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The theory of spin-polarized *He relaxation due to hyperfine coupling in ’He* and due to spin-
rotation coupling in He,™* is presented. Comparison is made between the theory and recent experi-
ments which utilized spin-polarized *He as a charged-particle beam target. The theory predicts that
at low He pressures applying a magnetic field significantly reduces the *He depolarization rate due
to formation of He,*. At high He pressures the relaxation rate decreases with pressure. In addi-
tion, charge-transfer processes with foreign gases suppress *He depolarization by reducing the SHe*

and *He,* concentrations.

I. INTRODUCTION

Recently there has been considerable interest in pro-
ducing 3He targets for nuclear accelerators. Interesting
and fundamental experiments would become possible if a
suitable density of highly-spin-polarized *He were pro-
duced. A dense gas of polarized *He would serve well as
a polarizer or analyzer of neutron polarization."? The
use of polarized *He as a target with muon or proton
beams might produce measureable weak interaction
effects.’ There is interest in measuring the neutron form
factor via e->He scattering experiments.*

Two groups are currently developing gaseous targets of
spin-polarized 3He gas. Milner et al.> used optical
pumping of metastable He atoms while Chupp et al.b
have used spin-exchange optical pumping of *He-alkali-
metal-vapor mixtures. Both groups have shown that
beams of charged particles passing through the *He tar-
gets accelerate the nuclear spin relaxation. This is to be
expected since ionizing radiation creates an environment
in which the *He nuclei are subject to many depolarizing
interactions. The most important depolarizing mecha-
nism is the Fermi contact hyperfine interaction between
3He nuclei and unpaired electrons. This interaction is
ubiquitous in the ionized 3He gas. For example, it occurs
when free electrons from the plasma collide with *He
atoms, it occurs in the triplet states of excited 3He atoms
or *He, molecules, and it occurs in the ground and excit-
ed states of *He* atomic ions and of *He,* molecular
ions. Because of their abundance and long duration and
because of their stron§ Fermi contact interactions, the
ground states of the *He* atomic ion and the *He,*
molecular ion are expected to make the largest contribu-
tion to the depolarization of *He nuclei. We will there-
fore focus our attention on the depolarization due to
these species in this paper.

We will find it convenient to introduce a depolarization
number

ng=ng,+n,, , (1
which is defined as the mean number of nuclei depolar-

ized for each atomic ion 3He™ created. As indicated in
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(1), the depolarization number is the sum of two terms,
n,, the number of nuclei depolarized by the SHe™* atomic
ion, and n,,, the number of nuclei depolarized by any
3He,* molecular ions into which the atomic ion may be
transformed. We will show that n, <1, i.e., an atomic
ion can depolarize no more than one nucleus and n, can
be considerably less than 1 under some conditions. We
will show that it is possible to have n,, >>1, i.e., a molec-
ular ion can depolarize many nuclei. This is because the
molecular ion can continuously dissipate nuclear spin an-
gular momentum to the translational degrees of freedom
of the gas by means of the Fermi contact and spin-
rotation interactions, in conjunction with particle-
exchange collisions with *He atoms. In this paper we
show how this catalytic destruction of nuclear spin polar-
ization by molecular ions occurs and we discuss ways to
control these loss mechanisms in practice.

We show that the depolarization rate due to *He,* can
be substantially reduced at low *He gas pressures (P < 30
Torr) by applying a modest magnetic field (B,~200 G)
which decouples the rotational angular momentum N
from the total molecular-ion spin F. At higher pressures
(P >100 Torr) the depolarization rate is decreased be-
cause F does not precess very far about N before another
collision occurs. Additionally, we emphasize that the
number density of both *He™ and *He,* can be
significantly reduced if a modest amount of foreign gas
(H,0,N,,H,,Ne,etc. ) is present in the *He target. These
gases have large cross sections for asymmetric charge-
transfer processes’ ~° with *He* and *He,*. For exam-
ple, a particularly effective reaction is

3He," +N,—N," +2He . )

If experimental conditions allow it, introduction of such a
gas will effectively eliminate depolarization of *He due to
formation of *He,*.

II. PROPERTIES OF *He* AND *He,*

The hydrogenic *He™* ion has a %S| ,, ground state with
a Fermi contact hyperfine interaction
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Vi = 4,18 3)

between the electron spin S and the nuclear spin I. The
magnitude of the coupling constant is'® 4, =8.66 GHz.
The *He,* molecular ion has a 23} electronic ground-
state potential shown in Fig. 1. The equilibrium internu-
clear separation is'! 1.08 A and the dissociation energy is
2.39 eV. The rotational energy of the molecular ion is

V..=B,N(N+1), @)

where N =0,1,2, ... is the rotational angular momen-
tum quantum number and the rotational constant is
ﬁZ
B,=—
21
The homonuclear molecular ion He *He* can exist in
para states, with nuclear spin quantum number K =0 and
even values of N, or in ortho states, with X =1 and odd
values of N.
In the ortho states there is a strong hyperfine interac-
tion

Vigs=4,K-S (6)

=(9.61 cm~Yhc . (5)

between the electronic spin S and the total nuclear spin
K = Il + lz y (7)

which is the sum of the nuclear spins I, and I, of the two
nuclei. There seem to be no measurements of 4,,, but we
estimate that

3
UpHk
K

An 8 |Zea

h ~ 3h

=2.6 GHz . (8)

This value is based on the approximation that A4,, is due
to the Fermi contact magnetic dipole hyperfine interac-
tion of the *He nuclei with the unpaired electron of the
lo, molecular orbital. The orbital is constructed from
an antisymmetric linear combination of 1s hydrogenic
wave functions centered on the two nuclei. To obtain the
numerical estimate 2.6 GHz for A4,, /h, we have chosen

Energy (eV)

FIG. 1. Potential curves (Ref. 11) for the bound X 23} state
and the repulsive 4?3} state of *He,*. The equilibrium inter-
nuclear separation of the X?3} state is 1.08 A and the binding
energy is 2.39 eV.

the same value for the effective charge, Z 4= %, which
minimizes the energy of the ground state of the He atom
if both electrons are assumed to be in ls hydrogenic or-
bitals. The estimates of the relaxation rates are insensi-
tive to the value of 4,, for the “low-pressure” conditions
characteristic of the Milner et al. experiments,” and at
the high-pressures characteristic of the Chupp et al.® ex-
periments the molecular-ion lifetime is so short that the
depolarization caused by molecules is negligible.

In both para and ortho states there will be a spin-
rotation interaction

V.,=¥nSN )

between the electron spin S and the rotational angular
momentum N. The magnitude of y,, does not seem to
have been measured but the value

y(a33})
h

has been measured for the a®3} metastable state of
He,.'? If we regard the spin-rotation interaction as the
sum of single-particle operators

=2.421 MHz (10)

V,,=7(10,)8;'"N+7(20,)S,;"N (11)

of the two unpaired electrons in the molecular orbitals
1o, and 20, of He,(a >} ), we would have

v(@’zhH)=1y(lo,)+y(20,)]. (12)

We also expect to find that the 1o, orbital has a substan-
tially larger spin-rotation interaction than the much more
loosely bound Zag orbital, so one would have
|y(lo,)| >> |y(20,)|. A reasonable estimate for
y(lo, ) would therefore be y(lo,)/h=2y(a33})/h
=4, 8 MHz. Since He,* has its unpalred electron in the
lo, orbital we estimate that v, /h=y(lo,)/h =4.8
MHz for *He,*. Scaling this estimate for “He,™ by the
ratio of the masses of the two different isotopes of He we
obtain, for *He,*, that

‘}’m
h

The gas may also be located in a magnetic field B,. We
choose a coordinate system with its z axis along B, so
that the Zeeman interaction can be written

Vz=8sugBoS, . (14)

4X4.8 MHz=6.4 MHz . (13)

We will neglect the much smaller interaction of K and N
with By,
Thus the dominant terms of the spin Hamiltonians are

H=BN-N+ A4, K-S+7v,,N-S+geupgB,S, . (15

A qualitative sketch of the low-lying energy levels of the
Hamiltonian for B,=0 is given in Fig. 2. Note that the
total longitudinal angular momentum

J,=N,+S,+K, (16)

is a good quantum number. The mean-squared rotational
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FIG. 2. Energy levels of the *He,™ molecular ion in the
X 23} state in zero magnetic field. Here the electronic spin
S =1 and the total spin of the molecular ion is J=F +N, where
F=K+S and K is the total nuclear spin. The hyperfine and
spin-rotation splittings are greatly exaggerated.

angular momentum is fairly large at a representative gas
temperature of 300 °C,

<N(N+1>>=%Z=zo.6, (17

e

so we will treat N as a classical vector which does not
change in direction or magnitude during the free evolu-
tion of the molecule. Only minor changes would occur in
the final results if N is treated quantum mechanically.

IIL. RELAXATION DUE TO *He* ATOMIC IONS

We assume that a beam (e.g., protons) of particle
current density J, (cm~2sec™!) passes through a cell
containing nuclear-spin-polarized He gas. Denote the
energy loss per unit length of a beam particle by dE /dx.
The energy loss for various ionizing particles (electrons,
protons, a particles) passing through *He gas has been
measured and can be found in convenient tables.'>!*
This energy loss is mainly due to the production of *He*
ions and free electrons. The mean energy AE expended
by electrons, protons, or a particles in the creation of a
3He™* ion has been measured to be AE ~32 eV, a value
somewhat higher than the 24.5-eV ionization potential of
the He atom. The excess energy is presumably expended
in the creation of excited states of helium atoms or ions
or in imparting Kinetic energy to atoms, ions, and free
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electrons of the gas. For future reference we will find it
convenient to define an ionization rate I';, per He atom
by

I‘ion[He]=Xl—E—,%§Jb : (18)
where [He] is the atomic number density of the gas.

The direct ionization of a He atom by a charged garti-
cle will take place in a time on the order of 10~ sec.
This is much too short a time for the nuclear spin to pre-
cess appreciably under the influence of any hyperfine cou-
pling, which cannot exceed 4, =8.66 GHz in magnitude.
After the *He™ ion has been formed, the nucleus will be-
gin to precess about the free electron under the influence
of the contact interaction (3). We will assume that the
external magnetic field is small enough (B,
<< A,/2np=1500 G) that we can ignore its influence
compared to that of the contact interaction.

The free precession of I and S about each other will be
interrupted by charge exchange collisions, i.e.,

He(2)+He*(1)—>He*(2)+He(1) . (19)

The mean time between charge exchange collisions (19)
has been measured to be'’

0 nsec/Torr , (20)
He

Te

e
where Py, is the He pressure. The charge exchange col-
lision (19) takes place over such a short-time interval, on
the order of 10~ !2 sec, that hyperfine interactions like (6)
and spin-rotation interactions like (9) are not strong
enough to cause appreciable changes of the electron or
nuclear spin polarizations. In the relatively long periods
between charge exchange collisions the hyperfine interac-
tion (3) will transfer angular momentum from the “fresh”
nucleus of He*(2) to the spin of the unpaired electron. If
nothing limits its lifetime, the *He™ ion can undergo re-
peated charge exchange collisions with *He atoms, and
angular momentum transfer to the spin of the unpaired
electron will continue until saturation, that is, until the
mean electron spin angular momentum (S,), of the
atomic ion becomes equal to the mean nuclear spin angu-
lar momentum {I,) of the atoms. After saturation has
occurred, there will be no further nuclear spin depolari-
zation since the nuclear spin angular momentum of the
atom which is formed by neutralization of an atomic ion
in a charge exchange collision is equal to the nuclear spin
angular momentum of the atom which was ionized to
form a new atomic ion.

Under many experimental conditions the atomic ion
does not live long enough for the electron spin to be sa-
turated. Let {(S,), denote the mean electron spin of the
atomic ion when it is destroyed by a charge exchange col-
lision with the wall, with a gaseous impurity like an N,
molecule, or by conversion into a molecular ion. The
mean electron spin angular momentum (S,), of the
atomic ions at the time of their destruction will be ir-
reversibly lost from the ensemble of *He atoms if the
atomic ion is destroyed by charge exchange. If the atom-
ic ion is destroyed by being converted into a molecular
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ion, as described in Sec. IV, some of the electron spin
(S, ), could in principle be returned to the ensemble of
polarized nuclei. However, any return of angular
momentum will ordinarily be negligible in comparison to
the depolarization caused by the spin-rotation interaction
in the molecular ion. We will therefore assume that the
electron spin angular momentum is irreversibly lost
whether the atomic ion is converted into a molecular ion
or is destroyed by charge exchange. Thus the loss of an-
gular momentum due to hyperfine interactions in the
atomic ion is described by the rate equation

a’v
77<Iz)='—Fion<sz)a=_rionna<lz)= —Fl<Iz) ’

21
where the atomic-ion depolarization number is
(S,),
n,= (22)
Y A

The value of n, lies between O and 1, and, for external
magnetic fields which do not exceed a few hundred G, it
depends on three factors, the hyperfine coupling constant
A, of (3), the mean spin exchange time 7., for the process
(19), and the mean atomic-ion lifetime 7,. Unfortunately,
it is not possible to write down a formula for n, which is
valid for all ranges of the parameters 4,, 7., and 7,.
However, a reasonably good approximation for n, when
A,Te/fi>>1 and when A,7,/%i>>1, the experimental
conditions of Milner et al.’ and Chupp et al.,%is

TextTa

~—. 23
"a 2T+ T, @3

We will not pause to derive a more general expression for
n, here since no very-high-pressure experiments, for
which the simple formula (23) would be inapplicable,
have yet been performed.

IV. RELAXATION DUE TO EXCHANGE COLLISIONS
WITH *He,* MOLECULAR IONS

The 3He™ atomic ions can be readily converted into
molecular ions by three body collisions of the form

He* +He+He—He," +He . (24)

The rate constant for the three-body process (24) has
been measured by several groups.'¢— 18

The molecular ion He,* can undergo exchange col-
lisions with He atoms, a process we represent as

He(1)+He(2)He*(3)—He(1)He(2)He*(3)
—He(1)He*(2)+He(3) . (25)

As indicated in (25), we assume that the exchange
proceeds through a short-lived He;* molecular ion,
which may live no longer than a vibrational period.

The exchange process (25) will occur at a rate

I,,=(o,v)[*He,*] (26)
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per He atom. Here [*He,* ] is the *He,™ number density
and (o,v) is the rate constant. Similarly, the exchange
rate per molecule will be

%:(aev )[He] . 27

Physically one would expect the exchange cross section
o, to be approximately gas kinetic, and experimental
data on the magnitude of o, seem to confirm this. Mea-
surements of two different ion mobilities for two equal-
mass ions have been interpreted!® as being mobilities for
He,* in the two different states 22} and *Z}. As a re-
sult of its symmetry, the quartet state is unable to ex-
change atoms. Hence the difference in mobility is attri-
buted to the different atom-atom exchange probabilities
of 3He,* molecules in the two different =} states. The
exchange cross section which results from analysis of
these mobility experiments is o, =1.1X 10~ !* cm?, which
is nearly gas kinetic.

It is convenient to refer to the atom He(l) and the
molecular ion He(2)He*(3) of (25) as input particles. In
like manner, refer to the atom He(3) and the molecular
ion ion He(1)He"(2) as output particles. As yet, there is
no detailed information about the changes in angular
momentum which occur during the exchange process
(25). We thus make the following physically reasonable
assumptions.

(1) The rotational angular momentum N will be ap-
proximated with a classical vector of magnitude

kT/B,. The direction of N remains fixed during the
free evolution of the molecule. After the exchange pro-
cess (25), the direction of N in the output molecule is ran-
dom and uncorrelated with the direction of N in the in-
put molecule. This is a good assumption because of the
isotropic nature of the gas-phase collisions and the very
weak coupling of N to S during a collision.

(2) The mean electron spin (S, ), of the output mole-
cule equals the mean electron spin (S,); of the input
molecule, i.e.,

(5,),=(S,); . 28)

This is a good assumption since the hyperfine and spin
rotation interactions are too small to change the direction
of S much during the short duration 7,~10"'2-10~"
sec of an exchange collision.

(3) The total nuclear spin angular momentum of the
output particles, (I, ),+ (K, ),, is equal to that of the in-
put particles (I,);+(K,);. This is reasonable since
A, 7, <<#f and thus there is insufficient time for the
hyperfine interaction to transfer much nuclear polariza-
tion to electronic polarization during the exchange col-
lision. Furthermore, we assume the output molecule has
2 of the nuclear spin,

(K,)y=2(4K, ) +{L,))), 29)
and the output atom has the remaining 1,
<Iz>o=%(<Kz>l+(Iz>t) . (30)

This partitioning ensures that (K, ) and (I,) approach
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the correct statistical ratio 2:1 if there are no angular
momentum losses in the molecular ion.

From assumption (3), the nuclear spin polarization
(1,)=(1,); of the atom will evolve at the rate

d?
—1,)=—T,((I,)—(1I,),)
dt
2T, Cex
= S+ 2K, 31
Defining
(K, )

as the ratio of the nuclear spin angular momenta of the
input and output molecules, we can rewrite (29) as

2r

(K,);= 3_2r<1,> . (33)
Substituting (33) into (31) yields
421y = —ry(1,) 34
dt * 2
where the depolarization rate is
Fy=3=20p, =AT,, (35)

The depolarization rate I', is equal to the rate I',, of the
incorporation of *He atoms into *He,™ molecules times
the average fraction A of nuclear spin polarization lost
while the nucleus is in a molecule.

To find an expression for r in terms of fundamental
quantities such as molecular ion lifetime 7,, magnetic
field By, etc., we need to consider in detail the evolution
of angular momentum in the molecular ion. We can
think of the exchange collisions as converting input mole-
cules to output molecules and the molecular evolution
converts output molecules into input molecules.

A multipole expansion of the spin density operator can
be written

po=1+Cx(K,),K,+Cs(S,),S,+ - . (36)

The term 1 is the probability to find an unpolarized
molecular ion in any one of the six sublevels of an ortho
state or the two sublevels of a para state. The terms
Cx(K,),K, and C4(S,),S, describe the nuclear and
electronic spin polarizations and the coefficients Cx =1
and Cg=1 are chosen to ensure that (S,),=Tr(S,p,)
and (K,),=Tr(K,p,). We assume higher-order polar-
izations are small enough to be neglected.

After an exchange process the molecular ion evolves
under the influence of the Hamiltonian (15) until the next
exchange occurs. If the molecular ion evolves freely for a
time ¢, the density operator p at the end of the period will
be related to the initial density operator p, by

pi=UpU™", (37

where the time evolution operator is
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—iHt

P (38)

U =exp

Note that the spin Hamiltonian H does not cause transi-
tions between ortho and para states and so it can be writ-
ten as a sum of a para term 'H and an ortho term 3H

H='H+°H . (39)

The notation is chosen to represent the singlet character
(multiplicity is 1) of the para states and the triplet charac-
ter (multiplicity is 3) of the ortho states.

The time evolution operator can also be written as the
sum of para and ortho terms

U='U+°U (40)
and the density operator becomes
pi=UpoU~!
=1+Cx(K,),{*UK, U}
+Cs(S,), {3US, U +US,' U~} +--- . (@1)

The curly brackets denote an average over the free-
evolution time ¢ and the direction of N. The mean values
of the spins become

<Kz)i=Tr(szi):37’KK(Kz)o+3nKS(Sz)o ’ (42)
<Sz>i=Tr(Szpi)=3nSK(Kz)o+ﬁSS(Sz>o ’ (43)

where the coupling coefficients are given by the expres-
sion

Myw =Cw {Te(V, 3 UW,3U 1)}, (44)

and V,, W, are spin operators from the set {S,,K,}, and

Tss = Nss + ss 45)
Ings=Cs{Tr(S,'US,'U~N)} . (46)

Since we have assumed that (S, ),=(S,); we can write
(43) as

3
sk

—Nss

(8,),=

(K,), . (47)

Substituting (47) into (42) gives

(K,);=r(K,), (48)
and
3"’h(s 3"TSK
r=3nKK+——~——-—~_ . (49)
1—7gs

We now show how to calculate the coupling
coefficients /5,y of (44) and (46) where V,W can be
chosen from the set {K,S} and j =1 or 3 for the para and
ortho states, respectively. The Hamiltonian is

H=A,K-S+gsupB,S,+7, NS . (50)

It is clear the internal field of the molecular ion is too
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small to decouple K and §, i.e.,
YmN << A4, . (51
Assume that this is also true for the external field, i.e.,

m

B, << ~930 G. (52)

8sHp

Because of (51) and (52) the total internal spin F=K+S8
will be a reasonably good quantum number. For ortho
states K =1 and S =1 and we can have F =3,, while
for para states K =0 and S =F =7. Denote eigenstates
of H by |KFm) and the corresponding eigenenergies
E(KFm). Then

H |KFm)=E(KFm)|KFm) . (53)
We note that the states | KFm ) are quantized along the

B

Nyw=Cw{TrVIUWIU")

=CW
F,F',mm’

where

iU KFm ;KF'm')=E(KFm)—E(KF'm') .
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vector @ in Fig. 3, i.e.,

o-F|KFm)=om |KFm) . (54)
The vector @ is a sum of two frequencies

o=wy+o; , (55)
where

fiwo=gsppBoZ , (56)

fio,=(yN) . (57

Here Z is a unit vector along the z axis. All three fre-
quencies are illustrated in Fig. 3.

To calculate the coefficients use the eigenstates
| KFm ) as basis states and write, for /5y,

S (KFm |V,|KF'm'){KF'm'|W,|KFm )exp[ —iQKF'm’;KFm)t | , (58)

(59)

Since S,, K, and U are all diagonal in the quantum number K we have omitted terms with K's£K from (58).
We assume an exponential probability distribution of evolution times with a mean evolution time 7,,, where 7, is the
average lifetime of a *He,* molecule. We find that the time average of (58) is

. (KFm |V, |KF'm'){KF'm'| W, |KFm)
Myw=Cw | 3 i "m’ (60)
FF mm' 1+iUKF'm';KFm)r,,
|
We will ignore terms with Fs£F'. This is justified under  Since
the condition of long molecular lifetimes, where
J g |KFm)=R |KFm} , (64)
mT
_ﬁJ_ >1, (61)  where R is the rotation operator
since these terms contribute little to the sum (60) in com- R =exp(—iaF,)exp(—iBF,), (65)
parison to the terms with F =F’ because then Q7,, >>1. ) . )
For the experiments on the nuclear spin relaxation of ~ We may substitute (64) and (65) into (60) and obtain
weakly ionized *He gas that have been done at low pres- )
sures (Milner et al.®) condition (61) holds. For example, ‘n,,=C, 3 (KFm | V,|KFm'}
at a *He pressure of 10 Torr we find that 4,7, /#=~220. Fom,m’,p,p
Thus lfF:,éFl in (60) then X{KFm” W , |Kle
I3
| QUKE'm,KFm)r, | ~ |—amTm | (62) g1y
m';KFm)r, | ~ |—— |>1. dy, (B, (B)
" h 0, (B)do, (B (66)

For the experiments at high pressures (Chupp et al.®) the
molecular lifetime is short enough that we can ignore re-
laxation due to molecules.

We now show how to account for the random direction
of N. Denote a state |KFm) for which @=0Z by
| KFm}. These states are quantized along the z axis of
the laboratory coordinate system, i.e.,

F,|KFm}=m |KFm} . (63)

*1+iQKFm " ;KFm)r, °

where d EL’(B ) is the matrix representation of R, and the

angle B between w and the z axis is shown in Fig. 3.

Since we are interested in the matrix elements of the
vector operators S and K between states | KFm} and
| KFm'} which have the same quantum number F for the
total angular momentum operator F=S +K, we may use
the projection theorem to write
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FIG. 3. Interacting spins of an *He,* molecule in the pres-
ence of a magnetic field. The total nuclear spin of the molecule
is denoted by K, the electronic spin is S, and the rotational an-
gular momentum is N. The total spin angular momentum, ex-

cluding N, is F=K+S. Note that w=w,+®,, where
wy=gsupB,/fiand o, =y, N/%.
V=3 /P, F, (67
F
where thc nonzero coefficients /Pyp are 'Pg,,=1,
Pr3n=3% Pxin=1 *Ps3,=1, and *Pg,p=—1. In
view of the projection theorem we may write
#QUKFm';KFm)=*w /Pgp(m’'—m) . (68)
Then the coupling coefficient becomes
My =X pw(1-1) , (69)
where
: Cwy . .
Kyw=—"7—3"Pyp'PypF(F +1)(2F +1) , (70)
F

and the fraction /f of angular momentum destroyed due
to rotation about the vector sum of the external field and
the internal field is

; @, ; 1+d
Jf——21 |9 id)1n
'f dorg 29d +(1—4d?) 4 (71)
where
-2 2, .2
. +(w3+ 0},
Jd___.{____o_w_‘.__. (72)
200077,

Using (49) and the last few equations we can write an ex-
pression for the parameter A,

4'f +14'F3fF +443f +10Cf)
164+13'f +141F3F 4 553fF 4+1003f)?

(73)
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V. DISCUSSION

Using the results of Secs. III and IV we can write the
total rate of depolarization of the mean longitudinal
atomic nuclear spin (I, ) as [cf. (21) and (34)]

—(I )= ——-(I )+

—(1 y=-—I(1,), (74)

where
r=r1+F2=na<rion)+k(rex> . (75)

The angular brackets denote a volume average of the ion-
ization rate I, and the exchange rate I',,. A convenient
way to express this rate is to define n,, as the number of
*He atoms depolarized per ion created due to formation
of *He,* molecules. Then we can write

I'=Tn,+n,), (76)
where
ML) (1) -
" <I~ion> _<Fion) ‘

Note that I',, « T, in regimes dominated by diffusion or
charge transfer, so that under many conditions n,, is in-
dependent of Ty ..

The relaxation rate due to atomic ions, I'y=n,{(T;,,),
depends on the helium number density [He] since n, de-
pends on [He] through 7, and 7, [see (23)]. The depen-
dence of 7, on helium pressure depends on experimental
conditions. For example, in the experiments of Milner
et al.’ the atomic-ion lifetime is determined by both
diffusion and conversion to molecular ions which have
very different He pressure dependences. In the experi-
ments of Chupp et al.,® charge transfer with N, dom-
inates the atomic-ion lifetime, and so 7, is independent of
He pressure. The pressure dependence of 7, is indepen-
dent of experimental conditions. From a measurement of
the charge exchange cross section for the process (19) at 1
eV energy and from theoretical calculations'® we estimate
that the time for free precession of a *He* ion between
exchanges is about 7., ~60/Py, nsec Torr, where Py, is
the partial pressure of He.

The relaxation rates predicted by I', are shown in Fig.
4. The relative relaxation rate Q, where

I,
Q=——""—, (78)
YmN
(55)e
is plotted on the vertical axis. Here (y,N)/h is the
mean electron spin rotation rate about N. The ionization
fraction of molecules is
[3Hez+ ]
ES [He] (79)
Along the horizontal axis we have plotted the relative
number density d of He atoms,

_ [He]
~ [He]*

(80)
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FIG. 4. Plot of the relative relaxation rate Q vs relative num-
ber density d for various values of the relative magnetic field b.
This plot enables one to estimate the expected relaxation rate
due to *He,*. Take the best estimates for ¥,,N/h and o, and
calculate [He]* and B* from (81) and (84). Then determine Q
from the graph for the experimental conditions of interest, and
obtain the relaxation rate from (78).

At the characteristic number density [He]*, where

N
[He]*= 2T (y“ > , 81)
(R h

the product of the average molecular lifetime and the
spin-rotation angular frequency is 1, i.e.,

N
2w<7'; >T,,,=1 : (82)

Predicted relative relaxation rates are plotted in Fig. 4
for several values of the relative magnetic field b, where

B,
b= T (83)
At the characteristic field B*, where
{(y.N)
pro—tm2’ (84)
&sMp

the Larmor frequency ggugB* /# of the electron spin is
equal to 27(y,,N ) /h.

For experiments where the nitrogen pressure is high
enough to have asymmetric charge transfer with N, dom-
inating both the atomic-ion lifetime 7, and the
molecular-ion lifetime, 7,, a simple expression relating
n,, to the relative relaxation rate Q can be written, viz.,

2

YmN\ | [He]
— ~14
n,, =6.31x10 sec< W ) (N,] 0. (85)
For the value (v, N /h ) =29 MHz we can write
2
n,=1.83x10"¢ [He] Q. (86)
[N.]
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As can be seen from Fig. 4, the relative relaxation rate,
which can be thought of as the rate at a fixed molecular
ionization fraction ¢, increases with pressure at low pres-
sures, then reaches a maximum, and finally decreases
with pressure at higher pressures. The figure also shows
that modest magnetic fields (~200 G) will reduce the re-
laxation rate by about two orders of magnitude at low
pressures. From Fig. 3 we see that if wy>>w,, the resul-
tant frequency @ will be nearly longitudinal and unable to
precess the longitudinal spin (F,) very far from the z
axis, even when the spin rotation frequency o, is trans-
verse and would completely randomize the direction of
(F,) in the absence of a magnetic field.

To conclude this section, we point out that the experi-
ments of Milner et al. and Chupp et al. operate at two
opposite extremes as far as which depolarization rate
dominates, I'; or I',. For the former, the depolarization
rate due to atomic ions, I', is negligible compared to that
due to the molecular ions, i.e., I'; <<I',. In the experi-
ments of Chupp et al., the opposite is true, i.e., [’} >>T5.
To be more quantitative, for the experiments of Milner
et al. we estimate the number of nuclei depolarized per
3He* atomic ion at all He pressures to be n, ~1, whereas
the measurements indicate that the number of nuclei
depolarized per *He,* varies from n, ~7 at Py, =0.8
Torr to n,, ~1200 at Py, =4.5 Torr. In the experiments
of Chupp et al. the corresponding numbers are n, ~0.7
and n,, ~107".

VI. COMPARISON TO EXPERIMENT

To estimate a depolarization time for a given experi-
ment a reliable value for the ionization fraction ¢ is
necessary. For a cw experiment, an estimate of [*He,* ]
can be obtained by assuming a balance between its pro-
duction and destruction rates. The production rate de-
pends on the production rate of He™ and the conversion
rate of He* to *He, . The conversion rate has been mea-
sured to be!®~!8 103P}, sec™!, where Py, is the He pres-
sure in Torrs. The destruction rate has contributions
from ambipolar diffusion and from recombination. At
small pressures (Py, <10 Torr) and in reasonably sized
cells where the radius is on the order of a few cm, the
diffusion rate dominates. At high pressures (P, > 100
Torr) and significant electron densities (n, > 10'° cm—3)
recombination dominates. The recombination coefficient
for He,* for Py, = 10~100 Torr was measured to be'®

a=a,+B,[Hel+B.[e"1, 87)

where the two-body recombination contribution was
a;=5X 1071° cm3/sec, B,=2X 10-? cm%/sec, and
B, =2x10"2° cm/sec.

The present calculation can be compared to experimen-
tal data taken using 3-MeV protons produced by the Cal-
tech Pelletron accelerator.® Milner et al. measured re-
laxation times T for a 1-uA beam incident on targets with
He pressures 0.8, 1.9, 3.5, and 4.5 Torr. To compare
their results to the theory we estimate the relaxation
times T for each of their pressures according to (78),
where
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YmN
h

and we have used the fact that here I'; <<T',, as we shall
later show. Here (¢ ) is the spatial average of the space-
dependent fractional ionization ¢(r,z), where we have as-
sumed cylindrical coordinates and, by symmetry, there is
no azimuthal dependence. To estimate (¢) at each He
pressure we must review in detail the experiments of
Milner et al.

A proton beam of radius® R;=0.25%+0.12 cm pro-
duced *He ions along the full length of the cell. The cell
consisted of a central sphere of radius 1.9 cm with two
cylindrical pieces, each 3.1 cm long and 0.71 cm in ra-
dius, attached to the sphere. The total cell length (along
the beam axis) was 10 cm. The production rate per unit
volume of *He ions is given by
e
AE dx eer%

r=%zr2=< >(¢)Q, (88)

§ =T,[He]=

>6(r—R0) ,(89)

where the amount of energy removed from the beam per
ion created is!* AE =32 eV, I /emR3=J, is the incident
proton flux (7 is the beam current, e is the proton charge,
and mR} is the beam area), and the step function © is
defined such that ©(x)=1 if x >0 and ©(x)=0 other-
wise. The energy loss per unit length for 3-MeV protons
in “He gas of mass density p can be obtained by interpola-
tion from standard tables' and is dE/dx =133p
MeV cm?/g. Scaling this result with atomic mass gives
the value 177p MeV cm?/g for 3-MeV protons incident
on *He. The production rate per unit volume S can be
written in this case as

§=8,0(r—R,) , (90)

where S;=3.76 X 1013Py, cm~3sec™! Torr~!.

At the low pressures used in the experiments, the loss
of He ions due to diffusion is important. In addition, the
3He ions have a high conversion rate to *He,*. To find
[*He* ], we must solve the rate equation under equilibri-
um conditions, i.e.,

%[He*]zs —¢[He+]—5[ A][He* ]+ DV [He*]=0,

9D

where S is the production rate of *He™ in units of
cm™3sec™!, the conversion rate of *He™ to *He,* is'6~!®
e=103P%, sec™ ! Torr=2, & is the rate constant for an
asymmetric charge transfer reaction between He™ and
the atomic or molecular species A4, and D is the diffusion
constant

760
PHe ’

D =D, (92)
where D, is the diffusion coefficient. The ambipolar
diffusion coefficient of *He* in He is'® D;=0.53 cm?/sec.
The term due to asymmetric charge transfer is important
both here and in the rate equation for *He,*. This is due
to the fact that many common impurities, H,0,N,,0,,
etc. have substantial rate constants for charge transfer re-
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actions. As an example, for the charge transfer process
given by

He* +N,—He+N,* , (93)

the rate constant has been measured to be’ §=1.0x107°
cm?®/sec. The final result of the process (93) and of simi-
lar processes involving *He,* [see (2) and Sec. V] is a
significant reduction in the equilibrium density of *He, ™,
which will reduce the depolarization rate of *He.

It is difficult to solve (91) due to the complicated
geometry of the cell. To find an approximate solution to
(91) we assume an effective cell that is cylindrical with the
radius chosen so that the effective cell volume matches
the actual cell volume. The cell volume was 38.7 cm® and
its length was 10 cm. This gives an effective radius of
R =1.1 cm. Under the assumption of a cylindrical cell
we can solve (91) by expanding the number density of
3He™ as a sum of cylindrical diffusion modes,

pz
L

PHet]l= 3 n,,Jo sin

m,p=1

Xom 7’{ , (94

where x,, is the mth zero of the Bessel function J,, and p
is a positive integer. The diffusion modes of (94) are zero
at the edges of the cylinder. Similarly the source, which
we assume to be uniform out to the beam radius, can be
written

- r . mpz
S = m2~ SmpJdo Xom g |Si —-iL (95)
p=1
It can be easily shown that for p odd,
Ry
85, Ro ' "R 06)
m TPX om R [Jl(x0m )]2 ’

and otherwise, Smp =0. Substitution of (94) and (95) into
(91) gives the relation

2
SmpR

5 )
D +38[ 4]R?

mp =
x3.D +eR*+

7R
7P

To find (¢) we estimate [*He, " ] by solving the *He,*
rate equation under equilibrium conditions, i.e.,

% *He,* |=€[*He* ]+ D'V *He,* ] —a[ *He,*

—8'[4][*He,*]

where the diffusion constant D’ is given by an expression
similar to (92), a is the recombination coefficient for
He,*, which includes three-body recombination with
both He and electrons and two-body recombination [see
(87)], and &' is the rate constant for the asymmetric
charge transfer reaction between *He,™ and an impurity
species A (see Refs. 7-9 and Sec. V). Again, the last term
included in (98) is important because many common im-
purities, e.g., N,,H,, etc. have substantial rate constants
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for charge transfer reactions. As an example, for dissoci-
ative charge transfer between *He,* and N, [see (2)] the
rate constant has been measured to be® §'=1.3x10"°
cm’/sec. We ignore the recombination term since this
rate is small compared to the diffusion rate at the low
pressures encountered here. For instance, we estimate
from (87) and (98) that the recombination term, with
Py.=4.5 Torr, electron number density [e]=5X 10"
cm~3, and [*He,*1=1x10" cm~3, is

a[*He,* ?=1.8x10" cm3sec™!,

whereas, using notation that will be explained shortly, the
diffusion term is (to within 20%)
2

2
X01 ,
; ny

D'V?[*He,*]=D’ 22

o
L
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The ambipolar diffusion coefficient for *He,* in He is!®
D{=0.81 cm?/sec. Again we make the expansion

xr

ot , . | mpz
[PHe,* 1= 3 n,,J Xom 2 [sin _[iL , (100)
m,p=1
p odd

and substituting (94) and (100) into (98) we find

eR2/D’
2 n
TR ’ 2 '
I P +6'[AJR*/D

Ppp = mp (101)
X Gm +

To obtain {¢) we average ¢(r,z) over the radial and axial

=6.0X 102 cm~3sec! . (99)  coordinates,
|
(6) foLfoRq&(r,z)rdrdz
)= LR?/2
J Ro
32eR,R’S, = ™ 1
=73 , 2.2 2
m“[HelD Z X omd 1(Xom )
[He] mp ot | oo T g+ fLﬁp +8[AJR?/D’ | x2 D+ %p D +eR2+58[ A]R2

At the low pressures encountered here 95% of the contri-
bution to (¢) is given by the first few terms (m =1,2,
p =1,3) in the above sum.

Before comparing the theory to the measurements,
note that the ionization rate is I';,,,=5.6X 1075 sec™! so
the depolarization rate due to atomic ions,
I'=n,Tign>Ti, is significantly less than even the
smallest observed rate of I'=3.1X10"% sec™!. We use
two tables to compare the theory to the experiments.
Table I compares the experimental relaxation times to
those calculated for the case of pure helium in the cell,
i.e., where there are no charge transfer reaction constitu-

(102)

ents present so [ A]=0 in (102). Column 1 contains the
helium pressure and column 2 lists our estimates of the
corresponding *He,™ number densities. Measured values
for the relaxation time T at the various helium pressures
are given in column 3. Using the magnetic field applied
by Milner et al., By=10 G, we estimate the relaxation
times T at the various pressures used in the experiments.
Assuming (y,,N/h)=29 MHz and o,=1.1X10""
cm?, the value inferred from mobility experiments,'®!®
we obtain the values listed in column 4 of Table I. Under
this assumption of a pure helium target the relaxation
times in column 4 are in poor agreement with the mea-

TABLE 1. Relaxation times for pure helium. The magnetic field is B,=10 G.

T (sec) n, R
Py, (Torr) [*He,*] (cm™3) Measured® Calculated® Calculated Measured
0.8 1.3x 10’ 32001850 680 1 7
1.9 7.3x 108 700200 13 1 30
35 6.7 10° 22+7 1.4 1 1000
4.5 1.4x10'° 19+6 0.74 1 1200

2 See Milner et al. (Ref. 5).
®The value used was o, =1.1Xx 10~ !* cm?.
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TABLE II. Relaxation times with background [N,]=1.3X10* Torr. The magnetic field is B,=10

G.
T (sec)
Py. (Torr) [*He,*] (cm™3) Measured® Calculated®
0.8 1.9 10° 32001850 3700
1.9 4.3 107 7001200 210
3.5 3.2%x 108 22+7 30
45 6.8 108 19+6 15

2See Milner et al. (Ref. 5).
®The value used was 0, =1.1X10"" cm?.

sured times of column 3. However, Milner et al. gave no
indication of the purity of their helium. It is well known
that water vapor is slowly released from the walls of glass
cells. This outgassing could have been enhanced by the
proton beam and by the operation of a discharge. The
presence of contaminants in small quantities is important
because they will significantly decrease the He,* number
density. As already mentioned, common gases such as
H,0,N,,H,,CO, etc. quench *He,* very effectively by
various charge transfer mechanisms. To demonstrate
how effectively depolarization is suppressed by even a
small amount of such a gas, we calculated new values for
both the relaxation times and the *He,™ number densi-
ties, assuming a background nitrogen pressure in the cell
of [ A]=[N,]=4.6x10'2 cm~3. We list in Table II all
the same quantities given in Table I but with these new
values for the calculated relaxation times and the He, ™"
number densities. Under these conditions, the agreement
between columns 3 and 4 is quite good and most of the
calculated relaxation times now agree within error bars
to the measured values.

To make a more definitive comparison between the
theory and experiment, more carefully designed experi-
ments must be carried out. The use of a getter in the cell
would significantly reduce impurity levels. The experi-
mental data could be more easily compared to theory by
using a cell of convenient geometry, e.g., a cylinder. A
better definition of the spatial profile of the proton beam
is also essential. To conclude, it is difficult to make
definitive comparisons but it seems the relaxation can be
attributed to the spin-rotation interaction. The key to
this interpretation is that the measured relaxation rates
do qualitatively scale according to the *He,* number
density.

Before proceeding we point out one other comparison
that can be made to a depolarization measurement done
at low pressure. Byerly?! measured the depolarization
rate of spin-polarized *He at 20 Torr of helium under two
conditions: with about 10'* cm~? of neon gas added as
an impurity quencher of *He,* and without neon. Attri-
buting the difference in the depolarization rates as that
due to 3Hez‘r molecular ions, Byerly estimates that the
depolarization rate constant due to molecular ions, taken
as the difference of the two measured rate constants for
the two different conditions, is kK =T',/[*He,*]1~10"12
cm’/sec. Using Fig. 4 to estimate a value for k from the
theory gives k ~3%x 1072 cm3/sec. Note that Byerly’s

conditions were such that B;~10 G and ¢~107'°. The
agreement is very good considering the uncertainties as-
sociated with both the measurements and the critical pa-
rameters necessary to make the estimate.

VII. PROSPECTS FOR SUPPRESSING
DEPOLARIZATION BY *He,*

In this section we review methods for reducing depo-
larization by *He,* formation. We begin with a discus-
sion of charge transfer destruction of *He,* by collision
with a foreign gas atom or molecule because of its impor-
tance in suppressing the equilibrium *He,* concentration
in target cells. The rate constants for various types of
charge transfer processes with 3He,™ have been mea-
sured.®® The rate constants are on the order of gas kinet-
ic rates. For instance, it is known that 3He2+ will rapidly
charge exchange and dissociate in the presence of N, by
process (2). The rate constant for this reaction has been
measured to be® 1.3X10~° cm?/sec. Other gases which
have been measured include Ne, Ar, Xe, H,0, CO, O,,
and H,.

Recent experiments by Chupp et al.® clearly demon-
strate the significance of such reactions. The experiments
involved measuring *He spin relaxation due to 18-MeV a
particles with a beam current of 0.336 uA. They used
spin exchange with optically pumped Rb to polarize *He
(see Chupp et al.®). The target cell, which consisted of
434 Torr of *He and 153 Torr of N,, resulted in a spin-
relaxation time of about T =1.4X 10* sec. The nitrogen
was included to prevent radiation trapping of the Rb D1
line used for optical pumping. The relaxation time attri-
butable to atomic ions alone is calculated to be 2.2 10*
sec. Therefore, little indication of depolarization due to
He,* was found. Due to the large concentration of ni-
trogen, 3He2+ was effectively eliminated. We estimate
that under these conditions about 850 cm ™3 of *He,* was
present and so there was no significant relaxation of *He
due to 3He2+, as observed. The shorter observed relaxa-
tion time could be due to depolarization effects we have
ignored until now. For instance, we would expect a
significant number of 23S, metastable *He neutral atoms
to be created and the hyperfine interaction (between the
nuclear spin and the electronic spin) to cause a loss of po-
larization of the nuclear spin to the electronic spin.
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TABLE III. Nitrogen densities required to make the number

of *He atoms depolarized per *He,* equal to 1, i.e., n,, =1 [see

(77)]. These numbers assume g, =1.1X10"!% cm?.
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TABLE IV. Relaxation times for pure helium at Bo=10 G
and B;=200 G for low-pressure cells. These numbers assume
0,=1.1xX10"% cm?

Py, (Torr) [N,1/[*He] Ref.
0.8 0.44x1073 6

1.9 0.95x 10?3 6

3.5 1.3 x1073 6

45 1.4 %1073 6

434 8.3 x10~° 5

T (sec)
Py, (Torr) By,=10 G By=200 G
0.8 680 1.4 10*
1.9 13 1100
3.5 1.4 130
4.5 0.74 66

To show more quantitatively the importance of charge
transfer processes, we estimate the concentrations of N,
in 3He that are sufficient to suppress depolarization aris-
ing from 3He2+ molecules. Specifically, we calculate the
N, concentrations necessary to make the depolarizing
rate from *He,* formation equal to the rate expected due
to *He* atomic ions for both the Milner et al. and the
Coulter et al. experimental conditions. Using the nota-
tion defined in (76), we evaluate the N, concentration
necessary to have n,, =1, i.e., the number of 3He atoms
depolarized per *He,* molecule is 1. Table III summa-
rizes the results. In column 1 we list the helium gas pres-
sure and column 2 shows the fractional concentration of
N, to *He that is required to make n,, =1. The table in-
dicates, in the case of two radically different sets of exper-
imental conditions, that very modest foreign gas levels
(IN;1/[*He]~ 107?) are sufficient to suppress depolariza-
tion by formation of 3He2+. Thus, if experimental condi-
tions allow it, introduction of one of the foreign gases
that is effective at charge transfer reactions with *He,*
will reduce depolarization due to *He,* molecules.

Since there are plans for future experiments using tar-
gets of much higher helium densities,? it is important to
note that recent work?® indicates that the termolecular
asymmetric charge transfer process

3Hez++N2+He—*N2++3He (103)

has a fairly high rate constant of k;=1.31x10"%
cm®/sec. At nitrogen densities of 5% 10'® cm~* and heli-
um densities of about 10%° cm~3 the bimolecular [see (2)]
and the termolecular asymmetric charge transfer rates
become equal. Thus, at higher He pressures, conditions
become even more favorable for suppression of depolari-
zation by He,*.

Finally, it is also clear that depolarization rates can be
reduced in low-pressure cells by increasing the magnetic

field. In the case of a cell of pure helium a magnetic field
of 200 G would lengthen the relaxation times of Milner
et al.® by a factor of about 100. A comparison of calcu-
lated relaxation times in fields of 10 and 200 G is given in
Table IV.

VIII. CONCLUSIONS

We have presented a model which predicts the depolar-
ization rate of *He due to atomic ions and due to forma-
tion of *He,*. The comparison between theory and the
Milner et al. experiments is difficult and inconclusive due
to the uncertainties in the gas purity, the cell cleanliness,
the spatial profile of the proton beam, the value of the
spin-rotation coupling constant ¥,,, and the value of the
exchange cross section o,. However, it does seem that
the *He spin relaxation can be attributed to the spin-
rotation interaction in the molecular ion *He,*.

There are several ways to overcome spin relaxation due
to *He,™. The number density of *He,* can be lowered
by introducing a foreign gas, such as nitrogen, that will
undergo a charge transfer reaction with *He,*. At low
gas pressures (Py, <20 Torr) *He depolarization by
3He, ™" is greatly reduced by applying a modest magnetic
field By ~200 G. Operating at high target pressures also
significantly reduces the relaxation rate. Through one or
a combination of these techniques, the problem of relaxa-
tion of polarized *He by *He,* can probably be solved.
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