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The effect of radiation trapping on an optically pumped spin exchange polarized atomic hydrogen or deuterium target operated
in a high magnetic field is analyzed. It is shown that, if possible, it is desirable even in a high magnetic field to use an atkali density
jow enough that significant radiation trapping does not occur since fewer photons are needed on the average to polarize an atom,
This permits one to obtain the maximum number of polarized hydrogen atoms per photon. Operation at a low alkali density
requires both a high atomic hydrogen density and a low hydrogen polarization loss rate. It is also suggested that in a high magnetic
field there may be advantages in using linearly polarized light for the optical pumping.

1. Introduction

The prospects of producing a polarized atomic hy-
drogen or deuterium beam by spin exchange optical
pumping in a high magnetic field appear very promis-
ing. In recent high magnetic field spin exchange optical
pumping experiments, Coulter et al. have obtained a
polarized beam of atomic deuterium with a flux of
2.1 X 10'7 atoms/s and with an atomic polarization of
73+ 3% [1}. In a high magnetic field the average
number of photons needed to polarize an alkali atom
increases as the alkali density increases due to radia-
tion trapping. This paper discusses the effect of radia-
tion trapping on the spin exchange optical pumping of
hydrogen or deuterium in a high magnetic field and
discusses the problems to address in order to increase
the polarized hydrogen or deuterium flux.

A beam of polarized atomic hydrogen or deuterium
can be produced using spin exchange optical pumping
as follows. We consider the polarization of hydrogen in
our discussion but the concepts apply to deuterium as
well. Both an alkali vapor and atomic hydrogen are
flowing through a cell. The alkali atoms are polarized
by optical pumping in a high magnetic field. The atomic
hydrogen is polarized by alkali-hydrogen (A-H} spin
exchange collisions. There are also hydrogen—hydrogen
(H-H) and alkali-alkali (A-A) spin exchange colli-
sions. The H-H and A-A spin exchange collisions
leave the electron spin polarization of both the hydro-
gen atoms and alkali atoms unchanged. The electron
spin polarization of the atomic hydrogen in the cell is
lost either by relaxation collisions with other atoms and
molecules, or with the cell walls, by recombination, or

by flow of hydrogen atoms out of the cell. The alkali
atoms do not lose a large fraction of their polarization
by relaxation or by the flow out of the cell. The alkali
atoms lose most of their polarization by transferring it
to the hydrogen atoms via spin exchange collisions.
Since radiation trapping affects the rate of optical
pumping of the alkali atoms it thereby affects the
obtainable rate of polarization of the hydrogen atoms.
This paper discusses the effects of radiation trapping
on the conditions that will maximize the flow of polar-
ized hydrogen out of a spin exchange optically pumpted
cell.

2, The rate equations for hlgh field spin exchange
optical pumping

We discuss optical pumping using o* light with a
wavelength corresponding to absorption from the 28, 2
ground level of the alkali to the lowest 2P, 2 excited
level of the alkali. The optical pumping works as fol-
lows. Absorption of a* light excites alkall atoms out of
the S,/Z, = —1/2 state into the P,/z, m=1/2
state which decays spontaneously to the 2§, /2, m=
—1 /2 state two-thirds of the time and to the 2§, /20

=1/2 state one-third of the time. The net result is
to depopulate the ?S,; %2 m=—1 /2 state and incréase
the population of the S, s2 m=1/2 state.thereby
polarizing the alkali vapor. The excess population in
the %S, ,,, m=1/2 state of the alkali atoms tends
toward equalization either by relaxation collisions or by
flowing out of the ¢éell and being replaced by unpolaz-
ized atoms. However, these are not the primary mecha-
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nisms for the loss of polarization from the alkali vapor.
Polarization leaves the alkali atoms primarily by spin
exchange collisions with the hydrogen atoms. The po-
larization of the hydrogen atoms is lost by relaxation
collisions, by recombination or by flow out of the cell.
If we ignore the density of alkali atoms in the excited
p, s2 level then we need to consider four rate equa-
tions, one each for the density of alkali atoms in the
ground level with m = —1/2 and m = 1/2 denoted by
nap and n,,, respectively, and one each for the den-
sity of hydrogen atoms in the ground level with m =
~1/2 and m=1/2 and denoted by ny, and ny,
respectively. The four rate equations are the following:
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where R is the laser optical absorption rate in pho-
tons /s, N is the average number of photons needed to
transfer an alkali atom from the ’S, s m=—1/2
state to the %8, /2 'm=1/2 state, i.e. to polarize an
alkali atom, {ov) is the average over the velocity
distribution of the product of the A—H spin exchange
cross section times the A—H relative velocity, T, is the
alkali polarization loss time, and Ty is the hydrogen
polarization loss time. The alkali and hydrogen polar-
ization loss times are given by 1/T, =1,/T g+ 1/Tsp
and 1/Ty=1/Tyr + 1/Tys where T g is the alkali
relaxation time and T, is the average dwell time of an
alkali atom in the cell, Ty is the hydrogen relaxation
time including the effect of recombination and Ty is
the average dwell time of hydrogen atom in the cell.
The laser absorption rate is given by

R= ( 'h_v;EABS ) 4 - (5)
where I, is the laser inténsity in power per unit area, v

is the laser frequency and &,pg is the effective absorp-
tion cross section for the atomic line shape folded with

the laser frequency distribution. Neither A—A nor the
H-H spin exchange terms appear in the rate equation
because these terms do not change the state popula-
tions,

The rate equations are simplified by rewriting them
in terms of the alkali and hydrogen polarizations:

Rpn—n
py=—2—2E (6)
LN
and
Ny, —n
Py-= M, (7)
ny

where ny=na,+nsp and ny=ny, +ny, are the
total alkali and hydrogen densities, respectively. The
spin up and spin down densities can be written as
Rag=n 1+ P32, npg=ns1-PF)/2 ny,=nyl
+ Py)/2, and Ry = ny(l —Py)/2.

The rate equations rewritten in terms of the alkali
and hydrogen polarizations are given by
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and
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3. Analysis of spin exchange optical pumping in a high
magnetic field

In the steady staté eq. (9} leads to the result
Py nlov)Ty
Py 1+npondT,
or
Py/Py
(1-Py/Fy) .

Thus for a given alkali density n,, if one requires a
minimum value of Py /P,, Ty must have a minimum
value that can be calculated i {ov) is known. In order
to make the discussion concrete consider the case
where the alkali atom is sodium with an atomic mass of
23. In this case (o) =23%X10"" cm® s~ ! at a tem-
perature of 500 K [2]. The value of {ov) depends only
weakly on the temperature. Again in order to make the
discussion concrete let us consider the case where
P, =7/8 and Py = 3/4 or greater. For these values of
P, and Py it is seen that Py /P, = 6/7 or larger which
requires that Ty = 6/(n,(or)). Thus we find that
Tyz26, 26 and (.26 ms, respectively, for sodium
densities of 10%!, 10*? and 10" atoms/cm?.

nlov)Ty=

(10)
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For a useful target, the A—H spin exchange term
ny{ov)( P, — Py) must be much larger than the alkali
polarization loss term P, /T, so that the latter term
can be ignored in eq. (8). We estimate how much larger
the A-H spin exchange term is than the alkali polar-
ization loss term as follows. The ratio of the A-H spin
exchange terms to the alkali polarization loss terms is
given by nyul{ev)T,(1 — Py/P.) = n(ou)Tylng/
A XTn/TuXl — Pu/Pp) = (ny/na X Py/PAXTo/Ty)-
We are discussing the case of Py /P, = 6/7. A reason-
abie value of ny/n, might be 100 and T, /T}; might
be expected to be of the order of 1. Thus the ratio of
the A—H spin exchange terms to the alkali polarization
loss terms is expected to be about 80 5o that almost all
the angular momentum that is pumped into the alkali
vapor is transferred into the hydrogen ensemble and
only a small amount is lost by alkali relaxation or flow
of alkali atoms out of the cell.

If in the steady state we consider n,V times eq. (8)
and ag,V times eq. (9), we find that
#/ — nan (o DIV (Py — Py) + 2

: : ny Pyl
=HAHH(UU)V(PA—PH)= .

The rate at which angular momentum enters the alkali
vapor by optical pumping is 2Rn , ,V//N. The maximum
rate at which angular momentum can enter the alkali
vapor is the number of photons incident on the optical
pumping cell per second divided by the average num-
ber of photons required to polarize an alkali atom in a
high magnetic field, i.e. R, n4gV/N =P /(hvN). In
the expression P, is the laser power. It follows that

H

nyPuV
T, (12)

Radiation trapping affects the rate at which polarized
hydrogen atoms can flow out of the cell through the
factor N~! on the left-hand side of eq. (12). The effect
of radiation trapping on spin exchange optical pumping
in a high magnetic ficld occurs because radiation trap-
ping increases the average number of photons that are
needed to polarize an alkali atom. Radiation trappping
occurs when the alkali vapor becomes optically thick so
that multiple scattering of light is important for one or
more radiative branches’ of the vapor. In a high mag-
netic field radiation trapping does not prevent the
polarization of the alkali vapor, but it does increase the
average number of photons needed to polarize an
alkali atom [3). This is in contrast to optical pumping in
a low magnetic ficld where the multiplc scattering of
the photons results in a depolarizing mechanism for
the vapor [4].

We now estimate the average number of photons
needed to polarize a sodium atom for sodium densities

L
N znany(ov)(Py—Py) =

of 10", 10" and 10" atoms/cm®, when the alkali
atoms are pumped using ¢* light. The P, ,,, m = 1/2
—128, s2, m=1/2 fluorescence is trapped if the popu-
lation density of the 28, ,,, m =1/2is sufﬁcnently high.
The optical absorption cross scction between the 28, ,,

=1/2 state and the 2P, s2 m=1/2 state in the
alkall atom is given by

)\2

Oaps = ?s—;-Aulg(V_VO)’ (13)
where A =599.6 nm is the wavelength for the transi-
tion, A, is the Einstein A coefficient between the
upper and lower levels, and g(v —»,) is the normal-
ized Doppler line shape. At line center o,p =44 X
10712 ¢m? at 500 K. We take the optical pumping cell
to be a cylinder with a radius of r=1 cm. Radiation
trapping becomes important when r=(n ABUABS)
23 x 10" /n,,, where n,, is in atoms/cm’. Thus for
sodium densities less than 2.3 X 10*? atoms /cm’ radia-
tion trapping is not significant. When radiation trap-
ping is not significant, an average of 3 photons are
required to polarize an atom. This occurs because after
an absorption of ¢* light on the average the %P, /2

=1/2 state decays to the 28, ,, m= —1/2 state
two-thu'ds of the time and to the S, ,,, m = 1/2 state
one-third of the time. As the sodium density increases
above 2.3 X 10" atoms/cm® the spontaneous emission
from the ?P, 5, m=1/2 state to the 8, ,, m=1/2
state becomes trapped and more than 3 photons are
needed on the average to polarize a sodium atom. This
means that on the average a longer time is required to
absorb the photons to polarize the sodium atom. Tupa
et al. [3] have presented calculations on the effects of
radiation trapping on the optical pumping of an alkali
vapor in a large magnetic field. Fig. 2 in Tupa et al.
shows the polarization of a sodium vapor as a function
of the time after the laser was turned on for several
values of the sodium density. Since the time required
to polarize the sodium vapor is directly proportional to
the average number of photons required to polarize
the sodium vapor, one can estimate the average num-
ber of photons required to polarize a sodium atom.
The net result is N =3, 5 and 60, respectively, for
sodium densities 10!, 10! and 10** atoms/cm?.

Using the average number of photons needed to
polarize a sodium atom it is possible to calculate
2P, /(hvN) for a given pump laser power. In eq. (12)
it was shown that P, /(hvN) is an upper limit on
ny PyV /Ty In order to make the discussion concrete,
let us consider a pump laser power of 1 W. A 1 W laser
at 589.6 nm emits 3 X 10'® photons/s. The values of
2P, /(hvN) are, therefore, 2 X 108, 1.2 x 10'® and
1.0x 1017 s, respectively, for sodium densities of
101, 10" and 10" atoms/cm?, respectively. For a
hydrogen polarization of 0.75 the hydrogen loss rates
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can be calculated. Using eq. (12) one finds that
nyV/ Ty must be less than 2P, /(hyNPy) = 2.6 X 108,
1.6 x 10’8 and 1.3 % 10'7 s, respectively, for sodium
densities of 10", 10'2 and 10** atoms/cm®.

In order that the flow of polarized hydrogen atoms
be as large as is possible it is necessary to have Ty as
short as possible consistent with maintaining a high
hydrogen polarization, i.e. Ty = 6/{(n,{ov)). For the
minimum values of Ty and for a given volume V', one
can calculate the maximum values for ny. For an
optical pumping cell with a volume of 40 cm® (a cylin-
der 1 cm in radius and about 13 cm long) the maximum
values of the atomic hydrogen densities, ry, are 1.6 X
10%, 1.0x 10", and 8.7x 10" atoms/cm®, respec-
tively, for alkali densities, n,, of 10'!, 10> and 10"
atoms/cm’. If the hydrogen densities are higher than
these values, then for a 1 W laser and for the minimum
value of Ty, one cannot obtain an atomic hydrogen
polarization of 0.75. It should here be noted that ny
should not be much smaller than the maximum value
ny = P,Ty/(hv NVPy) since a smaller value means that
the angular momentum pumped into the alkali cannot
be transferred to the hydrogen at the maximum possi-
ble rate P /(hvN)=nny{ocv)}V(F, — Py) unless n,
is increased above the value required by eq. (10).

Since P, /(hvN) is directly proportional to the laser
pump powet it is clear that the optimum value of the
hydrogen density, which is given by ng=
2P, Ty /(hvNPyV) increases linearly with P, . This
implies that the flow rate of polarized hydrogen out of
the optical pumping cell can be increased linearly with
the laser pump power provided the atomic hydrogen
density can also be increased.

4. Conclusion on high field spin exchange optical
pumping

In summary, there are several conditions that must
be satisfied in order to polarize a hydrogen ensemble
by spin exchange optical pumping. (1) If Py /P, is to
be near one it is necessary that n,{ocv)Ty> 1. Fora
give alkali density n,, this determines a minimum
value of the hydrogen polarization loss time Ty. This
condition assures that Ty is large enough that each
hydrogen atom makes several spin exchange collisions
with an alkali during the time Ty. (2) The hydrogen
target is operated in an optimum manner when the
angular momentum is transferred to the hydrogen en-
sembie as fast as it can possibly be pumped into the
alkali vapor by optical pumping so that Py /(HvN) =
nany{av X P,y — Py). This requires that the angular
momentum be lost by the hydrogen as fast as it can be
pumped into the alkali vapor so that PynyV/Ty =
P, /(hyN). As a result of these conditions, and for
operation at the minimum value of Ty, one finds that

By = Py Ty /(hvNPLY). 1t is desirable that the target
operate with this minimum value of Ty in order that
the flow rate of polarized hydrogen out of the cell
could be maximized. The maximum possible rate at
which angular momentum can be pumped into the
alkali vapor is equal to the number of pump laser
photons incident on the optical pumping cell divided
by the average number of photons needed to polarize
an alkali atom. In a high magnetic field the average
number of photons needed to polarize an alkali atom is
3 at low alkali density and increases rapidly at alkali
densities large enough that radiation trapping becomes
important (i.e. for #0557 > 1). This implies that more
hydrogen atoms per second can be polarized at an
alkali density low enough that radiation trapping is not
significant, rather than at a high alkali density. Of
course, in order to operate with a low value of n,, it is
necessary that Ty be long enough that n,Ty{cv) %1
and that ny be nearly equal to Py Ty /(AvNPyV).

Finally it should be understood that for spin ex-
change optical pumping it is desired to produce the
polarized hydrogen at the maximum rate. This is best
accomplished in a high magnetic field at an alkali
density low enough that radiation trapping is negligible
s0 that one uses the smallest average number of pho-
tons to polarize each atom. On the other hand if one
wishes to make a dense alkali target, such as the one
currently used for the charge exchange target in the
optically pumped polarized ion source, it is desirable to
use high alkali densities so that radiation trapping
cannot be avoided. Finally it should be noted that it
may be useful to use an optically pumped spin ex-
change target for the charge exchange target in an
optically pumped ion source.

5. High field optical pumping using linearly polarized
light

Our calculations were carried out for ¢t pumping
radiation absorbed by the transition %S, ,,, m = —1/2
—2P, ,,, m =1/2, where on the average 3 photons are
required to polarize an alkali atom in a high magnetic
field. It may be better o use the « pumping radiation
absorbed by the transition 28, ,, m= —1/2 =P, ,,
m = —1/2, where on the average only 1.5 photons are
required to polarize an alkali atom in a high magnetic
field. In a high field, absorption of = light by the
transition 2§, ,,, m=—1/2-%P;,,, m=-1/2 oc-
curs at a different wavelength than for other transi-
tions out of the ground level, The use of w radiation
for the optical pumping means one must pump with a
laser beam that is perpendicular to the magnetic field.
It may also be useful to use the o* absorption for the
transition >8, ,,, m= —1/2 2Py 5, m=1/2, which
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aksn requires om the average only 1.5 photons to polar-
j2e an alasm.

These are potential applications for optical pump-
ing using 7 polarized Hght incident perpendicular 10
the meagnetic feld. One may be able 10 produce a long
polarized target with a large value of & parallel o the
magnetic fickd. Also, the use of multiple lasers for the
optical pumping of a target may be simplified. If one
can produce a target with a large value of of parallel 1o
the magneti field it may be possible w0 wtilize oolli-
sional pumping for producing polarized ion beams [5].

6. Low fiekd spin exchange oplical pumping

Adthough the primary subject of this paper B spin
cxchangs optical pumping in a high feld, it may b of
interest to consider briefly spin exchange optical pump-
ing in & kow field. In a low magnetic field, radiation
trapping agts as a depolanzing mechanism so that one
canme polarize an alkali vapor with a density higher
Than {aﬁﬁr} | where oy e i% the level 1o level ab-
sorption cross section and r s the radius of the eylin-
dirical optical pumpdng cell [4]. For a sodium vapor at
S0 K, orype =44 2 107" em® at line center, For r= |
cm the maximum sedium density ithat can be pumped
in a low ficld is 2.3 % 10" atoms/cm®, A1 this density,
m order that F.-'l.- T/8 und F“E 3/, ome Inds that

Tuz26x10%,"'=11 ms, The average number of
photons needed o0 podarize a sodivm atom in a low
field is 6. For a 1 W pump laser Py ke N )= 521077
5~ 1 This leads 1o

myl Py
—_—

Ty — heMPy

If Ty has the mimdimum valee of 11 ms, then ry,; must
be less than 18 = W™ aioms fem’,

-7 10 5,
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