Zr 

J 



Nb La 

i^^—^ 

NIOBIUM,   LANTHANUM 

81 

ProsenL 

E  (MeV) 
Y 

Others 

E  (MeV) Mass 
Y 

Assigned 

E  (MeV) Mass 
Y 

46.9 46.4 

S6.2 56.0 

5S.1 57.9 

61.2 

62.8 

64.S 64.2 

bb.2 65.9 

67.1 6o.9 

72.1 

73.6 

74.0 

77.o 77.6 

81.1 

82.1 81.8 

84.4 84.0 

91.2 90.8 

97.0 96.9 

LÜ0.J 99.6 

102.0 

iGA.n i03.7 

106.7 

58.3 b,lc 147+2 

64 La 

82.8htl 146^ 

100a (145La) 

105.0 146±2 

58.1 

100.0 

104.3 

147 
La 

64.3 146La 

82.2 U6La 

145 
La 

146 
La 

114.0 



Mb La 

^■" 1 

NIOBIUM, LANTHANUM  Cont'd 

82 

Present 

E (MeV) 

Others 

E (MeV)     Mass 
Y 

Assigned 

E (MeV)       Mass 
Y 

119.5 119.1 

125.0 

126.4 126.1 

130.7 130.4 

135.8 

140.9 

(144.5) 

150.4 

153.8 

156.Ö 

159.3 158.8 

130.5l 

I3la 

140.9 

144.I1 

158.8 

158a 

b,k 

146±0 

146T La 

104±0 

104±1 

147 

148 

+0 

130.6 

140.9 

144.3 

158.9 

146 La 

104 Nb 

104 Nb 

(  La) 

Ce 

162.1 

(164.1) 

167.7 167.5 

172.2 172.0 

182.8 

164.2 

167.7 

175.0 

b.l 

130±0 164.2 

< 167.7 

172.2 

103 Nb 

146 La 



33 

E (keV) 
Y 

Mo Ba 

MOLYBDENLH, BARIUM 

Others Assigned 

(keV)              Mass 
Y 

E  (keV) Mass 

45.3 

4S.4 

M.l 

S8.1 

64. 3 

65,9 66., 

94.8 94.9 

98.2 

10.'. 4 102.7 

109.8 ilO.O 

112.4 li2.o 

117.2 .17.6 

137.8 138,0 

144.8 i44.7 

152.1    k.52.1 

95' 

100.9 

109.7l 

j 

(144, 

(151)a 

^b.g 

106 
Mo 

141 

I45±2 

n3a k~u 
112,3b i04±G 

113.4;i 141 

117.3b I44tl 

li8a "0Cs 

118,7j 141 

117,g3 142 

137,7^ 141 

104 

106 

+1 

94.9 

102.5 

109.8 

112,4 

117,3 

Mo 

137.9 

144,7 

152,1 

106 Mo 

141 
Ba 

145Ba 

(104Mo) 

(l42Ba) 

141 
Ba 

<104MO) 

106 Mo 

m 



MOLYBDENUM, BARIUM  Cont'd 

84 

Present 

E (keV) 
Y 

Mo Ba 

Others 

E (keV)     Mass 
Y 

Assigned 

E (keV) 
Y 

Mass 

154.3 

(171.7) 

181.4 

200.0 

155.0 

164.9 

171.9 

193.0 

172 

171.7d 

172.2b 

183a 

181.O*1 

183.5 

19 2a 

b.g 

192.3 

193.e1 

199a 

198.4 

199.4C 

1 

106. Mo 

106Mo 

106+0 

144 
Ba 

146 Ba 

145±1 

106, Mo 

Mo 

105±0 

144 
Ba 

142 

144 Ba 

171.9 

181.4 

193.0 

199.6 

106 Mo 

(145Ba) 

C105Mo) 

144 Ba 

■■ 



46.1 

45.5 

49.1 

TECHNETIUM, CESIUM 

85 

Present 

E (keV) 
Y 

Tc Cs 

Others 

E (keV)     Mass 
Y 

Assigned 

E (keV) 
Y 

Mass 

50.3 

51.0 50.7 

54.1 

54.5 

55.1 

58.2 58.0 

59.5 

61.7 61.5 

62.3 

64.4 64.1 

66.8 

68.8 69.0 

71.6 71.4 

76.7 '6.5 

78.7 78.5 

«0.1 79.9 

81.9 öl. 5 

84.3 84.1 

85.7 85.4 

61' 

69c 

69.4 

74.6 

78 

79.4 

81.8- 

j 

140 Cs 

108 Tc 

141 

141 

140 

140 

Cs 

Cs 

141 

85.6b'k  105+J 

61.6 

68.9 

71.5 

76.5 

78.6 

80.0 

81.7 

85.6 

140 Cs 

108 Tc 

141 
Cs 

141 Cs 

140 Cs 

140 Cs 

141 
Cs 

105 Tc 





82.o 

RUTHENIUM, XENON 

87 

Present 

E 
Y 

(koV) 

Ru Xe 

SO. 7 50.6 

58.1 

t^.O 

70.8 

71.7 

74.2 74.3 

76.0 

81.9 

Others 

E (keV)     Mass 
Y 

72' 
110 Ru 

Assigned) 

E (keV) 

7i.7 

Mass 

110 Ru 

94, 

96.2 

98. J 98.4 

100.7 

102.7 102.6 

104.0 (104.1) 

108.6 

117.8 

131,9 

138. 1 

14J.7 

14i.4 

130.5 

96.2b'h   110^ 

98c 

103.5 

131.8 

108 
(Tc) 

111 
+0 
-1 

110±0 

150a      (110Ru) 

96.2 

98.3 

103.7 

131.8 

110 
Ru 

108 Ru 

111 Ru 

110 Ru 

150.5        C11^) 

150.5 UltO 



■^h 1 

52.8 

RHODIUM, IODINE 

88 

Present 

E (keV) 
Y 

Otheis 

E (keV)     Mas3 
Y 

Assr.gned 

E (keV)      Mass 
Y 

45.7 45.6 

40.8 49' 
116 

Rh 49.8        116Rh 

57.1 

58.8 58.8 

60.5 60.6 

65.8 65.5 

68.3 

82.5 82.3 

87.4 87.4 

91.5 

96.0 

(112.1) 112.1 

116.8 116.8 

118.3 

59a      136I 

60.5b    Ulil 

(88)' 
136, 

58.8 I 

112 
60.,'i Rh 

87.4 
136, 

137.8 

159.5 

155.3 

158.9 

159.8 

161.4 

162.1 

212.7 

230.2 

155.0 1371^ 155.1 
137. 



PALLADIUM 

i'resont 

E  (keV) 
Y 

4b.ti 

58.3 

178.5 

89 

I 



mmmß 

ANTIMONY 

90 

Present 

E (ke V) 

45. 8 

58. 3 

60. 7 

65. 7 

71. 2 

75 2 

76 6 

81 ,8 

82 .5 

91 .8 

125 .4 

126 .0 

138 .3 

klra 

aSee Ref. 3. (Energ • uncertainty ^ ± 1 keV). 

bSee Ref. 7. (Energy uncertainty 'v- ± 0.2 keV). 

cSee Ref. 2. (Energy resolution %  1 keV at 122 keV). 

dSee Ref. 1. (Energy resolution % 1 keV at 12.1  u-W). 

L'See Ref. 9. (Energy uncertainty ^ ± 3 keV) . 

See Ref. 10. (Energy uncertainty ^ ± 3 keV). 

Slay be Doppler shifted according to Ref. 7. 

hlsomeric transition U,/* > 80 n8ecs) from Ref• 7• 

^See Re'. 12. (Energy uncertainty ^ ± 1.5 keV to t 2.0 keV). 

Identify pairs of y-rays  attributed to the same cascade by Ref. 7 



TABLE II 

LOW mOßl  CASCADE TRANSITIONS 

91 

Even-Even Nuclei 

E 
Y 

4*2* 

2tO+  Observed? 
Complementary   Self 

gate.      gated 

PK  (E2) 
PK  (E2) 

110/r 152 •X27 yes (wk) 0.18 0.014 

U)2Zr 213 352 yes (wk) 0.05 0.009 

UÖCe 159 300 yes (wk) 0.23 0.04 

150,, 
Co 97 209 yes yes 0.58 0.11 

104Mo 172 351 yes wk 0.13 0.012 

144Ba 199 331 yes no 0.12 0.03 

146ba 181 333 yes 

Odd Z 

no 

Nuclei 

0.16 0.03 

, b 
t 
Y 

(keV) 

c 
Yl/2 

Obst 
Compliments 

gated 

rved? 
iry Self 

gated 

(El) (Ml) (E2) 

ioiY 91.0 19 yes yes 0.1 0.2 0.6 

98.2 21 yes yes 0.1 0.2 0.5 

K6La 82.2 13 yes yes 0.2 0.7 0.7 

167.7 16 yes yes 0.04 0.1 0.2 

1A7La 58.1 8 yes yes 0.5 0.8 0.8 

158.9 10 yes yes 0.05 0.2 0.2 

l0\c 85.6 16 wk yes 0.2 0.4 0.6 

102.8 15 yes no 0.1 0.2 0.5 

109Tc 115.4 18 yes (wk) 0.08 0.2 0.4 

IW.6 16 yes yes 0.07 0.1 0.4 

I42r Cs 90.3 15 yes yes 0.2 0.5 0.6 

96.9 16 yes no 0.2 0.4 0.6 

äec Rets. 1 and 2. Energies in tni .s work presented as final val 
les. 

CSlH' Ref. 7. 



92 

FIGURE CAPTIONS 

Fig. 1   Schematic diagram of electronics. 

Fig. 2   Total coincidence X-ray spectrum. 

Fig. 3 
(a) Windows set en X-rays from light fragments.  (b) Windows set on 

X-rays from heavy fragments, 

fig. 4   Tctal coincidence y-ray  spectrum. 

Fig. 5   (a) Sorted y-ray spectrum from gate on yttrium.  (b) Sorted ^-ray 

spectrum from gate praseodymium. 

Fig. 6   (a) Sorted Y-ray spectrum from gate on zirconium.  (b) Sorted y-vay 

spectrum from gate on cerium. 

Fig. 7   ^a) Sorted 7-ray spectrum from gate on niobium,  (b) Sorted y-ray 

spectrum from gate on lanthanum. 

Fig. 8   (a) Sorted Y-ray spectrum from gate on molybdenum.  Ü>) Sorted y-ray 

spectrum from gate on barium. 

Fig. 9   (a) Sorted y-ray spectrum from gate on technetium.  (b) Sorted y-ray 

spectrum from gate on cesium. 

Fig. 10  (a) Sorted y-ray spectrum from gate on ruthenium.  (b) Sorted y-ray 

spectrum from gate on xenon. 

Fig. 11  (a) Sorted y-ray spectrum from gate on rhodium.  (b) Sorted y-ray 

spectrum from gate on iodine. 

Fig. 12  Sorted y-ray spectrum frcn gate on palladium. 

Fig. U  Sorted y-ray spectrum from gate on antimony. 

ng. U      Generalized decay scheme for lower levels in the fission fragments. 

All of the indicated modes of X-ray - y-tay coincidences were 

accepted in the system used in this experiment. 
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