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The linear polarization of bremsstrahlung from thin targets (~ 50 ug/cm?) of Al, Cu, Ag, and Au was
measured for incident electron energies of 50, 75, and 100 keV. The polarization was measured as a function
of photon energy at four emission angles (0 = 22.5°, 45°, 90°, and 135°). Data presented were obtained with
a Compton polarimeter having a large asymmetry ratio (from 35 to 150) and high resolution. The results
have been found to be in general agreement with the predictions of various bremsstrahlung calculations.

I. INTRODUCTION

Bremsstrahlung exhibits linear polarization.
Several calculations!™* of the polarization of elec-
tron bremsstrahlung have been carried out since
the original nonrelativistic theory of Sommerfeld®
was published. The most recent work is the rela-
tivistic calculation by Tseng and Pratt, 8 which
covers the incident electron energy range of 5 keV
to 1 MeV. Most calculations have been for single
electron interactions and must be compared to ex-
perimental results obtained using very thin targets.
Most measurements of linear polarization at low
energies have been made using relatively thick
targets.”"'® Furthermore, when thin targets were
employed, quantitative data were obtained only in
limited spectral regions because x-ray detectors
of relatively poor resolution were used, 1926

For bremsstrahlung, the linear polarization P is
defined by the expression

I(To, &y 6, Z) = 1,(Ty, &, 0, Z)
2N T0 o Yy u\£0y fvo Uy

P(To’k, 9, Z) I_L+I,| )
(1)

where I, is the bremsstrahlung intensity component
with polarization perpendicular to the reaction

plane (the plane containing the direction vectors of
both the incident electron and the photon), and I, is
the bremsstrahlung intensity component with polar-
ization parallel to the reaction plane. I, I, and,
therefore, P are functions of electron energy 7,
photon energy k, emission angle §, and target
atomic number Z.

This paper reports measurement of the linear
polarization of low-energy bremsstrahlung as a
function of % for (a) incident electron energies of
50, 75, and 100 keV, (b) emission angles of 22.5°,
45°, 90°, and 135°, and (c) target atomic numbers of
13, 29, 47, and 79. The measurements were ob-
tained using thin solid targets and a high-resolution
Compton polarimeter.

II. EXPERIMENTAL
Apparatus

Part of the experimental arrangement is shown
schematically in Fig. 1. The electron beam from
a 150-kV accelerator was momentum analyzed and
focused to a 5-mm-diam spot on target. The tar-
get chamber was a hollow right-circular cylinder
of Al, 15 cm long and 10 cm in diam, A 2, 54-cm-
high Be x-ray port 47 mg/cm? thick, subtended
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FIG. 1. Schematic drawing of bremsstrahlung target

chamber and Compton polarimeter.

265 ° of polar angle and allowed continuous selec-
tion of the bremsstrahlung emission angle from
+110° to ~155°, The chamber was electrically
isolated from ground to serve as a Faraday cup.
Beam current was 5 pA or less and was integrated
by a commercially available integrator.

The targets were Al (50+5 pg/cm?), Cu (52+5
pg/cm?), Ag (38+4 ug/cm?), and Au (38+4 ug/
cm?), They were prepared by vacuum deposition
onto parylene substrates between 5 and 10 ug/cm?
thick. Average target thickness was determined to
within 10% both by weighing and by fluorescent
x-ray analysis. To measure background, a pary-
lene substrate was bombarded by an amount of
charge equal to that of the corresponding signal
run,

The bremsstrahlung and characteristic x rays
from the target were collimated before entering
the polarimeter, which consisted of an amorphous
plastic scatterer and a Ge(Li) spectrometer. After
scattering in the plastic, the x rays were detected
by the Ge(Li) spectrometer positioned alternately
in the emission plane and the plane perpendicular
to the emission plane. This was done by rotating
the polarimeter about the collimator axis. The
scatterer was housed in an air-tight tubular cham-
ber with 0. 6-mg/cm? Mylar entrance and exit win-
dows. Helium was continually flowed through the
chamber to reduce attenuation of low-energy pho-
tons. Scatterer thicknesses of 0.6 and 1.0 cm and
defining collimator diams of 0.635 and 1.11 cm
were used to optimize the count rate, which ranged

from 3 to 200 per sec. The planar Ge(Li) spectrom-

eter had an active area of 0,90 cm? and a depletion
depth of 1.02 cm. Its resolution was 550 eV for the
59. 5-keV y ray from #!Am,

The characteristics of the polarimeter (efficiency,
asymmetry ratio, and energy response) were cal-
culated.?” Of particular importance is the asym-
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metry ratio R(%) since it determines the sensitivity
of the polarimeter to photon polarization and relates
the measured spectra to P. R(k) is given by

E(k p= §,¢=§~n)

R(k)= ek, y=3m,6=0) ’ @

where (%, ¥, ¢) is the efficiency of the polarimeter
for scattering and detecting a completely polarized
beam of monoenergetic photons with the detector at
a polar angle ¢ with respect to the beam direction,
and at an angle ¢ with respect to the plane of polar-
ization. It follows that

R(E)+1 N,(k)=N.(k)
R() -1 N,(B)+N.(r)

where N, (%) is the number of scattered photons de-
tected by the Ge(Li) spectrometer located in the
emission plane and N,(%) is the number of scattered
photons detected by the Ge(Li) spectrometer located
perpendicular to the emission plane. For the scat-
terer-spectrometer geometries used in the experi-
ment, R ranged from 35 to 150, depending upon
photon energy. The polarimeter energy resolution
is exhibited in Fig. 2 both by the widths of the more
intense L lines of Au and by the sharp cutoff at the
bremsstrahlung end-point energy.

Pr)=

) ®)

Data Analysis

Scattered spectra were recorded in a pulse-
height analyzer, stored on magnetic tape, and sub-

Escape peaks

L
Signal

BL Background

Counts-logarithmic scale

Channel No.

FIG. 2. Photograph of scattered spectrum showing
signal and background levels for Ty=50 keV, Z=79,
6=135°, and polarimeter positioned parallel to reaction
plane. Ordinate scale is logarithmic: each division is
approximately a factor of 10.
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sequently analyzed using a CDC 6600 digital com-
puter. Figure 2 shows a typical scattered-brems-
strahlung spectrum together with a background
spectrum measurement. The ordinate scale is
logarithmic to emphasize the low background level,
which was typically less than 4% of the signal level,
To obtain P from the measured data, the fol-
lowing corrections were applied: (a) The counts in
each channel were corrected for Compton scatter-
ing of photons out of the detector; (b) the counts
were corrected for the escape of Ge fluorescent
x rays from the detector using experimentally de-
termined escape-peak—-to—photopeak ratios; (c)
unpolarized characteristic lines from the target
were removed from the spectrum; (d) the counts
were corrected channel by channel for the shift in
energy due tothe Compton scattering in the polar-
imeter (this correction was nonlinear with photon
energy and resulted in a small distortion of spec-
trum shape); and (e) P(k/T,) for each Ty, 6, and Z
was determined according to Eq. (3) and fit with
polynomials of up to fourth order using a least-
squares technique.

Results

Experimental results were obtained for 48 com-
binations of Ty, 6, and Z. Typical polarization re-
sults shown in Figs. 3-5 are polynomial fits to the
corrected data. Table I lists the coefficients of
the polynomials which best fit each experiment,

Polarization

T, =100 keV
6 =45°

FIG. 3. Linear polarization plotted as a function of
relative photon energy 2/T, for Z=13, 29, 47, and 79.
Shaded regions indicate extrapolated results. The dashed
segments of the &/T, grid lines for Z=29, 47, and 79
indicate regions from which unpolarized characteristic
X rays were removed.

TABLE I. Coefficients of polynomial fits to experi-
mental data P(k/Ty) = a+b(k/Ty) +c(k/ Ty +dk/ Ty)°, where
k/Ty=photon energy relative to the incident electron
energy.

T, (keV) Z 6 (deg) a b c d
50 13 22.5 0. 0657 —0.525 0.595 ~0.866
50 13 45 0.0611 —-1.02 0. 0655
50 13 90 0.0376 —0.995 cee
50 13 135 —0.138 0.238 0.8175
50 29 22.5 —0.0178 0.0316 ~0.635
50 29 45 0.00919 —-0.805 0.012
50 29 90 —0.0127 —-0.795 .o
50 29 135 —0.0948 -0.0116 —0,465
50 47 22.5 =0.00337 —0.202 —0.0273
50 47 45 0.0192 —0.945 0. 239
50 47 90 —0.0947 -0.630 e
50 47 135 —=0.121 -0.111 -0.233
50 79 22.5 0.0122 -~0.415 e
50 79 45 —=0.102 —0.765 0.2473
50 79 90 -0.272 —0.384 e
50 79 135 ~0.0977 -~ 0.358 —0.0273
75 13 22.5 0.0604 —-0.421 —0.404
75 13 45 0.167 -1.31 0.253
75 13 90 0.141 -1.05
75 13 135 —0.0648 -~0.0029 —0.534
75 29 22.5 -—0.0141 -0.1275 —-0.544
75 29 45 0.153 -1.22 0.254
75 29 90 0. 0654 -0.970 .
75 29 135 —0.0799 0.124 -0.574
75 47 22.5 —0.00343 0.0140 -0.434
75 47 45 -0.102 -1.01 0.199
75 47 90 -0.0123 -0.780 .
75 47 135 -0.219 -0.338
75 79 22.5 =0.0102 -0.416
75 79 45 —0.00692 -1.07 0.419
75 79 90 -0.209 —0.488
75 79 135 -0.122 -0.221

100 13 22.5 0.115 -0.689 -0.170

100 13 45 0. 266 -~1.70 0. 547

100 13 90 0.136 —~1.06 ‘e

100 13 135 ~0.0746 0.178 -0.732

100 29 22.5 0.151 -0.711 0.413 -~0.595
100 29 45 0.214 -1.44 0.408 e
100 29 90 0.135 —0.967 ..

100 29 135 —0.0743 0.0682 —0.439

100 47 22.5 0.100 - 0.693 .

100 47 45 0.187 -1.53 0.628

100 47 90 0. 0983 —=0.924 e

100 47 135 —0.489 -0.230 ~0.139

100 79 22.5 0.0345 -0.577 s

100 79 45 0.0736 -1.32 0.576

100 79 90 —0.0274 -1.03 0.398

100 79 135 —0.0869 -~0.330 .

Experimental Error

Sources of error contributing to the experimen-
tally determined polarization are considered below.

a. Polarimeter asymmetry correction. The
asymmetry correction factor (R+1)/(R~1) ranged
between 1.01 and 1.06. A conservative estimate
of 25% for the uncertainty in R gave an error in
P<2%.

b. Counting statistics and polynomial fit. The
errors due to counting statistics and the goodness-
of-the-polynomial fit to the final data are both in-
corporated in the least-squares calculation. These
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FIG. 4. Linear polarization plotted as a function of
relative photon energy %/T, for T,=50, 75, and 100 keV.
Shaded regions indicate extrapolated results.

were less than 1% over most of the spectrum but
approached 15% at the end points for backward
angles, or where P~0 (near polarization cross-
over energy).

c. Target thickness. Incident electrons are
scattered and lose energy in passing through the
target. It is appropriate to consider these sources
of error separately.

The result of electron scattering is that the orig-
inal electron direction is changed, thereby averag-
ing the bremsstrahlung intensity over an angular
interval related to the mean angle of elastic elec-
tron scattering. For each target and electron
energy, this angle was obtained from the plural
scattering distribution of Keil ef al.?® For 100-keV
electrons on Al it was 1.5°, and for 50-keV elec-
trons on Au it was 3.8°. These angles are less
than the 7° or 10° angle subtended by the polar-
imeter. It was estimated that the polarization is
lowered by less than 0. 5% owing to this effect.
Therefore, no correction was made. Kulenkampff
and Zinn®* measured the effect of target thickness
on polarization, and their results suggest that a
systematic correction of as much as 2% could be
made to our results. Since it was not clear to
what extent their results apply to the present work,
no correction was made.

Energy losses were estimated using the Berger
and Seltzer?® energy-loss tables and were negligible
compared to the energy resolution of this experi-
ment,

d. Polarimeter geometry. The finite solid angle
subtended hy the polarimeter had the effect of
broadening the polarimeter energy response and of
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averaging polarization over a finite spread in emis-
sion angle A§, As seen in Fig, 2, the energy re-
sponse was sufficiently narrow to introduce negli-
gible error. The A§ in emission angle was 7° or
10° depending upon polarimeter geometry, and this
resulted in a lowering of polarization by as much
as 0.5%. This value was determined from the
angular dependence of polarization calculated by
Tseng and Pratt.® No correction was made.

e. Beam curvent integration. The current in-
tegrator was calibrated before and after each ex-
periment and was found to be precise to within
0.5%.

f. Fluovescence escape correction. Escape-
peak—-to-photopeak ratios for the Ge(Li) spectrom-
eter used in this experiment were measured and
were in excellent agreement with ratios for a
similar spectrometer.® For thin-target brems-
strahlung, the spectrum correction for the escape
of Ge x rays from the spectrometer is additive
above the Ge K absorption edge. and subtractive
below. At high photon energy (> 50 keV) the cor-
rection was negligible. Between 11 and 50 keV,
the correction was less than 3%. Below 11 keV it
ranged from 10 to 50%. The contribution to un-
certainty in P is a function of the product of the
correction and the correction uncertainty. The
largest contribution from this effect was +5% at
5 keV, where the correction was large and P small,

g. Correction for Compton scatteving out of the
detector. The magnitude of this correction was a
few percent or less in all cases and was determined

o
Polarization

TO =100 keV

® Tseng and Pratt

FIG. 5. Linear polarization plotted as a function of
relative photon energy %/T, for 6=22,5°, 45°, 90°, and
135°. Shaded regions indicate extrapolated results,
Error bars indicate uncertainty. Calculated results of
Tseng and Pratt (Ref. 6) are shown.
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from the experimental and calculated results of
Slivinsky and Smith®! for a similar detector geom-
etry. The uncertainty in the correction was as
large as 50% at low energies. However, since the
magnitude of the correction was typically < 2%, the
uncertainty in polarization for this effect ranged
from zero percent at high energies to <2% at a
few keV,

h. Total errvor. All of the above errors were
considered to be independent and were added in
quadrature. Typical uncertainty is indicated by
the size of the error bar on some of the data points.
The total error ranged from approximately + 2% to
as much as + 10% at spectrum endpoints for back-
ward angles.

III. DISCUSSION
k Dependence

Low-energy bremsstrahlung is predominantly
dipole radiation with the photon electric vector
lying in the direction of the electron acceleration
vector. When observed at right angles to the in-
cident electron beam direction, high-energy photons
(#/ Ty~ 1) are polarized parallel to the emission
plane (P <0), while low-energy photons are polarized
perpendicular to the emission plane (P>0). At
some intermediate photon energy the polarization
reverses from positive to negative. When the pho-
tons are observed at small forward angles (6~0)
or large backward angles (9 ~7), P should approach
zero over the entire spectrum.

0 ————— — T ————T
-0.1 4aZ=13 T0=100keV -
Present | & Z =29 T.=0.9
work | e Z =47 k/To =0.
-0.2¢- «Z=79 ]
-0.3F —
0.4 # -
c
]
R -0.5 ¢ .
: ~ {
o
& -0.61- . i -
-0.7F { A ¢ -
L]
| t I
.8l % { Gluckstern and Hu a
-0.9} -
[ I | S N S S S S O S T S R S E
0 20 40 60 80 100 120 140 160 180
Angle (deg)
FIG. 6. Linear polarization near the high-energy limit

of the spectrum, 2/T;=0.9, as a function of angle for
Tp=100 keV. Solid line indicates calculated results of
Gluckstern and Hull (Ref. 2).
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FIG. 7. Linear polarization as a function of angle
with parametric dependence upon photon energy %/7T.
Solid lines are calculated results of Tseng and Pratt (Ref.
6).

Motz has measured the bremsstrahlung polariza-
tion at an emission angle of 20° for 1-MeV elec-
trons incident on Al and Au targets and found the
polarization reversal to occur at &/ T,~0.4. This
was slightly lower than the 2/T,~0.5 predicted by
Gluckstern and Hull.? For the present work, the
reversal is predicted by Sommerfeld and by Gluck-
stern and Hull to occur in the range 0.1 s%/7T,
=0.2, Figures 3-5 show strong parallel polariza-
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tion over most of the photon-energy spectrum and
a reversal in the range 0.1 =%/T,=0. 15,

Z Dependence

In bremsstrahlung, the Coulomb field of the nucleus
sometimes alters the direction of the incident elec-
tron before the photon is emitted. This phenomenon,
called the Coulomb effect, ¥ results in a decrease
in observed polarization. This effect increases
with Z indicating that P should decrease with in-
creasing Z. As seen in Fig. 3, the most dramatic
dependence of P(k/T,) upon Z occurs at low photon
energy.

T, Dependence

The dependence of P(k/T,) on T, is illustrated in
Fig. 4. As T, increases, the magnitude of the
Coulomb effect diminishes, thus increasing both
the perpendicular and parallel polarization. Fur-
ther, as the electron becomes more relativistic,
the transverse component of acceleration is en-
hanced and causes I, to increase at the expense of
I,. The net result is a pronounced increase in
P(k/Ty~0) with increasing T,, and no observable
change in P(k/ Ty~ 1).

6 Dependence

For the low electron energies used in this work,
P(k/T,) is most negative in the range t7<8<3m.
As T, increases, this will occur at smaller angles
because of spin effects, 23

In Fig. 6 the present results for P(k/7,=0.9)
versus emission angle are compared to the theoret-
ical predictions of the Gluckstern—Hull calculation
(GH) for T,=100 keV. The GH values were taken
from Ref. 23 and do not account for screening.

The calculated polarization as a function of emis-
sion angle agrees qualitatively with experiment,
but is higher.

Comparison of present results to predictions of
Tseng and Pratt® have been made in the few cases
for which their results were available (Z=13 and
79, To=50, 75, and 100 keV). Two of these cases
are shown in Fig. 7. In general, reasonable
agreement was obtained for 7;=100 keV, but for
lower electron energies, the calculated polariza-
tion is consistently higher than experiment.

Haug® has calculated the polarization at the high-
energy limit of the spectrum (z/Ty=1) for T,=100

0 T T T T T T T T T T T
-0.1 s2=79
Present work ez =13
-0.2 Haug{ - H
T, =100 keV
-0.3 /1= i
0
3
X
5
K
Angle (deg)
FIG. 8. Linear polarization at the high~energy limit

of the spectrum, as a function of angle for T,=100 keV.
The dashed line connects points calculated by Haug for
Z=13. The solid lines were calculated by Haug for Z=4
and Z="179.

keV and Z=4, 13, and 79, assuming an unscreened
nucleus. Figure 8 shows Haug’s results to be in
reasonable agreement with experiment for Z="179.
For lower Z, the experimentally determined polar-
ization is less than predicted at 6= 22.5° and 135°,

Comparisons with predictions based on Sommer-
feld’s® theory, either directly as calculated by
Kirkpatrick and Wiedmann® or as relativistically
transformed by Kulenkampff et al., 3 were gener-
ally poor, since Sommerfeld did not include screen-
ing or relativistic effects.
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Direct Measurement of the Ratio between the Transfer Rates of Muons from up and pd
Atoms to Xenon in a Gaseous Target of Deuterated Hydrogen
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The ratio B between the transfer rates A, x. and A, x. of muons from up and nd muonic atoms to
xenon has been directly measured by stopping negative muons in a gaseous target containing deuterated
hydrogen and small xenon admixtures at a total pressure of 6 atm abs. and at 293 °K. The results were
obtained by analyzing the differential time distribution of the decay electrons coming from muons stopped
within the gaseous mixture. In this way one gets B =1.98 £0.12, which supports the dependence of the
transfer rates on the mass of the primary muonic atom within 6%. More precise values for A,, x. and A, x.
are also given, i.e., A,, x.=(4.53£0.15) X10"" sec™' and A, x.=(2.30+0.17) X 10" sec™". A lower limit
for the scattering cross section o of jud atoms against xenon is obtained, i.e., o > 10" cm?

I. INTRODUCTION

The atomic and molecular processes which nega-
tive muons undergo in hydrogen and deuterium were
widely investigated because of their close relation
iwith the muonic catalysis of nuclear reactions® and
with the nuclear capture of muons by protons?®? and
deuterons. *°

Among these phenomena, particular interest was
devoted to the study of the transfer reactions of
muons from pp and pd atoms to other elements
zY (Z being the atomic number),

D + Y =~ U Y +p (1)
pd + Y- p Y +d, (2)

which may occur at large rates if the hydrogen or
deuterium is contaminated by even a small amount
of ;Y.

A theoretical analysis of process (1) was carried

out by Gershtein. ® Quite generally, he found that
large rates are to be expected for reaction (1) due
to the existence of crossing points of the molecular
terms corresponding to charge exchange in the
(up + zY) system. More specifically, he showed
that approximate predictions of the algebraic form
of the rate A, y for reaction (1) can be obtained,
provided the kinetic energy T of the pp muonic
atom satisfies either one of the following conditions:

T «<0.12/(M?%2?) , (3)
T > 0,12/(M?%2?%) . 4)

The energies are given here in p-atomic units,
and M is roughly equal to the mass of the up muonic
system in units of the muon mass.

Experimental results on the rates of process (1)

‘for several ;Y elements were obtained by different

™12 confirming the large rates predicted

However, only a few measure-

techniques,
by Gershtein.
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FIG. 2. Photograph of scattered spectrum showing
signal and background levels for Ty=50 keV, Z=79,
6=135°, and polarimeter positioned parallel to reaction
plane. Ordinate scale is logarithmic: each division is
approximately a factor of 10.



