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The p rays emitted from 3 to 2000 nsec after spontaneous fission of 5 Cf have been studied
in detail. Both fission fragments were stopped on Si detectors; a Ge detector was used to de-
tect p rays from the fragments on one Si detector. A time-to-amplitude converter was started
on the fission-fragment signal and stopped on the p-ray signal. For each event the two fission—
fragment kinetic energies, the y-ray energy, and the time delay were recorded. The data were
then analyzed to obtain the energy, half-life, and intensity of each y ray as well as the mass
of the emitting fission fragment. Some 144 y rays were so analyzed, corresponding to more
than 80 isomeric states.

p rays were observed from practically all masses. However, the intensity was concentrated
in the mass regions near 96, 108, 134, and 146. The energy spectrum consisted of a group of

p rays below 500 keV and a group near 1300 keV. The high-energy group associated with mas-
ses 134 and 136 dominates the energy intensity after 50 nsec. A strong cascade from a 162-
nsec isomeric state is assigned to 52Te82, and a 3000-nsec isomeric state to &4Xe82. Rota-
tional cascades were not observed, in contradiction with earlier low-resolution work. The ob-
served energies and half-lives can be accounted for by El, Ml, or E2 transitions, either al-
lowed or E forbidden by a few units. The interpretation of these results is that the initially
high spins of the fragments have less. effect on the delayed p rays than was previously thought.

Fragment kinetic energy distributions were obtained for fissions leading to the emission of
a particular p ray. The y x'ay serves to restrict the events to those having a definite final iso-
tope for one fragment. The average kinetic energy of such events is found to be slightly great-
er than the average for all fissions yielding the same mass.

I. INTRODUCTION

Fission fragments deexcite by first emitting neu-
trons and then y rays. The bulk of the y radiation
has a half-life of theorder of 10 "sec." A de-
layed' component in the time region of 50 nsec to
10 psec after thermal-neutron-induced fission of
"'U was first observed by Maienschein et al. ' Fur-
ther measurements were made by Johansson' on y
rays from spontaneous fission of '"Cf in the time
range 10-300 nsec and by Popeko et al. ' on '"U
fission from 10-70 nsec. Walton, Sund, and their
collaborators' observed isomeric' y rays with
half-lives from 2 to 600 psec following fission.

Johansson' measured the mass distribution of
the y rays for the time interval 30 to 70 nsec after
fission and found it to be strongly peaked at cer-

tain masses. In these mass regions the fraction of
the y rays which were delayed was found to be sur-
prisingly high. This high probability of populating
isomeric states was attributed to the comparative-
ly high initial spins of the fission fragments.
These are neutron-rich nuclei which are normally
inaccessible for study. The peaking of the intensi
ty of delayed y rays at certain masses is depen-
dent on the nuclear structure of the fragments.
Thus there are interesting features of the delayed
y rays deserving of further investigation.

In the present work the use of semiconductor de-
tectors made it possible to measure the energies,
intensities, and half-lives of individual y rays and
to determine the masses of the emitting fission
fragments. The experiment covered the time
range from 3 to 2000 nsec after fission.
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II. EXPERIMENTAL PROCEDURE

A. Experimental Arrangement

The geometry of the experiment is shown in Fig.
1. A thin source of '"Cf was positioned between
two Si diodes which detected the oppositely directed
fragments from a fission event. A Ge(Li) crystal
located near one of the Si detectors detected y rays
emitted by fragments stopped on that Si detector.
The .Si detector was inclined 23' from the normal
to present a clear path for the y rays. A collima-
tor of tungsten alloy served to shield the Ge de-
tector from the '"Cf source. This defined the frag-
ment emitting the y ray and eliminated most of the
prompt y rays. The inside edges of the collimator
were serrated to minimize scattering of fission
fragments. The "'Cf source was prepared by self-
transfer onto 90-pg/cm' Ni foil and had a strength
of 46 p.Ci.

For each event four parameters were measured:
the kinetic energies of the two fission fragments,
the energy of the y ray, and the time delay between
the arrival of the fragment on the inclined detector
and the detection of the y ray.

B. Detectors

Phosphorous-diffused Si p-n junctions were used
for fission-fragment detection. The diodes were
fabricated from 2900-0-cm Si and were 3 cm' in
area. Aluminum collimators with rounded edges
were used to exclude the fringe area, of the detec-
tors. The detectors were cooled to -40'C in order
to keep the leakage current low as radiation dam-
age accumulated. It also appears that a higher

Ge (Li) cr

urce

urce
der

Silicon f i ssi on
fragment detectors

FIG. 1. Schematic drawing of the experimental
apparatus, top view.

radiation dose can be tolerated at lower tempera-
tures. The resolution for fission fragments (peak-
to-va. lley) was 2.85 to 2.90 initially and 2.75 to 2.80
after data taking. Molecular-sieve pumps were
used to maintain the vacuum in the experimental
chamber.

The Ge(Li) crystal was a 9-cm' planar detector.
A 10-mil Be window separated the Ge crystal from
the vacuum chamber. Some tailing of the y-ray
peaks developed during the data runs owing to radi-
ation damage from the fast fission neutrons. The
resolution was affected somewhat and was 2-keV
full width at half maximum (FWHM) for "Co (122
keV) and 4 keV for "Co (1.33 MeV).

C. Electronics and Calibration

A diagram of the electronics is shown in Fig. 2.
A fast coincidence (30 nsec) was required between
the two fission pulses. The time-to-amplitude con-
verter (TAC) was started on the fission-fragment
signal and stopped on the y-ray signal from the Ge
detector. A slow coincidence was then required be-
tween the TAC output and the fast fission coinci-
dence output. Pileup inspector circuits examined
the fast fission pulses to exclude any events having
more than one pulse within 2 LLIsec. This prevented
pileups between the numerous u particles and the
fission fragments. The linear signals were digi-
tized by a four-parameter pulse-height analyzer
having 4096 channels per parameter and recorded
on magnetic tape for subsequent computer analysis.

The TAC was adjusted to cover fission-y-ray de-
lay times from -150 to 2050 nsec. The negative-
time data were used to evaluate the accidental-
coincidence rate which was 17% of the data rate,
averaged over the entire 2-@sec range. A time
spectrum of all the events is shown in Fig. 3. It
can be seen that the proportion of accidentals de-
pends on the delay time.

Considerable energy-dependent walk was present
in the time signal from the Ge detector. This was
taken out in the computer analysis. The corrected
timing resolution for all y rays was 3 nsec FWHM.
At 1 MeV it was 2 nsec FWHM, increasing to ap-
proximately 10 nsec at 100 keV. At long times an
oscillation in the counts versus time display of
Fig. 3 is evident, with a period of about 200 nsec.
This effect was noted in the preliminary setup work
and was apparently eliminated by minor modifica-
tions to the electronics. The effects became visi-
ble again after the data were computer-corrected
for energy walk.

Stabilization of the electronics was accomplished
with a precision pulser. For the y-ray linear sig-
nal both the gain and zero level were stabilized;
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FIG. 3. Time distribution of all four-parameter events.

for fission-fragment linear signals only the gains
were stabilized. During the data runs the pulse
heights of the fission-fragment spectum decreased
gradually as radiation damage to the detectors ac-
cumulated. Periodic calibration runs were made
with the logic altered to require only fission-frag-
ment-fission-f ragment coincidences.

The discriminator on the y-ray time pickoff was
set at 80 keV, and the analyzer spanned the y-ray
energy region up to 3 MeV. Some difficulty from
multiple pulsing was encountered for lower dis-

eriminator settings, but one run was made down to
50 keV. The linearity of the y-ray energy scale
was measured with standard sources. Small shifts
(c0.2 keV) in the energy scale from run to run
were corrected by matching certain prominent
peaks in the delayed y-ray spectrum. The abso-
lute energy scale was determined by two lines
present in all the data, namely, the 511.00-keV
annihilation line and a background peak from the
1293.64-keV y ray of "Ar. The latter was present
in the environment because of the proximity of the
I ivermore reactor. In addition, at 197.1 keV a
line was observed which was associated with a
broad range of masses and had a half-life of -60
nsec. This was identified with an isomeric transi-
tion in "F, produced by inelastic scattering of the
fission neutrons from "F in Teflon located near
the Ge crystal. The observed energy is in excel-
lent agreement with the value 197.146 +0.012 keV
recently determined by White" in this laboratory.
It should be noted that since the fission fragments
were stopped on the Si detector, there was no
shift of y-ray energy and no line broadening from
the Doppler effect except in the cases of a few very
short-lived y rays. In previous fission-y-ray ex-
periments using NaI detectors considerable difficul-
ty was encountered from the neutron background. 2
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FIG. 4. Comparison of the fission-fragment postneutron mass distribution derived from the two-parameter (fragment-
fragment) data in the present experiment (line) with the results of radiochemistry (crosses).

Ge detectors are less sensitive to neutrons; how-
ever, the spectra obtained in the present experi-
ment exhibit some neutron-produced lines, particu-
larly the prominent asymmetric 690-keV line"
from "Ge. These neutron-produced lines could be
easily distinguished from the fission-fragment y
rays, since they were not associated with a particu-
lar fission-fragment mass.

The count rate during the four-parameter data
runs was 380 min '. Data were taken in 11 runs
comprising a total of 7&10' events. Each of the 11
runs was preceded and followed by a two-parame-
ter fission-fragment-fission-fragment calibration
run.

III. ANALYSIS AND RESULTS

A. Mass Calculation

For each event the fission-fragment mass was
calculated from the measured pulse heights of the

two fission-fragment signals following a procedure
similar to that devised by Watson. " A correction
for neutron emission was made using the data of
Bowman et al. '4 For this purpose the neutron data
were fitted by the function

v(M*, EP) = A(M*) exp[B(M*)(E~ —150)],

where v is the number of neutrons emitted by the
fragment with pre-neutron-emission mass I*, E~
is the total pre-neutron-emission fragment kinetic
energy, and A, 8 are constants.

Pulse heights were converted to energies through
the equations given by Schmitt, Kiker, and Wil-
liams, "which correct for the mass-dependent
"pulse-height defect. " Constants for the equations
were obtained from fits to the two-parameter fis-
sion-fragment calibration runs. The mass calcu-
lation, including the correction for neutron emis-
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FIG. 5. The total fission y-ray spectrum for times from 10 to 2000 nsec after fission. The large peak at 690 keV is
produced by inelastic scattering on neutrons from Ge in the detector.
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sion and pulse-height defect, was iterated until the
change in the mass was less than 0.05 mass units.

For the present experiment we are interested
primarily in the post-neutron-emission mass. A
check of the procedure used to derive the mass
may be obtained by comparing the mass distribu-
tion from our two-parameter calibration runs with
the radiochemical data of Nervik. " As can be seen
in Fig. 4 the agreement is reasonable. The largest
differences are for masses 112, 115, and for the
masses produced by symmetric fission. The agree-
ment with radiochemical data indicates that for
present purposes it is probably unnecessary to at-

tempt to unfold the experimental resolution.

B. Search for y-Ray Peaks

The total y-ray spectrum is quite complex (Fig.
5). In order to tacilitate a prelimina. ry examina-
tion of the spectra, the events were sorted accord-
ing to mass and into three major time intervals.
Examples of the sorted spectra are shown in Fig.
6. It can be seen that y-ray peaks are well re-
solved. A computer search for y-ray peaks was
made by fitting the spectra with Fourier series.
The series were cut off when the structure in the
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TABLE I. Delayed y rays from spontaneous fission of ~ Cf.

(keV)

102.0
111.2

108.8
117.1

142.0
237.8
276.5
217.2
169.8
191.1
204.3

352.3
140.9
167.1
158.0

100.7
111,0
161.2
170.5
186.4
204.0

229.0
121.4
122.0
129.8
415.6
143.0

213.3
426.8

614.2
91.5
98.3

152.1
180.5
164.2
112.3
140.9
144.1

238.9

251.6
85.6

102.8
193.6

205.0

172.2

Mass;AM

82+3, -1
89~0

91+0
91+0,-1

91+1,-0
91+ 1
91+1,-0
93+ 0
94+1
94+0, -1
95+ 2

95+ 0
96+1,-0
96+1,-0
97+ 1

98+0, -1
98+ 0
98+1,-0
98+ 0
98+ 1
98+1

98+ 0
99+1,-0
99+1,-0
99+1,-0
99+1,-0

100+2

100+0
100+ 1

100+0
101+0,-1
101+1,-0
101+1,-0
102+1,-0
103+0
104+0
104+0
104+ 1

104+0

104+1,-0
105+1,-0
105+0
105+0

105+1,-0

106+0

Photons/
fragment

0.03
0.05

0.15
0.02

0.62
0.046
0.075
0.058
0.032
0.030
0.54

0.40
0.062
0.11
0.023

0.016
0.018
0.064
0.094
0.024
0.061

0.035
0.19
0.098
0.11
0.020
0.05

0.021
0.029

0.11
0.021
0.019
0.10
0.013
0.059
0.0061
0.028
0.040

0.18

0.066
0.018
0.059
0.038

0.0085

0.082

Photons/fission;
error (%)

0.000 015+ 35
Q.000 20 +20

0.000 88 + 8
0.000 12+ 17

0.0036 + 7
0.000 27 + 16
0.00043+ 13
0.000 44+ 10
0.000 30+ 30
0.000 29 + 13

0.0062 + 12

0.0046+ 7
0.000 84+ 20

0.0015+ 15
0.000 39+ 20

0.000 33+ 11
0.000 38+ 15
0.001 34+ 11

0.0020 + 21
0.000 50+ 13

0.0013+11

0.000 74 + ll
0.0048+ 10
.0.0025 + 9
0.0029+ 15

0.000 51+22
0.0015+ 50

0,000 62+ 15
0.000 88+ 22

0.0034+ 9
0.000 76+ 10
0.000 67+ 22

0.0037+ 8
0.000 55+ 10

0.0028+ 8
0.000 35+ 18

0.0016+ 9
0.0023 + 34

0,010+ 14

0.0037+ 9
0.0012+ 24
0.0038+ 11
0.0024 + 15

0.000 54 + 14

0.0054 + 11

~ 1/2

(n sec)

35
3000

25'
19

70-~
440
110-~
24--

I

I

I

I

I

21-"
360
240-~

1500--
I

I

—530 i

—760
68

1100-~
—650

3000

360—22
340—

r=- 16
I

10--
I

I I

I

I

16

—20
19)

7
86

8
15
62
7—

4—
16'
15

5

Remarks

E& error: +0.3 keV.
Intensity and half-life are

estimated.

Small mass FWHM,
1.7 units.

Large mass FWHM,
7.0 units; probably two
interfering lines.

Large mass FWHM,
6.1 units.

Intensity and half-life are
estimated.

Cannot resolve this line.
Values are estimated.

Large mass FWHM,
6.3 units.

Large y ray FWHM,
4.0 keV; may be Doppler
shifted from 139 keV.

Large y ray FWHM,
3.7 keV; may be Doppler
shifted from 231 keV.

Large y ray FWHM,
5.1 keV; may be Doppler
shifted from 188 keV.

Small mass FWHM,
2.8 units.
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(keV)

66.2
86.3
90.0
90.2

105.8
119.2
134.6

153.6
176.2
250.0
115.6
119.4

210.1

60.3
96.2

131.8
222.5
239.9

103.5
150.5
167.1
225.7
60.5

189.5
154.6
212.3.
304.3
84.9

128.9
174.4

222.3

91.3

90.5

89.7
120.6
137.8
96.5
91.2

375.4
85.7

103.3
163.0
59.9

115.0
125.1
182.4
296.9

1151.6
1279.8
324.5

Mass;AM

108+0,-1
108+1, -0
108+1, -0
108+ 0
108+ 0
108+ 0
108+ 0

108+0
108+1,-0
108+0
109+0
109+0

109+1,-0

110+0, -1
110+0
110+0
110+0
110+0, -I

111+0, -1
111+0
111+1,-0
111+0, -1
112+1
112+0
113+1
113+0
113+0
115+0, -1

116+0
116+1,-0

116+0

117+0, -1

122+ 0

128+ 0
128+4
129+1,-0
130+0
132+0
132+2, -0
133+0, -1
133+0
133+0, -1
134+ 0
134+ 0
134+ 0
134+0
134+ 0
134+0, -1
134+ 0
135+0

Photon sl
fragment

0.10
0.092
0.037
0.022
0.015
0.011
0.0030

0.13
0.052
0.018
0.0078
0.023

0.0017

0.078
0.14
0.030
0.037
0.025

0.11
0.14
0.026
0.013
0.12
0.014
0.025
0.012
0.035
0.059

0.029
0.0095

0.013

0.0049

0.011

0.06
0.05
0.034
0.024
0.037
0.016
0.083
0.012
0.055
0.069
0.16
0.045
0.031
0.27
0.055
0.32
0.073

TABLE I (Continued)

Photons/fission;
error (%)

-- 0.0060 + 10
0.0054 + 27
0.0022 + 18
0.0013+36

0.000 91+ 9
0.000 62 + 18
0.000 18+21

0.0077 + 7
0.0031+ 7

0.00107+ 10
0.000 45 + 20

0.0014 + 29

0.000 098 + 22

0.0045+ 41
0.0080 + 7

0.0017+ 17
0.0021+ 8
0.0014+ 20

0.0059 + 8
0.0080 + 7

0.00143+ 10
0.000 72 + 15

0.0061+ 15
0.000 70 + 15

0.0010+ 42
0.00049 + 15
0.00144 + 13

0.0019 + 25

0.000 84+ 10
0.000 27 + 12

0.000 39+ 11

0.000 105+ 15

0.000 026+ 26

0.000 24+ 25
0.000 19+ 42
0.000 17+ 10
0.000 20 + 21
0.000 75+ 11
0.000 32 + 21

0.0026 + 21
0.000 37 + 9

0.0018+ 8
0.0027+ 20
0.0061+ 7

0.001 76 + 7
0.0012 + 10
0.0103+ 7
0.0021+ 11
0.0126+ 9
0.0031+ 8

t t/2

(nsec)

140
140-,
120="

—15
120—
110
100-

110—
110——16
18'
16

120--
I

I

I

210-~
550

6g

1500
24

7
I

8 —'

5—

61

12 —,
9—

6—
I

I14-.

53- ~
I

21 I

I

52-"
2100

120-q
Ir--

I'---12

180~
110

--130-i
I I

162—
I--115

15
162—

I

', -- 90
164—
570 ~

Remarks

Small mass FWHM,
2.7 units.

Large y ray FWHM,
4.0 keV.

Small mass FWHM,
2.4 units.

Large y ray FWHM,
3.9 keV; may be Doppler
shifted from 233 keV.

Small mass FWHM,
2.5 units.

Small mass FWHM,
2.4 units.

Small mass FWHM,
2.8 units.

Small mass FWHM,
2.0 units.

Small mass FWHM,
1.0 units.

Cannot resolve mass.
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(keV)

387.1
1181.0
261.1

288.5
155.0
197.3
380.7

1221.0

1313.3

314.4
400.2
219.4
103.5
90.5
97.0

106.0
117.3

109.7
183.5

341.0
82.8

105.0
130.5
167.7
251,1
288.2
364.2

58.3

158.8
283.9
445.0

135.4

142.6
97.5

103.2
109.4
130.9
168.5

247.4
141.7
191.6
162.5
169.9

167.1
174.2

Mass; AM

135+0, -1
135+0, -1
136+0, -1

136+0, -1
187+ 0
137+ 0
137+ 1
137+ 2 j 1

137+2/1

138+0, -1
138+0, -1
140+ 0
141+2
142+ 0
142+ 0
142+ 2

144~1

145+ 2
145+ 1

145+ 1
146+ 1, -0
146+ 2
146+ 0
146+ 1, -0
146+ 0
146+ 0
146+ 0
147+ 2

147+ 0, -1
147+ 1,-0
147+ 1

148+ 1,-0

149+0, -1
150+ 1
150+0, -1
150+ 0
150~ 0
152+ 0

152+0, -1
158+ 0
153+0
154+ 1,-0
154+ 0

156+1, -0
156+0

Photon s/
fragment

0.019
0.070
0.037

0.061
0.026
0.12
0.15
0.15

0.12

0.076
0.071
0.015
0.04
0.015
0.047
0.04
0.23

0.04
0.026

0.012
0 ' 14
0.05
0.066
0.15
0.012
0.060
0.032
0.19

0.075
0.16
0.018

0.22

0.074
0.078
0.046
0.014
0.023
0.0074

0.011
0.071
0.11
0.057
0.014

0.038
0.019

TABLE - I (Continued)

Photons/fission;
error (%)

0.000 82 + 21
0.0030 + 13
0.0017+ 15

0.0028 + 9
0.001 27 + 9

0.0060 + 8
0.0073 + 8
0.0073+ 17

0.0057 + 24

0.0039+ 8
0.0037+ 9

0.000 89 + 14
0.0023+ 50

0.000 89 + 14
0,0029 + 10
0.0023 + 50
0.0133+ 9

0.0023 + 50
0.0014 + 12

0.000 65+ 15
0.0069+ 18
0.0023 + 50
0.0032 ~ 14
0.0073 + 7

0.000 59+ 13
0.0029 + 15

0.001 55 + 11
0.0078 + 11

0.0030 + 10
0.0064 + 9

0.000 73+40

0.0076 + 9

0.0021 + 15
0.0019+ 8
0.0011+ 27

0.000 32 + 16
0.00054+ 9

0.000 114+ 22

0.000 17+ 19
0.000 91+10
0.001 35+ 16
0.000 62+ 21
0.000 15+19

0,000 25+ 12
0.000 126+ 11

(nsec)
I

L -110
670—

3—
7—

—2800—3400
6—

—3000

9 j
20
15
16—
20
14- I

20
6-~

I

I

I

I

—-20
I

I13
I I

20 I

—19
I

13
J

—17
11
8-~

I

I

I

10)
14

9-g
I

I

I

9 J
18

200
67

160—
82—

72—
1400

g850
2100
1700

77
88~

Remarks

Large y ray FWHM,
4.3 keV; may be Doppler
shifted from 257 keV

Large y ray FWHM,
7.4 keV.

Intensity and half-life are
estimated.

See footnote. ~

See footnote.
Large mass FWHM,

6.8 units; probably two
interfering lines.

See footnote. ~

Large y ray FWHM,
4.8 keV; may be Doppler
shifted from 179 keV.

See footnote. ~

Large mass FWHM,
7.7 units; may be two
interfering lines.

Large mass FWHM, 6.6 units;
may be two interfering lines.

Large y ray FWHM, 5.9 keV;
may be Doppler shifted from
132 keV.

Small mass FWHM,
2.5 units.

Small mass FWHM, 1.6 units.

Small mass FWHM,
1.7 units.
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TABLE I (Continued)

(keV) Mass; DM
Photon s/
fragment

Photons/fission;
error (%)

&1/2

(nsec) Remarks

267.1

243.4

168.2
152.3

156+1

158+0, -1

163 +2
164 +2

0.040

0.029

0.079
0.077

0.000 26 + 21

0.000 10+ 14

0.000 063 + 15
0.000 038~ 17

185 -~
I

I

216 -~

1500- -i
I

800-"

Large y ray FWHM,
6.6 keV; may be doublet.

Small mass FWHM,
2.8 units.

These lines are too close in mass and y-ray energy to resolve from each other. The only value that could be deter-
mined with any accuracy was the total photons per fission (0.010 +20k) from all four lines. p-ray energies and mass
assignments are estimated.

For each y ray the intensity per fission and the
intensity per fission fragment were calculated from
the number of counts under the peak and half-life.

D. Experimental Results

IO

E,

IO
0 500 IOOO I500

NANOSEGONDS

2000

FIG. 9. Time distribution of the data (crosses) and
fitted decay curve (162-nsec half-life) for the 115.0-keV
y ray from mass 134.

The results of the data analysis are listed in Ta-
ble I. The y-ray energies are believed to be uncer-
tain by +0.2 keV, principally from uncertainty in
calibration. For each y ray the most probable
mass of the associated fission fragment is given as
well as 4M, the estimated maximum uncertainty in
this assignment. ~ was given the value zero when
the most probable mass fell within 0.2 of an inte-
gral number of mass units, and the data were fitted
by a Gaussian of less than 6 mass units FWHM.
Otherwise ~ was estimated from the fit and the
probable error in the correction for neutron emis-
sion in that mass region. The average FWHM of
the mass fits was 4.5 mass units; lines relatively
isolated in energy and mass had a FWHM of 3.5 to
4.5 mass units. Lines which had FWHM's outside

the range from 3 to 6 mass units are indicated by
comments in Table I.

Intensities are given in terms of photons/frag-
ment and photons/fission. The error in the latter
is given as standard deviation in /p. The error in-
cludes the error from the fit for that particular y
ray and +6.5% error common to all the y rays
from the absolute calibration. For y rays with
half-lives less than 5 nsec or greater than 2000
nsec considerable uncertainty was introduced into
the intensity calculation by the half-life determina-
tion, since for very short half-lives the system
response influenced the measurement and for long

. half-lives the decay could not be fitted over a suf-
ficient range. The values for normalized intensity
per fragment also depend upon the mass-yield
curve. Errors from this source may be large for
fragments of low fission yield.

The half-life is given for each y ray. It is diffi-
cult to assign meaningful errors to the half-lives.
However, in most cases the /p error in the half-
life is estimated to be roughly the same as the
listed /0 error in the intensity. For a given mass,
those half-lives which are probably the same are
connected by solid lines. These y-ray transitions
are presumably members of a cascade fed from
the same isomeric state. Lines which are possi-
bly members of such a cascade (but with less cer-
tainty because of discrepancies in measured half-
lives or mass assignment) are connected with
dashed lines.

In Table I a few of the lines are noted as having
large y ray FWHM. Some of these lines have ap-
parent half-lives about the same as the system
time response and may be very short (or the order
of 1 nsec) half-life transitions seen by the y-ray
detector while the fragments were in flight. If this
is the case, the half-life and intensity calculations
are in error. An approximate correction for Dop-
pler shift of the y-ray energy has been made by
assuming that the fragments were seen just as they
emerged from behind the y-ray shield. The cor-
rected energy is given in the comments.
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IV. DISCUSSION

A. Systematics of Isomers; Mass Dependence

Examination of Table I shows that delayed y rays
were seen for most fragment masses. Of the 83
masses spanned by the measurements, only 30 are
missing from the table. Further, 20 of the miss-
ing fragment masses have fission yields of less
than 1%, which could account for their absence.
Approximately half of the masses have more than
one isomeric state populated. These are not neces-
sarily from the same isotope, since each fragment
mass includes several isotopes of different atomic
number which are potential delayed y-ray emitters.
From an estimate of the total number of isotopes
formed with sufficient yield to be observed we con-
clude that about 50% of the isotopes had isomeric
states.

In Fig. 10 the observed isomers are plotted ver-
sus Z and A., where Z is the most probable atomic
number. For comparison, the known isomers in

IOO

the same time range as the present measurements
are plotted from a compilation. " The plot illus-
trates that the fission-fragment isomers occur in
a neutron-rich region of the isotope chart which
has not been investigated for isomerism before,
and that the number of isomers (between 80 and

100) observed in the present experiment is com-
paratively large, i.e. , that the fission reaction is
a copious source of isomers. It can also be seen
that neither the fission product isomers or the data
for other nuclei show any preference for the "is-
lands of isomerism" which occur prior to the clos-
ing of a major shell. These islands are associated
with much longer-lived isomers than the present
data cover.

In Fig. 11 we display the number of photons per
fission versus E for the time interval 10-2000

y

nsec, synthesized from Table I. The photon spec-
trum is seen to be rich at low energies with, how-

ever, a high-energy group at 1200-1300 keV. In

Fig. 12(a) the number of photons per fission is

80—

40—

20

40 80 l20
A

I60 200 240

FIG. 10. Plot of the known isomers versus Z and A for half-lives from 8 to 8000 nsec. The crosses are taken from

the compilation by Kantele and Tannila (see Ref. 17). The dots are from the present work on fission fragments; the

isomers are assigned the most probable Z. Many of the dots represent more than one isomer.
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(0

0.04-

Coz 003
O
X
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plus 134, 137, and 146 on the heavy-mass peak.
Figure 12(b) is similar to Fig. 12(a) except that
energy per fission is plotted in place of photon num-
ber. The concentration of energy at masses 134
and 137 is striking. The group of high-energy tran-
sitions noted in Fig. 11 comes from these two
masses.

Figures 13(a)-(c) display the number of photons
per fission fvagmenI, versus fragment mass for
three successive time intervals. The changes in
the relative intensities arising from the different

~ ~ ~ ~ I I I I ~ ~ ~ I I ~ I I ~0 50~ 50
0.0

0 200 400 600 800 IOOO 1200 1400
GAMMA RAY ENERGY (keV) 0.40-

(a)

FIG. 11. Energy spectrum of delayed fission y rays
for the time interval 10-2000 nsec after fission. The
spectrum is derived from the analyzed results in Table I. 0.30.

plotted versus fragment mass for the time interval
10-200D nsec. This figure shows that while de-
layed y rays occur for most masses, the photon in-
tensity is concentrated. on certain masses, notably
91, 96, 99, 108, and 110 on the light-mass peak,
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FIG.. 12. (a) Photon intensity versus fragment mass
for the 10- to 2000-nsec time interval. (b) Energy in-
tensity versus fragment mass for the 10- to 2000-nsec
time interval.

o.o, .- . .—. L. . . II» . . II&. .
80 90 100 IIO 120 130 140 150 160 170

MASS

FIG. 13. Photons/fragment versus mass for three
time intervals: (a) 10 to 50 nsec, (b) 50 to 500 nsec,
(c) 500 to 2000 nsec.
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half-lives are apparent. Also, it can be seen that
the y rays are grouped roughly into four mass re-
gions centered about masses 96, 108, 134, and
146. Practically no delayed y rays come from the
minima near masses 102 and 139 in spite of the
high yields of these fragments. [See also Figs.
12(a), (b). j This grouping of the yields into four
mass regions was noted by Johansson, ' who sug-
gested that the peaks near masses 96 and 108 are
associated with two regions of deformed nuclei
separated by the semimagic proton number 40,
which occurs near mass 101. Similarly, the peak
near mass 146 is supposed to be associated with an
extension of the already known deformed region in
the rare earths. It was further suggested that the
peak at mass 134 (Johansson designated it approxi-
mately mass 132) could be related to the magic pro-
ton number 50 and magic neutron number 82.

In connection with the maxima in delayed y-ray
yield at certain masses, we have pointed out" that
the data of Johansson' for prompt y-ray yields
show dips at the corresponding masses. This is
particularly evident at masses 108 and 134. The
correlation between prompt and delayed yields
suggests that the occurrence of delayed transitions
simply subtracts radiation from the prompt yield,
i.e., that the total yield as a function of mass is a
relatively smooth sawtooth curve. Albinsson and
Lindow" have observed similar effects in the
yield of prompt y rays from slow neutron induced
fission of "'U.

I I I I I PIi
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FIG. 14. Half-lives of the y rays versus y-ray energy.
The lines show single-particle transition rates for com-
parison.

B. Multipolarities of Transitions

In Fig. 14 the half-lives of the y rays are plotted
versus E„. For comparison the single-particle
transition rates are shown for E1, E2, and E3
transitions. From the present data there is no di-
rect knowledge of whether a given y ray was a
transition from the isomeric state or a lower mem-
ber of a cascade. However, over most of the plot
an appreciable fraction of the points do represent
direct transitions. Therefore, we can discuss the
bulk of the data as to multipolarities.

It is concluded that most of the transitions are
E1 or E2 with probably some M1 transitions pres-
ent. The occurrence of E1 transitions over the en-
tire range of the data would imply hindrance fac-
tors from 10 ' to 10 ' compared with the Weisskopf
estimate. Such factors are commonly encountered. "
Over the faster half of the range, i.e. , hindrances
of 10 ' to 5&&10 ', all types of nuclei can contrib-
ute: spherical, deformed, even A, and odd A.
Over the slower half, for hindrances of 5 &&10 ' to
10, K-forbidden transitions in deformed nuclei,
either odd or even A, are to be expected. A ~bE~

of 2 or 3 would be sufficient to account for the

hindrance factors.
Likewise the entire range of the data is spanned

by typical E2 transition rates. " Points lying be-
low the E2 single-particle line are within the en-
hancement factors of up to 10' observed in transi-
tions between collective states, particularly rota-
tional states in deformed nuclei. Points near the
E2 line or above could be E2 transitions with AE
values of 2 to 4. Fairly pure single-particle con-
figurations can also give transition rates above the
single -particle line.

E3 transitions seem to be excluded for the bulk
of the data, since experimentally observed E3
rates are usually hindered by more than an order
of magnitude over the single-particle rate. There
are only a few points, for E

&
& 10' keV, which are

near the E3 line. One of these, the 1280-keV y ray
from mass 134, is believed to be a lower member
of a cascade. It is not possible to say more about
the others.

To summarize, it appears that the fission-frag-
ment isomers observed in the present experiment
can be accounted for by Ei and E2 transitions of
the sort encountered in isomers nearer the line of
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stability. This suggests that the initially high
spins (8-10 h) of the fragments play a lesser role
in determining the character of the delayed y rays
than previously thought. ' This conclusion is rein-
forced by the observation that for most of the frag-
ments the isomeric states are populated in only a
small fraction of the deexcitations. Furthermore,
we do not have any evidence of transitions to high
members of ground-state rotational bands. There
are on the average approximately four prompt y
rays per fragment; these can reduce the spin con-
siderably. Finally, one would expect the odd-odd
and odd-A nuclei to have low-lying isomeric states
which can be easily populated. We should point out
that this discussion has dealt with the character-
istics of all the isomers observed. On the other
hand, there are a, few isomers which account for
most of the intensity. These nuclei evidently have
atypical level schemes which result in an unusually
high probability of populating the isomeric state.

C. Completeness of Data

For half-lives less than 10 nsec only strong or
isolated lines could be analyzed because of the
large background from prompt y rays. Below 80
keV only the strongest lines were analyzed; be-
tween 70 and 80 keV no lines were analyzed, be-
cause of interference from lead x rays.

We have attempted to assess the extent to which
the data in Table I account for the observed counts.
The counting rate versus time was synthesized by
applying a detector response function to the data of
Table I and adding background. Because of diffi-
culties in synthesizing complex spectra, only y
rays above 200 keV were included. At early times
there was an excess of actual counting rate over
the synthesized, spread over all y-ray energies,
which fitted an 11-nsec half-life. The excess was
75/p of the data at 10 nsec. Most of the excess
probably came from short-half-life transitions
which were not analyzed and from the tail of the
prompt y rays produced by the Ge-detector time
response.

The data counting rate was still about 20% great-
er than the synthesized, out to several hundred
nsec. On the light-mass peak the excess had a
-150-nsec half-life and mas located in a narrow
region around mass 113 and a broader region near
mass 96 or 97. The excess counts decreased
smoothly from 200 to 1500 keV and did not resem-
ble the spectrum from one or a few high-energy y
rays. A similar but much weaker excess was as-
sociated with masses near 153. It is curious that
the excess of counts should be associated with cer-
tain mass regions. Perhaps it results from a near
continuum of y rays just below the limit of detect-
ability as individual peaks. At any rate, we esti-

mate that the total y-ray energy from unresolved
lines is at most 20% of that of the resolved lines
for 200 &E& &2000 keV and t &100 nsec.

D. Detailed Features of Data

1. y Rays from Mass 134

It was noted in Sec. IVA that the delayed y rays
from mass 134 are exceptionally intense and in-
clude high-energy transitions. The mass distribu-
tions for the y rays gave 134 consistently, and not
132 which includes doubly magic '"Sn. The most
probable charge for mass 134 is estimated to be
52; the corresponding neutron number is then 82.
The energies of the first 2+ states for nuclei hav-
ing N= 82 and Z= 54, 56, and 58 mere extrapolated
to Z = 52 to predict that '"Te will have a 2+ state
at 1.28 MeV. The theoretical calculation of Kis-
slinger and Sorensen" predicted a collective vibra-
tional state at about 1.3 MeV. It is therefore likely
that the intense 1279.8-keV y ray from mass 134 is
from the 2+ to 0+ transition in '"Te. The assign-
ment of the 162-nsec isomer to Te is further sup-
ported by x-ray measurements by the Argonne
group. " They found a 200-nsec Te E x ray from
mass-134 fission fragments.

There are two other mass-134 y rays with the
same half-life (182 nsec) as the 1279.8-keV y ray,
with energies of 115.0 and 296.9 keV. When the
intensity of the 115.0-keV line is corrected for in-
ternal conversion assuming an E2 transition, the
result is 0.28 photons/fragment. The data are
then consistent with the series cascade shown in

Fig. 15. It should be noted that an intensity of
0.28 photons per fragment of mass 134 implies
more than 0.6 photons per '"Te fragment, depend-
ing on the charge distribution of mass-134 frag-
ments. Kisslinger and Sorensen" found that the
(g7„)' qu'asiparticle levels should be near the col-
lective 2+ level. These guasiparticle levels might
then feed the 2+ level by low-energy transitions.
It would be desirable to have a shell-model calcula-
tion of the levels of '"Te.

The 59.9-keV line has a half-life of 132 nsec with
an uncertainty which allows the transition to be
grouped with either the 162-nsec cascade or the
-109-nsee cascade. However, evidence is given
below in See. 4 that the 59.9-keV y ray is associ-
ated with I and not Te. Therefore, the -109-nsec
cascade is probably from "4I. The 59.9-keV transi-
tion can only be EI or MI, since the intensity,
when corrected for internal conversion, would im-
ply a fission yield much too large for the emitting
isotope in the case of E2 or higher multipol. es.

2. y Rays from Mass 137

The y rays from mass 137 are noteworthy in that
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TI/2= 162 nsec

I IS.Q keV, (E2),0.28 y/Frag

296.9 ke V

0.27 y/Frag

l 279.0 ke V

(E 2), 0.32 y/ Fra g

would, of course, have been equal to that of the
1313-keV line.

This difficulty is apparently removed by a new
direct determination of the level sequence in '"Xe
by proton inelastic scattering carried out by Moore
et al." They report levels at 1.30, 1.68, 1.89 MeV,
and higher. The cascade observed in the present
experiment fits into this sequence quite well, as
shown in Fig. 16. The agreement leaves little
doubt that our cascade comes from '"Xe. We con-
clude that the earlier proposed decay schemes
were incomplete and possibly incorrect.

The identification with '"Xe means that our ini-
tial mass assignment was incorrect by one mass
unit. This could have arisen from "fine structure"
in v as a function of mass. The 83rd neutron
would be loosely bound. Furthermore, the data on
which our neutron correction was based were taken
with fairly coarse mass resolution. '~Xe» is next
to '»Te82 in the sequence of even-even nuclei with
82 neutrons. This explains the similarity between
the isomeric states and the y cascades in the two
nuclei.

I'54

52 82
FIG. 15. Suggested decay scheme for the 162-nsec

isomer in mass 134. The order of the 115.0- and 296.9-
keV transitions is undertermined.

they include three 3000-nsec lines of fairly strong
intensity and, like mass 134, include high-energy

y rays. The intensities of the 197.3-, 380.7-, and
1313.3-keV lines are consistent with a series cas-
cade from a -3-psec isomeric state. This isomer-
ic state is probably that observed by Walton and
Sund' in neutron-induced fission of '"Pu and '"U.
The energies found by Walton and Sund with a NaI
detector were systematically slightly higher, but
the differences are probably within the errors.
The assignment of this isomer to mass 137 (or to
mass 136, see below) would explain the occurrence
of the same isomer with comparable yield in the
fission of '"Cf, "Pu, and '"U.

It must be noted, however, that '"Xe has a set
of cascade y rays with energies close to those ob-
served here. Lundan and Siivola'4 have reported a
cascade of y rays with energies of 197.7+0.3,
381.7~0.2, and 1313.2+0.8 keV among the y rays
emitted following P decay of '"I. They also re-
port a 1320.2 + 1.0-keV y ray and place it in the
cascade between the 381.7- and 1313.2-keV transi-
tions. In earlier low-resolution work Johnson and
O'Kelley" reported similar results. We have ex-
amined our data for a 1320-keV line but do not find
it. If it were present in the cascade its intensity

= 3000 nsec

I97.5 keV
Q. I2 y/ Frag

580.7 keV
Q.IS y/Frag

ISIS.S keV
Q.I2 y/ Fra

0+

82
FIG. 16. Suggested decay scheme for the 3000-nsec

isomer identified with '+Xe.
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3. Search for Rotational Bands

The present data have been examined for rota, —

tional cascades. No case was found of a cascade
of at least three y rays from the same mass, with
the same half-life, with the same intensity (cor-
rected for internal conversion if necessary), and
which satisfied the relative energy requirements
for a. rotor. (Less stringent requirements do not

lead to conclusive results. ) Thus it can be stated
that the isomeric states seen in the present work
do not populate the high members of a rotational
band. Since many of the fission fragments undoubt-

edly have deformed ground states, it is necessary
to explain the absence of rotational bands in the
data. A plausible explanation is that the isomeric
states are more likely to occur in the low-lying
levels of odd-odd or odd-A nuclei than in even-
even nuclei. Furthermore, in the absence of feed-
ing from a higher-lying isomeric state the 6+-to-4+
transition, itself in a ground-state rotational band
of an even-even nucleus, would be expected to have
a half-life of the order of 1 nsec, and hence would
not be seen at the longer times we are concerned
with.

One of the striking results of the earlier work of
Johansson' was the occurrence in the y-ray energy
spectrum of a series of peaks associated with A
-152 and A-110, whose energies seemed to be in
agreement with those calculated for rotational cas-
cades. However, the present data, after mass
sorting, do not exhibit rotational cascades. It ap-
pears quite likely that the peaks in Johansson's
data were associated with several different frag-
ment masses, even complementary fragment
masses. Thus the.4-152 spectrum can be approxi-
mated by y rays from masses 95, 147, 150, 152,
and 153. The A -110 spectrum might have included

y rays from masses 110, 113, and 138.

4. Comparison mt' other Resnlts

Some of the cascade y rays observed in the pres-
ent work, particularly those from low-lying states,
should also be present in the prompt y rays. The
Berkeley group" has recently compiled the results
of multiparameter measurements of prompt (&3

nsec) ff'x rays, conversion electrons, and y rays
from spontaneous fission of '"Cf. The experiments
included mass assignments from fragment kinetic
energy measurements. A number of possible identi-
fications with the present work are shown in Table
II. This matching allows assignment of the atomic
number to the isotope giving the transition, and de-
termines that the y ray in question did not come di-
rectly from the isomeric level.

TABLE II. Comparison of present results on delayed

y rays with data of Watson et al. (see Ref. 27) for
prompt y rays (t f/2&& nsec). Confidence levels for lat-
ter data: A, E&+1keV, +1 amu; B, E&+5 keV, +2 amu;
C, atomic number +1 (atomic number exact in A, B).

Present results
E& Mass

(keV) number

Watson et al.
E

&
Mass Atomic Confidence

(keV) number number level

98.3
152.1
172.2
198.6
66.2

150.5
289.9

59.9
188.5
130.5
158.8
142.6
168.5

101,+1,-0
101,+1,-0
106,+ 0
105,+ 0

108,+0, -1
111,+ 0
110,+0, -1
134,+ 0
145,+ 1
146,+ D

147,+0, -1
149,+0, -1
152,+ 0

99 101
158 102
172 106
192 106

66 107
150 110
241 110

59 136
183 144
181 146
158 148
143 149
168 152

40(Zr)
40(Zr)
42(Mo)
42(Mo)
48(Tc)
44 (Ru)
44(Ru)
5S(l)
56(Ba)
57(La)
58(Ce)
59(Pr)
58(Ce)

C
B
A
A

C
A
A
B
A
A
A
A

Energy without correction for Doppler shift.

Wilhelmy" has made high-resolution measure-
ments of x rays and y rays which follow P decay of
'"Cf fission products. It is to be expected that
some of the states involved in the present work mill
also be populated by the appropriate P decays. A
search of the tables reveals a few cases where the
y-ray energy and mass assignments from the two
experiments are close. Some caution is necessary,
since accidental agreements are likely to occur
among the large number of y rays.

Of some interest is the set of y rays with energies
of 153.8+0.2, 258.3+0.3, and 401.6+0.3 keV as-
cribed by Wilhelmy to ' Cs. Alvager et pl. ' ob-
served y rays at 154.3+1.5, 258.6+1.5, and 401.5
+1.5 from fission fragments with mass 138 using
a mass spectrometer. In the present work y rays
were seen at 155.0+0.2 (mass 137), 261.1+0.2
(mass 136), and 400.2+0.2 keV (mass 138), which

may be the same set observed in the above experi-
ments, although there is some disagreement in the
y-ray energies and mass assignments. All three
of the y rays had half-lives less than 10 nsec,
which is shorter than the optimum range of half-
lives for the present experiment. Similarly,
Wilhelmy assigned a 218.7+0.2-keV line to '"Cs,
and Alvager et al. observed a 218.8 + 1.0-keV y ray
from mass 139. We observed a, 219.4-keV y ray
from mass 140 with a 4-nsec half-life. There
were a few other possible matches between the
present data and that of Wilhelmy or Alvager et al.
The number of eases is small enough to suggest
that the experiments are biased in favor of differ-
ent types of nuclei.
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5. Einetic Energy Distributions fox Il~agments
Emitting

Particular

y Rays

The present data can be sorted to obtain the frag-
ment kinetic energy distribution for events produc-
ing a certain y ray. This corresponds to selecting
fission events in which one fragment is left in a
given isomeric state; hence that fragment is neces-
sarily always the same isotope. One such distribu-

0 T T

l20 140 l60 I 80 200 2 20 24Q
KINETIC ENERGY(MeV)

FIG. 17. Distribution of kinetic energy of fissions pro-
ducing fragments which have postneutron mass 134 and
emit 115-keV delayed y rays.

tion is illustrated in Fig. 17. In this case one frag-
ment has a post-neutron-emission mass of 134,
and the atomic number is believed to be 52 (see
Sec. 1 above).

The curve fitted to the experimental points was
based on the assumption that the total energy
equals the kinetic energy plus the fragment excita-
tion energy, and that the latter follows a Poisson
probability distribution. Although these are ap-
proximations, particularly since the pre-neutron-
emission masses are not unique (the charge split
is unique), the curves are a reasonable fit to the
data and yield the average total kinetic energy. It
is interesting to compare the average kinetic en-
ergy derived for a particular final isotope with
that for all fissions yielding a fragment of the
same mass. In Fig. 18 the points are based on
events associated with a given y ray, while the
line is based on the two-parameter (fission-frag-
ment-fission-fragment) calibration runs which are
in good agreement with the measurements reported
by Schmitt, Neiler, and Walter. " The points tend
to lie slightly above the curve, on the average less
than 2 MeV. Thus fissions producing the delayed

y rays exhibit slightly higher kinetic energy than
the average for all fissions, Only the strongest y
rays were selected for this study, and hence the
isotope selected probably lies near the peak of the
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FIG. 18. Kinetic energy of fission versus preneutron mass split. The solid line is the result of two-parameter (frag-
ment-fragment) runs. The plotted points are the average kinetic energies of fissions producing fragments that emit
selected y rays; these points are plotted at the preneutron mass and labeled with the postneutron mass.
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charge distribution. One interpretation of the re-
sults is that such fissions produce greater kinetic
energy.

V. CONCLUSIONS

In the present work detailed data have been ob-
tained on the y rays emitted from isomeric states
of '"Cf fission fragments in the time range of 3 to
2000 nsec after fission. The energies, intensities,
and half-lives of 144 y rays were determined, cor-
responding to between 80 and 100 isomeric states.
Approximately 50/z. of the fragment isotopes have
isomeric states. On the other hand, the intensity
is concentrated into roughly four mass regions: 96,
108, 134, and 146.

The y-ray energy spectrum consists of a group
of transitions below -500 keV and a group near
1300 keV, the latter emitted by fragments with
masses near 134. A strong cascade from a 162-
nsec isomeric state is assigned to '"Te, and a
3000-nsec cascade to '"Xe. The unusually high
energy of the y rays from these nuclei is explained
by the fact that they have neutron number 82 and
proton numbers near 50. While deformed nuclei
are expected in some of the other mass regions
with strong y-ray yields, rotational cascades are
not observed, in contradiction to the interpreta-
tions placed on earlier low-resolution work.

The energies and half-lives spanned by the data
imply that the transitions are E1, Ml, or E2, ei-
ther allowed or E forbidden by a few units. Isom-
erism in fission fragments is thus similar to that

occurring in nuclei near the line of stability. We
conclude that the initially high spins of the frag-
ments are less important in determining the char-
acter of the delayed y rays than previously thought.

Comparison of the present data on delayed y rays
with data from other experiments on the y rays, x
rays, and conversion electrons from fission gives
the atomic number of the isotope in a number of
cases. Future work should result in additional
identifications of the isomers observed here and
expand the spectroscopic information on these
neutron-rich nuclei.

Finally, fragment kinetic energy distributions
were obtained for fissions leading to the emission
of a particular y ray, that y ray serving to restrict
the events to those having a definite final isotope
for one fragment. The average kinetic energy of
such events is found to be slightly higher than the
average for all fissions leading to that mass.
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The static quadrupole moments of the 511.7-keV 2+ state in Pd and the 373.8-keV 2+

state in Pd have been determined by employing Coulomb-excitation techniques. Foils
(-175 pg/cm ) of separated Pd isotopes were bombarded with 25- and 30-MeV 0 6 ions and
55- and 56-MeV Ss ions from the Purdue University and Argonne National Laboratory tan-
dem accelerators. The angular distributions of the inelastically scattered ions were mea-
sured in coincidence with the deexcitation y rays to determine the relative excitation proba-
bilities. The experimental data were fitted using the Winther-de Boer multipole-Coulomb-
excitation program so that the sign and magnitude of the static quadrupole moment could be
extracted. The effect of higher excited states on the excitation probability of the 2+ state
has been calculated using the matrix elements determined by Robinson et al. and the Winther-
de Boer program. Self-consistency of the oxygen and sulfur data suggests that the excitation
via the second 2+ state interferes constructively so as to increase the excitation probability.
With this choice for the interference via the second 2+ state, the values of the static quadru-
pole moments are Q22=-0.458 ~0.059 b for Pd and Q2q=-0. 483 ~0.049 b for Pd" . If the
excitation via the second 2+ state interferes destructively, the values of the static quadrupole
moments are Q22=-0.282+0.059 b for Pd and Q22=-0.266+0.049 b for Pd

I. INTRODUCTION

The Pd isotopes are classic examples of vibra-
tional nuclei. In Pd' ' and Pd'", both the one-pho-
non 2 state and the two-phonon 0, 2, 4 triplet
states are present, as predicted by the pure vibra-
tional model of the nucleus. " The Pd nuclei,
therefore, can be considered good subjects on
which to test predictions of the vibrational model
of the nucleus. One prediction of this model is
that the static electric quadrupole moment of the
first quadrupole phonon (2') state should be zero.
Recent experiments' "have shown substantial
static quadrupole moments for these states in vi-
brational nuclei.

Tamura and Udagawa" are able to account for
substantial static quadrupole moments by con-

sidering the first and second excited 2+ states to
be composed of large admixtures of the one- and
two-quadrupole phonon states in their anharmonic-
vibrator model of the nucleus. The results of this
experiment will be compared with the predictions
of the anharmonic-vibrator and the pure rotational
models of the nucleus.

The reorientation effect" can be the dominant
interference effect in heavy-ion Coulomb excita-
tion. The reorientation effect involves the inter-
action of the static electric quadrupole moment
of the target nucleus in its excited state and the
electric field gradient produced by the incident
projectile. Since this electric field gradient can
be computed, the value of the static quadrupole
moment of the nucleus can be extracted by mea-
suring the relative differential excitation cross


