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Photoelectric-effect investigations with linearly polarized 1368-kev photons
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The spatial distribution of photoelectrons ejected from the E shell of gold atoms by linearly
polarized 1368-keV photons has been measured for photoelectron emission angles in the range
18 -82 . The experimental results are in good agreement with existing theoretical predictions
when the predictions are modified to allow for distortion produced by scattering of the photo-
electrons in the photoelectric target.

I. INTRODUCTION

Theoretical predictions of the angular distribu-
tion of photoelectrons ejected from the K shell of
atoms by linearly polarized photons are avail-
able. ' In recent years tmo groups have worked
independently and their results are in good agree-
ment. "At forward emission angles the photo-
electrons are predicted to be emitted predominant-
ly in the plane of polarization of the photons. This
tendency is less pronounced as the emission angle
increases, and for photon energies above a few
hundred keV, a crossover is expected to occur
and emission in a plane orthogonal to the polariza-
tion plane to be favored. The angle at which cross-
over occurs is expected to decrease with increase
of the photon energy.

There are technical difficulties in obtaining
suitable beams of linearly polarized photons and
only a few investigations of the spatial distribu-
tion of the photoelectrons have been reported. ' '
In these investigations the linearly polarized pho-
tons were obtained from either Compton scatter-
ing of "Co y rays or by an arrangement involving
annihilation radiation. The accuracy of the re-
sults mas limited owing to such factors as poor
energy resolution of the photon beam, poor energy
resolution of the detection system, and the low
degree of linear polarization of the photon beams.
It mas also difficult to correct for the large dis-
tortions which were produced by multiple scatter-
ing of the photoelectrons in the photoelectric target.
The results of different experiments have been in
conflict and, in all cases, the investigations mere
limited to photon energies well below 1 MeV.

This paper reports an experimental investigation
of the spatial distribution of photoelectrons ejected
from the Ã shell of gold atoms by linearly polar-

ized 1368-keV photons. The nuclear reaction
'~Mg(P, P'y)"Mg was used to supply an intense,
monoenergetic, highly polarized photon beam and
it mas possible to obtain data of good quality. At
this energy it was possible to make a realistic
correction of distortions produced by scattering
of the photoelectrons in the photoelectric target
and a detailed comparison betmeen the experimen-
tal results and the theoretical predictions mas
possible. A preliminary account of this work has
been given. "

H. EXPERIMENTAL

A. Source of the linearly polarized photons

Intense beams of linearly polarized photons are
often produced in (P, P'y) reactions. In the reac-
tion "Mg(p, p'y)"Mg resonances at proton energies
of 2.01 and 2.40 MeV, corresponding to compound
nuclear states of "Al with positive parity and
spins of & and —,', have often been used to produce
linearly polarized 1368-keV photon beams suitable
for the calibration of y-ray polarimeters. " "
These E2 y rays are produced in the deexcitation
of the 2+ first excited state of "Mg. Their linear
polarization is high because the outgoing inelas-
tically scattered protons are predominantly s
wave. " With a quantization axis along the incident
proton-beam direction only + —,

' magnetic sublevels
of the compound nuclear level of "Al can be occu-
pied and these leve1.s can only decay, via s-wave
proton emission, to the 0 and + 1 sublevels of the
1368-keV 2' state of "Mg. The angular distribu-
tion of the b m = 0 E2 component is such that no
y rays are emitted at 90' to the axis of quantiza-
tion. The Am=+ 1 E2 transitions emitted at 90
to the quantization axis give radiation completely
polarized in the plane of the incident proton and
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the emitted y rays. The &' and —,
"levels in "Al

can also decay to the 2' level of ' Mg via d-wave
proton emission and this allows the +2 sublevels
of the 2' state to be occupied. The subsequent
4m=+2 E2 transitions reduce the degree of linear
polarization of the y rays emitted at 90' to the
quantization axis."

The angular distribution W(8) of E2 y rays
emitted in a reaction can be written as

W(8) =1+a,P,(8)+a,P4(8),

where a, and a, are angular distribution coeffi-
cients and P,(8) and P, (8) are Legendre polynomi-
als.

The linear polarization of E2 y rays emitted at
90' to the proton-beam direction is given by'4

1.5a, +0.625a,
1 —0.5@2 +0.3V5a~

In this notation I' is expressed in the form I'
=(I, -I,)/(I, +I,), where I, is the intensity of the
photons with their electric vector in the plane
containing the incident proton, and the emitted
photon and I, is the intensity of the photons with
their electric vector orthogonal to this plane.

P(90') can be estimated from a measurement of
W(8).

In our experimental arrangement a 3.07-MeV
proton beam from the 4-MV Van de Gxaaff accel-
erator of the National Research Council of Canada
was incident on a magnesium target whose thick-
ness was greater than the range of the protons.
This arrangement has the advantage of exciting
several compound nuclear resonances simultan-
eously, and a considerable enhancement of the
photon intensity is achieved. A resonance at a
proton energy of 2.93 MeV contributes strongly
to the yield. The angular distribution of the y
rays was measured and the linear polarization P
of the photons emitted at 90' to the proton-beam
direction was found to be 0.71+ 0.03. The details
of this measurement have been reported. " The
number of y rays emitted per unit time at a mean-
emission angle of 90 was measured and compared
with the counting rate produced by the 1332-keV
photons of a "Co source of known activity placed
at the target position. The counting rate of the y
rays from the magnesium was, for a typical hearn
current of 100 pA, approximately the same as
would be produced by the 1332-keV photons of a
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FIG. 2. Gated spectrum obtained in one of the 8i(Li)
detectors. The spectrum was obtained for ~=45' and
with a 9.8-mg/cm2 gold-foil target.

30-mCi "Co source.
The statistical characteristics of polarized pho-

ton beams has been discussed. "'" On a statisti-
cal basis the quality of a polarized photon beam
varies as (I, +f,)I and, using this product as a
quality criterion, our experimental arrangement
was approximately seven times better than an
arrangement involving only the 2.40-MeV reso-
nance in the "Mg(P, P'y)24Mg reaction.

B. Measurement of the spatial distribution

of the photoelectrons

A diagram of the basic experimental arrangement
is shown in Fig. 1. The magnesium-target assem-
bly and the apparatus containing the photoelectric
target and detectors have been described previous-
ly.'" After being collimated by passing through
a &-in. -diam hole in a 2—,'-in. -deep tungsten-alloy
collimator, the photons emitted vertically down-
wards from the target assembly entered the evac-
uated apparatus containing the gold photoelectric
target. The gold target was about 6 in. below the
magnesium target.

Electrons ejected from the gold target were
detected by a pair of cooled 2-cm'-area Si(Li) de-

tectors mounted on copper bars which extended
outside the evacuated apparatus into a liquid-ni-
trogen container. The Si(Li) detectors were
mounted in, and perpendicular to, the plane of
polarization of the photons at equal angles with
respect to the central geometrical axis. Two
pairs of detectors were used: one pair had a de-
pletion depth of 5 mm and the other pair a deple-
tion depth of 3 mm. Both pairs could be moved
along the copper bars to allow measurements to be
made at different photoelectron emission angles.
All the detectors had an energy resolution (full
width at half-maximum) of about 15 keV for 1332-
keV photons at the high counting rates experienced
in the experiments.

Gold A x rays were detected in (—,'& 1)-in-diam
NaI(T1) detectors placed near the gold target. A
coincidence was required between a Si(Li) detector
and either of the NaI(Tl) detectors and was used to
gate the Si(Li) counter spectra which were re-
corded in multichannel analyzers. The electronic
arrangement was conventional. The coincidence
resolving times as defined by the time-to-pulse-
height converter and timing channel-analyzer com-
bination was about 200 nsec in each case. Spectra
from both the Si(Li) detectors were recorded si-
multaneously and a typical spectrum is shown in
Fig. 2. A considerable background due to random
events and unsuppressed Compton events was
present at low energies but clear photoelectron
peaks were obtained and, in this region of the
spectrum, random coincidences were negligible.

The ratio R(e) of the number o'f K-shell photo-
electrons ejected in the polarization plane to the
number emitted in a plane perpendicular to this
was measured for various values of the photoelec-
tron emission angle 8. At forward angles the gold
target was mounted normal to the incident photon
beam. However, at backward angles the target
was angled to this direction in order to minimize
the energy spread of the emitted photoelectrons and
to reduce complications produced by the multiple
scattering of the photoelectrons in the target. Two
measurements were made at each 6), the second

TABLE I. Measured values of R (8), theoretical predictions of R (0), and modified theoretical predictions of R (6)).

Emission angle of the
photoelectrons

(deg)
Gold target thickness Uncorrected theoretical Modified theoretical Measured value

(mg/cm2) value of R(e) value of R(0) of R(0)

18*5
24+6
32~9
45~5
66~ 7
82.+ 9

4.9
4 9
9.8
9.8
9.8
9.8

2.18
1.80
1.47
1.04
0.75
0.66

l.64
1.56
1.37
1.10
0.93
0.88

1.50+ 0.20
1.70+ 0.16
1.47+ 0.17
0.99 + 0.10
1.01+ 0.15
0.85 + 0.12
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measurement being made with the apparatus con-
taining the photoelectric target and the detectors
being rotated by 90', about a vertical axis, from
the orientation of the first measurement. This pro-
cedure cancels out false asymmetries which can
be produced if the two counting channels have dif-
ferent counting efficiencies. Typical beam currents
of 50-150 pA. allowed a measurement at a given
orientation to be completed in 4-10 h.

A systematic false asymmetry can still be pro-
duced if the photon beam is not symmetrically
distributed around the symmetry axis of the photo-
electric-target detector system. Detailed investi-
gations made with a "Co source deliberately dis-
placed from the symmetry axis of the system indi-
cated that false asymmetries, which could be pro-
duced by such geometrical misalignments, were
less than 5' in all cases.
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III. RESULTS

The experimental values of R(8) are given in
Table I. The uncertainties are statistical standard
deviations obtained after a subtraction has been
made for the background contributions to the photo-
electron peaks. As can be seen from Fig. 2 the
background subtractions were not very large. The
thickness of the gold target, and the angular
ranges subtended by the Si(Li) detectors at the
center of the gold target, are also given in Table I.

IV. ANALYSIS

A. Theoretical background

The theoretical predictions'4 describe the spa-
tial distribution of photoelectrons ejected frown

the K shell by linearly polarized photons with a
parameter C„(8). The differential cross section
for the K-shell photoelectrons in the case of pho-
tons with a linear polarization P is given by

o(8, P) =o(8)[1+C„(8)Pcos2$],

where a(8) is the differential cross section for
unpolarized photons. Theoretical predictions of
C„(8)are available for atoms with atomic numbers
from 1 to 100 and for photon energies ranging
from 1 keV to 100 MeV. ' The theoretical R(8) dis-
tribution can be obtained from these values and is
shown in Fig. 3 along with the measured R(8)
values. Although the experimental results agree
with the general trend of the theoretical predic-
tions in that they show photoelectrons emitted at
forward angles as being predominantly in the plane
of polarization and in that they support the exis-
tence of a crossover effect, they do differ signifi-
cantly from them. For example, the magnitudes
of the experimental R(8) values do not range as
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FIG. 3. Theoretical distribution R(~) and the mea-
sured values of B(~).

widely as the theoretical predictions and the cross-
over seems to occur at a larger emission angle
than predicted. However, two effects have not
been allowed for. The detectors subtend a range
of 8 and Q values and an averaging of the theoreti-
cal predictions has to be made. In addition, al-
though it was possible to use foil thickness which
allowed the distortions produced by plural and
multiple scattering of the photoelectrons in the
gold target to be less than in previous work, it is
still necessary to correct for distortions if a de-
tailed comparison between theory and experiment
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FIG. 4. Diagram of the geometry of the system.



536 LOGAN, JONES, L JUBICIC, DIXON, AND STORE Y

is to be realized. These corrections are discussed
in Sec. IV B.

B. Corrections to the theoretical predictions

In principle, corrections could be made to the
experimental data to allow a more realistic com-
parison with the theoretical predictions. In prac-
tice it is more convenient to modify the theoretical
predictions. This is done by averaging the pre-
dictions over the experimental angular range of
the emitted photoelectrons and by estimating how
the theoretical angular distribution would be modi-
fied by the scattering experienced by the photo-
electrons in the photoelectric target. The modi-
fied theoretical distribution can then be compared
with the experimental results. The calculations
involving the averaging over angular ranges, and
correcting for scattering distortions, were made
with the assistance of an IBM 360/65 computer.

The geometry of the system is shown in Fig. 4.
The linearly polarized photon beam is incident
along the y axis and the plane of polarization is
in the yz plane. The origin of the coordinate sys-
tem is at the center of the photoelectric target.
As photoelectrons produced at different depths
inside the target will undergo varying amounts of
scattering, the first step in the analysis was to
divide the target into a number of I-mg/cm' sec-
tions. The scattering distortions experienced by
photoelectrons produced at the center of each sec-
tion was calculated separately, and the final total
modified distribution was estimated by summing
the contributions from each section.

The number of photoelectrons produced per unit
time inside a section of the target and initially
directed towards a surface element of area dS& on
the geometrical sphere of radius R is given by

&q, = QnqW, q(n)dQ, . (6)

The analysis outlined above assumes that the
photoelectrons were produced along the central
geometrical axis of the target detector system.

2.4-

As has already been noted, the effective thickness
presented to a photoelectron will depend on where
it is produced but, in addition to this, it will also
depend on 8&. The combination of these two factors
leads to wide variations in the effective target
thickness presented to different photoelectrons
and different situations must be considered. If
the effective target thickness is small, plural-
scattering theories are applicable while at larger
thicknesses more scatterings will take place in-
side the target and multiple-scattering theories
are more suitable.

The effective target thickness was calculated for
each photoelectron path analyzed. The expected
number of scatterings it would experience was
calculated from the mell-known formula given by
Moliere. " If the expected number of scatterings
was less than 20, W, &(n) was taken from the plural-
scattering calculations of Keil, Zeitler, and Zinn. "
If the number of scatterings was more than 20 it
was assumed that W„(o.) could be taken from the
theory of Moliere. "

The number of photoelectrons N&„which are
emitted at (8&, Q&) and which are scattered towards
a detector of area S, can be found by summing re-
lation (5) over the index i,

n, =Ko(8)gq)de . (4)
2 2

The constant K includes such factors as the inci-
dent photon flux, the number of K-shell photoelec-
trons in the target section, and R, the radius of
the geometrical sphere of which dS& is a surface
element.

The number of photoelectrons which are scattered
inside the target through an angle n into a solid
angle d0& is given by

I.8
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N~) = n~Wq~(a) dQ), (5)
I.O

where dA, is part of the solid angle subtended by
a detector and W,~(c.) is the scattering distribution
which measures the probability of this scattering
occurring. W,~(n) depends on such parameters as
the electron energy, the atomic number of the
scattering medium, and on the effective target
thickness presented to a photoelectron. This latter
dependence leads to complications in our case.
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FIG. 5. Hand-drawn line through the modified &{~)
values and the measured values of B(~).
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This is a reasonable approximation if the target
area is small compared with the area of the de-
tector. However, this is not the situation in our
experimental arrangement. Our situation could
be simulated by making calculations for a variety
of positions of the photoelectric target but this
could be very time consuming. The most impor-
tant consequence of the finite target area is to
increase the ranges of the photoelectron emission
angles. In order to make some allowance for this
a calculation was made for a point source but it
was assumed that the areas of the detectors were
greater than their geometrical areas. The ranges
of 8 and Q were taken to correspond to the angular
ranges subtended by the diagonal of a rectangular
area being of such a length that its extremities
represented the angular ranges of the emitted
photoelectrons when an aj.lowance is made for both
the size of the photoelectric target and the area
of the Si(Li) detector.

By summing relation (6) over the index j it is
possible to obtain the number of photoelectrons
emitted from a section inside the target in all
possible directions which can give emission onto
the surface of a detector. Finally, when a summa-
tion is made to allow for the contributions from the
different 1-mg/cm' sections inside the target it
is possible to calculate the number of photoelec-
trons emitted onto the surface of each detector.

The range of validity of the Moliere theory is
expected to be limited to situations where the max-
imum value of the mean scattering angle a is less
than 20'. In our case photoelectrons are emitted
in all directions and some of them will have large
path lengths in the target; the value of n for these
paths will be above 20'. Nevertheless, in the
analysis a requirement was made that the maxi-
mum value of n be less than 22'. .Although this
value is near the upper limit of the validity of
the Moliere theory the choice was not arbitrary.
Calculations assuming different values for the
maximum value allowed for n gave converging re-
sults as the maximum value of n was increased.
In particular, the final results for maximum limits
on n ranging from 16'to 22', were in agreement
within 2%.

Although the estimates of the distortions pro-
duced by the scattering processes involve approxi-

mations, the intense photon beam available in our
experimental arrangement allowed relatively thin
photoelectric targets to be used and the distor-
tions were not too excessive. For example, the
mean value n for 1300-keV electrons incident
normal to a 7-mg/cm' gold foil is only about 14 .
Consequently, any uncertainties in the corrections
have a reduced effect on the uncertainties of the
final modif ied theoretical predictions.

The modified R(8) values are given in Table I.
Although the modified R(8}values were only calcu-
lated for the experimental configurations a hand-
drawn line through the v'alues is shown in Fig. 5.
The effects of the averaging procedure, and
of the scattering distortions, are to reduce the
magnitude of the R(8}values and to move the
crossover angle to a larger value of 8.

V. CONCLUSIONS

A new experimental technique has been developed
for investigating the spatial distribution of K-shell
photoelectrons ejected by linearly polarized pho-
tons. It has allowed new data to be obtained at a
photon energy of 1368 keV, a much higher energy
than any energies investigated previously. It was
also possible to make a realistic estimate of the
distortions produced by scattering of the photoelec-
trons in the photoelectric target. When existing
theoretical predictions are modified to make allow-
ances for the distortions produced by the scatter-
ing processes good agreement is obtained with
our experimental results. It is concluded that our
experimental results are in support of the validity
of the theoretical predictions.
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