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.·. / .. · . · and John 0. Rasmussen .. 

., :, 
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,In this note we repo~t preliminary results of experiments that show·· 

·.well-defined prompt y-ray peaks (.T < 10-9 sec) associated with fission· 

.• .. • 

.. -: 

· · , fragments of selected masses. The dependence of the Doppler shift of the 

'· .. 'i•_ . 

. ·.·· 

energy of the radiation on fragment direction and mass is found to be a 

valuable aid in the interpretation of the spectra. These results are of ' 

special interest because it has generally been.assumed on the basis of early ' 

measurements· that the gari'lma spectra would be sufficiently complex to 

preclude observing distinctly resolved spectra. 1 The identification of 

· ~iscrete gamma spectra offers the hope of obtaining nuclear energy~level 

·. il. 

. , . . data in a neutrop-excess region not accessible by other means, and may' also 

·,, contribute to knowledge concerning the spins and de-excitationprocesses' of. 
:I'' , "'· !- :~ .. 

~ I 

) ... '· 

·i . · the primary fragments. 
t: 

r Our results have come about through measurements of the energies of 

· both members of pairs of fragments and of coincident gamma rays from 

. 1 f' . A . htl Cf252 f' . h' h . . d ·. s1ng e 1ss1on events. we1g ess 1ss1on source w lC was prepare 

by self-transfer onto thin nickel foil was used in the measurements. The 

energies of the two fragments were measured and the direction of fission was. 

• i. defined by means of two solid-state counters located about 1 em from the 
-~ ' . ~ . . ' 

- \ .. -·~-
The energies of the y ""rays ·.were measured ~ith.a 3 ... by-3 -in~ .· source. 

. . . · .. '·' .-:·. 
'' •, 

Nai { Tl) counter. placed at the desire~ ·angl~ :with respect to the direction of · 
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motion of the coincident fragments •. The coincidence resolving times were • 

adjusted to accept 'Y -rays emitted within :1::5 0 ns of the time of fission. The.· 

. data were recorded in three dimensions by using a multi-dimensional pulse-· 

height analyzer:, and were stored event by event in correlated form on 

.magnetic tape. The results were sorted by using p.n IBM 7094 computer iti 

such manner that the individual gamma..;.ray energy spectra were obtained 
\ ·, ' 

separately for·fragment energy ratios of 1.05 to 1.15, 1.15 to 1.25, 1.25 to 
. . 

1.35, and 1.35 to 1.45. The fragment energy ratio, R, approximately equals 

·the mass ratio and is referred to hereafter as the mass rat~~·----'!'~~--s.?rti?g . 

interval above corresponds to about four mass units.~ 

Figure 1a shows the gross gamma spectrum in prompt coincidence 

with fission fragments of all energies (Nai detector at 0 deg with respect to 

fission). There is some evidence of peaks in this complex spectrum. In 

order to determine the extent of the contribution of fission neutrons to the 

observed spectrum (i.e. ; n, y .. reaction in the detector), some experiments 

were done using lead absorbers. It was found that the n, y. reaction spectrum 

produced by neutrons was very much smaller in magnitude, and the peaks 

. were of different energy than those discussed here in connection with the 

prompt 'Y -rays from fission. The absence of effects arising from neutrons 

· . can also be shown below in connection with the discussion of the Doppler shift 

·in the energies of certain gamma rays that are emitted by moving fragments 

(i.e., such a shift in the n, 'Y·. spectrum would notoccur). 

When the events were sorted, and the gamma-ray spectra associated 

w~th a particular fission mass ratio were examined separately, a profusion. 

... '; 

of definite peaks appeared from 150 to 600 key1 most of which are probably:.···:' .. 

complex, The spectra. change markedly ,for differe~t mass ratios, and we 

·thus find an explanation for. th~ ·fact that the discrete structure· is generally 

·~ . ' 
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obscured in a total prompt-gamma spectrum such as that given in Figo 1a, 

where no sorting according to mass ratio is, done. Figure 1b shows 'spectra 

for several specified mass ratios taken with the Nai detector at· 0 deg to the 

fission direction. In this case, the data are subje.ct to a further restriction·· 

in sorting such that the spectra given are associated with the case of he·a.vy· 
I 

fragments moving toward the y-ray counter af?.d light fragments moving in. 
,; 

the opposite dire·ction. 

For gamma rays emitted during the time of flight to the detectors 

{ a.bout: 1 ns), there should be a detectable Doppler shift in the 0-deg 

. " . 

measurements, permitting assignment of gammas to light or heavy fragments; 

Those gamma rays emitted after 1 ns but within a time of 50 ns would be 

observed, but without Doppler shift, since the fission-fragment detectors are 

seen by the gamma detector in our experimental arrangement. As a result of 

the Doppler effect, the y-rays emitted by the fragments are changed in energy 

' 
!/ 

. ',·:· . ~ ~-~ 
- . ~{ 

i.i 
•' 
·i .· 

. ·· .... ''. according to the relation Ey = E 0 { 1 ± v/c), where v is the velocity oft~~ ....... 

.,· .. 

.. l 

fragments and E
0 

is the energy of the gamma rays emitted by fragments· 

·with zero velocity. The sign of v/c is positive when the gamma ray is 

·emitted by a fragment moving in the direction of the y-ray counter and 

negative when the fragment is moving away from the counter. The maximum · 

difference in energy, ~E, is E
0 

{2v/c), which should be about 7% of E 0 for 

9 . I . heavy fragments having an average velocity of L04 X 10 em sec, and 9% for. 

average light fragments having an average velocity of 1.37 X 109 em/sec • . , 

. -;'·: 

An example of a fairly well-resolved peak subject to Doppler shifting is· · · 

·provided by the Nai-counter spectra for the mass. ratio 1.3. For this mass 

ratio, ·the heavy f:r:agment mass is 140 ±. 2 when co~recti?n i~ made for the 
., 

average emission of four neutrons.· Then the masses of the heavy and light: 

.L 
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2 . 
fragments tota1248; the mo s't p.robable charge is calculated as 54. In 

Fig. 1c the solid curve represents the spectru-m obse:rv.ed when the light 

fragments travel in the direction of the gamma-ray counter. The dashed 

curve represents the opposite cas.e {heavy fragments traveling toward the 

gamma-ray counter). The peaks of the solid curve at 560, 454, and 361 keV 
' , . 

seem to appear at approximately 605i 490,· and 390 keY, respectively, in the 
.·, 

dashed curve. The general feature of the energy shiftobser~ed for all these 

peaks is that expe'cted for emission fro1n heavy fragments of ma.ss near 140, 

although changes in the peak shapes occur, suggesting unresolved components 

not all shifting in the same way. Further evidence for complexity is given by 
I . ·q . 

the observed intensity per fission of'each of these three pea.ks summed ·\ 
l 

within mass -ratio limits of 1.15 to 1.35, since each of these intensities is~ 

larger than the expected fission yield of any single nuclide in this region . 

' The suspected complexity wasconfirmed in preliminary experiments using a 

' · ~ -high~resolution (fUll width at half maxl.mum = 8 keV) lithium-drifted 

germanium detector operated at 77~K for the gamma rays. 3 Figure 2 shows 

such gamma spectra for mass ratios of 1.2 and 1.3 at an angle of 0 deg 

(heavy fragment moving toward the gamma detector). 

In all of the· y-ray measurements, a special stabilization system was 

continuously operated, using the annihilation radiation of Na 22 as a basis for 

eliminating drift in the electronic system. As a consequence, the energy 

measurements are b'elieved to be accurate within 1 to 2 keVin the Ge( Li) 

· measurements and "'5 keV in the case of Nai. 

Although a comprehen_sive interpretation of these complicated results 

is premature, we have attempted ix{ the following discussion to give one··.~ • 
. . ' . ' ' '·. 

example of an analysis that leads to the tentative assignment of a _single line~ 

. ,·. 
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The peak at N490 keV.in the dashed curve o{ Fig. ic·lends itself to such a 

detailed analysis. Under the higher resolution o£ the germanium counter 

- this line is seen to consist of three principal components~ ~the _most intense.::,~~---'· 

at 480 keV (associated with _R='i.3, MH; 140}, a second about So/o lower i~ 

energy, and a third about 1.6o/o higher in energy. The third is more 

-.· ,.V ., associated with the R:: 1.2 spectrum shown in the lower curve of Fig. 2. By 
. '. ' . ·~· . 

' • ! further analysis we have found that all three components have the correct 
' . . ' . ' 

. ·' .. Doppler shift (;.,.7o/o) for emission from the .heavy fragment in a time less than 

'.· ... : 't .' 

.... 

·1 ns. The energy of the principal component at mass 140::1: 2 after subtraction 
. . 

of the Doppler shift is 46,3 keV, and its intensity per fission is roughly 3%. 
. I' 9 . . \l 

. The lifetime (< 10- sec) and the sign of the anisotropy of this gamma ray \•- · 

. (as determined from 90-deg data~not shown here) favor an E2 multipolarity 

assignment. From_ these results, it seems reasonable to make a tentative 

assignment of the 463 -ke V transition to the 

140 

first 2+ to ground (0+) transition 

·+ ·,·-' -1 in Xe - • --

... . ~. 

As regards the significance of the above -mentioned results, one may 

--visualize the possibil~ty of ,obtaining more data and of extending the method to· 

include detailed measurements of angular distributions and y-r_ay emission 

times. In such case one may hope not only to obtain much new information·: 

concerning the decay characteristics of nuclides _in hitherto inaccessible. 

regions of the periodic table;· but also to obtain information on-the ·spins and 
' . , '.I I .... , ~ . . ,· 

th~ de~excitation' ptocesse.s{~{the prima~y fissio~ fragmen~s~4 >. " _· '· · . 
• • . '' ' • • • ' ~ •. ' . ' : • ; ,. -~ • ' ..• :' ~ .. <'· ... 
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FIGURE LEGENDS 

Fig. 1. (a) Total.prompt y-ray energy spectrum from spontaneous fission.· 

of Cf252 measured with·. a 3 -by -3 -in. Nai( Tl). counte~ ·.~D.: ~oA!l~idence .. 

(50 ns} with two fission-fragment detectors (Nai counter at 0 deg with 
. . 

respect to fission direction) •. Events were not,selected according to mass 

or fragment direction. (b) Spectra of prompt y-rays associated with · 

~ ~ . I . ; 

'; ..... ·.·. 

. . I 
. -;. 

_:'.·•· ·.· 

- . .:., . . ! ' 
•i ' 

\·-: 
- . :> 

... : 
r -~. 

.· .•' ~ . 

· .. 
various values of R, the mass ratio. ·These spectra were then measured. \' 

' : . -~- ' ' 

·.··,· /· ; 'i:-·· 
with the Nai co~nter ·at 0 deg.relative to the direction of motion .of the .· ·· 

... '•' 

).-·. 
'. -~·."· ·, ' '. ~ ·. ' ~- · .. \ 

. ·fragments. The. spectra are also associated only with the events in which · •... ', 
. . . .· 

· .· · .... the heavy-fragment members· of the pairs moved toward the 'I -ray . 
. . . lL-:: ::.· 

counter. (c) Dependence of prompt '{-ray spectra on the direction of. \ · , .. 

, .. '··· '• 

) .. 
. ' 

·, 
. ' .·., . 

:· : .. 
?'''' 

':• ' I.~ 
· motion of the fragments (Doppler shift). The spectra shown· were 

,:.· :->.,-:·~:.; .·obtained with the Nai counter at 0. deg relative to the direction of motion 
.·'!·' 

:.·.·:..•· 
•.: 

,:;·,.. .\,. ,.·· 

·::··.of the fragments and are associated only with fragments of mass ratio 
.. ~. : , ... ( 
';, 

.>· 

·. • .. R= 1.30 ± 0.05 (MH = 140 ± 2}. ·The solid curve is the spectrum emitted by .. '·. :: 

• ' I · · . .·· •'r'· 

... light fragments moving toward the. y•ray counter; and the dashed curve is .. 
• •• (,II • ' ' .. -

., . ·: .for heavy ·fragments moving in the direction of the. 'V -ray counter. 
. . ,, ,·• .. 

2. Prompt y-ray spectra obtained with a lithi~m-drifted germanium 

detector bperated at 77°K. The resolution (full width at half maximum) 
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or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
s~ch employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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