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Azimuthal Angular Distribution of 12C ( y, po)
"'
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The azimuthal angular distribution of the photoprotons produced in the reaction l2C (T,Po)DC by mono-

chromatic polarized gamma rays from 'T(p, p)'He was measured for gamma-ray energies of 21.3 and 21.6
MeV. The ratio ff of the number of photoprotons with directions between 0' and 45' (with respect to the
gamma-ray polarization) to the number between 45' and 90' was determined. The average observed ratio
for R, 2.8~0.7, is larger than but not inconsistent with that calculated for pure electric-dipole photon ab-
sorption, 2.08~0.1.

INTRODUCTION

HE dominant photonuclear absorption in carbon
is in the electric dipole "giant resonance" around

22 MeV. According to shell-model calculations' this
involves primarily the excitation of a ipst2 nucleon to
the id5~2 orbit. In addition, there may be excitations
involving other rnultipole absorptions. The uniformity
with energy of angular distributions in the inverse

(p,p) reaction on "B has suggested that any possible
other J states are so completely mixed in that the giant
resonance is a combination state. ' This is supported by
the observation of a rather uniform a1 term in the polar
angular distribution of the "B(p,yo) which suggests
less than 1% of electric quadrupole mixed in all through
the giant resonance. Nevertheless, incipient structure is
observed in the cross-section curves' with the suggestion
that at least there may be variations in the mixing.

Further, the detailed shell-model calculations in "C
predict J=2 and J=O states in the giant-resonance
region. 4 In an attempt to elucidate this problem we have
exaInined the azimuthal angular distribution of the
l2C(y, po) reaction using monochromatic and polarized
gamma rays. In this fashion, it was hoped to detect
whether the variations in cross section corresponded
to gross variation in azimuthal angular distribution of
the emitted photoprotons at the several absorbing
energies.

THEORY OF EXPERIMENT

gamma ray (see Fig. 1), and cr is a coeKcient which

depends on the multipolarity of the absorption, the
spin and parity of the target and reaction products, and
the reaction matrix elements. If only a single multipole
participates, the reaction matrix elements can be by-
passed and n can be expressed in terms of the coeS.—
cients of a polar angular distribution (without polariza-
tion) of the type

I(O~) =N(ao+a2 cos20').

Agodi then shows that

(2I L1:Ll) a2
n= (—)' (g6)—,

(2iL1:L—1) a,
'

where 0- is zero for magnetic and 1 for electric multipole,
I. is the angular momentum of the multipole, and the
parentheses are Clebsch-Gordan coefficients as used by
Agodi, which reduce to

&El a2/ao ctE2 a2/&ao, and erst l = a2/ao ~

In the case of mixed multipoles, we have extended the
calculations of Agodi and have found that, to a good
approximation for small mixing, ot;,s n(1+Eo/o T), — .

where o/o. r is the fraction of the mixing multipolarity
and E is a function of the reaction matrix elements
which cannot be evaluated without a nuclear model. E
may be expected to be a constant of the order of ~1.

Agodi' has calculated the aximuthal angular distribu-
tion to be expected for the photoparticles ejected from

a nucleus by polarized gamma rays to be

I(q) =E(1+pot cos2to),

*Supported by the National Science Foundation.
t Present address: American Science Bz Engineering, Inc. ,

Cambridge, Massachusetts 02142.
' D. H. Wilkinson, Physica 22, 1039 (1956).' R. G. Alias et a/. , Nucl. Phys. 58, 122 (1964).' Y. M. Shin and W. E. Stephens, Phys. Rev. 136, B660 (1964).

V. Gillet and N. Vinh Mau, Nucl. Phys. 54, 321 (1964).
o A. Agodi, Nuovo Cimento, 5, 21 (195/).

kp=

ky=

Dy=

I49 798

where p is the fraction of complete polarization of the
gamma rays, q is the aximuthal angle between the
ejected particle and the direction of polarization of the

photoproton momentum

photon momentum

photon polarization

polar angle

azimuthal angle

FIG. 1.Diagram show-
ing relation of the
photon direction, the
polarization direction,
and the photoproton
direction.
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FIG. 2. Diagram of the experimental apparatus.

For larger fractions of mixing, neglected terms may be-
come important and are not easily evaluated.

Since the "B(p,y) "C inverse reaction has been
carefully studied in the giant resonance region and the
polar angular distribution determined, 2 we can use those
results to determine that as/as ———0.55&0.05 near 21.5
MeV. This determines the aximuthal coefBcients for
carbon photoprotons in this energy region to be

nEg ——0.55) O.~2= —0.11) e~g ———0.55,
n (E1,E2)—0.55 (11Eo.s/o-r) for small O.s,
n(E1,M1)—0.55(1+En /o. z) for small 0

In analyzing experimental results, it is convenient to
use a ratio E. de6ned as

rays used was 90' to j.06'. Hence, the energy width of
the gamma rays was about 70 keV at 213 MeV and very
nearly the same at 21.6 MeV. ' The polarization of these
gamma rays at these energies is practically complete,
as evidenced by the angular distribution. '

Because of the small available intensity of these
gamma rays, the reaction was observed in nuclear
emulsions with the carbon of the gelatin providing the

sample and the developed emulsion supplying the
detection of the photoproton. Ilford K2)&2 plates of
200-p thickness were used and disposed around the
source of gamma rays as shown diagrammatically in
Fig. 2. The gamma rays were monitored by a 4-,'-in.
diam by 6-in. long sodium iodide scintillation crystal
whose pulses were stored in a 400-channel analyzer
during the run. The photo-peak was used to establish
the numbers of photons bombarding the nuclear emul-
sions by our previous calibration.

Background was of several kinds. Photoelectrons were
most numerous and electron tracks had to be elimi-
ated or reduced. This was accomplished by developing
the plates with a two-temperature method' which dis-
criminated against electron tracks compared with
proton tracks. Short proton recoils from the T(p,e)
neutrons limited the exposure to that amount of
darkening which could be seen through. Photoprotons
from other reactions were not expected in the energy
region examined, as Table I indicates.

The developed nuclear-emulsion plates were scanned
and the range and orientation of the photoproton tracks

TABLE I. Proton tracks produced by 21.3-Mev gamma rays
in E2&2 nuclear emulsion.

71 /2

(1+ncos2 y) d p
sz+n

(1+ncos2q)dq

Isotopic
Constituent Concentration
of emulsion (10n atoms/cc)

Photoproton
energy
(MeV)

Neutron-
induced
proton
energy
(MeV)

This is particularly advantageous if the photoproton
yield is limited and the statistical uncertainties are
large. For pure transitions in carbon at these energies
E should be E~~——2.08~0.1, E~~——0.48+0.02, and
Ez&——0.87&0.08. For slightly mixed transitions, the
ratio will not depart much from that for pure Ej. Ex-
perimentally, E can be determined by the ratio of photo-
protons with q between 0' and 45 to those with y
between 45' and 90' without regard to the + or-
direction of either the polarization or the proton.

'H
2D

12C
13C
14+
15N
160
170
180
32S

79Br
81Br

10?gg
127I

31.0
0.004

20.0
0.2
4.9
0.02
8.6
0.003
0.014
0.15
4.0
4Q
4Q
0.2

~ ~ ~

8.5a
485029
3.5a

12 9,9 45b
11.1,4.7
8.6,2.7

(a)
(a)

4 0 ~ ~ +

evap. peak~6(2. 5—14.7j
peak~6L2. 5-13.7$
peak 7L3

—15.5$
peak~8'

1.1(recoil)
1.0 (recoil)
0.3 (recoil)
0.3 (recoil)
12(n p).
0.3 (recoil)
0.2 (recoil)
0.2 (recoil)
0.2 (recoil)
0.1(recoil)
13(sp)
0.1(np)
1.4(p)
0.4(NP)

EXPERIMENT

The monochromatic and polarized ganesa rays were
provided by bombarding with protons a target of
tritium gas absorbed in a thin layer of titanium evapo-
rated on a platinum backing. The target was estimated
to be 70 keV for the protons of 2 MeV with which they
were bombarded. The Doppler polar angle of the gamma

4 Neglect due to low concentration.
b Prominent groups are: 0.81, 1.63, and 2.92 MeV. I.F.Wright, D. R. O.

Morrison, J. M. Reid, and J. R. Atkinson, Proc. Phys. Soc. (London) A69,
77 (&9S6).

o These are the tracks measured in this experiment.

' For details of this technique see L. D. Cohen et ul. , Phys. Rev.
104, 108 (1956).

r J. E. Perry, Jr. and S. J. Bame, Jr., Phys. Rev. 99, 1368
(1955).

8W. Del Bianco and W. E. Stephens, Phys. Rev. 126, 709
(1962).

9 A. Bonnet, J. Phys. Radium, 15, 587 (1954).
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I'zo. 3.Numbers of
observed photopro-
tons plotted against
cos2 q for E~=21.6
MeV. The distribu-
tion to be expected
for pure E1 is shown
as a histogram.
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with projected. ranges between 80 and 300 p were re-
corded. This included the expected "C(y,ps) peak. at
4.85-MeV proton energy. The tracks were corrected for
shrinkage and analyzed. The energy, O~, and y distribu-
tions were plotted, and within statistical uncertainties
were reasonable. Figure 3 shows the cos2y distribution
observed for E~= 21.6 MeV. The histogram is the pre-
dicted distribution for pure E1 absorption (n=0.55).
The x's are the measured numbers of tracks.

I TG. 4. Photoprotcn cross section as a function of photon energy.
Solid line derived by detailed balance from the "B{p,yo) work of
Alias et al. (Ref. 2). Dashed curve from the "C(e,pe') results of
Dodge and Barber (Ref. 10) assuming ground state transitions
and 1+1.5 sin'e angular distribution. Dot-dashed curve shows the
"C(~,po) results of Shin and Stephens (Ref. 3). The crosses repre-
sent the present results.

ments''" seem to show an undulation in the cross-
section curve at these points but differ in the magnitude
of the anomaly.

DISCUSSION

RESULTS

The values of R determined from the observed num-
bers of tracks are: R2~.3

——2.22~0.6 and R2~.6——3.43&0.7.
If these two results are averaged, the R, =2.82+0.7.
Such a value is higher than but not inconsistent with
the value R~~——2.08~0.1 calculated for pure electric
dipole using the alpha calculated from the polar angle
distribution found in the inverse reaction. The value of
R found at 21.6 MeV is rather larger. An examination
of Fig. 3, however, suggests that the departure from
the distribution expected from pure E1 may still be
due to statistical fluctuation. This interpretation is also
consistent with the results of the polar angular distribu-
tion of the inverse reaction. ' There the sin'0' distribu-
tion is found to be peaked slightly forward of 90',
giving an u& coefficient of approximately 0.1.That would
imply only a fraction of 1% of electric quadrupole
rruxed into the dominant electric dipole.

The absolute cross section of the "C(y,Ps)n8 reaction
was measured to be 9.4~3 mb at 21.3 MeV and
8.9&2 mb at 21.6 MeV. This compares well with the
values 9.0&1.1 mb and 7.8&1 mb observed by Shin'
(see Fig. 4). All of these values are somewhat higher
than those deduceds from the inverse reaction n3 (p,ys)-
"C by detailed balancing; 6.2+1 and 6.5~1 mb,
respectively, but are, perhaps, within the uncertainties
of the diferent measurements. Many of the measure-

Since we cannot understand a value of R much larger
tha, n that predicted for a pure electric dipole transition,
we suspect that the large value of R found at E~= 21.6
MeV is due to statistical Quctuations, If this is so, then
the angular distributions at both 21.6 and 21.3 MeV
are probably consistent with electric dipole and not
magnetic dipole or electric quadrupole. Hence, these
results do not furnish any evidence for gross difference
in angular-momentum character between the peak and
dip of the cross-section variation at 21.45 MeV in the
giant-resonance excitation of 'sC(y, Pp). To this extent
then, these results agree with the interpreta, tion of
Alias et al.' tha, t the giant resonance in "C is a mell
mixed set of states with rather uniform angular-
momentum characteristics.

There nevertheless remain discernible differences in
the excitation of "C in this energy region. The
(p,p)/(p, m) ratio appears to vary appreciably in this
region, " presumably because of a s1ight variation in
isotopic-spin admixture. Also, the tra, nsition probability
to excited states in "C with the emission of photoneutrons
seems to vary, ""perhaps because of the presence of
localized tv o-particle —two-hole excitations. "
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