Loss of polarization by a deuteron beam in hydrogen
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Measurements are reported of the loss of tensor polarization of a deuteron beam with energy between
60 and 370 keV passed through hydrogen gas at a pressure of 20 Torr. At one energy (229 keV)
the polarization has been measured for pressures between 1 and 20 Torr. Monte Carlo computer
calculations lead to polarization losses which are too high and, therefore, at low energies the
polarization of a beam transmitted by a gas must be determined experimentally.

1. INTRODUCTION

When polarized ion sources were developed for tan-
dem accelerators well over ten years ago, it was es-
tablished "’ that the beam polarization remains prac-
tically unaffected during charge transfers between fast
ions and a solid target, but in gaseous targets there
were polarization losses, especially at low energies. This
is due to the fact that the polarized particle spends some
time in the neutral state and, in the case of charge trans-
fers in gaseous, i.e., extended targets, this time is much
longer than in a solid, i.e., compact, target. The spin of
the polarized particle precesses in the magnetic field of
the electron coupled to it, and there is a resulting re-
duction in the initial polarization.

Despite this fact, gas targets are widely used, for
example, in the study of nuclear reactions with polarized
beams. Special depolarization measurements must how-
ever be carried out for such targets. Lindstrom et all??
have determined the polarization losses for a beam of
deuterons with Eq =160 keV in a thin helium target
(thickness AEd=1 keV) at pressures between 0.15 and
70 Torr, and have used an approximate method for
calculating the polarization losses.

The aim of the present research was to investigate
polarization losses for a beam of deuterons with energies
between 60 and 370 keV in a hydrogen target with thick-
ness AEd of the order of 40 keV.

2. EXPERIMENT

The experiments were carried out on a Cockroft-
Walton accelerator incorporating a source of polarized
deuterons (and protons). The tensor-polarization
analyzer was a solid tritium-zirconium target which
could be mounted at the center of the chamber filled
with the hydrogen gas at a distance of 9.4 cm from the
entrance alundum film. The latter could withstand a
pressure drop of not more than 25 Torr. Two photo-
multipliers with thin CsI (T1) phosphors were mounted
at 90° and 135° to the beam. These recorded a particles
from the H%d, a)n reaction. The tensor analyzing power
of this reaction at about 200 keV was investigated in
some detail in 131 If we use these results, we can deter-
mine the tensor polarization of the deuteron beam from
the counting rates in the two scintillation counters for
two orientations of the magnetic field in the source,
which fixes the direction of polarization of the deuterons.

To eliminate the effect of the vacuum conditions in
the source on the magnitude of the polarization, we car-
ried out measurements of background counts and intro-
duced the relevant corrections.

Since we are interested only in the relative values of
the tensor polarization T/To (To is the tensor polariza-
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tion of the beam entering the chamber and T is the
tensor polarization at the center of the chamber), the
polarization T obtained for the energy E{q at the cen-
ter of the gas-filled chamber was normalized to T,
measured in the same chamber with both the gas and

the alundum film removed. This was done at beam en-
ergy Ej=Eq+AE(, i.e. at the energy corresponding to
the entrance point into the gas. The thickness of the
alundum film and the energy spread AE{ in the hydrogen
gas were measured for different values of the energy Ed
at the center of the chamber in special calibrating exper-
iments, using the F'*(p, @¥)0'* (Ep=340.5 keV) and
Li'(p, ¥)Be® (Ep=441.2 keV) reactions in the same cham-
ber with and without the hydrogen gas.

Figure 1 shows the results of measurements of the
relative tensor polarization T/To of a deuteron beam
which has traversed a path of 9.4 cm in hydrogen at 20
Torr for different values of Eq between 60 and 370 keV.
Figure 2 shows the experimental data obtained at the
single energy Eé= 229 keV, but for different pressures
in the range between 1.05 and 20 Torr.

3. CALCULATION OF POLARIZATION LOSSES

In a sufficiently dense gas, the deuteron will fre-
quently capture and lose unpolarized electrons along its
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FIG. 1. Relative tensor polarization T/T of a deuteron beam travers-
ing a length of 9.4 cm in hydrogen at a hydrogen pressure of 20 Torr as
a function of the deuteron energy Egq at the end of the path: O—experi-
mental data obtained in this work, 1 —Monte-Carlo calculations, 2—Monte-
Carlo calculations with 0,, reduced by a factor of two as compared with
the value given in [*].
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FIG. 2. Relative tensor polari-
zation T/T, of the deuteron beam
which has traversed a path of 9.4
cm in hydrogen (initial energy
229 keV) as a function of pres-
sure p: O—experimental data ob-
tained in this work, curve—calcu-
lated.
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path. Let us consider a segment of the path, x,;, between
electron capture and electron loss events. The tensor
polarization at the end of this path is ”

T 4 z(nvoz,)

—=1——3sm o0

where v,=327.4 MHz is the fine splitting frequency of
the deuteron atom and vq is the deuteron velocity. The
segments xj have the distribution

(2)

and the segments yj which the deuteron traverses with-
out the electron have the distribution

Woi (T:) =NGos €XP (—NC01Z:),

(3)

where 0y, is the ionization cross section of the atom and
010 is the electron capture cross section of the ion. If
the beam traverses a distance [ in the gas, the mean
number of charge transfers is M =nl0‘100'01/(0'01+0m).

It is shown in ' that when I is small enough to ensure
that energy losses experienced by the beam in the gas
can be ignored, and sufficiently large to ensure that the
large-number rule can be used for M (M >4), the tensor
polarization is given by :

T (1 Zf‘)“,
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Calculations based on this equation are given in £z but,
instead of the cross sections 0y and 0p; for helium,
use was made of the data for air (curve 3 in Fig. 3).

In our case, when the energy losses amounted to up
to 60 keV, it was more convenient to employ a Monte-
Carlo computer calculation. The program incorporated
the energy dependence of the capture cross section 0y
and the ionization cross sections 0o;, taken from the
paper by Stier and Barnett,["] as well as the energy-
range relation given in 131 The program generates a
series of random segments x,, y1, Xz, V2, X3, ...,
satisfying the distributions (2) and (3), calculates the
mean deuteron velocity vq in these segments, and de-
termines the random change in the polarization T/To
(M =~100) by the successive application of (1). Repeated
application of this procedure yields the mean value of
T/To with sufficient accuracy. In addition, the program
generates the mean values of Eq and the mean charge
of the beam.

Figure 1 (curve 1) and Fig. 2 show the results of the
computations carried out on the BESM-6 computer for
the polarization losses in hydrogen under the conditions
of our ‘experiments. The results of calculations of the
deuteron polarization losses in helium over a path of
0.55 cm with Eq=160 keV for pressures between 1 and
100 Torr (i.e., under the experimental conditions pre-
vailing in '*)) are shown in Fig. 3 [curve 1—Monte-Carlo
calculations, curve 2— calculations based on (4)]. The
cross sections 0p; and 030 for hydrogen in helium were
taken from ',

4. DISCUSSION

If we compare our experimental data for hydrogen
and the data of Lindstrom et al.'>’ for helium with the re-
sults of the above calculations, we note that the com-
puted curves are in qualitative agreement with experi-
ment but predict in both cases a polarization loss which
is too high (especially at low energies).
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FIG. 3. Relative tensor polarization T/T, of the deuteron beam
which has traversed a path of 0.55 cm in helium (initial beam energy
160 keV) as a function of pressure p: O—experimental data from [?],
curve 1—Monte-Carlo calculations, curve 2—calculations based on (4)
carried out in this work, curve 3—calculations based on equation (4)
in [2] (using the cross sections for air instead of helium).

To obtain agreement between the calculated and ex-
perimental data, we attempted to take into account the
difference between the energy losses for neutral atoms
and positive ions. The result was a difference in the
spread in the final energy E{, but no effect on the po-
larization was obtained.

The difference between the calculated and measured
polarizations may be due to systematic experimental
errors in oo, and oy for hydrogen and helium in ',

It is important to note, however, that agreement between
the calculations and the measurements would require a
very substantial change in 0o, and (or) in o0y0, well out-
side the limits of experimental error quoted in 141 For
example, the assumption that 0,0 is in reality smaller
by a factor of two than the value given in '*! will produce
satisfactory agreement with experiment (curve 2 in Fig.
1) especially below 160 keV. This assumption is not in
conflict with, for example, the theoretical work of Jack-
son and Schiff,' which predicts a value for oy (Eg
=200 keV) which is lower by a factor of two than the re-
sult reported in 11, Our experiments do not, however,
enable us to conclude unambiguously which of the two
cross sections oy or oo; should be corrected.

Thus, our conclusion is that, when polarization ex-
periments with gas targets are carried out at low ener-
gies, it is essential to carry out polarization calibra-
tions in each case.

We are indebted to I. G. Ivanter, V. P. Smilga, and
M. I. Chibisov for useful discussions.

DThe relative vector polarization is P = Py[1—4/9 sin?(mwx, /vgq)].
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