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Abstract

The prospects for the direct production of a nuclear polarized atomic hydrogen or deuterium target by the use of spin
exchange optical pumping is analyzed in both a low and a high magnetic field. In a low magnetic field it is found that the
optical pumping cell wall coatings must have relaxation times that correspond to thousands of wall collisions if one is to
produce a highly polarized target. In a high magnetic field it is found that wall coatings must have relaxation times that
correspond to only a few hundred wall collisions in order to produce a highly polarized atomic hydrogen target but must
have relaxation times that correspond to thousands of wall collisions to produce a highly polarized atomic deuterium target.

1. Introduction
| There is currently high interest in the production of a
i nuclear spin polarized atomic hydrogen or deuterium target
for use as an internal target in storage rings. One promis-

method for producmg a nuclear spin polarized target is
:;5 > use 'of spin ex ¢ optical pumping. Coulter et al.
Ix obtained a flux of 2.1 X 1077 deuterium atoms /s

@nelechnnspmpolanutlonofﬁj:ii%bytheuseof
spmexﬂmgeophcalpumpmg In a previous paper we
analyzed the effect of radiation trapping on a high field
ispin exchange optically pumped atomic hydrogen or deu-
terium target [2). In that paper it was assumed that the
magnetic field was high enough that the electron and
muclear spins were completely decoupled so that hydro-
gen—hydrogen (or deuterium—deuterium) spin exchange
icollisions do not result in the polarization of the nuclear
ispins. Since that time we have studied the consequences of
spin exchange collisions between the hydrogen atoms in a
target at magnetic fields where the electronic and nuclear
rpi_nx are not completely decoupled so that the nuclear

spins become polarized [3,4]. In this paper we analyze the
constraints on a spin exchange optically pumped nuclear
spin polarized target operated in a magnetic field that does
not completely decouple the electronic and nuclear spins
;80 that spin exchange collisions result in the transfer of
electronic polarization into nuclear polarization. We con-
‘sider limitations for a spin exchange optically pumped
target in both a low magnetic field and in a high but not
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infinitely large magnetic ficld so that the electronic and
nuclear spins are not completely decoupled. The results in
this paper are identical to those of Ref. [2] in the limit of
infinite magnetic field.

A nuclear polarized H target can be made as follows.
Molecular hydrogen is partially dissociated and flows into
an optically pumped cell that contains an alkali vapor. The
alkali vapor and atomic hydrogen flow through the optical
pumping cell where the alkali atoms are polarized by
optical pumping. The atomic hydrogen is polarized by spin
exchange collisions with the alkali atoms (A-H spin ex-
change collisions). In the cell there are also hydrogen—hy-
drogen (H-H) spin exchange collisions and alkali—alkali
(A—-A) spin exchange collisions. The hydrogen atoms can
lose their polarization by collisions with the cell walls, by
collisions with other atoms or molecules, by recombina-
tion, or by flowing cut of the cell. For a useful target the H
atoms must lose their spin polarization primarily by flow-
ing out of the optical pumping cell. The alkali atoms can
also lose their spin polarization in a variety of ways, but
for a useful target the alkali atoms must lose their polariza-
tion primarily through spin exchange collisions with hy-
drogen rather than by collisions with the walls, by colli-
sions with other atoms or molecules, or by flowing out of
the cell. Radiation trapping affects the optical pumping of
the alkali and thereby affects the rate of polarization of the
atomic hydrogen. Atomic deuterium can also be polarized
by spin exchange optical pumping. After the atomic hydro-
gen is polarized it flows out of the optical pumping cell
and into a storage cell target. This paper analyzes the
various fundamental limitations on the production of a
nuclear polarized atomic hydrogen or deuterium target by
spin exchange optical pumping.
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In this paper we show that a nuclear spin polarized
hydrogen or deuterium target can be obtained if the follow-
ing conditions are met:

(i) The electronic spin rtelaxation time for the alkali
atoms is long compared to the A—H spin exchange time.

{ii) The electronic spin relaxation time for the hydrogen
atoms is long compared to the average dwell time of a
hydrogen atom in the optical pumping cell.

(jii) The A—H spin exchange time is short compared to
the average dwell time of a hydrogen atom in the optical
pumping cell.

(iv) The time for the hydrogen atoms to approach spin
temperature equilibrium is short compared to the average
dwell time for a hydrogen atom in the optical pumping
cell. This condition is strongly dependent on the magnetic
field at the optical pumping cell since the time for the
hydrogen atoms to approach spin temperature equilibrium
is directly proportional to 1 + x> where x is the ratio of
the magnetic field to the critical field for decoupling of the
electronic and nuclear spins of the hydrogen atom in the
ground level. For hydrogen and deuterium the critical
fields are 507 and 117 G respectively.

(v} The flow rate of polarized hydrogen atoms in
_atoms/s from the optical pumping cell must be less than
thc number of photons/s absorbed by the alkali vapor

; “by the average number of photons required to
 polarize am alkali atom.
”{hy Itf 2 1ow magnetic field the alkali density must be
eqthizh that rediation trapping does not depolarize the
AP Itifk reésults in the necessity for long average
i ¥t thé hydrogen atoms in the optical pumping
o8 Wﬁemfdre very long hydrogen electronic spin
- fimes. This requires wall coatings that cause
6xudmely small depolarization rates for the electronic
spms of the hydrogen atoms per wall collision.
*"({vii) In 8 high magnetic field radiation trapping changes
tﬁe ‘tinber of photons required to polarize an alkali atom
so that the rate of production of polarized hydrogen atoms
cii oot exceed that allowed by the alkali demsity, and
thieteforé the number of laser photons must be sufficient
hrﬂle alkali density.

* A preliminary version of some of the material in this
.paper was presented at the Workshop on Polarized Ion
" Sources and Polarized Gas Targets held in 1993 at Madi-

d#0n; Wisconsin [5].

&"ﬂu rate equations for spin exchange optical pump-

s We discuss spin exchange optical pumping with circu-
dxdy polarized alkali resonance radiation. The rate equa-
i tioos: for the alkali electron spin polarization (Pf), the
vhydrogen clectron spin polarization (Pf), and the hydro-
- gen nuclear spin polarization (PR), can be obtained by

combining material in Ref. [2] and Ref. [4]. The rate
equations are the following:

dp; pe ny 1 e ne
‘*‘”=—(1 A)_ZE(PA_PH)! (1)
O L (Pi-Ph) - —(Pe—PR) -2, (2)
dt T, 4 R 2, MHOTH ’
and
dPy 1 P}

_— PE _Pll __,
dt ZTST( H H TH (3)

where n, and »ny arc the alkali and atomic hydrogen
number densities respectively, R is the laser absorption
rate per atom in photons/s, N is the average number of
photons needed to polarize an alkali atom, Tj;! is the total
hydrogen polarization loss rate in the target, T is the
A—H spin exchange rate; and Tgr is the H-H spin temper-
ature equilibrium rate. The total hydrogen polarization loss
rate in the target is made up of two terms T = Tyd + T
where Tp;t is the spin relaxation rate and Tp is the loss
rate due to flow out of the optical pumping cell. In order to
obtain optimum operation of the spin exchange polarized
target the hydrogen loss rate must be dominated by the
flow out of the optical pumping cell so that Ty’ = Tz
Thus for optimum operation of the target 7j; should be
nearly equal to the average dwell time for a hydrogen atom
in the optical pumping cell,Ty,. The A-H spin exchange
rate is given by

1
T na oSV an, G
AH
where { oggv Jan is the average of the A-H spin exchange
cross section times the relative A—H wvelocity over the
velocity distribution function for the A—H collisions, The
H-H spin temperature equilibrium rate is given by

1 _ nH<0'SEU>H]{
Tsr 1+x2

, %)

where { ogpt ) um is the average of the H-H spin exchange
cross sections times the relative velocity over the velocity
distribution function for the H-H collisions. Note that Tg;
depends on x and hence on the magpetic field, Egs.
{2)—(3) are strictly correct only in a high magnetic field,
but they offer a reasonable approximation for Pf; and P}
in a low magnetic field.

In writing the rate equations we have ignored the alkali
nuclear spin. In the limit of rapid optical pumping (i.e.
when the alkali pumping rate is large compared to the
A-H spin exchange rate} ignoring the nuclear spin is
reasonable since the alkali nucleus is always highly polar-
ized and the alkali electron spin polarization is lost to the
H atoms via spin exchange collisions and then rapidly
replaced by the optical pumping. We have also ignored
alkali depolarization by collisions with the cell walls, by



222 L.W. Anderson, T. Walker / Nucl. Instr. and Meth. in Phys. Res. A 357 (1995) 220-224

collisions with other atoms or molecules, or by flowing out
of the cell. For a target to be useful it is essential that the
angular momentum of the optical pumping light be passed
rapidly through the alkali vapor into the hydrogen. It is
essential that ny/(n,T,) be much largér than all other
polarization loss rates from the alkali. We again stress that
the main hydrogen polarization loss mechanism should be
flow out of the optical pumping cell. If the hydrogen in the
polarized target downstream from the optical pumping cell
is to have a high density and polarization it is essential that
the primary hydrogen polarization loss rate is due to flow
out of the cell rather than relaxation.

3. Low magnetic flelds

In the experiment of Coulter et al. a high magnetic field
(2.2 kG) is used at the optical pumping cell [1]. The high
magnetic field permits the optical pumping to be carried
out at relatively high alkali densities whereas radiation
trapping would cause severe depolarization in a low mag-
netic field. Radiation trapping acts to depolarize an opti-
cally pumped alkali vapor in a low magnetic field so that
one can not obtain a high polarization in a low magnetic
field at high alkali density. In contrast to its depolarizing
effect in a low magnetic field, radiation trapping does not
act to depolarize an optically pumped alkali vapor in a
high magnetic field. Thus in a high magnetic field an alkali
vapor can be polarized even in the presence of radiation
trapping. The effect of radiation trapping in a high mag-
netic field is to require more photons per atom to polarize
the alkali vapor than are required at an alkali density low
enough that radiation trapping is not significant [6,7}.

One might ask whether it is possible to construct a
nuclear polarized hydrogen or deuterium target with the
spin exchange optical pumping in a low magnetic field.
We analyze this question in this section, In order to
consider the problem let us assume that the optical pump-
ing cell is a right circular cylinder of radius 7 and length L
where r is less than L. In order to avoid severe radiation
trapping it is necessary that the atkali density be such that
N, £1/(0,ggr) where o,5¢ is the alkali resonance ab-
sorption cross section at line center. In order to make the
discussion concrete we consider the optical pumping of K.
The 4S,,, —4°P,,, absorption transition has a wave
length of A=770 om and an Einstein coefficient of
A =382x%107 s~*. The optical absorption cross section
for a transition is given by

LI 6
Taps = 2, 87 £(0), ()
where g, and g, are the statistical weights of the upper
and lower levels respectively and -g{0) is the normalized
line shepe function evaluated at line center. For the 47P,
—4%S, , transition g, =g,=2. The transition has a

Doppler broadened line shape. For a Doppler line shape
g(0)=094/Av,, where Apy is the full width at half
maximum of the Doppler line shape. The Doppler line
width at a temperature of T=400 K is Ay, =83 X 10
Hz. Thus for the K resonance tramsition &ypg=9.5X
10772 cm?,

The maximum spin exchange rate between the alkali
vapor and the H atoms in a low magnetic field is

{ Oge? dan

Q)

For K at T =400 K the value of {ogzo)an is 23 X 107°
em®/s and {ogpv)ay changes only slowly with the tem-
petature. If one takes r =1 cm then the maximum alkali-
hydrogen §pin exchange rate is 1/7T,;; =2.5 X 102 s7.

In order for the hydrogen atoms to become highly
polarized it is obviously necessary that 1 /T,y = 1/Ty, or
using Eq. (7) one obtains

— =n,{ Ol lan *
T o I Oaps’

Oaps’

Ty —m——.
H (‘-TSEU)AH

(3)
For a long cylinder the average wall collision rate for a
hydrogen atom is equal to vy/2r where vy is the mean H
atom velocity. At T=400 K and for r=1 c¢m the wall
collision rate for a hydrogen atom is about 1.5 X 10° wall
collision /s. If the average number of collisions a hydrogen
atom makes with the wall during a dwell time is M then
Ty = Typ = @rM)/ty > (0upsr)/{ Tsptian. The rela-
tive velocity v,y is nearly the same as the atomic hydro-
gen velocity, vy, since a potassium atom is about 39 times
as massive as a hydrogen atom. If we take {ogpv)an =
Ogplay = Ogely then we find that M > g,p5/20gs. The
H-K spin exchange cross section at thermal velocities is
about 1.2 X 107" cm? so that M > 7.8 X 10%.

We can make this discussion more quantitative by
considering the steady state solution to Eqgs. (2) and (3).
Although Egs. (2) and (3) are correct only in a high
magnetic field and the low magnetic field equations are
somewhat more complicated than Egs. (2) and (3} a rea-
sonable estimate for the ratio P§/Ps can be obtained
using Egs. (2) and (3). In the steady state where d Pfj/dt
= d P§/d¢t = 0 these equations yield

1 Py Py
- C_PEY e —
Tom (PE-PR) T, T, 0. (%)
In a low magnetic field T3 is approximately equal to
ny { Fggv Y uss. For H-H collisions at T = 400 K the value
of {oggv e is 4 X 1071° em®/s and the value is nearly
independent of the temperature. For an atomic H number
density of ag =5 X 10'? atoms/cm® the value of Tgy is
5% 10™* 5. Thus Tgp <« Ty;. Io this situation P = P as
can be seen from the steady state solution to Eq. (3).
Substituting: Pf; = P} into Eq. (9) yields P5/Ps=(1+
2T,n/Ty)~". This shows how Pg/P; depends on
(T,yy/Ty) X one requires that Py /Pg =09 then Ty /Ty
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=0.05. For T,,/Ty=0.05 and for T, =4 ms, which
corresponds to the maximum spin exchange rate in a low
magnetic field one finds that Ty = Ty, = 80 ms. A dwell
time of 80 ms cormresponds to about 10* wall collisiens for
the assumed size of the optical pumping cell (» = 1 cm and
r< L) Thus it is possible to produce a spin exchange
optically pumped nuclear polarized H target in a low
magnetic field only if one can find a wall coating for the
optical pumping cell that will allow the atomic hydrogen
to make more than 10* wall collisions before spin relax-
ation occurs. It is clear that if the dwell time must be at
: Jeast B0 ms then the hydrogen atom electronic spin relax-
- ation time must be significantly greater than 80 ms. At the
present there are no known wall coatings, that can survive
| interacting with K vapor and can permit more than 10*
“wall collisions before relaxation occurs [8). Thus it seems
-that at the present it is necessary to use a high magnetic
field at the optical pumping cell.

4. High magnetic fields

In a high magnetic field the spin temperature equilib-
rium rate, Tg, is approximately given by (nmy
- { oggt Y u-u)/x%. The approach to spin temperature equi-
; librium is slower than in a low magnetic field by the factor
1/x2 In this section we analyze the conditions under
which it is possible to produce a nuclear spin polarized H
target. ‘Lt us- consider the steady state solution to Eqs.
{1)—~(3) in a high magnetic field. In the steady state where
dPy dPf dPj

d dt dt (10)

' the Egs. (1), (2), and (3) can be solved. The solutions for
P} and Py are the following

1
e .
Pq 142 14+ T /Tg \ (g ng N\’ (1)
14 2T /Ty |\ Ty + n Ty R
and
Pﬁ-Pﬁ-'TST. (12)
1 —_—

Ty

It should be noted that the term (1 + Tgp/Ty)/(1+
2Tg;/T,) varies only from 1 when Tgp/Ty= to 1
when Tgr /Ty is 0. The electron spin polarization of the H
atoms by spin exchange optical pumping in the limit where
Tor/Ty is very large has been treated by Anderson and
Walker [3]. They assumed no nuclear spin polarization
which is equivalent to assuming Tgy /Ty is infinite. In this
paper we consider the prospects for producing directly
nuclear spin polarization of the H atoms. This requires that
Tor « Ty = Ty, as will be shown. In this situation (1 +

Tor/Te) /(1 + 2T 1/ Ty) = 1. In order to have a high P
it is necessary that 27,;, <« Ty and 2nyN/n, T R <« 1.
The first condition, 27,y <« Ty = Ty, indicates that
Ral T AT /2 = ny o v)arTyp/2 # 1 so that the al-
kali density is high enough that a hydrogen atom makes a
sufficient number of spin exchange collisions with polar-
ized alkali atoms during a dwell time in the optical pump-
ing cell to acquire a polarization close to that of the alkali
atoms, The value for (o v)an for K and H spin exchange
collisions is 2.3 X 10~* ¢m?®/s at 400 K and is nearly
independent of the temperature. Thus it is necessary that
1, Ty 2> 9 X 108 s /em?. If we take n, to be the same as
for the Argonne target so that n, = 2 X 10'2 em™? then
Ty = 4.5 X 107* 5. If one desires P§; to be 0.9 or greater
then it is necessary that Ty~ Typ = 4.5 ms provided
2nyN/(n,TyR) = 0. If 2ny N/(n, Ty R) is not zero then
Ty must be even longer than 4.5 ms. This means that the
dwell time must be at least 4.5 ms. A dwell time of 4.5 ms
cotresponds to about 400 wall collisions without depolar-
ization for the assumed size of the optical pumping cell.
The second condition

2nyN/(n TuR) < 1 (13)
leads to

PL
< Gmmy’ (14

where F is the flow rate of hydrogen atoms out of the
optical pumping cell and P is the laser power. Eq. (14),
the limitation on the flow rate, follows from Eq. (13), from
the definition of the flow rate, F=nyV/Typ = nyV/ Ty,
and from R g P /(hvn,V) where V is the volume of the
optical pumping cell. Eq. (14) simply says that the flow
rate of polarized H atoms from the optical pumping cell
must be less than the flow rate of photons divided by the
average number of photons needed to polarize an alkali
atom.

If one obtains a large Pf; then it is possible to have a
large Pj provided 2Tgr/Ty << 1 which is equivalent to
2x% f(ngogev)ymTy) = 2x2/(ny{ ogpvdmn Typ) < 1.
This condition also places a limitation on the flow rate out
of the cell. Substituting the result that Typ, = (ngV)/F
yields

n2{ oY mV
H SEZHIH (15)
2x

This limitation indicates that the flow rate must be low
enough that there are a sufficient number of H-H spin
exchange collisions to polarize the nuclear spin. The spin
exchange rate depends on the magnetic field through x. At
very large fields the flow rate must be very slow. In order
that the magnetic field is small enough for the nuclear
polarization to be large it is necessary that

2
M]/w_ (16)

The value of {ogr)um at 400 K is 4 X 107° cm® /5 and
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is relatively independent of the temperature. If we take
ny = 10'* atoms /cm?, F =2 x 10" atoms /5, and V =50
cm? then we find that x <« 22 or B« 22B, =11 kG. In
order that Pj; = 0.9 Pg it is necessary that B < 3.5 kG for
the assumed values of ny, F, and V.

The first condition on the flow rate, F <« P; /(2ZhvN),
also depends on the magnetic field through the fact that the
average number of photons needed to polarize an alkali
atom depends on both the alkali density and the magnetic
field since the radiation trapping depends on the magnetic
field [4,5]. Coulter et al. have shown that it is possible to
optically pump to a high polarization a K vapor with
n, = 10'? atoms/cm? in the presence of atomic hydrogen
with n; = 10'* atoms /¢m® and for a flow rate of 2.1 X
16" if the magnetic field is about 2 kG [1]. This high an
alkali density can not be optically pumped to a high
polarization in a low magnetic field. Since the various
numerical values for n,, ny, Tp and V chosen for our
calculations are similar to the target of Coulter et al. it
seems clear that one can construct a nuclear polarized H
target provided the magnetic field at the target is in the
range 2 to 3.5 kG.

For deuterium (D) nuclei the small critical field changes
the situation significantly. The ratio of the rate of polariza-
tion of D to H is approximately [xZ{oget)munyl/[x3
{oset)pphpl = 1/30 under the same conditions. Thus
higher densities or lower magnetic fields are necessary in
order to achieve high polarizations of D, than are neces-
sary for high polarization of H. In lower fields the optical
pumping rate will be adversely affected by radiation trap-
ping, thus limiting the flow. At higher densities (at con-
stant flow) longer dwell times are necessary, so that relax-
ation processes will be more important. We note that in the
Argonne optical pumping cell the D atoms make hundreds
of wall collisions. For longer dwell times more wall colli-
sions will occur and relaxation by wall collisions may be
important. In addition other relaxation processes may be-
gin to become important as well. For D if one satisfies the
condition to obtain nuclear polarization the ground level
Zeeman-hyperfine level populations will be those pre-
dicted by the spin temperature [2]. In this situation one will
have both vector and tensor polarization. The tensor polar-
ization will, however, be relatively small unless the spin
temperature is very low.

5. Conclusions

The analysis presénted in this paper indicates that it
may be possible to produce directly a nuclear spin polar-

ized atomic H or D target by spin exchange optical pump-
ing in either a low or a high magnetic field. If the optical
pumping is to be carried out in a low magnetic field then
wall coatings that have relaxation times corresponding to
thousands of wall collisions are necessary. If the optical
pumping is to be carried out in a high field then it appears
that atomic hydrogen can be polarized with wall coating
that have relaxation times corresponding to a few hundred
wall collisions for flow rates of a few times 10* atoms /s
provided the magnetic field at the optical pumping cell is
between 2 and 3.5 kG. It is more difficult to produce
directly a nuclear polarized D target than a nuclear polar-
ized H target by spin exchange optical pumping and better
wall coatings will be required for a D target than for a H
target. For D it may be preferable to use a very high
magnetic field at the optical pumping cell followed by f
transitions to produce a nuclear polarized D target. How-
ever, care must be taken if this scheme is used, since
Walker and Anderson have pointed out that if spin ex-
change collisions occur in the low or intermediate mag-
netic field required for the rf transitions then spin tempera-
ture equilibrium will be approached [2], and this must be
considered in estimating the nuclear polarizations that can
be obtained.
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