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The technique of spin exchange between laser optically pumped alkali-metal vapor and 3He can

provide several atm cm >

(=~10%' atoms in a volume of 6 cm?) of nearly 100% polarized *He. We

have recently produced 40% polarization of 10% atoms of *He (3 atm in 1.3 cm®). It should there-
fore be possible to produce useful polarized *He targets by this technique. The realization of a
practical target is limited by the contribution to depolarization by ionization during bombard-
ment. This has been studied with a 360-nA, 18-MeV a-particle beam with encouraging results. A
*He target with 50-90 % polarization and a thickness of 10?° atoms cm 2 is feasible. This paper
presents the principles of the technique, the recent progress on spin exchange with optically
pumped alkali-metal vapor, and studies of ionization-induced depolarization.

I. INTRODUCTION

Polarized *He of density (=~ 10?! atomscm~3) and po-
larization (50-90 %) sufficient for a nuclear target can
be produced by spin exchange with optically pumped Rb
or K. Such a target has several exciting new applica-
tions including investigations of the quasielastic and A
regions in polarized electron scattering and measurement
of the electric form factor of the neutron,? study of nu-
clear parity violation®* in *He and '°Ne, and polariza-
tion and polarimetry of neutrons with energies® up to 10
eV for sensitive tests of parity and time reversal invari-
ance in resonant neutron capture.®’ Since spin exchange
is mediated by the hyperfine interaction of the alkali-
metal electron with the *He nucleus during the 10725
binary collision time, it is a very weak process. Careful-
ly chosen target-cell wall materials and a high density of
alkali-metal atoms are needed in order that the He po-
larization rate be much greater than the wall relaxation
rates. Contribution to relaxation of polarization due to
ionization produced during bombardment must also be
minimized.

We have studied the spin-exchange process, optical
pumping of a high-density alkali vapor, and relaxation
mechanisms. A polarized *He target has been construct-
ed to study relaxation during bombardment with a 22-
MeV a-particle beam. The results indicate that the tar-
get is practical for the electron scattering, parity viola-
tion, and polarized neutron studies. In this paper we
present the results of these studies.

II. PRINCIPLES OF SPIN EXCHANGE

Polarization of 3He follows from spin exchange due to
the hyperfine interaction during binary collisions with
electron-spin polarized alkali-metal atoms.’~!° In this
paper, spin exchange with Rb and K is discussed. For a
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completely polarized alkali-metal vapor [p,(+1)=1

where p ,(£7) is the occupation probability of +1 state
of the alkali metal] the spin-exchange rate per atom of

He in the my = —1 state is

yse={osew)[4], (1)

where (ogpv ) is the velocity-averaged rate constant, and
[A4] is the alkali-metal number density. The rate con-
stant has been measured for the *He-Rb system and
given in Table 1.

The rate equation governing the evolution of *He po-
larization is

r r
S s a(3) |pl=3)— | S +rsepa(—1) |p(+1)

4
=p+h ., @

where p(+1) are the occupation probabilities for the
mK:i% states in SHe, and [ is the relaxation rate for
the *He polarization in the absence of alkali-metal vapor.

The time evolution of the 3He polarization,
Py=p(+1)—p(—1), is given by
VseP 4 —(ygp+ D
=——"(l—e "SET ) (3)
T oyse+T

where P,=p,(+1)—p,(—31) is the alkali-metal
vapor’s average polarization. The prescription for high
polarization is clearly ygg>>I and P, ,~1. We are
currently able to polarize a density of [Rb]=10" ¢m—3
in 1 cm’ with Pgy~1. In this case ysg=1/(2 h). For a
spherical cell of aluminosilicate glass, I'=1/(40 h), and
an equilibrium polarization of 95% is expected.

The density and volume or equivalently the total num-
ber of *He atoms in the target are limited. The density
is limited by two considerations: the pressure broaden-
ing of the D1 and D2 absorption lines in the alkali metal
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TABLE I. Relevant constants for *He polarization.

K Rb
D1 wavelength 780 nm 795 nm
D2 wavelength 766.5 nm 770 nm
Av (D1-D2) 1780 GHz 7330 GHz

<O'SEU ) (A-JHC)
(USDU ) (A-A)

1.8x10°1 cm’s™!

1.2x107" cm?s™!

7.8x107" cm’s™!

and the relaxation of the alkali-metal electron spin due
to spin exchange with *He. The target volume is limited
by the laser power available to keep the alkali-metal
atoms polarized in the presence of relaxation. Pressure
broadening and the limitations of laser power are dis-
cussed in more detail below.

III. LASER OPTICAL PUMPING OF HIGH-DENSITY
ALKALI-METAL VAPOR

The principle of optical pumping is illustrated in Fig.
1 for an alkali metal, e.g., K or Rb for which j =1 in the
ground state. In Fig. 1, the nuclear spin is neglected and
the relevant states are the s,,, and p,,, states each with
two magnetic substates m; ==+1. The nuclear spin in-
troduces hyperfine splitting of 462 and 3036 MHz, re-
spectively, for ¥K and ¥Rb. For our experiments, the
laser linewidth far exceeds this splitting. Incident, circu-
larly polarized light with magnetic projection +1(o )
can only be absorbed by the s, state with m;=—1.
This populates the p,,, sublevel with m =+ 1 which de-
cays to either sublevel of the ground state. In the ab-
sence of buffer-gas collisions which mix the two p; ,, lev-
els, the relative decay rates of the p,,, state with
m =+ are given by the Clebsch-Gordon coefficients, 2
and 1 as shown. However in a practical target, buffer-
gas collisions randomize the p states and the relative de-
cay rates to each sublevel of the ground state are +. As
a result, two circularly polarized photons must be ab-
sorbed in order that a single unit of angular momentum
is transferred to the atom. Furthermore, the p,,, states
decay not only radiatively, but also nonradiatively
through collisions with the buffer gas, specifically N,.

ollisional
////Cmixing\\\\
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1
|
1
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z | z
1
]
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1/2
1 radiative !
Mmg=-7% decays Mmg=+73
FIG. 1. Illustration of optical pumping with the nuclear

spin neglected. The wavy lines correspond to no buffer gas and
the dashed lines correspond to the presence of buffer gas.

As we shall discuss later, the radiative decay rates must
be negligible compared to the nonradiative quenching
rates.

An atom in the state m;=+1 cannot absorb a o,
photon. Therefore as the vapor is optically pumped and
the polarization grows, the vapor becomes transparent to
the incident light."! The scattering length of the in-
cident, right circularly polarized (o ) light of frequency
v is given by

k'l(v)=2[A]aabs(v)pA(—~%) , (4)

where o, is the cross section for scattering of unpolar-
ized light, which depends on the total pressure in the
cell and is about 10~'* cm? for this work. For
[A]=10" cm~3, A is very short compared to 1 cm, the
target dimension, unless the vapor is nearly polarized
(i.e., P4 >99.9%).

Within the high-density vapor the alkali-metal polar-
ization is destroyed, predominantly by collisions with
other alkali-metal atoms:'%!?

At+Art—Ar+ AL . (5)

This is probably due to a spin-spin interaction. The rate
constants for spin destruction have been measured by
Knize'® and are given in Table I. In terms of this rate
constant, the alkali-metal polarization relaxation rate is
written

Csp=(ospv)[4]. (6)
The rate equation is

IﬂSD

T +7/opt

d

Here y, is the photon scattering rate per alkali-metal
atom for an unpolarized vapor:

Yopr= | @0 ps(v)dv (8)

where ®(v) is the incident, circularly polarized photon
flux (photons per unit area per unit time per unit fre-
quency interval). The rate equation (7) has the equilibri-
um solution

—_ Yot )
Yopt+ 'sp

The alkali-metal polarization will be nearly 100% as
long as ¥ op >>Tsp.
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The flux ®(v) and vy, for each alkali-metal atom de-
pends on its position in the target because the incident,
circularly polarized photons are scattered. The position
dependence of ®(v) is given by

d -
- J edv=— [ 1oy
=—[4]lspP, , (10)

where x is the position in the cell along the direction of
incidence. As long as y ., >>T'gp the integrated flux and
Yopt decrease linearly with x. At depths where the flux
has decreased so that I'gp can no longer be neglected,
®(v) and v oy, will decrease exponentially with x and the
alkali-metal polarization will rapidly fall to zero. The
target can therefore be considered as two volumes, one
in which the alkali-metal polarization is nearly 100%
and the other in which it is nearly 0. The average polar-
ization is the ratio of the 100% polarized volume
(V100 ) to the total volume. V,y, depends only on the
laser power and the alkali-metal density:

P
,;L:] =Tspl 41V 1009
and (11)
Plota]
hv
V1009 =

<USDU>[A]2 ’

where P, is the total laser power absorbed by the
alkali-metal vapor in the target volume. Equation (11)
predicts that 0.2 W/cm?® of laser power be absorbed by
the alkali-metal vapor for full Rb polarization at
[Rb]=10" cm™3. In the investigations described below,
we have studied the laser power dependence of Vg,
and the *He polarization rate and find reasonable agree-
ment with this prediction.

The additional contribution to the spin destruction of
the alkali metal can arise from interaction with the He
and N,. At [Rb]=10" cm~? the spin destruction due to
Rb-Rb spin destruction is equal to that for Rb->He spin
exchange when the *He pressure is 300 atm. The effect
of about 100 Torr of N, appears to be negligible as indi-
cated by Knize’s work.'> More detailed investigations
are now underway. The total density of *He in the tar-
get is also limited by pressure broadening of the D1 and
D2 resonance lines which overlap at about 100 atm for
K and 400 atm for Rb. Pressures of 30 atm and
[*He]=10?! cm ™3 are therefore possible.

The phenomenon of radiation trapping can also limit
effective optical pumping at high density. Radiation
trapping is due to the radiative decay of the p,,, state,
i.e., the scattering of the incident light which introduces
unpolarized photons into the vapor. These unpolarized
photons have a short scattering length, can be trapped
within the vapor and will depolarize the alkali-metal
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atoms as they scatter. This can be accounted for by
adding a decay term to the rate equation (7), and Egs.
(9)-(11) would be modified by replacing [gp with
(Fsp+ay ) where a is the ratio of unpolarized to po-
larized photons incident on each alkali-metal atom. As
a consequence, if ay,, were not small relative to I'gp
the vapor would not be polarized, the incident flux
would fall off exponentially and the polarized atoms
would be confined to a thin layer with thickness of order
A near the input wall. For the number densities ap-
propriate to this work, ¥y would be independent of
incident laser power and much less than 1 cm®. This
problem has been eliminated by insuring that the in-
cident photons do not scatter, i.e., the p,,, state is non-
radiatively quenched. Nonradiative quenching is
effectively achieved with a modest pressure of N,. Mea-
surements by Hrycyshyn and Krause'* indicate that the
radiative and nonradiative quenching are equal at N,
pressure of 3 Torr. In the investigations described
below, 60-150 Torr of N, have been used and effective
optical pumping has been achieved with no evidence of
radiation trapping. This is shown by the observed
dependence of the polarization rate on laser power. The
possibility that less than 60 Torr of N, can effectively
quench the p, ,, states is under investigation.

IV. RESULTS OF RECENT EXPERIMENTS

We have produced 40% polarization of *He in a 1.3
cm® volume at a density of 10 cm~3 by spin exchange
with Rb. The spin-exchange rate constant® for Rb->He
and the spin-destruction rate constants'® have recently
been measured. The dependence of *He polarization on
laser power and alkali-metal density has been investiga-
ted and corroborates the expressions of Egs. (3) and (11).
The *He nuclear spin relaxation rate is affected by the
choice of cell wall materials used, and aluminosilicate
glass shows I' < 1/(40 h). In this section, we describe
these studies and the results.

The laser system used for this work consists of a Kr+
ion laser which pumps a broadband standing-wave dye
laser. The dye is LD700 which produces 2.0 W at 770
nm and 1.0 W at 795 nm, the D1 resonance wave-
lengths, respectively, of K and Rb. The multimode laser
line width is specified as 40 GHz. The alkali-metal ab-
sorption linewidth is dominated by pressure broadening
of the p,,, states which is 18 GHz/atm for Rb-He."> In
our initial investigations, at total pressures of about 1
atm, less than the total incident laser power is absorbed
by the cell. In more recent investigations, 3.5 atm sam-
ples are used which allowed greater efficiency for absorp-
tion of the laser power.

The *He is contained in a 1.5-cm diameter spherical
glass cell. The cells are prepared by cleaning with water
and methanol and evacuating to < 10~ Torr while bak-
ing at 400 °C for at least 8 h. The alkali metal is then in-
troduced into the cells by distillation with a flame.
Varying pressures of *He and N, are mixed in the cell,
and the cell is then pulled off forming a fused glass seal.
For cells with total pressure greater than 1 atm at 300
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FIG. 2. NMR-AFP polarimeter. B, corresponds to B, and
B, to B,.

K, the pull-off procedure is executed at 77 K. Both
borosilicate (Pyrex) and aluminosilicate (Corning 1720)
glasses are used.

3He polarization is measured with a NMR adiabatic-
fast-passage'® (AFP) polarimeter as illustrated in Fig. 2.
The 3He nuclei are polarized along the z axis. An oscil-
lating magnetic field [2B, cos(wt)] is applied, typically
10-mG amplitude at 120 kHz. As the static field B, is
swept from below resonance to above and back down the
nuclear magnetization follows the net field in the rotat-
ing frame: B ,=(B,—w/y)z+B,X%, i.e., it flips from
parallel to opposite B, and back. The sweep rate,
dB, /dt is sufficiently slow to satisfy the adiabatic condi-
tion. During the process of flipping, the magnetization
is precessing in the lab frame at the rate o =27y |B, |.
The precessing magnetization induces a voltage in the
pick-up coils oriented along the y axis,

Vo=wo®Q, Vi=wdQ , (12)
where @ is the flux through the pick-up coil’s N turns
and the coil forms part of a tuned circuit with quality
factor Q. @ can be accurately calculated for our
geometry as the flux due to a uniformly magnetized
sphere. The magnetization is [*He] Pyu;. In the regime
of power broadening (B, dominates the inhomogeneity
of B, across the cell) the AFP line shape as a function of
AB =B, —w/v is given by

(K> (arb. units)

AB (G)

FIG. 3. A series of four NMR-AFP flips.

V(AB)=V, P (13)

(BBI=VYo apr B/

The result of a series of four flips is shown in Fig. 3.
This technique is particularly useful because it is nondes-
tructive, i.e., the polarization can be probed and re-
turned to its initial condition. This allows us to monitor
the buildup and decay of polarization over several hours
as illustrated by Fig. 4.

The *He polarization can be determined by fitting the
line shape to the form of equation (13) and extracting
P,. The measurement is calibrated by measuring AFP
signals from an identical cell filled with distilled H,O
where the density and polarization are known. The
maximum observed *He polarization observed so far in
our experiments is 40% after about 5-h pumping with
Rb of density 6 10'* cm ™3 in a Pyrex cell.

The spin exchange rate y g is determined by pumping
the vapor for several hours and then monitoring the de-
cay of polarization with the laser off. As shown in Eq.
(2), the decay of *He polarization with P, =0 is

(Kz) (arb. units)

1 J 1 l 1 l 1

t(h)

FIG. 4. The buildup of *He polarization over 3 h.
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%P3:_(7/SE+F)P3 . (14)

The total decay rate of P; is linear in [ A] with slope
(ogev) and intercept I'. These values are given in
Table I. The alkali-vapor density-independent contribu-
tion to the relaxation rate is I'. This includes contribu-
tions from dipole couplings near the cell walls and dur-
ing collisions in the presence of magnetic field gradients.
The wall relaxation rate is proportional to the sticking
time of He atoms at the cell wall. For borosilicate
(Pyrex) glass, the sticking time is made effectively longer
due to the diffusion of the atoms into the porous glass.
Aluminosilicate glass (e.g., Corning 1720) is less porous
to He and the sticking times are shorter. In our prelimi-
nary work with polarized *He, Pyrex cells were used and
' was typically 1/(2 h). Our current aluminosilicate
glass cells have I' as small as 1/(40 h). The contribution
to I" due to magnetic field gradients is given by’

3
S (3,,B.)*+(3,,B,)?
Av m=1

r=0.47
1+(wr,)? B}

+

Yy assuming pp, (+1/2)=4

6
4
2 - <o vu>=4.66%.28x10"%cm?s™ .
0

+ I + + } + + 4 ¥ 4 —
+ t + t + +— +—+ t + +

Maximum observed polarization (<K;>)

>max

<KZ

11 1 1 1 1 1 1 1

1
10 210 30 40 50 60
[Rb](10*3cm™2)

1

o 1

FIG. 5. Polarization of 2!Ne by spin exchange with Rb.
Top: The decay rate of polarization with laser off. T is the to-
tal relaxation rate in this case. Middle: The polarization rate
YsePro- Bottom: The maximum observed polarization as a
function of [Rb].
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where A is the mean free path, v is the root mean square
velocity, 7. =A /v, and w is the Larmor frequency. For a
cell with *He density 10 cm =3, T is 1/(40 h) for a gra-
dient of 6 X 1073B, cm ™.

The dependence of polarization rate (dP,/dt) and
maximum observed polarization has been investigated
with the Rb-*'Ne system.!” In this work the Rb prob-
ably absorbed 0.1 W of laser power. As illustrated in
Fig. 5, the polarization rate and polarization rise linearly
with [Rb] up to about 3 10'* cm 3. Beyond this densi-
ty, the fall off is due to the decrease of ¥y, to less than
the cell volume as predicted by Eq. (11).

The dependence of polarization rate on laser power
has been studied with the Rb-He system. In this case,
total power ranging from 0.1 to 0.5 W was incident on
the cell at densities of 3.4 and 6.5%x 10" cm~>. The re-
sults are displayed in Fig. 6. For laser power insufficient
to pump the cell (i.e., below about 0.4 W for the lower
Rb density) the polarization rate rises linearly with laser
power and saturates as V., becomes larger than the
cell’s volume. Furthermore, in the region of linear
dependence on laser power, the slope is inversely propor-
tional to [Rb]* as predicted in Eq. (11). With sufficient
laser power to pump the entire cell volume, the polariza-
tion rates are linear with [Rb].

The total volume of polarized Rb has also been mea-
sured in a large cell with 3 atm of He and 200 Torr of
N, at [Rb]=10"" cm~3. The scattered D2 fluoresence
light is used to define the region into which the light
penetrates. For 0.12 W of power incident on the alkali-
metal vapor, V4, is observed to be 0.3 cm®. This is in
agreement with the data shown in Fig. 6 and the predic-
tion of Eq. (11).

[RE]=3.4x 10" cm®

[Rb]=6.5%10'%cm 2

Relative °He Polarization Rate (arbitrary units)

1 1 1
(6] 100 200 300 400 500
laser power (mw)

FIG. 6. The dependence of polarization rate on the laser
power exiting the laser for Rb-*He with [Rb]=3.4 and
6.5 10" cm~3. The solid lines are provided as a visual guide.
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V. RELAXATION OF POLARIZATION
DURING BOMBARDMENT

The experiments described above were performed in
closed glass cells, not during bombardment by an ac-
celerator beam. During bombardment there exist addi-
tion contributions to the *He depolarization rate I’
which are proportional to the rate, per *He atom, at
which the *He ions are produced by the incident beam.
As discussed in detail by Bonin, Walker, and Happer,!’
the depolarization rate depends on the total pressure in
the target, the presence of N, and other species includ-
ing impurities and on the magnetic field. As shown
below, targets that will be produced by spin exchange
can have a small ionization contribution to I'. This is
due to the N, and the high total pressure of several at-
mospheres. A measurement performed at the Princeton
Cyclotron confirms this.?> Work reported by Milner,
McKeown, and Woodward!® is also in progress at Cal-
tech with targets of high purity *He at low pressure.

The contribution to I' due to ionization can be written
as

naUi=(n,+n, I, , (16)

where T'; is the mean ionization rate per atom of *He
defined by

He
dE

dx

1 L
EHC Vlb.

on

. =

1

(17)

Here V is the target volume, i, is the beam current in
particles per second, (dE /dx )¢ is the energy loss per
incident beam particle per *He atom per cm?, E¢ ~32
eV is the mean energy required to produce an ion pair
from a target atom, and L[*He] is the target thickness of
He in atoms cm~2. The number of *He atoms that are
depolarized for each atom ionized, n,, can vary from
zero to many thousands. n, characterizes the contribu-
tion to I due to the *He* atomic ions produced, and n,,
characterizes the contribution due to the formation of
molecular ions *He; .

The atomic depolarization number n, will have a
value between O and 1, depending on the magnetic field
and on the partial pressures of 3He, of N,, and of vari-
ous impurity gases. Each newly formed *He* ion has a
probability of 1 of being in the state with the electron
and nuclear spins antiparallel. In this state the hyperfine
interaction 4S-K can transfer nuclear spin polarization
(K, ) to the polarization S, ) of the unpaired electron
of the *He™ ion. The angular momentum transfer will
be interrupted by *He*-*He charge exchange collisions,
and the unpaired electron will be transferred to a
“fresh” nucleus from which it can extract more angular
momentum. These collisions can occur repeatedly until
the ion is destroyed which may be sufficiently long for
the angular momentum of the unpaired electron to satu-
rate, that is, {(S,)=(K,). There will be no further nu-
clear spin depolarization after saturation. This limiting
situation corresponds to n,=1. For the conditions of
the measurements described here, we expect n, ~ 1, since
too few *He*-*He charge exchange collisions can occur,
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before the *He™ ion is destroyed by a charge exchange
collision with a N, molecule.

The *He* ions can also form *He; molecular ions.
The molecular ions contribute to *He depolarization by
atom exchange with polarized atoms and spin-rotation
coupling in the molecule. As we show below, under the
conditions in a target produced by spin exchange, this
contribution to I' is negligible for two reasons: the
depolarization rate within the molecular ion is small at
high pressures and the N, destroys the molecular ions.

The contribution to the depolarization rate I' due to
collisions of the polarized *He atoms with molecular ions
is

av
naTi=k, [ PHer 15, (18)

where k,, is the rate constant for depolarization of *He.
The volume integral reflects the fact that the ions may
not occupy the entire target volume since the incident
beam will generally not fill the volume and the ions may
be quickly destroyed. k,, is estimated to be ~10~'?
cm3s~! at 20 Torr on the basis of experimental work by
Byerly.!” For target pressures above a critical pressure,
estimated in Ref. 17 to be about 10 Torr, the time be-
tween atom collisions is too short to permit complete nu-
clear depolarization in the >He;” molecular ion. For tar-
get pressures much less than the critical pressure, the
rate constant k,, is independent of pressure. For target
pressures much greater than the critical pressure, the re-
gime in which our work is carried out, the rate constant
k,, should be inversely proportional to the square of the
total pressure in the target.

The density of molecular ions is determined by the
balance of production and destruction rates. The atomic
ions produced can be neutralized by charge exchange
with N, or form molecular ions in three body collisions.
The balance of the production and destruction rates for
SHet gives

T [*HelV =(ay[N,]+Bu[*Hel®) [ [*HetlaV ,  (19)

where any=10"" cm?*s™! and By, =10"3! cm®s~!. The
first term?® on the right-hand side is the rate for charge
exchange with N,, and the second term?! is the rate for
molecular ion formation by three body collisions.

In our experiments, the destruction of molecu-
lar ions?? is dominated by charge transfer to N,. The
rate per molecular ion for this process is k[N,]
where k=6x10"1" cm®s~!. Several other species
(Ne,H,0,H,, etc.) are also effective in charge transfer de-
struction of the *He; molecular ions. The equilibrium
density of 3He2+ ions is determined by the balance of the
destruction and production rates,

k[N,] [ [*He; 1dV =By [*He]* [ [*He*1dV . (20)

Combining Egs. (18), (19), and (20) we find the molecular
depolarization number to be
Ko [*He]?

"=k (an /B IN P+ PHePIN, ]

(21)
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In the measurement described below a target with 430
Torr 3He and 150 Torr N, was used. Scaling Byerly’s"
20 Torr value of k,, by the square of the ratio of pres-
sures, (20/580)%, we find k,, ~1.2x107% cm=3s~! for
our conditions. Equation (21) predicts n,, =3 1078,

Investigations are currently underway at the Princeton
Cyclotron to measure depolarization rates of *He during
bombardment. Preliminary results®>® have been obtained
with a 360 nA beam of 18 MeV alpha particles incident
on a target with 430 Torr of *He and 150 Torr of N, in a
volume of approximately 1 cm®. The contribution to I’
due to ionization is =~1/(3 h), and n; <1. The ioniza-
tion rate due to the 400 nA beam of 22 MeV alpha parti-
cles is equivalent to that of a 10 uA beam of 400 MeV
electrons.

The problem of depolarization during bombardment is
also being studied at Caltech!® where a target with 1-6
Torr of polarized *He is produced by metastability ex-
change with optically pumped metastable *He. For their
work n,; ~1800. This large value of n, is consistent with
a dominant contribution to the depolarization due to
3He2+ molecular ions and a negligible contribution from
the atomic ions *He™, that is, n;~n,, >>1. The tightly
bound molecular ions, once formed, can be destroyed
only by slow diffusion to the container walls or by
charge exchange collisions against impurity gases such
as H,O or N, which may have been present in the Cal-
tech target.!’

For the targets discussed in this paper, the high densi-
ty of N, molecules destroys most of the atomic ions be-
fore they can be converted to molecular ions, and the
few molecular ions which do form are destroyed by
charge exchange collisions with N, molecules before
they have a chance to cause significant depolarization.
The small value of n,; observed in these is consistent
with a dominant contribution from the atomic ions and
negligible contribution from the molecular ions, that is,
ng=n, <1.

VI. SUMMARY: FUTURE PROGRESS AND PROMISE

We have shown that up to 90% polarization of > 10%°
atoms of *He in a 6-cm?® volume can be produced by spin
exchange. Up to 10%! atomscm™* can be polarized with
currently available laser power. With more laser power,
higher densities and greater polarization rates or larger
volumes can be polarized. The use of K in place of Rb
may be favorable because the spin-destruction rate con-
stant is 5 times less for K, and the LD700 dye produces
about 2 times more power at 770 nm, the K D1 line
than at 795 nm, the Rb D1 line. However the K-He
spin-exchange cross section has not yet been measured.
Studies of depolarization during bombardment show that
a high-density target produced by the spin-exchange
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technique has a relaxation rate of 1/(3 h) for 400 nA of
22-MeV alpha particles, consistent with our model.

The luminosity possible with 10 gpA of 400-MeV po-
larized electrons incident on the target can be 10
cm?s™! with about 50-90 % steady polarization. This
target can have a thickness of 10 cm~2 of *He and
5% 10" cm~? of N, which is needed to quench radiation
trapping and aid three-body recombination of *He,™*
jons. As shown in Ref. 6, with 90% polarized *He at a
pressure of 8 atm ([*He]=2.1x10* cm™?) in a 1.2X5
cm?® volume, neutron polarization of 1.0 with transmis-
sion 0.45 at 0.025 eV and polarization of 0.6 with
transmission 0.65 at 1 eV are possible with *He polariza-
tion of 90%. The analyzing power for polarized neu-
trons is equal to the polarization at each energy. The
*He polarization in a target can be reversed at a rate
greater than 1 s~ ! which allows the study of systematic
effects which are an important consideration in the pro-
posed neutron electric form factor and parity and time
reversal violation experiments.

We are currently investigating the possible utilization
of new laser technologies. Two new types of laser are
promising. The alexandrite laser recently developed by
Allied Chemical works best as a pulsed device. High re-
petition rates (100 Hz—1 kHz) seem possible and may be
appropriate for optical pumping. The requirement is
that the alkali-metal spin-destruction rate be small com-
pared to the laser repetition rate. These lasers are unfor-
tunately expensive but could provide 50 W average
power. It is therefore not likely that alexandrite lasers
will lead the way to the first polarized targets.

GaAs diode lasers work very well at the longer wave-
lengths including 795 nm. Single mode, monolithic
diodes produce up to 20 mW with a bandwidth of ~1
MHz. Striped arrays of diode lasers which are gain cou-
pled are now being produced, but these are not single
mode devices, i.e., each element of the array can lase in
a different mode. Recently however, the elements of an
array have been mode locked to a master single mode
laser.* This is a very promising technology which
should be considered for polarized targets. In particular
it should prove less expensive than the current scheme
involving the Kr*-dye laser combination.
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