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Yields, Angular Distributions, and Polarization of Gamma Rays
from Coulomb Excitation

F. K. McGowAN AND P. H. STELsoN
Oak Ridge 1V'ational Laboratory, Oak Ridge, Tennessee

(Received October 7, 1957)

The yields of gamma rays resulting from Coulomb excitation have been measured for Tl' 5, Tl"', Au",
Ir»3 Ir»1 Re»7 Re»5 yP» Ta»1 Cd»3 Cy» Ag»9 Agm7 Rh»3 Mo» Ps»2 Ps1» Ps»8 gr»6 gr»4 and
VP" Angular distributions of the gamma radiation from the nuclei Tl"', Tl'" Au"' Ir'", Ir"i Re»' Re' '
Ta», Cd 3, Cd, Ag 0, Ag 07 Rh 03, and Mo 5 have been measured with respect to the incident proton. beam
on thick targets. The linear polarization of gamma rays following Coulomb excitation has been studied. A
polarimeter based on the Compton scattering mechanism has been constructed and its effectiveness deter-
mined by measurements of the known polarization of gamma rays from excitation of 2+ levels in even-even
nuclei. Polarization-direction measurements of several transitions in odd-mass nuclei have resolved the
ambiguity either in the value of (Z2/Mi)& or in the spin oi the excited state deduced from the angular
distributions. Reduced transition probabilities for 82 and Mi transitions are obtained. In some instances
these quantities are compared to the predictions of the collective model of the nucleus.

I. INTRODUCTION
' PREVIOUSLY we have reported experiments'

undertaken to test the calculations' of the particle
parameters u„which enter into the expression for the
angular distribution of gamma rays following Coulomb
excitation. Within the accuracy of the experiments
(&2 to 5'Po for the particle parameter us) there is
agreement with the numerical results obtained from
the quantum mechanical treatment of the process.

For odd-mass nuclei an angular distribution measure-
ment gives information on the spins of the excited states
produced by Coulomb excitation. That is, one measures
A,u„and uses the known particle parameters to deter-
mine the A„which depend on the spins of the levels
and the multipole order of the radiation. For mixed
351-E2 transitions, such as are generally observed in
odd-mass nuclei, a measurement of the directional
angular correlation a6ords a sensitive means of de-
termining the ratio (E2/M1)' in addition to inferring
the spins of the excited states. This information com-
bined with the cross section for excitation yields the
reduced transition probability for the magnetic dipole
transition. However, several cases have been en-
countered in which the angular distribution was
equally well 6tted by two rather diferent values for
(E2/M1) Sruch an example is shown in Fig. 1 where

As is plotted as a function of 8= (E2/M1) & for the spin
sequence —', (Q)$ (Q+D)-,'.

Biedenharn and Rose' have expressed in a con-
venient form the polarization-direction correlation with
polarization of the mixed radiation being measured.
The correlation function has for a y-y cascade the form

W(e,y) = Wr+ 8'Wrr+2bwtrr,
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where 8 is (E2/M1)l Wr, W. rr, and Wrrr are the
polarization-direction correlation functions for pure
2 ' pole-pure 2~' pole, pure 2~' pole-pure 2~'+' pole,
and the interference term, respectively. p is the angle
between the direction of polarization and the normal
to the plane defined by the directions of propagation
of the two gamma rays in cascade. Calculations of the
polarization-direction correlation with polarization of
the mixed radiation being measured showed that this
correlation was quite different for the two values of
(E2/'M1)'. These results are also shown in Fig. 1 for
the spin sequence s (Q) —,

' (E2+M1)—',. The ratio P of the
polarization intensities is W(90', p =90')/W(90', p =0)
in the notation of Biedenharn and Rose. For gamma
rays following Coulomb excitation, one replaces A„
appearing in the correlation functions above by A„a„,
where a„ is the particle parameter that enters in the
Coulomb excitation process, and one takes L1= 2

(electric quadrupole excitation).
A polarimeter based on the Compton scattering

mechanism has been constructed and its effectiveness

j~l =
' F.K. McGowan and P. E4. Stelson, Phys. Rev. 106, 522 (1957).

Biedenharn, Goldstein, McHale, and Thaler, Phys. Rev. 101, FIG. 1. The ordinate on the left is the angular distribution
662 (1956); K. Alder and A. Winther, Kgl. Danske Videnskab. coeKcient A2 as a function of S= (E2/M1)& for the decay sequence
Selskab, Mat. -fys. Medd. 29, No. 19 (1955). $(Q)23(Q+D)x, . The ordinate on the right is the ratio P of the

L. C. Biedenharn and M. E. Rose, Revs. Modern Phys. 25, linear polarization intensities as a function of 8 for the decay
729 (1953). sequence -,'(Q)-,' (E2+N 1)x2.
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TAsLE I. Targets and method of preparation.

Target

Tj205
TP03
Au"'
gr193
ReIs7

Re185
gpss

Talsl
Cdlls
Cdlll
Ag109
AorI07

Rh103
Mo"

Isotop1c
abundance a

95.2%
61.0

100
89.14
62.93

85.38
82.0

100
54.1
64.5
98.4
95.7

100
91.27

Method of preparation

electrodeposition
electrodeposition
electrodeposition
sintered
sintered

sintered
sintered

commercial foil
electrodeposition
electrodeposition
electrodeposition
electrodeposition
commercial foil
sintered

Remarks

Thallium perchlorate bath
Thallium perchlorate bath
Gold cyanide bath

Metallic powder obtained from
a deposit of Re electrodeposited
from a rhenium sulfate bath.

Metallic powder obtained from
the reduction of the oxide in
H2 at an elevated temperature.
0.003 inch thick
Cadmium cyanide bath
Cadmium cyanide bath
Silver cyanide bath
Silver cyanide bath
0.002 inch thick
Metallic powder obtained from
the reduction of the oxide in
H2 at an elevated temperature.

a The enriched isotopes and the isotopic analysis were supplied by the Stable Isotopes Research and Production Division at ORNI .

has been determined by measurements of the known
polarization of gamma rays from Coulomb-excitation
of 2+ levels in even-even nuclei.

We wish to report measurements of the yields,
angular distributions, and polarization of gamma rays
following Coulomb excitation. Polarization-direction
measurements4 of several transitions have resolved the
ambiguity either in the value of (E2/3ll1)' or for the
spin of the excited state. Reduced transition proba-
bilities are obtained and in some instances these
quantities are compared to the predictions of the
collective model. '

PROTON BEAM TARGET

ANTHRACENE
PHOSPHOR

i &/pin. x &/qin.

h= 15cm Nal(TI)
PHOSPHOR
3in. x 3in.

FIG. 2. Cross section through the gamma-ray polarimeter in
the plane dined by the proton beam and the direction of propa-
gation of the gamma ray.

4 A brief account of some of these measurements was presented
at the 1956 gtashington Meeting of the American Physical
Society, P. H. Stelson and F. K. McGowan, Bull. Am. Phys.
Soc. Ser. II, 1, 164 (1956).

'A. Bohr and B. Mottelson, Kgl. Danske Videnskab. Selskab,
Mat. -fys. Medd. 27, No. 16 (1953).

II. APPARATUS

Protons and singly and doubly ionized He ions of vari-
able energy were obtained from the 5.5-million volt
ORNI Van de Graaff accelerator. Metallic targets were
prepared either by electrodeposition onto 0.005-inch Ni
or by sintering metallic powders into thin foils 0.5 inch
in diameter by 75 to 150 mg/cm' thick. In Table I we

have listed the targets and the method of preparation.
For the electrodeposition of thallium, peptone and
cresylic acid were used as additives' to prevent for-
mation of T1203 at the platinum anode and to reduce
crystalline thallium at the cathode. In general we find
that targets prepared by electrodeposition are relatively
free of light-element impurities which are very trouble-
some in Coulomb-excitation experiments. The target
support arrangement and methods of measuring yields
and angular distributions have already been de-
scribed ' '

A cross section through the p-ray polarimeter in the
plane de6ned by the ion beam and the direction of
propagation of the gamma ray is shown in Fig. 2. The
anthracene scatterer and the 3)&3-in. NaI crystal
which are connected to photomultiplier tubes con-
stitute the polarization-sensitive device. The NaI
scintillation spectrometer detects the radiation scat-
tered through a Incan angle of 90' and the anthracene
scintillation spectrometer detects the Compton recoil
electron. The detector of the scattered radiation rotates
about an axis passing through the scatterer and the
target. One measures X„/,V„ the ratio of the coin-
cidence rate for the detector of the Compton-scattered
photon in the plane of the proton beam and the gamma
ray to the coincidence rate for the perpendicular
position. This ratio is connected to the ratio of linear
polarization intensities of the incident gamma ray
through the relation

1V„/cV, = (P+R)/(PR+1),

where R is the sensitivity of the polarimeter. For ideal
geometry, R is simply the ratio of the diAerential

6 O. gt'. Brown and A. McGlynn, Trans. Am. Electrochem. Soc.
53, 351 (1928).' P. H. Stelson and F. K. McGowan (to be published).
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TcaLK II. Summary of transitions used to calibrate polarimeter.

903

Nucleus

Os190, 192

Pt194
Rh'0'
Pd110
Ag107 109

Pd108

Z& (tv)

186
206
330
360
374
420
433

I & (Mev)

3.0

4.0
2.7
2.7
2.7
3.0

Transition

2 —+05~1
2 22~05~1
2 2
2 —+0

Character

E2

E2
jv2
E2

P(0 =-,'~)

2.030

2.173
2.071
2.605
2.230
2.607

(Nl 1/XZ)exp

0 578WO 008

0 566+0 008
0.607&0.012
0.524+0,008
0.607+0.013
0.550+0.016

8.4&1.0

7.0&1.0
5.7+0.6
5.7&0.4
4.6&0.5
4.7+0.5

Compton cross section averaged over the polarizations
of the scattered photon, i.e., R= (do/dQ) p=,~s/

(da/dQ)s s and P is the angle between direction of
polarization of the incident photon and the plane of
scattering. The 6nite extent of the detectors reduces the
value of the asymmetry ratio E.

The resolving time 2r of the fast-slow coincidence
system was 0.25 psec. A single-channel analyzer with
a window width of approximately 30 kev selected the
Compton recoil electrons. The coincidence rate was
displayed as a pulse-height spectrum of the Compton-
scattered gamma rays in 20 channels of a 20- by 120-
channel analyzer' which was gated by the output of
the fast-slow coincidence system. To assure that the
axis of rotation of the detector passed through the
target, the following alignment procedure was used.
First, the location of the proton beam on the target
was determined. Then a source of either Cr" (320 kev)
or Hg"'(279 kev) of the same area as the beam was
placed on the target at this position. The axis of ro-
tation was adjusted until the coincidence counting
rates showed that N„/1V, did not differ from unity by
more than 0.5%. A typical spectrum of the scattered
radiation in coincidence with the Compton recoil
electron is shown in Fig. 3 for 279-kev gamma rays
from a Hg'" source incident on the scatterer. A sum
of the counts in an appropriate number of channels
was taken as a measure of EI& and S&.

The asymmetry ratio E. for our polarimeter was
determined by measurement of the known polarization
of gamma rays having pure rnultipole character for
which the spins of the levels were known. In Table II
we tabulate transitions following Coulomb excitation-
that were used to calibrate the polarimeter. The values
for I' are those for a thick target. A pulse-height
spectrum of the scattered radiation for the 330-kev
gamma radiation following Coulomb excitation in Pt"'
incident on the polarimeter is also shown in Fig. 3.
In all cases the intensities Xl& and E& have been
corrected for the bremsstrahlung continuum which is
weak compared to the nuclear gamma intensity. For
polarization-direction measurements with Z~&76 a Bi
target was used, and for measurements with Z of 42 to
48 a Sn target was used. The asymmetry in the polari-

8 Kelley, Hell, and Goss, Oak Ridge National Laboratory
Physics Division Quarterly Progress Report ORNL-1278, 1951
(unpublished).

zation-direction correlation of the bremsstrahlung was

large, i.e., (I' 1))0—. The values obtained for the
asymmetry ratio E. of the polarimeter are also shown
in Fig. 4 as a function of the gamma-ray energy and

may be compared with those for ideal geometry. The
calibration could have been extended to larger gamma-
ray energies by using the radiation from Coulomb
excitation of 2+ states in other suitable even-even
nuclei of medium weight. This extension of the cali-
bration was not needed for the experiments to be
discussed in this paper. In any case Coulomb excitation
afI'ords an easy and rapid means of calibrating a
polarimeter.
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Pro. 3. Differential pulse-height spectrum of the radiation
scattered through mean angle of 90' in coincidence with the
Compton recoil electron. On the right is the spectrum when
279-kev gamma rays from a source of Hg' ' are incident on the
scatterer. On the left is the spectrum when 330-kev gamma rays
following Coulomb excitation in Pt are incident on the scatterer.

III. MEASUREMENTS

A. Gamma-Ray Yields

Figures 5 to 12 show pulse-height spectra of gamma
radiation observed when thick. targets of Tl"', Tl' ',
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rays for an incident energy E; is given in column 6 and
the last columnn gives the numerical evaluation of the
integral

&' g2,&, Z'dx
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IDEAL GEOMETRY

Rh, f~ jpdf08
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2 1 2»d M1 and M2 are the masses f theso e

is e exclt-p jectile and target nuclei, respectivel E is th
ing partic e energy in the laboratory system, AE is the
energy of the excited state above the ground state, and
dE/dpi' is the rate of energy loss of the projectile in the
target. The excitation function g~($,g,) for electric
qua rupo e excitation has been accurately evaluated. ' '
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Ir198 Rel 85 $$$188 118 111
, A', Cd, Cd, and Mo" were bombarded

by protons. The spectrum of the accompan
' tcompanying proton

bremsstrahlung continuum and local background is also
shown. The shape of the pulse-height spectrum for each
gamma ray of discrete energy is indicated in each figure.
Pulse hei hts we'g re converted to gamma-ray energies

y measuring the spectra from radioactive sources
which emit gamma rays of well-established energies. It
was found that the DuMont photomultiplier tubes

exhibit small shifts in pulse height for sources of

different strength and for this reason we measured the

and from radioactive sources simultaneously.

The gamma rays we have observed when the indi-

cated nuclei were bombarded by protons and o. particles
are listed in Table III. The thick-target yield of gamma
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FIG. 6. Differential pulse-height spectrum of the gamma
radiation for proton bombardment of Tl'".
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FrG. 5. Differential pulse-height spectrum of the gamma
radiation for proton bombardment of Tl'

B. Angular Distribution

Angular distributions have been measured for the
gamma rays following Coulomb excitation in Tl"'
Tl2P8 197 198 191 1

) Au ) Ir, Ir Re" Re'", Ta'" Cd'" Cd"'
)

)

' SeeSee, for instance, the review paper by Alder, Bohr Huus an
XVinther, Revs. Modern Phys. 28, 432 (1956).
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FIG. 7. Differential pulse-height spectrum of the gamma
radiation for proton bombardment of Ir'".

C. Polarization-Direction Correlations

A number of the angular distribution measurements
in Table IV could be fitted equally well either by two
rather different values of (E2/F1) ' or by two different
spins for the excited state. Polarization-direction cor-

~ ~
l205 ~ 203relation measurements of transitions in Tl, Tl

Au"' Cd"' Cd"' Ag' ' Ag" Rh"' and Mo" have
removed the ambiguity. The results of these measure-
ments are summarized in Table V.

A ' Ag' 7 Rh and Mo . In Table IV we list theg ) g )

observed angular distribution coeKcients (a„G„A.), ~
which have been corrected for hnite angular resolution.
The errors quoted for these coefficients in Table IV
include the standard deviation to be expected from the
6nite number of counts collected in the experiment and
a decentering error.
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FIG. 9. Differential pulse-height spectrum of the gamma
radiation for proton bombardment of W'83.
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IV. INTERPRETATION AND DISCUSSION

In order to deduce the 2 „ from the measured angular
distribution coeKcients, we must evaluate the expected
thick-target particle parameters. These particle parame-
ters for a thick target have been evaluated for a number
of specific cases. ' The attenuation coefficients G„, re-
sulting from the slight attenuation of the angular
distribution of the gamma rays by the multiple scat-
tering of the protons by Rutherford scattering as they
t averse a thick target have been discussed in a previous

fFi-paper. ' In that paper the effective attenuation coe
cient [G„],was defined as

LG ]~= [&.G.]~/[&.]~.

We have found it useful to plot [a,]&X[G,], as a func-
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FIG. 8. Differential pulse-height spectrum of the gamma
radiation for proton bombardment of Rq' ',

F G. 10. Differential pulse-height spectrum of the gamma
radiation for proton bombardment of Cd'".
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from the gamma-ray yields and the semiclassical ex-
pression of Alder and Winther" for the cross section
for electric quadrupole excitation. The thick-target
yield is related to B(E2), , by the expression

B(E2),„, 2 sZss
= y.P&y &0-56

where A2 is the atomic weight of the normal element,
m~ is the mass of the incident bombarding particle in
units of the nucleon mass, and I is the number of
excitations per microcoulomb of singly ionized particles.
The B(E2) for decay is obtained from the B(E2) for
excitation by multiplication by the factor (2Is+1)/
(2I+1) where Is and I are spins of the ground state
and the excited state, respectively.

1.20
FIG. 11.Differential pulse-height spectrum of the gamma

radiation for proton bombardment of Cd"'. 1.10
414

48Cd 555 kev~

tion of $, where the variable $ is evaluated for a pro-
jectile energy E;, corresponding to the incident proton
energy on the thick target.

Curves for a number of specific cases are given in Figs.
13 and 14. Instead of computing the thick-target
parameters for all the individual cases, it was found
that interpolation of these curves resulted in suffi-

ciently accurate values for [a„],X[G,]~. These values
are listed in Table IV under the column headed (asGs) ~.

In general the coefficient of I'4(cos8) is small and is not
used in deducing the spins or (E2/3f1)*'. The transition
assignment and (E2/M1)*' are obtained from (As), ~.
For those cases, where A4 is large in magnitude, the
sign of (a4G4A4), v is consistent with the assignment
given in Table IV.

The reduced transition probabilities are obtained
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Fro. 13. Thick-target particle parameter Las)~X LG2]g for
protons as a function of ~ for a few representative cases.
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The total internal conversion coefficient nz must be
known in order to relate the cross sections to the ob-
served gamma-ray yields. For this purpose the calcu-
lations of E-shell conversion coeKcients by Rose et al."
have been used. Where the effect of the finite size of
the nucleus is important, we have used the calculations
by Sliv." For the L and 3I shells, the E/I. and I-/M'
ratios by Rose" have been used. In the case of mixed
3f1 E2 transitions, it -was necessary to use the E2/M1
ratio to obtain ny.

To avoid confusion the reduced transition proba-
bilities for excitation and decay will be written as
B(E2),„, and B(E2)d. In those cases, where the ratio

0 200 400 PQO QQO

PUI. SE HEIGHT

1000

FM. 12. Differential pulse-height spectrum of the gamma
radiation for proton bombardment of Mo

"K.Alder and A. Winther, Phys. Rev. 96, 237 (1954l.
I Rose, Goertzel, Spinrad, Barr, and Strong, Phys. Rev. 83, 79

(1951).
'2 I.. A. Sliv and I. M. Band, "Coefficients of internal conversion

of gamma radiation, Part I:E-Shell, "Acad. Sci. U.S.S.R. (1956)
(Translation: University of Illinois Report 57ICCK1).""Tables of Internal Conversion Coefficients" (privately
circulated by M. E. Rose).
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TABLE III. Gamma rays observed when the listed nucleus was bombarded by protons and/or n particles. The column headed E gives
the incident particle energy in Mev. The thick-target yield of gamma rays for an incident particle energy E;. is given in column 6. The
last column gives the evaluation of the integral J'Os~gg(p, ri;)E'dE/dE/dpx in units of kevXmg/cm'.

Nucleus

Tj205

Tl203

Au"'
Ir193

Re187

R e185

W183

Ta181
Cd113

Qd111

Ag109

Agl07

Rh'0'

Mo"

BOmbardiIIg
particle E (Mev')

3.0 to 4.5
3.0 to 4.5
3.0 to 4.5
3.0 to 4.5
3.0 to 4.5
3;0 to 4.0
3.0 to 4.0
3.0 to 4.0
3.0 to 4.0
3.0 to 4.0
3.0 to 4.0
3.0 to 4.0
3.0 to 4.0
3.0 to 4.0
3.0 to 4.0
3.0 to 4.0
3.0 to 4.0
3.0 to 4.0

4.0
4.0
4.0

3.0 to 4.0
2.1 to 3.3
2.1 to 3.3
2.1 to 3.3
2.1 to 3.3
2.1 to 3.3
2.1 to 3.3

3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0

1.8 to 3.0

E~ (kev)

205+2
410+4
615&5
279+2
403&5

77
140+2
217&2
357+4
140+2
134+2
167&2
301+4
134&2
128~2
159+2
287&4
128&2
99+2

162+2
292+3
136&2
300+3
582~6
675+ 7
250+3
342+3
610+6
107+2
309+2
416&3
99+2

324&2
423+3
62&2

298+2
360+3
203&2

Es (Mev)

3.0
4.5
4.5
3.0
4.5
4.044
4.0
4.0
4.0
4.044
4.0
4p
4p
4,044
40
4, 0
4.0
4 044
4.0
40
4.0
4.044
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
2.7

Yield of y rays
per pcoulomb

(2.52+0.20) X10'
(3.21&.0.26) X 104
(4.1 ~1.2)X 10'
(2.34+0.23)X 10'
(4.00+0.50}X10'
(1.56&0.40)X10'
(5.68~0.40)x 10~
(1.51+0.11)X10'
(2.63+0.18)X 10'
(5.05&0.25)X 10'
(1.13+0.10)X 10'
(3.00w0. 30)X 10'
(5.2 +1.3)X104
(1.29+0.07)X10'
(1.26&0.10)X10'
(2.95+0.27)X10'
(6.6 &1.7)X104
(1 40+0 07)X10'
(6.04+0.48) X 10'
(3.8 +0.4)X10'
(6.40+0.45)X104
(2.11a0.11)X10'
(1.79+0.12)X10'
(1.07+0.11)X 10'
(1.50+0.22) X 104
(1.46+0.15)X10'
(1.40&0.09)X10'
(3.81+0.57)X 10'
(1.88a0.19)X10'
(4.38+0.24) X 10'
(3.50a0.19)X10'
(2.00+0.20) X104
(3.81+0.21)X10'
(3.05&0.17)X 10'
(4.58+0.46)X 10'
(5.20+0.29)X 10'
(5.08+0.28)X10'
(8.54+0.60)X10'

d g2($,ad)E'dE
0

~ ~

t d
I

dE/dpi'

3.85X10'

3.52X 104
2.30X104

1.17X104
1.57X105

6.68X 104
4.21X10'
1.59X10'

8.72X104
4.88X 10
1.61X10'

9.21X104
5.36X10'
1.78X10'

8.96X10'
4.84X10'
2.88X 10'
6.36X 103
3.49X10'

2.37X104
5.37X10'

2.81X104
1.67X 104

2.62X 104
1.62X 104

3.02X 104
2.29X 104
2.92X 10'

-0,14

-0.12

-0,10

x -008

-0.06

~ Pd 374 kev
ffO

Cd 555 kev48

Ru 358 kev

Pt 330 kev78

-0.04

Pd 374 kev
002 4e

,0

0
0 0.1 0.2 0.3 0.4 0.5 0,6 0.7 0.8 0.9 1.0 1.1

Fro. 14. Thick-target particle parameter Le4)~X(G4$~ for
protons as a function of $ for a few representative cases.

E2/M1 is known, the reduced magnetic dipole transi-
tion probability for decay is obtained. These quantities
are summarized in Table VI. The values given for
B(E2) and B(M1) are actually those for the quantities
B(E2)/e' and B(M1)/(eA/2mc)'. The error quoted for
the B(E2), , in Table VI is a standard deviation in-

-0.16

eluding the error from the gamma-ray yields and
errors of &4% for dE/dpi' and &3% in the numerical
evaluation of the integral in Eq. (1). We have omitted
any possible uncertainty in nz because such an error
is dificult to assign. For instance, it is not clear whether
internal conversion coeKcients are independent of
nuclear properties as was previously believed. '4 If the
~z should need to be changed, the reduced transition
probabilities could be corrected accordingly from the
information given in the tables.

It is of interest to compare the observed values of
B(E2) and B(M1) to those expected for transitions
between single-particle states of the independent-
particle model. Using the estimate given by Blatt and
Weisskopf, " one has that B(M1),v is approximately
unity and that B(E2)„ is given approximately by
(1/4s) PssRs' ~'. We have taken Rs equal to 1.2X10 "2 '*

cm.

14 E. L. Church and J. Weneser, Phys. Rev. 104, 1382 (1956).
'5 J. M. Slatt and V. F. Weisskopf, Theoretical nuclear I'bye'cs

(John Wiley and Sons, Inc. , New York, 1952), Chap. XII.
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TAsLE V. Summary of transitions for which a polarization measurement has resolved the ambiguity
either in the value of (Z2/351)& or for the spin of the excited state.

Nucleus

siTl~'
Tl203
Au197
Cd113

Cdlll

Ag109

AglOV

„Rh103

42M o95

Z, (Mev)

3.0
3.0
3.0
2.7

2.7

2.7

2.7

2.7

2.7

Z7 (led)

205
279
277
300

342

309

324

298

203

Transition

+~1
2 2g~ 1
2 2

+5 3
2 2
32~2

'2
3 1
2 2

3 1

3 1
2 2

3 5
2 2

(B2/M1 )~ang. dist.

1.7 +0.3
1.0 to 3.9—(0.41+0.04)

0.29—4.0
0.385—6.6—0.19—1.15—0.21—1.10—0.17
1.2—0.5 to —0.13

P(e= /2)

0.54
1.86
0.51
1.97
0.72
1.39
0.72
1.37
0.72
1.40

P(8 =7i/2)exp

0.91+0.06
0.91+0.04
1.00~0.02
0.61+0.03

0.56+0.04

0.73+0.03

0.78+0.03

0.79+0.03

1.17+0.04

(B2/M 1)&polar.

1.46+0.16
1.50+0.08—(0.53+0.08)

—(0.58+0.20)

A. Thallium

The angular distribution measurements of the 205-
kev and 279-kev transitions in Tl"' and Tl'" did not
provide a very precise measure of 8= (E2/M1)'. The
large uncertainty results from the fact that 2& has a
broad maximum near 5=1.7 (see Fig. 1).However, the
ratio I' of the linear polarization intensities is quite
sensitive to small changes in 6 for 6 near to 1.7. As a
result the values for 8 in Table VI were obtained from
the polarization-direction correlation measurements.

Extensive measurements of the internal conversion
coefFicients of the 279-kev transition in TP" have been
made by several groups of workers. "From consistency
arguments based on a comparison of the experimental
values for a. n~z 0. Iz and. n III and the calculated
coefEcients" " they obtained a value of E2/M1
= 1.38&0.25 which is smaller than our value of
2.25&0.25. However, a more recent analysis'~ of their
data using the calculated coefficients by Sliv" gives
better agreement but their value is still somewhat
smaller than the result from Coulomb excitation.

In the interpretation of our original measurements on
normal thallium the B(E2)e for 403-kev transition in
Tl'" appeared to be unexpectedly large. " We had
taken the E2 intensity comparable to the M1 intensity
as indicated by the measured values of nx and E/1. .""
However, when the eGect of the 6nite size of the
nucleus on the internal conversion coefficients is taken
in account, the measured values indicate that the
403-kev transition is predominantly 3f1 radiation. This
agrees with the results of our angular distribution
measurements. The B(E2)q for the 410-kev and 403-kev
transitions in TP" and Tl'" are now comparable to
B(E2),~ and are in agreement with the observed trend
of the B(E2) with the approach to closed shells.

"A. H. Wapstra and G. J. Nijgh, Nuclear Phys. I, 245 (1956);
Nordling, Siegbahn, Sokolowski, and Wapstra, Nuclear Phys. I,
326 (1956).

'r A. H. Wapstra (private communication).
's P. H. Stelson and F. K. McGowan, Phys. Rev. 99, 112 (1955).
"Wapstra, Maeder, Nijgh, and Ornstein, Physica 20, 169

(1954)."J.Varma, Phys. Rev. 94, 1688 (1954).

I indqvist and Marklund" have concluded from a
measurement of the gamma-gamma angular corre-
lation of the 403—279-kev cascade following electron
capture of Pb'" that the 403-kev transition is pre-
dominantly M1 radiation. Unfortunately, their cor-
relation measurement is very insensitive to the value
of E2/Ml for the 279-kev transition.

The 3f1 transition probabilities in Tl'" and Tl"' can
probably be understood qualitatively in terms of the
nuclear shell-model. If one labels the ~ ~ ~ transitions
as d; —+ s; transitions, the M1 radiation is forbidden
according to the simple single-particle shell model by
the 1-selection rule, namely, transitions for which hi&0
are forbidden. Indeed, the B(M1)q for the 205- and
279-kev transitions are observed to be quite small
compared to B(M1)„.In addition, decay by E2 radi-
ation should compete favorably and the experimental
results indicate this to be the case. The cascade tran-
sitions of 410- and 403-kev transitions in TP" and Tl'"
would be labeled d5~~ ~ d; and M1 radiation would be
allowed. The transitions are observed to decay pre-
dominantly by M1 radiation and the B(M1)e are
comparable to B(M1),s.

For the 205- and 279-kev excitations Barloutaud
et al" give eB(E2), ,= (0.072 and 0.086)&&10 ' cm'.
Our values are (0.062 and 0.10)X 10 ' cm .

B. Au'"

In agreement with the work of others, ""we 6nd
direct excitation of the 77-kev state in Au"7 by n-
particle bombardment. Since the gamma radiation of
this energy is obscured by the E x-rays of gold when
observed with a scintillation spectrometer, we made a
study of the yield of E x-rays resulting from stopping
the o. particles in the target. "From the composite peak

"T.Lindqvist and I. Marklund, Nuclear Phys. 3, 367 (1957).
~ Barloutaud, Grjebine, and Riou, Physica 22, 1129 (1956).
2'N. P. Heydenburg and G. M. Temmer, Phys. Rev. 93, 351

(1954).
'4E. M. Bernstein and H. W. Lewis, Phys. Rev. 100, 1345

(1955)."F.K. McGowan and P. H. Stelson, Phys. Rev. 108, 1133
(1956).
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in the pulse-height spectrum, we have been able to
obtain the yield of 77-kev gamma rays. We previously
reported that we were unable to detect direct excitation
of the 77-kev state. ' The previously determined upper
limit for the B(E2), , is consistent with the new positive
result.

Other information is available on the 77-kev tran-
sition. (a) Mihelich and de-Shalit" have measured the
relative values of n & n» and o. »'. From a comparison
of these values with calculated values for E2 and Mi
transitions one can deduce a value for E2/M1. (b)
Sunyar" has measured the half-life of the state by the
delayed coincidence method. (c) Bernstein and Lewis
have measured the Coulomb excitation cross section
by the detection of internal conversion electrons. From
the comparison of the Coulomb excitation cross section
and the half-life, Bernstein and Lewis concluded that
the spin of the 77-kev state is —,'. However, this con-
clusion depends rather sensitively on the values for
E2/M1 and nr. They used the values E2/M1=1/7
and ay=3.5. With these values one deduces from the
half-life that B(E2),„,is either 0.15 or 0.30X10 's cm'

depending on whether the spin is —,
' or —,'. From Coulomb

excitation Bernstein and Lewis obtained a B(E2),„,of
0.18 which indicated a spin of —,. However, if one uses
the recently available calculated values of L-shell
internal conversion coefficients by Rose with the
assumption that the I-shell conversion coefficients are
reduced by a factor equal to that for the E shell for
Mi transitions to account for the finite nuclear-size
effect to deduce E2/M1 and nr from the experimental
results of Mihelich and de-Shalit, one finds the values
E2/M1=1/9 and nr=4. 26. Taking these values, our
gamma-ray yield measurements indicate B(E2), ,
=(0.14 s.s4+'.")X10" cm'. The results of the life-
time measurement are altered to give B(E2), , of either
0.105 or 0.21&&10 ' cm4 for spin ~ or ~, respectively.
Our result favors the spin 2 but the uncertainties in the
quantities needed to draw this conclusion do not com-
pletely exclude the spin -,'. For the spin assignment of
—', the B(E2)e/B (E2)„and the B(M1)~ are 41 and 10 '
for the 77-kev state.

The value of 6 for the 277-kev transition found in
our original measurement of the angular distribution
was —(0.75&0.20)." This value was based on our
empirical determination of the particle parameter a2.
When reinterpreted by the use of the quantum
calculations of the particle parameter a2, the result is
8 = —(0.55&0.08). The polarization-direction corre-
lation and the more recent angular distribution meas-
urement give the result 5= —(0.41&0.04) and we con-

sider this to be our best value. Kane and Franke12' have
deduced an E2/M1 value of 0.12&0.03 for the 277-

"J.W. Mihelich and A. de-Shalit, Phys. Rev. 91, 78 (1953).
"A. W. Snnyar, Phys. Rev. 98, 653 (1955)."F. K. McGowan and P. H. Stelson, Phys. Rev. 99, 127 (1955).
'~ J. V. Kane and S. I'"rankel, Bull. Am. Phys. Soc. Ser. Il, 1,

171 (1956).

kev transition from a gamma-gamma directional
angular correlation measurement. Our value of E2/M1
=0.17&0.03, although still somewhat higher, is in
better agreement with their value than our previous
result. The B(M1)e for the 277-kev transition is in-
creased from 2.1 to 7.2)(10 ' using the more recent
results for E2/M1.

C. iridium

Composite gamma rays of 133, 219, and 360-kev
have been observed by Coulomb excitation on normal
iridium. "Davis et al." observed gamma rays of 143,
230, and 368 kev following Coulomb excitation in Ir'".
We observed direct excitation of levels at 140 and 357
kev in Ir"' and this is consistent with the results of
Davis et a/ How. ever, our results for B(E2). , of 7.4
and 6.1)&10 " cm' are considerably larger than their
values of 5.3 and 3.2&(10 cm'. From the angular
distribution of the 217-kev gamma rays we obtained
E2/M1= 0.048. In Table VI we have taken the smaller
value of (E2/M1)'* for the 217-Mev transition from
Table IV. Although this choice is somewhat arbitrary,
it is in accord with observations for the analogous
transitions in Re' Re'" and Ta' ' Using the observed
intensity ratio of cascade to crossover for gamma rays
and assuming that the collective model gives the ratio
of the cascade to crossover for E2 transition proba-
bilities correctly, Davis et al. obtained E2/M1=0. 3.
We do agree with regard to the ratio of cascade to
crossover for gamma rays. The discrepancy for E2/M1
is probably caused by the fact that the excitation
spectrum is not a pure rotational spectrum.

Except for the angular distribution measurements
for the 348-kev gamma ray from Ir"', we have withheld
our other measurements on Ir"'. The excitation spec-
trum with protons and n particles appears to be more
complicated than was observed in Ir"'. As a result we
are making more measurements on this nucleus.

D. Rhenium

In agreement with others, ' ""we observe gamma rays
with energies of 134, 167, and 301 kev in Re"~ and of
128, 159, and 287 kev in Re' '. These are interpreted
to be the result of direct excitation of levels at 134 and
301 kev in Re' ' and at 128 and 287 kev in Re"

The determination of the 6 value from the angular
distribution of the 134- and 128-kev gamma rays is
unfavorable because the transition of the type
-', (E2)-,'(E2+M1)-,' is nearly isotropic for small ad-
mixtures of E2 radiation (~As~ &0.02). The angular
distributions have been measured and they are found
to be isotropic to within 2% We have taken the
transitions to be predominantly Mi radiation, in

0 G. M. Temmer and N. P. Heydenburg, Phys. Rev. 93, 906
(1954).

3'Davis, Divatia, Lind, and Morat, Phys. Rev. 103, 1801
(1956).

as Wolicki, Fagg, and Ceer, Phys. Rev. 100, 1265(A) (1955),
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agreement with a K/I- measurement" '4 of the 134-kev
transition in Re"', for purposes of obtaining ny and
the B(E2), , From the theory of nuclear rotational
states, as developed by Bohr and Mottelson, ' it follows
that 8r/8sr=1. 02 for Io=s, where the subscript 21
denotes the cascade transition from the second to the
first rotational state and the subscript 1 denotes the
transition from the 6rst to the ground state. Using the
8» as given by the angular distribution measurements,
we would have 81=0.16 which is in agreement with the
observed isotropic distribution because for 61=0.16
the coeKcient As is equal to —0.002. The B(M1)
given in Table VI for the 134- and 128-kev transitions
in Re' and Re' ' are based on this indirect deter-
mination of 81. The determination of the angular
distribution of the 301-kev y rays in Re' ' was diKcult
because this crossover transition is relatively weak.
Although the results are not very precise, the observed
angular distribution is consistent with a transition
assignment of 9/2 (E2) ss.

E. Tungsten

Other workers' have found, by the use of enriched
isotopes, gamma rays of 100-, 112-, and 124-kev energy
resulting from Coulomb excitation of 2+ states in
W' ' W'~, and W"'. In addition gamma rays of 46
and 99 kev are known" to follow Coulomb excitation
in W'". The energy levels in W'" have been very
accurately determined up to an energy of 450 kev from
a study of the gamma transitions following the P decay
of Ta'" by Murray et al."A p ray of 295-kev energy
was observed in our earlier measurements on normal
tungsten and this was attributed to the Coulomb
excitation of a state of this energy in W'".

We have made additional studies of Coulomb ex-
citation in tungsten using enriched isotopes W'", W'~,
and W'ss and normal tungsten. The B(E2). , and
B(E2)s for the even-even isotopes are given in Table
VI. The half-life of the 100-kev transition in W'"
deduced from Coulomb excitation measurements is in
good agreement with the direct measurement
(1.27X10 ' sec) by Sunyar. "

For the enriched W'" target and incident proton
energy of 4.0 Mev we observed the pulse-height spec-
trum shown in Fig. 9. In addition to the 99- and 292-kev
gamma rays a gamma ray of 162 kev is also observed.
We also observed three p rays when W' ' was bom-
barded with 10-Mev n particles. These gamma rays of
99-, 162-, and 292-kev energy are attributed to direct
excitation of levels in W'" at 99, 209, and 292-kev. An
energy level diagram of the low-lying levels in W'" as
suggested by Murray et ul. 35 and modi6ed slightly by

"Cork, Brice, Nester, LeBlanc, and Martin, Phys. Rev. 89,
1291 (1953).

'4E. M. Bernstein and H. W. Lewis, Phys. Rev. 105, 1524
(&95&).

"Murray, Boehm, Marmier, and DuMond, Phys. Rev. 97,
1007 (1955).

36 A. W. Sunysr, Phys. Rev. 95, 626 (1954).

Kerman'~ is shown in Fig. 15. The deviation of the
level pattern from that for a pure rotational band
cannot be accounted for in terms of a rotation-vibration
interaction. Kerman has been able to account for the
deviations by the inclusion of a rotation-particle
coupling acting between the ground-state band with
X=2 and the erst excited band with X=2 . The
transition probabilities for transitions between the two
bands are predicted to be influenced in an important
way by the inclusion of the rotation-particle coupling.
The reduced transition probabilities calculated by
Kerman using an intrinsic quadrupole moment
Qo=6.5X10 '4 cm', which is consistent with values
in neighboring nuclei, are also given in Fig. 15. For
comparison the observed values are given in Fig. 15.
The agreement between theory and experiment is good
in view of the uncertainty in the total internal con-
version coeKcients and the branching ratios from the
decay scheme of Murray et a/. According to Kerman
the B(E2).„, for excitation in the E=-,s band would
be reduced by more than a factor of ten without the
rotational admixture. Using the decay scheme and
branching ratios by Murray et a/. we have obtained
the B(M1)s for several transitions given in Fig. 15.
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FIG. 15. Energy level diagram of low-lying levels in W' and
reduced transition probabilities for several of the transitions.

' A. K. Kerman, Kgl. Danske Videnskab. Selskab, Mat. -fys.
Medd. 30, No. 15 (1956).

F Tgl81

No additional measurements on Ta' ' have been
made except for the angular distribution measurement
of the 166-Mev gamma rays. The value of (E2/M1)'*
agrees well with our previous measurements. "We have
reinterpreted the original yield measurements" using
the revised values for nT which take into account the
eGect of the finite size of the nucleus. A comparison
of the reduced transition probabilities for low-lying
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5/2+
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Fic. 16. Energy
level diagrams of
low-lying levels in
Cd"' and Cd"'. The
indicated decay in-
tensities from a
given level are for to-
tal transitions. Note
added in proof. The-
energy level diagram
on the right should
read 48Cd6~'"
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transitions in Ta' ' with the predictions of the collective
model has already been presented. "

G. Cadmium

Other workers"" have found, by the use of targets
enriched in isotopes Cd and Cd'

y gamma rays of 290
and 340 kev. In addition to these gamma rays we have
observed gamma rays of 582 and 675 kev in Cd'" and
of 250 and 610 kev in CcV" with g„=2.1 to 3.3 Mev.
These gamma rays are attributed to direct excitation
of levels at 300, 582, and 675 kev in Cd'" and at 342
and 610 kev in Cd"'. Furthermore, in addition to those
y rays shown in Figs. 10 and 11, coincidence spectrum
measurements have revealed a number of other 7 rays
resulting from the decay of these levels. For Cd'",
gamma rays of 282 and 375 kev are observed in co-
incidence with the 300-kev gamma ray. For Cd'",
gamma rays of 95, 172, 191, and 363 kev are observed
in delayed coincidence with the 250-kev gamma ray
and a gamma ray of 268 kev is observed in coincidence
with the 342-kev gamma ray. The intensities of these
weak decay branches obtained from the coincidence
spectra have been included in the analysis of our yield
measurements to deduce the B(E2), , given in Table VI.

The isotopic enrichments of the cadmium targets
were not very large. As a result, the elimination of the
contribution of the other isotopes in the targets to the
angular distribution reduced the accuracy of the
measurements. The angular distribution measurements
of the 582- and 610-kev gamma rays in Cd'" and Cd"'
are consistent with a transition assignment of —,'(&2)~.
In the case of the 300- and 342-kev transitions the

"P. H. Stelson and F. K. McGowan, Phys. Rev. 105, 1346
(1957).

"G.M. Temmer and N. P. Heydenburg, Phys. Rev. 98, 1308
(1955).

" Mark, McClelland, and Goodman, Phys. Rev. 98, 1245
(1955).

angular distributions were equally well 6tted by two
rather different values for (E2/M1)&. A polarization
direction correlation measurement clearly removed the
ambiguity in the value of 6.

Energy level diagrams of low-lying levels in Cd"'
and Cd'" are shown in Fig. 16. Only the low-lying
states and transitions observed in Coulomb excitation
are shown. The indicated intensities of the various
decay branches from a given state are for transitions
('gamma-ray transitions plus transitions by internal
conversion) .

H. Silver

Several groups of workers' have observed direct
excitation of two levels in Ag"' and Ag"' by the use of
enriched isotopes. There is reasonable agreement
among the various groups on the position of these levels
but there is a considerable spread ( 50%) in the values
of the B(E2).„,. We were able to assign a spin of -', to
the second excited state in Ag"' and Ag" from our
angular measurements" using targets of normal silver.
The angular distribution of the gamma radiation from
the first excited state in Ag'" and Ag"' could be fitted
equally well by two rather different values for 8.28

We have made additional studies of Coulomb ex-
citation in silver using enriched targets of Ag"' and
Ag"'. In addition, measurements have been made with
thick and thin targets of normal silver in order to reduce
the uncertainty that existed in the rate of energy loss
of protons in the target materials. ' This source of error
is reflected directly in the determination of B(E2),„, '

from thick-target yields. The angular distributions of
the 309-kev gamma ray in Ag"' and of the 324-kev
gamma ray in Ag' are quite similar. A polarization-
direction correlation measurement has removed the
ambiguity in the value of b Our new resul. ts for B(E2),„,
in Ag"' and Ag"', which agree quite well with our
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TABLE VII. A comparison of some of the quantities measured by experiment and predicted by the theory of
nuclear rotational transitions, as developed by Bohr and Mottelson.

Isotope Theory
jF2/g1

Experiment
B(B2)1/B(B2)2

Theory Experiment
B(+2)~~&/B (+2)~2

Theory Experiment
B(M1)d21/B (M1 )d1

Theory Experiment

.Ta181
Re185

7~Rel 87

Ir191
„Ir193

2.22
2.29
2.29
2.40
2.40

2.23+0.04
2.24&0.05
2.25&0.05
2.59&0.05
2.55+0.05

3.89
2.86
2.86
1.80
1.80

3.74%0.42
2.80&0.40
2.29&0.33

1.22+0.18

4.71
3.03
3.03
1.50
1.50

6.6 &1.2
2.4 +0.5
2.6 &0.5

0.33+0.08

1.53
1.45
1.45
1.34
1.34

2.2&0.8

5.7a3.4

earlier results obtained from targets of normal silver,
are about 25 to 50'%%uz larger than those obtained by
other groups. ' Most of the discrepancy must be in the
gamma-ray yield measurements and cannot be traced
to the choice of nz because the total internal conversion
coefficients are small.

Rh103

The Coulomb excitation spectrum in Rh'" is quite
similar to Ag"' and A~"' i.e., levels with I= —,

' and —,
'

are directly excited. ' The angular distribution of the
298-kev gamma radiation from the state with I=~
could be fitted equally well by two rather difrerent
values for 8. ' A polarization-direction correlation
measurement has removed the ambiguity.

J. Mo" and Mo"

Several groups of workers' have observed Coulomb
excitation of a state at 203 kev in Mo". Of the possible
spins —',, —,', -'„-,', 9/2 for the excited state only the spins
-'„—,', and 9/2 were excluded by our angular distribution
measurements. The distribution could be fitted by
6=0.2 to 1.1 for I=~ and by 8= —0.5 to —1.3 for
I=—,. A polarization-direction correlation measurement
clearly excluded I=—,

' because P(0=m/2)(1. 06 for all
and the experimental value for P (0= m/2) was

1.17&0.04. Our result for B(E2), .of the 203-kev state
in

halo"

is smaller by a factor of two than that given

by Temmer and Heydenburg. 4'

We observe no gamma radiation with energy less
than 1.2 Mev, which can be attributed to Coulomb
excitation in Mo", when targets containing 89.6%
Mo are bombarded with 1.8- to 3.0-Mev protons or
9-Mev n particles.

K. Nb93

We have observed gamma rays of 710- and 874-kev

energy when Nb93 is bombarded with 2.4- to 3.0-Mev
protons. The variation in gamma-ray yields appeared

follow Coulomb excitation. However, coincidence
spectrum measurements indicated that both gamma

rays were in coincidence with harder radiation and also
in coincidence with each other. We believe this gamma
radiation results from the de-excitation of Mo" fol-

41 G. M. Temmer and ¹ P. Heydenburg, Phys. Rev. 104, 967
(1956).

lowing proton capture in Xb". The 874-kev gamma ray
is probably from the 2 —+ 0 transition in Mo" which is
observed from Coulomb excitation studies of Mo".

L Osmium

Since the gamma radiation from the 2 ~0 transitions
in Os"' and Os'" was used to calibrate our polarimeter,
we have also made yield measurements of the gamma
rays following Coulomb excitation with protons and
o. particles. The target was prepared by sintering the
metallic powder of the normal element into a foil 150
mg/cm' thick. The B(E2), , deduced from the measure-
ments are given in Table VI. The half-life of the 155-kev
state in Os"' is in good agreement with the direct
measurement of 6.5&10 " sec by Sunyar. " Angular
distribution measurements of the 186- and 206-kev
gamma rays have been reported elsewhere. '

V. REDUCED TRANSITION PROBABILITIES

The ratio of the excitation energies in Ta'", Re"',
Re'", and possibly Ir"' and Ir"' tends to identify these
states as rotational excited states of the ground state
configuration. It is therefore of interest to see how well
the observed reduced transition probabilities agree with
the theory of nuclear rotational transitions, as de-
veloped by Bohr and Mottelson. ' Since the absolute
transition probabilities contain an unknown intrinsic
nuclear moment, only the ratio of transition proba-
bilities predicted by the theory can be compared with
experiment. A summary of the available data which
provides a direct test of these intensity rules is given in
Table VII. The ratio B(E2)q/B(E2) s denotes the ratio
of reduced transition probabilities for excitation to the
first and second excited states and the other subscripts
were defined under the section on rhenium. The agree-
ment between theory and experiment is reasonably
good for Ta'" Re"', and Re' '. The deviations in Ir'"
and Ir'" are probably an indication that the excitation
spectrum is not a pure rotational spectrum.

From the measured B(M1)q and the ground state
magnetic moment one can calculate go, the gyromag-
netic ratio of the particle configuration, and gg, the
gyromagnetic ratio of the collective motion. This
information alone leads to two sets of values for gg and

gz because only the absolute value of g&
—gz is given

~ A. W. Sunyar, Phys. Rev. 98, 653 (1955).
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TABLE VIII. Values of ga and gs obtained from the ground-state magnetic moment, the B(MI)s, and the sign of Qo and (E2jM1)&.
The quantity (gn)N;«„~ was calculated using the single-particle eigenfunctions for deformed nuclei as given by Nilsson.

Nucleus

Ya181

Re185
Re'"
grl93

Au197

2.1

3.17
3.20
0.17

0.14

Transition
(kev)

136
166
159
167
140
217
277

0.407
0.492
1.201
1.279—0.291—0.597—0.707

0.69
0.71
1.61
1.65—0.003—0.126—0.190

0.29
0.22
0.41
0.37
0.288
0.471
0.517

4.3

3.7
3.5
2.3

1.3

(gQ )N ilsson

0.41

1.88
1.88—0.28

—0.20

by B(M1). However, the relative sign of the M1
and E2 transition amplitudes is determined from the
angular distribution measurements. This phase is
related to the sign of Qs, the intrinsic quadrupole
moment, and of g&

—g& and is given by'

( QG
sign8 = sign ]

(gn g~)

For the nuclei listed in Table VIII the spectroscopic
quadrupole moment is known to be positive. Thus, the
sign of gg —g~ is the sign of 8 given in Table VI. The
values for gg and g~ deduced from the experimental
data are given in Table VIII. For comparison the values

gg, which were calculated using the single-particle
eigenfunctions for deformed nuclei as given by Nilsson, "
are also listed. The value of the deformation parameter
rf was chosen to fit the observed B(E2) for each of these
nuclei. However, the calculated value of gg is insensi-
tive to the exact value of g for these nuclei.

For even-even nuclei of the medium-weight elements,
the low-lying excited states are found to exhibit a
pattern which resembles that of quadrupole vibrations
about a spherical equilibrium shape. 44 An alternative
description in terms of the "shape unstable" model
has been given by Wilets and Jean." It is not clear
which model describes the regularities in these even-
even nuclei in a more consistent fashion. The reduced
transition probabilities for excitation of the first 2+
state from Coulomb excitation experiments clearly
display the collective character of these transitions.

From the B(E2) and Es+ one can obtain the parame-
ters 82 and C2 which are appropriate to a description
of quadrupole vibrations about a spherical equilibrium
shape for the nucleus. 4' 82 is associated with the mass
transported by the collective vibration and C2 repre-
sents an effective surface tension. Alternatively one
can obtain from the observed B(E2) the deformation

parameter P which is appropriate to a description in

terms of the "shape unstable" model. A summary of

4'S. G. Nilsson, Kgl. Danske Videnskab. Selskab, Mat. -fys.
Medd. 29, No. 16 (1955).

"G. Scharff-Goldhaber and J. Weneser, Phys. Rev. 98, 212
(1955).

4s L. Wilets and M. Jean, Phys. Rev. 102, 788 (1956).
46See, for instance, reference 9 where a summary of these

vibrational parameters is given.

the P determined empirically from the B(E2) for even-
even nuclei of medium weight has already been given. ~ "
For the heavier isotopes of Ru and Pd the values of P
are comparable to those deduced from the even-even
isotopes of Hf and W which do exhibit a rotational
excitation spectrum. Nevertheless the excitation spec-
trum in the even-even isotopes of Ru and Pd is clear ly
not a rotational spectrum. If the "shape unstable"
model is a better description for the excitation spectrum
in these even-even nuclei, then one might expect that
an odd nucleon coupled to a p-unstable core would
tend to stabilize the core about axial symmetry. "-' This
can be tested by examining the information obtained
from Coulomb excitation of odd-A nuclei.

A vibrational interpretation of the excitation spec-
trum of odd-3 nuclei of medium weight is less well
understood. One must consider, in addition to the
collective motion, the coupling of the intrinsic nucleonic
motion of the odd particle to the collective oscillation
since the latter involves variations in the nuclear field.
The effect of the coupling to the quadrupole vibration
depends essentially on the parameter'

t" 5
v=l

& 16m ) (ko~sC, ) l

where k is of the order of magnitude of the average
potential energy of a nucleon. For q 1 (intermediate
coupling) the treatment cannot be handled in a straight-
forward manner. However, for q somewhat larger than
one, the last odd nucleon may appreciably polarize the
nuclear core to a nonspherical equilibrium shape. In
addition Alder et a/. ' have given an approximate sum
rule for the case of intermediate coupling which states
hat the P B(E2),„, for an odd-A nucleus should be
approximately equal to the B(E2, 0 —+ 2) for a neigh-
boring even-even nucleus. A sum greatly exceeding this
value implies an appreciable polarization produced by
the last nucleon and may indicate that the coupling
scheme is approaching that of a deformed nucleus.
Taking k=40 Mev, we find q to be between 4 and 6
from the neighboring even-even nuclei about Ag'",
Ag", and Rh"'. The sum of the B(E2), , is (5 to 6)
X10 "cm' while the B(E2, 0 —+ 2) for the neighboring
even-even nuclei are (5 to 9)X10 4' cm4. The results
would imply that the coupling scheme is not approach-
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ing that of a deformed nucleus. In addition, if these
nuclei are y unstable, the odd nucleon is not tending
to stabilize the core about axial symmetry.

Nilsson has also given a relation, 4'

3IJ= (gt f&)& kg8+f&+g»

between the magnetic moment and the decoupling
factor a, which appears in the expression for rotational
energy for odd-A nuclei with Q=~. This relation is
applicable for I&=Q=E= ~ and odd parity. Using free
nucleon values for g~ and g,- and taking a=-,', which is
deduced from the observed levels in Ag'", Ag"', and
Rh"', we 6nd go=2. This result would imply that the
excitation spectrum in Ag"', Ag"', and Rh"' is not
rotational.

From the even-even nuclei of cadmium q is 2.5 and
the sum of the B(E2),x, in Cd'" and Cd"' is 5.0 and
2.5X10 " cm', respectively, while the B(E2, 0 —+2)
for Cd'", Cd'", and Cd'" are between 5.0 and 5.8& 10—"
cm. In the region of Mo" and Mo" q is 1.8 and the
sum of the B(E2),„, is 0.35X10 " cm' for Mo" while

the B(Z2, 0~2) for Mo" and Mo" are 2.7 and
3.0)(i0 " cm'. Alder et u/". have pointed out that,
when the P B(E2), , in odd-A nuclei is appreciably
smaller than the B(E2, 0 ~ 2), one may conclude that
there exist strong quadrupole transitions as yet unde-
tected. In the case of Mo", Mo", or Xb", it seems
rather unlikely that we may have missed detecting any
strong quadrupole transitions with an excitation energy
less than 1 Mev.

VI. CONCLUSIONS

From the angular distribution measurements, the

spins of twenty excited states in odd-mass nuclei have

been assigned. The gamma radiation from the de-
excitation of fifteen of these states was mixed M j-E2
radiation and the ratio (E2/3II1)' was determined from
the angular distributions. Measurements of the polari-
zation-direction of the radiation from 9 transitions have
resolved the ambiguity either in the value of (E2/F1) l

or in the spin of the excited state. In the case of tran-
sitions in Tl

&
Tl"', and Mo", a polarization-direction

measurement provided a more accurate measurement
of (E2/3/I1)l. This information combined with the
cross section for excitation has yielded the B(M1)d for
16 transitions.

In the past, polarization-direction correlation meas-
urements of successive nuclear transitions were per-
formed primarily to determine the relative parities of
excited states involving the emission of pure multipole
radiation. In this case, if the angular distribution were
isotropic, the polarization-direction correlation was also
isotropic, i.e., I'(8) =1. For mixed transitions, if the
angular distribution is isotropic, the polarization-
direction correlation is not necessarily isotropic, i.e.,
P(8) N1. As an example, the directional correlation for
the sequence —', (Q)-,' (82+351)-,' is isotropic for (E2/M1) '*

= —3.65 but I'(8=sr/2) is 2.52 if the polarization-
direction of the mixed radiation is measured. Such a
case has already been encountered in our measurements.
The angular distribution of the 300-kev gamma ray
following Coulomb excitation in Cd'" was nearly
isotropic but the polarization-direction correlation was
quite large.

Information obtained from Coulomb excitation of
odd-mass nuclei does not appear to enable one to decide
whether the "free vibration" or the "shape unstable"
model gives a better description of the regularities
observed in the neighboring even-even nuclei.


