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Angular Distribution of Gamma Rays from Coulomb Excitation

F. K. MCGOWAN AND P. H. SYELSON

Oak Rage National I.aboratory, Oak Ridge, Tennessee

(Received March 30, 1955)

The angular distributions of gamma rays with respect to the incident proton beam on a thick target
have been measured for gamma rays following Coulomb excitation in Pt"' ' Au', Ta' ' Ag"7'0' Pd'0'
Pd"', Pd"0, and Rh'0'. The observed angular distributions deviate considerably from the semiclassical
theory of angular distributions of gamma rays following Coulomb excitation given by Alder and Winther.
1'.mpirical curves of energy-dependent coefficients c„(t) for a thick target are obtained from the results for
Pt'"" and Pd' '. With these empirical coe%cients, information on the spin sequences and the character
of the gamma transitions are deduced from the angular distribution measurements in the odd mass nuclei.
The spin sequences are as follows: 7/2(E2)3/2 and 5/2(Z2+M1)3/2 with 8&———0.75 (where Sz' ——Z2/M1}
for the 550- and 277-kev transitions, respectively, in Au"'; ll/2(E2)7/2 and 11/2(E2+M1)9/2 with
s~ =0.51 for the 303- and 166-kev transitions, respectively, in Ta'"; 5/2 (E2}1/2 and 3/2 (82+M1)1/2 with
Sr= —0.19 or —1.14 for the 427- and 325-kev transitions, respectively, in Ag' r 'o', and 5/2(A2)1/2 and
3/2(E2+M1)1/2 with 5~= —0.18 or —1.17 for the 365- and 305-kev transitions, respectively, in Rh 0'.

&. INTRODUCTIOR

A LDER and Winther, ' using a semiclassical treat-
ment, have derived explicit expressions for the

angular distribution of the gamma radiation following
Coulomb excitation. They find that the angular dis-
tribution of the gamma radiation with respect to the
incident particles is similar to the angular correlation
between two gamma rays in cascade. The distribution
function is

W(9) = 1++„A„u„(()P„(cos9), (1)

where the coefficients A„are the gamma-gamma direc-
(ional angular correlation coef.Iicients tabulated by
Hiedenharn and Rose' for the spin sequence jt(E2)j(l.s)js
and the j's are the spins of the target nucleus, the
Coulomb excited st.ate, and the final state after gamma-
ray emission, respectively. The coeKcients a, (P) which
depend on the excitation process through the parameter
P have been evaluated by numerical methods for electric
quadrupole excitation by Alder and Winther.

Several workers'4 have reported agreement between
theory and experiment for the angular distribution of
the 303-kev gamma ray of Ta'" and the 550-kev gamma
ray of Au"'. However, our measurements have shown
significant deviations from theory. For instance, the
energy coefficient a, ($) was observed to be 17 percent
smaller than theoretically expected at E„=4.0 Mev for
the 303-kev gamma ray in Ta' ' on the assumption that
the spin sequence is 7/2(E2)11/2(E2)7/2. The results
given in this paper suggest that the apparent agreement
between theory and experiment found by the other
workers is in part the result of the choice of the incident
proton energy used in their experiments.

To further test the theory, the angular distributions

r K. Alder and A. Winther, Phys. Rev. 91, 1578 (1953).' I.. C. Hiedenharn and M. E. Rose, Revs. Modern Phys. 25, 729
(&95i).

'Eisinger, Cook, and Class, Phys. Rev. 94, 735 (1954); 95,
628(A) (1954); 96„658 (1954).

4W. I. Goldburg and R. M. Williamson, Phys. Rev. 95, 767
(&954).

12

of the gamma rays from Coulomb excited states of
spin 2 have been examined. In these cases the spin of
the excited state is known from gamma-gamma direc-
tional angular correlation measurements whereas the
spins for the states of the odd-mass nuclei mentioned
above were not known with certainty. The spin se-
quence 0(E2)2(E2)0 is particularly suitable because the
coefficients A„are large. In addition, for the cases that
have been examined in these experiments, the
gamma-gamma directional angular correlation measure-
ments have shown no observable inQuence of extra-
nuclear 6elds. This point is important for proton-
gamma angular distribution measurements where
a target in the solid state is necessary.

A number of other proton-gamma ray angular dis-
tributions have been measured and the results are
presented. In cases for which the spin of the Coulomb
excited state is known from other measurements, the
energy dependent coeflicients a„($) for a thick target.
are tabulated. The observed deviations from theory are
rather large. Finally, an interpretation of the results,
in combination with the empirically determined energy-
dependent coefEcients, is discussed.

2. APPARATUS

The ORNL 5.5-Mv Van de Graaff accelerator was
used to produce a separated beam of protons. Metallic
targets which were thick to protons (the range of the
protons being (100 mg/cm') but thin for the gamma
rays were oriented at 45' with respect to the incident
protons. The targets (&100 mg/cm') were prepared
from thin foils or were electrodeposited onto 0.005-inch
nickel. For the detection of the gamma rays, a scintil-
lation spectrometer employing a NaI crystal 1.5 inches
in diameter and 1 inch thick mounted on a DuMont
6292 photomultiplier was used. In all angular distribu-
tion experiments the front face of the crystal was located
at distances 10.0 or 13.5 cm from the target. To
suppress the characteristic E x-rays from. the target,
produced by the impinging protons by factors of 10'
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to 10', a graded shield was placed in front of the NaI
detector. The graded shields were as follows. ' for targets
with Z&78 the shield consisted of 0.010 inch of Ta
plus 0.030 inch of Sn plus 0.005 inch of Cu; for a Ta
target the shield consisted of 0.040 inch of Sn plus
0.005 inch of Cu; and for targets with 45 &Z&53 the
shield consisted of 0.0035 inch of Mo plus 0.005 inch of
Cu. Most of the data in these experiments were recorded
automatically at 10' increments from 0' to 90' and
from 210' to 270'. The time for the collection of a
fixed number of counts was printed on a paper tape by
a printing timer and the integrated current was re-
corded by a trafFic counter. The angular positions were
changed manually. To assure that the axis of rotation
of the detector passed through the target, the following
alignment procedure was used. The position at which
the proton beam impinged on the target was located.
A source of Cs'" of the same area as the beam was
placed on the target at this position. The axis of rotation
was adjusted until counting rates showed that the
variation in the solid angle subtended by the detector
at the target as a function of angular position was less
than 0.5 percent. The position of the beam on the
target was observed to remain fixed as a function of the
beam energy.

3. DISCUSSION OF METHOD

Angular distribution measurements of the gamma
rays were carried out with either a single-channel or a
multichannel pulse-height analyzer of the ORXI.
design. In the measurements with a single channel the
window of the analyzer was always operated to include
only the full energy pulse spectrum peak of the gamma
ray. In the case of the multichannel measurements, the
full energy pulse spectrum peak was observed and the
area of the peak was taken as a measure of the intensity.
After each measurement of the intensity at an angle 0;
the intensity was measured either at 0=90' or at 0=0'.
In this way the intensities could be corrected for changes
in gain of the detector or fractional acceptance of the
window of the single-channel analyzer. In all cases, the
intensities have been corrected for the bremsstrahlung
continuum by measuring the intensity of the brems-
strahlung as a function of 8;. For angular distribution
measurements involving Z&73 a Bi target electro-
deposited onto nickel was used and for measurements
involving Z 50 a tin target was used. Bi and Sn targets
are well suited for this purpose because of the absence
of gamma rays from Coulomb excitation. We believe
the extrapolation to neighboring Z will give little error
since our investigations of the bremsstrahlung process
show relatively little change in character with a small
change in Z. In general for the measurements to be dis-
cussed below the intensity of the bremsstrahlung in the
angular distributions was never more than a few percent
of the gamma-ray intensity from Coulomb excitation.
Finally, a correction for the attenuation of the gamma
rays in the target and target backing as a function of 8;

was applied to the observed intensities. If this correction
was no larger than 5 percent, a computed attenuation
using the absorption cross sections taken from NBS-
1003' was applied. If the correction was larger, the
attenuation was measured directly by placing a source
of gamma radiation of the same energy on the target.
A least squares fit of the corrected intensities (with the
appropriate weight factors) in terms of a series of
Legendre polynomials,

W(8) = (Rs'+ 0',s'Ps(cose)+ 04'P4(cose), (2)

was carried out on an I.B.M. calculator. The standard
deviations quoted in Table I have been obtained
from Eq. (30) in a paper by Rose. ' The values of e',
defined by Eq. (27),s clustered about unity indicating
that nonstatistical errors were not large. A least-squares
fit of each set of data in terms of a series of cos'"8 was
carried out to serve as a check on the I.B.M. calcula-
tions. In Table I we tabulate (a„A„),„n, which have
been corrected for 6nite angular resolution' and are
defined as

(a.&,),,= e,/es.

4. MEASUREMENTS AND RESULTS

ptr94, ~96

From the P decay of Ir'" and Au"', the first excited
states in Pt,' and Pt'96 are known to exist at 330 and
358 kev, respectively. Directional angular correlation
measurements~ 9 have verified the spin assignment of
2 for these excited states.

The differential pulse-height spectrum of the gamma
radiation from platinum for E„=5.0 Mev is shown in
an accompanying paper. "The proton-gamma angular
distribution of the 330- and 358-kev gamma rays taken
together has been measured for E~=2.5 to 5.0 Mev.
The results are tabulated in Table I. AI1 entries in
Table I represent the mean of several determinations of
the angular distribution coefficients. A comparison
between theory and experiment is shown in Fig. 1. The
solid curves labelled "theory" are the thick target
energy-dependent coeflicients (a,)i deduced from the
excitation cross section and the thin target coefficients
a, given by Alder and Winther. A procedure for ob-
taining (a.) i will be discussed in Sec. 5 The observed
energy dependence of the coefficients for a thick target
deviates considerably from the theory.

The second excited states in Pt'" and Pt"' are known
to have spin 2.' If these states were appreciably
excited by Coulomb excitation, then the observed
proton-gamma angular distribution would be a com-

5 G. R. White, National Bureau of Standards Circular NBS-1003,
1952 (unpublished).

s M. K. Rose, Phys. Rev. 91, 610 (1953)."J.J.Kraushaar and M. Goldhaber, Phys. Rev. 89, 1081 (1953).' R. M. Ste9'en, Phys. Rev. 89, 665 (1953).' Mandeville, Varma, and Saraf, Phys. Rev. 98, 94 (1955).IP. H. Stelson and F. K. McGowan, preceding paper /Phys.
Rev. 99, 112 (1955)g.
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the cascade transition in Pt."' relative to 330- and 358-
kev gamma rays would be 5, 7, 10, and 13 percent at;
E&',~=3.5, 4.0, 4.5, and 5.0 3/lev, respectively. However,
the reduced transition probability for the 358-kev
transition in Pt"' is 20 times larger than independent.
particle theoretical estimate t see Eq. (VII. 9) given by
Bohr and Mottelsonj. "Consequently, the assumption
made above, i.e., that the reduced transition probability
for excitation of the 682-kev state is equal to that for
the 358-kev state, requires the reduced transition
probability for the 330-kev cascade to be 4&(10' times
larger than the independent particle estimate and this
seems rather unlikely.

B. Au'"

0,08

0.06

I

THEORY

0.02

0 —=-
2.0 3.0

E (Mev)

4.0 5.0

Fio. 1. Thick-target energy-dependent coefficients deduced
from the angular distribution measurements of the 330-kev and
358-kev gamma rays from Pt'" and Pt"' as a function of the
incident proton energy. The curves labelled "theory" are the
thick-target energy-dependent coef6cients deduced from the total
cross section for excitation and the the thin-target coeKcients
given by Alder and Winther.

posite angular distribution function. Any significant
excitation of the second excited states can be excluded
in these isotopes for the following reasons. Recent
measurements by Johns and Nablo" indicate that the
second excited state is at 620 kev in Pt'". The intensity
ratio of the cascade gamma ray to the cross-over gamma
ray is 3. From the differential pulse-height distribution
of the gamma radiation resulting from 4.5-Mev protons
incident on a thick platinum target we find that the
excitation of the 620-kev state in Pt'" relative to the
direct excitation of the 330-kev state is less than 3
percent. The contribution of 330-kev gamma rays
resulting from excitation of the second excited state to
the observed angular distribution function is less than
2 percent.

In Pt"', the second excited state is at 688 kev and
decays 99 percent of the time by a cascade gamma ray
of 330 kev which is 95 percent E2 radiation and 5

percent 311 radiation. ' Assuming the reduced transition
probability for excitation of the 688-kev and 358-kev
levels are equal, the yield of 330-kev gamma rays by

"M. W. Johns and S. V. Nablo, Phys. Rev. 96, 1599 (1954).

The proton-gamma angular distributions of the
550-kev and 277-kev gamma rays in Au" have been
measured by several workers. ' ' Spins of 7/2 ancl 5/2
for the 550-kev and 277-kev levels, respectively, were
deduced from their measurements. For the 277-kev
transition Goldburg and Williamson, 4 and Eisinger et

al. ' obtained E2/M1=0. 07 and 0.59, respectively, by
applying the energy-dependent coefficients a„given by
Alder and %inther to their angular distribution
measurements. Measurements of the proton-gamma
angular distributions have been carried out for the
550-kev gamma ray in Au"" using thick and thin targets
and for the 277-kev gamma ray in Au'9~ using a thick
target. The thin target was prepared by spot-welding
a thin Au foil on a Bi backing which was electrode-
posited on nickel. The Bi backing served as a catcher
for the protons emerging from the Au target. The results
of the measurements are tabulated in Table I. The
measurements for the 277-kev radiation have been
treated as entirely the result of direct excitation of
277-kev level. The cascade radiation (273-, 277-kev y
rays) from the 550-kev level contributes about 4 percent
to the intensity of 277-kev gamma radiation" at
8„=4.0 Mev.

The proton-gamma angular distribution of the 303-
kev gamma ray in Ta'" has been measured by several
workers' ' and a spin of 11/2 for the 303-kev level was
deduced from their measurements. In addition to
measurements of the proton-gamma angular distribu-
tion of the 303-kev gamma ray we have measured the
proton-gamma angular distribution of the 166-kev
cascade gamma ray from the 303-kev state. For the
latter measurements, the window of the analyzer was
set on the high energy edge of the 166-kev full pulse
spectrum peak in order to exclude the detection of
137-kev gamma radiation. The results of the measure-
ments are tabulated in Table I.

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

Proton-gamma angular distribution measurements
have been carried out for the gamma rays in Ag"' '"
at E„=2.5 Mev using thick targets of normal silver
and for two gamma rays in Rhio' at E„=1.7 to 2.9 Mev
using thick targets. Since the completion of our dis-
tribution measurements, Heydenburg and Temmer"
have reported that the two corresponding excited states
in Agio and Agio diGer by only a few kev. As a result
the measurements for Ag' ' "' tabulated in Table I
represent angular distribution coefficients of a com-
posite angular distribution function. A comparison of
the results with the observed angular distributions for
the two gamma rays of Rh'" indicates that the angular
distribution coefficients for Ag"' "' are meaningful, i.e.,
the spins of the corresponding Coulomb excited states
in Rhio3 Agio and Agios and the character of the gamma
radiation are the same.

E. Pd

Proton-gamma angular distributions have been
carried out for the 445-kev gamma ray at E„=2.5 Mev
and for the 380-kev and 520-kev gamma rays at E„=2.1
to 2.9 Mev using thick targets of palladium. A diGer-
ential pulse-height spectrum of the gamma radiation
from palladium produced by Coulomb excitation is
shown in the accompanying paper. " The results of
measurements are tabulated in Table I. The 520-kev
gamma ray is attributed to Pd"' resulting from the
decay of the well-known 513-kev level observed in the
P-decay of Rh"s. From gamma-gamma directional
angular correlation measurements the spins of the first
and second excited states of Pd"' are known to be 2
and 0, respectively, and the angular correlation meas-
urements are not disturbed by extranuclear fields. "
The very short lifetime" of the intermediate state
deduced from the reduced transition probability for
excitation of the first excited state in Pdio lends support
to this latter statement. The second excited state in
Pd"' is, of course, not excited by Coulomb excitation.
As a result the angular distribution measurements of
the 520-kev gamma ray serve to test the angular dis-
tribution theory for medium weight nuclei.

ential cross section at a given energy E is

do (E)/dQ= o (E)W(0),
where

4m'mB (E2)
o(E)= E~gs(f)

25Z 'e'A'

We therefore have that the expected coe%cient of the
Legendre polynomial I'„ for a thick target is given by

O,„(E,) t
~' o (E)a„(E)dE

=A„
O'.s(E,) 4o dE/dpi'

I
"o(E)dE

(5)
~ s dE/dpi'

or the thick target energy-dependent coefficient is

1 e„(E~)
t a.(E')li=—

A„O',p(E,)

iX~ow let us change from E to the variable P, where

ZtZse' ( 1 1 )
Ev, v)

0.80 0.90 1,0 1.2

2K

1.3
I

dF dP
dp x dE'

1.4 1,5
10

g~(g) ——

where K

1,Q

10' 10'

and W(0) is given by Eq. (1). For the differential cross
section from a thick target for an incident proton
energy E; in the laboratory system, we have

do(E;) -t.e' o(E)W (.0)dE
CC

dQ & p dE/dps

5. DISCUSSION OF RESULTS

In order to compare experimental angular distribu-
tion coefficients for a thick target with theory, we must
evaluate the expected thick target coefficients. Now,
Alder and Winther' "have given both the total excita-
tion cross section and the angular distribution of the
gamma rays with respect to the incident protons for
excitation by the electric quadrupole field. The differ-

10

10 LL
JI

1Q

"N. P. Heydenburg and G. M. Temmer, Phys. Rev. 95, 861
(1954).

' E. D. Klema and F, K. Mcoowan, Phys. Rev. 92, 1469
(&9S3)."K.Alder and A. Winther, Phys. Rev. 96, 237 (1954).

0.10 0.20 0,30 0.40 0.50 0.60 0,70 0.80
(

FIG. 2. The function @ for representative cases plotted as a
function of &.
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1.0

0.90

0.80

0.70 ~THEORY

0.50

040 ————

0.30—

~ Pd (520 kev )

x Rh'"(365kev)
Ag107 109 (427 kev)

~ Pt ' (330 AND 358 kev)

c Au' (550 kev)

~ Ta' ' (303 kev)

0.20—

0.10
0 0.2 0.4 0.6 0.8 1.0 1,2 1.4

FIG. 3. Thick-target energy-dependent coeKcient as(t) deduced
from angular distribution measurements plotted at a value of g
corresponding to the incident proton energy on the thick target.
The solid curve labelled "theory" represents the thick-target
energy-dependent coeKcient L444($4) j4 as given by Eq. (9). P=) dQIW(8I)F(8'). (10)

are measured one would expect the resulting points
a„($;),„„to fall on a smooth curve as a function of $,.

A comparison between theory and experiment is
shown in Figs. 3 and 4 for the cases of Pt'"" and Pd"'
where the spin of the Coulomb excited state is known
with reasonable certainty. The solid curves labelled
"theory" represent the expected thick target energy-
dependent coeKcient [a„($,) j4 given by Eq. (9) using
for a„ the numerical calculations of Alder and Winther.
For Pd", the deviations of the observed energy-
dependent coe%cients from theory for a thick target
are even larger than they are for Pt'""'. In addition
the coefficient as($;),„n seems to have a Z, dependence
over and above that contained in the parameter P.

The e8ect of multiple scattering of the protons by
Rutherford scattering as they traverse a thick target
on the angular distribution coefficient [a„(P;)j4 should
be discussed. I.et us consider a proton-gamma angular
distribution experiment, where W(8I) is the correlation
function and F(8') is the multiple scattering function
due to Rutherford scattering. The probability that any
proton from the collimated incident beam is multiple
scattered through an angle 0' in the target prior to a
nuclear excitation and that the resulting gamma ray is
correlated to the multiple scattered proton by 8'(8I) is

For any given case we have

t't' oa d$
[a.(&')3

dE/dpx d(/dE

o.dg
(8)

dE/dpx d(/dE

Goudsmit and Saunderson" have already expressed the
multiple Rutherford scattering function as a series in
I.egendre polynomials for the case of electrons. Their
treatment is exact if one considers electrons with the
same total path length in the scatterer. Thus, the coef-

Now for the cases of interest it is found that the energy-
dependent part of

dE/dpx dP/dE

which we shall call p, where

&'(E ~E/&)as(k)

dE/dpx d(/dE

0.12

0.1 0

~.08—

.0 6

Pd (520 kev) ——106

Rh (365 kev)
Ag107, 109 (427 kev)

Pt ' (330 and

358 kev)

as a function of $ has very nearly the same shape for
different Zs and AE. In Fig. 2, p has been plotted as a
function of $ for representative cases, namely; DE= 200
to 550 kev and incident proton energies of practical
interest. We then have

,04

.02

Ji

0.2

THEORY

0.4 O.6 O.8 1.0 1.2 &.4

(9)

Thus, according to the theory of Alder and Winther, it
follows that [a„($~)74 ns $; will be nearly an unique
function. Or to put it differently, if many diGerent cases

FIG. 4. Thick-target energy-dependent coeiiicient a4(t) deduced
from angular distribution measurements plotted at a value of P
corresponding to the incident proton energy on the thick target.
The solid curve labelled "theory" represents the thick-target
energy-dependent coefficient L444(P;) j4 as given by Eq. (9).

"S.Goudsnut and J. L. Saunderson, Phys. Rev. 57, 24 (1940).
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ficients G& (coefFicients of the i.egendre polynomials
representing the multiple Rutherford scattering func-
tion) given by Goudsmit and Saunderson should be
applicable to the case of protons. A solution of this
problem on the eA'ect of multiple scattering on the
proton-gamma angular distribution is similar to the
effect of scattering of electrons in a conversion electron-
gamma angular distribution. '7 The form of the corre-
lation function is unchanged and each coefhcient a„A„
becomes multiplied by an attenuation factor G„. %e
have evaluated the eRect of multiple scattering on the
thick target angular distribution coefficients by re-
placing a„($) in Eq. (9) by a„($)G„and considering the
case a„(&) is constant. The results are tabulated in
Table II. The e6ect of multiple Rutherford scattering
on the observed thick target energy-dependent coef-
ficients is in the right direction but is not nearly large
enough to account for the difference between curves
(1) and (2) of Fig. 3. In any case the attenuation coef-
ficients for multiple scattering are significant and should
be included in the analysis of thick target angular dis-
tribution measurements. The coefficients in Table I
have not been corrected for multiple Rutherford Scat-
tering because we have no satisfactory thin target a„
from which we could evaluate these attenuation coef-
ficients for a thick target.

Since the deviations between theory and experiment
appears to be rather large, we have chosen to analyze
the remainder of the data in Table I using empirically
determined energy dependent coefFicients from a plot
of a„(f,),„~ us $,. For neighboring nuclei this method of
presenting the data appears to be useful. Of the possible
spin sequences that need to be considered for the 550-kev
and 303-kev gamma rays in Au" and Ta' ', respec-
tively, on the assumption that the radiation is E2, only
the spin sequences suggested originally by Eisinger
et ul. ' and by Goldburg and %illiamson' yieM energy
dependent coefFicients as(P;), n that agree with the
empirical [as($,)7i given in Fig. 3. These additional
coefficients determined from the Au' " and Ta'" data
are tabulated in Table I and are plotted in Fig. 3.

In general, for odd mass nuclei, the radiation from
the first Coulomb excited state and the cascade radia-
tion from the second Coulomb excited state will be
E2+3II1 radiation. In addition to inferring the spin of
the excited states, information on the ratio of the
quadrupole to dipole intensity is obtained from angular
distribution measurements. %e have applied the em-

pirical Pcs(g;)7, to our data for Au'sr and Ta'" and for
the indicated spin sequence in Table I. From the
tabulated (As),„u for the 277-kev transition in Au"'
one finds 5~= —(0.75&0.20) where 5~' is the ratio of
the squares of the reduced matrix elements' and is
defined as the intensity ratio (in this case) of quad-
rupole to dipole radiation in the gamma-ray transition.
The large uncertainty in B~ results from the fact that

'7 S. Frankel, Phys. Rev. 83, 673 (1951).

TABLE II. Attenuation coefficients for multiple Rutherford
scattering for proton-gamma angular distributions from thick
targets for the case a„{$)is constant.

P t194 b,E =330 kev Rh103 DE =365 kev

E&(Mev) G2 G4 E& (Mev) G2 G4

5.0
4.0
3;0
2.0

0.955
0.961
0.971
0.988

0.841
0.872
0.916
0.961

2.9
2.5
2.1
1.7

0.980 0.940
0.982 0.946
0.985 0.956
0.989 0.969

' Huber, Halter, Joly, Maeder, and Brunner, Helv. Phys.
Acta 26, 591(A) (1953)."T.Huus and J. H. Bjerregaard, Phys. Rev. 92, 1579 {1953).

20 I.K. McGowan, Phys. Rev. 93, 471 {1954).
'i T. Huus and A. Lunden, Phil. Mag. 45, 966 (1954).

A2 has a broad maximum at 8= —0.75. This value of
8~' is in good agreement with that deduced from E-shell
internal conversion coeKcient measurements. " The
data for the 166-kev transition in Ta'" lead to 5~= 0.51
or 3.0. The former value agrees with the b~' deduced
from a K/L ratio measurements. "This sign and mag-
nitude of 8~66 is identical to 8]37 of the 137-kev transition
jn Ta&~& 2o

Huus and Lunden" have suggested spin assignments
for the Coulomb excited states in Ag"'"' from the
position of the levels using the nuclear model of Bohr
and Mottelson. " Heydenburg and Temmer" have
reached similar conclusions for Ag"' '" and Rh"'. The
signs of the angular distribution coe%cients (asA2). „
in Table I Fix the level order as 1/2, 3/2, and 5/2 inde-
pendent of a nuclear model. The angular distribution
data for the 427-kev and 365-kev transitions in Ag"' '"
and Rh"', respectively, yield additional determinations
of a„($,) for a thick target and are plotted in Figs. 3
and 4. These additional data are in good agreement with
the empirical curve deduced from the proton-gamma
angular distribution measurements of Pd"'. UUsing these
empirical data the spins of the 325-kev and 305-kev
states in Ag"' "' and Rh"', respectively, and the char-
acter of the radiation are deduced from the angular
distribution data. Actually, the observed angular dis-
tributions are composite functions, namely. proton-
gamma angular distribution function for the direct
excitation of the 325-kev or 305-kev levels and the
proton-gamma angular distribution function for 325-kev
or 305-kev gamma rays by excitation of the 427-kev and
365-kev levels and not observing the cascade transitions.
This latter distribution function is not known explicitly,
although we do know approximately what fraction of
the observed 325-kev and 305-kev gamma rays result
from direct Coulomb excitation of the 325- and 305-kev
levels. "For the 325-kev transition in Ag"7 '" about. 96
percent of the gamma rays observed are the result of
direct Coulomb excitation of the 325-kev level. If we
assume that the reduced E2 transition probabilities for
the 65- and 365-kev transitions in Rh"' are equal,
then the cascade transition must be predominantly
F1(E2/3II1=0.002) or 86 to 92 percent of the 305-kev
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gamma rays result from direct Coulomb excitation of
the 305-kev level. In the absence of any additional in-
formation, we have treated the data as resulting from
the direct Coulomb excitation of the 305-kev level.
The constancy of (A&), , for different E~ for the 305-
kev transition in Rh"' probably indicates that the dis-
tribution functions entering into the composite function
are nearly alike.

In the treatment of the angular distribution data for
the 380-kev and 445-kev gamma rays in Pd we assume
that the transitions are in 46Pd'" and 46Pd"', respec-
tively, as was done in the analysis of the yield data. "
The trend of B(E2)/e' with neutron number indicated
that the transitions are predominantly in these isotopes.
The angular distributions indicate that transitions are
predominantly of the type 2(E2)0. The empirical coef-
ficients (a,).„n for these transitions are slightly smaller
(the coefficients (c&)„„for the 445-kev transition are
more so than for the 380-kev transition) than those in

Fig. 3 for Pd"', Ag"" '", and Rh"'. This is not surprising
since we have not attributed any of the gamma rays to
Coulomb excitation of Pd"' (22.23 percent).

0. CONCLUSIONS

The coefficients u. ($) are found to deviate consider-
ably from those given by the semiclassical theory of the
process. The fact that the points for heavy (or for
medium weight) nuclei fall on a smooth curve indicates
that the parameter P correctly takes into account the
excitation energy and the exciting proton energy. How-

ever, from the fact that two distinct curves are obtained
we conclude that the dependence on Z2 is not correctly
accounted for. Recently, Biedenharn and Class" have
obtained an exact result for the particular case of no

ss L. C. Biedenharn and C. M. Ciass, Phys. Rev. 98, 691 (1955).

energy loss ()=0). The behavior of as for this special
case as a function of the parameter ri=ZiZse'/Av shows
appreciable deviations from the classical limit. It is
clear that more accurate calculations of the angular
distribution coefficients a„are needed. Inferring spins
of Coulomb excited states using a nuclear model is not
very satisfying. One would prefer to arrive at the spins
more directly from angular distribution measurements.

For pure multipole radiation from heavy nuclei, one
might deduce the correct spin assignment from the
existing calculations by Alder and Winther. However,
for the medium weight nuclei the deviations between
experiment and theory are larger and the deduction of
the correct spin assignment would be less certain. In
odd-mass nuclei, the radiation from the first Coulomb
excited state and the cascade radiation from the second
Coulomb excited state will in general be E2+M'1 radia-
tion. In addition to inferring the spin of the excited
states, information on the ratio E2/3f1 can be deter-
mined from the angular distribution measurements. A
determination of this ratio demands an accurate
knowledge of the coefFicients a„.

From the results discussed in this paper, it appears
possible to use empirically determined energy-dependent
coeScients a„ for a thick target to interpret angular
distribution measurements involving pure or mixed
multipole transitions in neighboring odd-mass nuclei.
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