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A method of polarizing channeled deuterons by their passage through a monocrystal-
line nickel foil magnetized to saturation and subsequently through a region of weak mag-
netic field is described. A beam with tensor polarization P» = -0.32 + 0.010 is obtained.

As energetic ions travel through a monocrys-
talline so1.id in certain crystallographic direc-
tions, the regular arrangement of the lattice at-
oms can guide them through the spaces between
planes (planar channeling) or along channels
formed by parallel rows of atoms (axial channel-
ing). The impact parameters of successive col-
lisions then become correlated so their distribu-
tion is not random, as it is for ions penetrating
through amorphous solids. The experimental and
theoretical studies of some of the resulting atom-
ic and nuclear processes (e.g. , ion ranges, ener-
gy losses, radiation damage, and nuclear reac-
tions) have been reviewed recently. '

For the case of energetic light ions (Z =1 or 2)
impinging on metal monocrystals with energies
ranging from 0.1 to 4.0 MeV, earlier work at
this laboratory showed the influence of channel-
ing effects on the yields of secondary particles, '
on the energy loss, ' and on charge-transfer pro-
cesses. ' It was observed that the energy losses
and the secondary-particle yields' were smaller
in directions in which the lattice was more trans-
parent. It was also observed that ions travers-
ing and escaping through regions of lower elec-
tron density (e.g. , in the center of an axial chan-
nel) have a lower probability of capturing or los-
ing electrons than do those traveling at random
in the crystal.

These findings led to the present search for

polarization of well-channeled deuterons. The
main requisite in preparing polarized deuterons
is to populate some of the six components of the
hyperfine states of the deuterium atom preferen-
tially (three for each of the two magnetic quantum
numbers). The technique investigated here is to
direct the incident deuterons accurately in one of
the channeling directions of a monocrystalline
nickel foil magnetized to saturation; in an appro-
priate energy range the deuterons would capture
polarized electrons (e.g. , from the 3d states in
Ni). These electrons have only one of the two
possible spin orientations, since the spin direc-
tions point preferentially along the magnetic field
lines, and three of the six hyperfine states will
not be populated. The resulting polarized deu-
terium atoms emerging from the magnetized
monocrystalline foil then travel through a weak
uniform magnetic field for a sufficiently long
time that part of the electron polarization is
transferred to the deuteron by hyperfine interac-
tion. Here "sufficiently long" means that the
transit time is much longer than the period of
Larmor precession of the nuclear magnetic mo-
ment. Since the populations of the three remain-
ing hyperfine states are different in weak mag-
netic fields, a polarization of the deuteron can
be expected. After passing through the weak
magnetic field region the tensor polarization of
the well-channeled deuterium atoms (now polar-
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ized in electron spin and nuclear spin) can be
determined by measuring the angular distribu-
tion of the e particles emitted in the reaction
T(d, n) He', .

An essential feature of the polarization method
described here is that only well-channeled deu-
terium atoms emerging from a monocrystalline
foil are detected. This restriction has three im-
portant consequences. (1) For atoms that emerge
from the foil well channeled, the axis of polari-
zation will remain relatively unperturbed with
respect to the direction of the emergent beam
and the direction of magnetization. (2) The
emergent beam is strongly concentrated in the
direction of the channel axis (i.e., the deuteron
flux per unit solid angle is greatly increased).
(3) For monocrystalline ferromagnetic foils with
thickness 1 p, , a single magnetic domain is
very likely to extend through the thickness of the
film so that very weak external magnetic fields
are sufficient to magnetize the foil to saturation.
For nickel monocrystals the ease of magnetiza-
tion decreases in the order [111])[110]) [100].

In our experiments, in which the direction of
magnetization was parallel to one of the [111]
axes in the plane of the nickel foil, saturation
magnetization is reached at fields of approxi-
mately 30 G.' A mass-analyzed, highly colli-
mated D' ion beam with a half angle of 0.01' was
incident on a, Ni(100) foil (magnetized to satura-
tion) within 0.1 of a [110] direction (i.e., well
within the critical acceptance angle of -1.6'-1.8').
Two different monocrystalline Ni(110) foils were
used, their thicknesses being approximately 1.24
and 2.21 p. Over an area four times that struck
by the beam each foil thickness varied less than
3%. The structural quality of the foils was checked
by Laue diagrams taken in back reflection and in
transmission. The mosaic spread across the tar-
get area used was approximately 0.20' for both
crystals. Two polycrystalline nickel foils with
thicknesses of approximately 1.14 and 1.87 p.

were also used to test a method of particle polar-
ization proposed by Zavoiskii. 6

Both monocrystalline and polycrystalline Ni
foils were at first magnetized to saturation dur-
ing the same run with high external magnetic
fields of approximately 12 kG (higher than neces-
sary}. Subsequently the targets were mounted in
a holder inside the vacuum chamber on a goniom-
eter which permitted precision lateral motions
along three orthogonal axes and rotation about
two orthogonal axes. Inside the target holder the
foils were kept in a magnetic field (approximate-

DETECTOR I

DETECTOR 2

DO

Ni (IIO} F

DETECTOR 5

T —Ti TARGET

WEAK 8 FIELD,
E DEFLECTING FIELD

FIG. l. Schematic diagram of experimental arrange-
ment.

ly 160 G) parallel to the original magnetization
direction (e.g. , in the case of the monocrystal-
line foils parallel to one of the [111]directions in
the plane of the foil). This was thought to pre-
vent a possible demagnetization of the foils, in
case of a mechanical or thermal shock. The tar-
get holder was magnetically shielded to reduce
the fringing field extending away from the region
of the foil.

As shown in Fig. 1, the atoms emerging from
the foil were first passed through an aperture of
half-angle -0.15 at a scattering angle of 0'+0.1'
with respect to the incident beam direction. They
then spent (1-2)x 10 ' sec in traversing a homo-
geneous magnetic field of -10 G which can be di-
rected along either the ws or the +y axis (i.e. ,
either parallel or perpendicular to the direction
of magnetization of the foil) by energizing one or
the other of a pair of electromagnets. The charged
atoms were deflected out of the beam by applying
appropriate potentials to the insulated pole piec-
es, while the neutral atoms passed through the
second collimator system (half-angle of accep-
tance =0.15 ) and struck either a movable sur-
face-barrier solid-state detector (to determine
the energy spectrum in the emergent beam) or
the T-Ti target (to determine the polarization).

Whenever the incident beam was parallel within
0.3' to the [110]axis in the monocrystalline Ni

foil, the energy spectrum of the emergent beam
(for both the total beam or the neutral fraction)
consisted of two well-separated peaks'; the mean
energy E of the lower one corresponded to the
normal energy loss observed for polycrystalline
targets of the same material and the same thick-
ness, while the mean energy R,z of the high-en-
ergy peak reflects the reduced loss rate for chan-
neled particles. The mean energy loss (dZ/dx), „
for deuterons traversing the [110]axial channel
in Ni had approximately half the loss (dE/dr)„ for
nonchanneled particles undergoing random col-
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Pzz =1-3No (2)

For the present case of axial symmetry, the re-
maining five elements of the symmetric tensor
(trace zero) are P =P~=-&(1-3N,) andP~=P~
=Pg~=0, with P~+P~+P,~ =0. From Eq. (2) it
follows that P can vary between -2 and+1, and
from Eq. (1) it follows that the largest effect can
be measured at center-of-mass angles y =0' and

p =90'. For emerging deuterons in the energy
range used in our experiments (100 keV ~E,„

lisions (for the E„range 80-150 keV). If the in-
cident beam direction was within 0.1' parallel to
the [110]axial channel, approximately 93'%%uo of the
emergent particles that passed through the col-
limating system had mean energies E,h, while
the remaining 7'%%uo had mean energies E„.

To avoid detection of this small residue of ran-
domly scattered atoms, the incident-ion energy
was so chosen that E,„was in the range 100-130
keV and E was only a few keV. The latter is
well below the threshold for the reaction T(d, ,
n)He, which has a peak cross section of 5 b at
the J= 2' resonance in He' at Ed =107 keV; so the
nonchanneled particles with mean energy E do
not influence the angular distribution of the alpha
particles emitted in the reaction T(d, n)He .

The analyzing power of the reaction can be cal-
culated" on the assumption that the reaction oc-
curs exclusively through the reaction channel
with l =0 and J= &'. Because the orbital angular
momentum of the s-wave deuteron is zero the
reaction cross section is axially symmetric
about the polarization axis. Then for a determin-
ation of the angular distribution of the a or n
particle emitted in the reaction, the relevant
angle is then the center-of-mass angle y between
the outgoing particle (o. or n) and the polarization
axis. Under the assumption of a pure s-wave
resonance, the cross section is then given by

o(|p) = a,[1-&(3 cos'y-l)P„],
where a', is the isotropic unpolarized cross sec-
tion and P is one element of a second-rank
tensor (representing the expectation values of
the Cartesian spin operator) if the +z axis of
polarization; P is sufficient to determine the
tensor polarization since the deuteron is a spin-
1 particle. Since the spin system is symmetric
about the polarization axis, the polarization state
can be described by the fractional populations N „
No, and N of deuterons with spin projections 1,
0, and -1. The tensor polarization P, is related
to the fractional population N, by

( 150 keV) the analyzing power is found to be in-
dependent of deuteron energy.

For the case in which the polarization was in
the ~z direction (Fig. 1), solid-state counters 1,
2, and 3 detected the n particles emitted in such
c.m. directions that y, =7', @,=90', and y, =90 .
For an additional test, the polarization axis was
reoriented by applying the weak magnetic field in
the ~y direction. For this case, the c.m. angles
were cp, =90', y, =82', and cp, =7'. From Eq. (1)
one sees that P or P~ can be determined from
the ratio

vghere 0~ and o„are the differential cross sec-
tions for polarized and unpolarized deuterons and

X~ and &, are the corresponding counting rates.
The ratio K,(y&)/K„(p, ) was determined by bom-
barding the T-Ti target with a collimated, un-
polarized primary-deuteron beam with mean en-
ergies ranging from 100 to 150 keV. At a given
energy and for a given set of angles y, and p„
the sequence of measurements was two unpolar-
ized runs, three polarized, and again two unpo. -
larized. For polarization in the +s direction 8„„
was found to be +1.260+0.010 when using detec-
tors 1 and 2, and +1.258+.0.010 for detectors 2
and 3; for the +y direction, R„,=+0.787 + 0.011
and+0. 852+0.010 for detectors 1 and 3, and 2
and 3, respectively. From Eq. (2), our value of
P, (or P~) was -0.32+0.01 in each case. The
value -3 would correspond to a fractional occu-
pationN, =4/9; for P,i (or P~) =0, i.e., for N,
=N, =N, the value of N, would be -3/9.

For comparison, the tensor polarization I'
was found to be -0.245 and -0.26 + 0.02 by two
groups'" using the atomic-beam method with
separation in a strong quadrupole field, and
-0.23 and -0.2 by groups"" using the 2Sy/I
metastable state of deuterium.

To test Zavoiskii's proposal' for polarizing
deuterons, we passed deuterons through polycrys-
talline foils magnetized to saturation and observed
P = -0.002 + 0.010 for the 1.14-p-thick foil and
P„=+0.003 +0.010 for the 1.87- p, -thick foil.
These results indicate no significant tensor po-
larization (i.e. , P, =0) and support some of the
criticism" of the proposal.

It appears that the method of polarizing chan-
neled particles will permit the development of a
relatively inexpensive source of polarized ions. "
Since we obtained 500 nA/cm' of channeled deu-
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terium atoms with nuclear spin polarization (with-
out a significant lattice damage for approximate-
ly 25 h of operating time), it appears feasible to
obtain approximately 10-20 nA/cm' of polarized
negative ions (by passing the beam through a sec-
ond thin monocrystalline film). These intensities
can probably be increased significantly by cooling
the films, by somewhat relaxing the present re-
quirements of strong collimation of the emergent
beam (without a significant decrease in beam po-
larization, and by using films whose thicknesses
are optimal for the deuteron velocity ranges used.

The method of polarizing channeled deuterons
should work well also for other particles (e.g. ,
protons, tritons, He', etc. ) and for monocrystal-
line targets of other ferromagnetic and paramag-
netic materials (e.g. , Gd, Tb, Dy, Ho). Further-
more, highly textured, thin rolled foils of such
magnetizable material may provide polarizing
targets at even lower costs.
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The suppression of drift instabilities in a magnetoplasma having high electron temper-
ature is obtained by avoiding transverse temperature gradients.

Recent methods of suppression of drift insta-
bilities make use of a constraint external to the
plasma provided by ac fields coupled to the plas-
ma by various techniques. " The suppression,
obtained for a particular value of frequency or

phase of the stabilizing field, has not yet led to a
clear understanding of the phenomena involved in
the process of stabilization. The suppression of
the low-frequency drift instabilities is obtained,
with the stabilization method reported in this Let-


