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Optical pumping of Rb in the presence of high-pressure He buffer gas
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A cryogenic technique has been used to produce polarized 'He targets of up to relative density @=12
atm ( =3 X 10 He atoms/cm', p=1 atm corresponds to 760 Torr or 101.3 kPa pressure at 273 K). In
these targets He nuclei are polarized by spin-exchange collisions with optically pumped rubidium
atoms. From transmission measurements at wavelengths of 790—800 nm, we have determined pressure
shifts, linewidths, and line-shape asymmetries for the Rb 5S&&2~5P, &~ D1 transition. The Rb spin-
destruction rate was found to exhibit a quadratic increase versus 'He pressure, which indicates the im-

portance of Rb-'He-'He collision processes. The transmission results for circularly polarized light are
well described by a model that predicts the dependence of the average Rb polarization on Rb density,
'He pressure, light intensity, and cell geometry. The Rb- He spin-exchange cross section,
(crsEv ) =6.1X10 cm s ', was found to be independent of 'He pressure up to p=12. 1 atm. Max-
imum He polarizations of 72—79% were observed with cells of 17 cm' volume that contained 'He at

p =6—9 atm.

I. INTRODUCTION

The polarization of the nuclear spin of He is of in-
terest from several perspectives. Applications of polar-
ized He in atomic physics, surface physics, and quantum
statistics have been discussed in a recent review by Leduc
[1]. The motivation for the present work was the produc-
tion of polarized He targets for applications in nuclear
and particle physics. To a good approximation polarized
He can be viewed as a polarized neutron. The two pro-

tons are predominant in a spatially symmetric S state,
with the unpaired neutron carrying about 90% of the nu-
clear spin [2]. Quasielastic and deep inelastic scattering
of longitudinally polarized electrons from polarized He
can provide information on the electric and magnetic
form factors of the He nucleus [3] and on the internal
spin structure of the neutron. The strong interaction of
slow neutrons with polarized He has been used as a spin
filter for neutron beams [4]. Experiments in which
intermediate-energy protons and pions are scattered from
polarized He determine largely unexplored spin-
dependent scattering amplitudes and probe details of the
three-body nucleonic wave function of He. Such experi-
ments are presently being pursued at TRIUMF.

Forcible nuclear orientation methods using low tem-
peratures (=5 mK) and large magnetic fields (=5 T) have
achieved sizable polarizations in solid He [5]. The large
magnetic fields and low heat capacity of the solid make
these targets of limited use for applications in nuclear
and particle physics. The only practical methods em-
ployed at present are optical pumping, i.e., the absorption

of polarized light by the atom, and transfer of the atomic
polarization to the nucleus by the hyperfine interaction.
In the optical pumping of metastable He the 2 Si —2 P
transition of helium is pumped by A, =1.08-pm light and
the polarization is transferred from the metastable to the
ground state by metastablity exchange collisions [6]. The
low He density associated with producing metastables in
a weak discharge can be overcome using cryogenic
storage cells [7]. At present such targets satisfy the lumi-
nosity demands of experiments in nuclear and particle
physics if large currents ())1 pA) of primary internal or
external beams are available.

Experiments with weak primary, or with even weaker
secondary, beams require ) 10 ' polarized He target nu-
clei, 1 —2 orders of magnitude more than has been
achieved so far with metastable optical pumping. Targets
of the necessary figure of merit (which can be defined as
the product of areal density times polarization squared)
can be produced using optical pumping of alkali metals
and polarization transfer from the alkali metal to He via
spin-exchange collisions. This method, which was
discovered by Bouchiat, Carver, and Varnum [8] and
studied further by Gamblin and Carver [9], is made possi-
ble by extremely long nuclear relaxation times T, of He
nuclei achievable in suitable containment cells. Calcula-
tions by Herman [10] confirmed that the spin-exchange
cross sections are surprisingly large for He and 'Ne.
Polarization of noble-gas nuclei by spin exchange has
since been actively studied both experimentally and
theoretically [11—16]. Using solid-state diode lasers or
dye lasers capable of producing —1 W of light output,
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Chupp and collaborators [17,18] have achieved
significant He polarizations at high density (p =3 atm)
although the volumes of these targets were limited to
only a few cm . With the advent of tuneable Ti:sapphire
(Ti +:Alz03) lasers 3 —6 W of infrared light per laser sys-
tem are now available for optical pumping of Rb or K va-
por. Since the volume of Rb vapor which can be pumped
to = 100% polarization increases linearly with the avail-
able laser power [17,18] much larger polarized target
volumes can now be realized. For the present work a
cryogenic technique has been developed at TRIUMP to
increase the target density from p =3 to 12 atm and the
target volume to 3S cm . This development over the past
two years has increased the figure of merit of the targets
by more than an order of magnitude, which has made it
possible to perform hadronic scattering experiments with
external proton and pion beams at TRIUMF. A prelimi-
nary account of proton-scattering results obtained with
these polarized targets can be found elsewhere [19].

The tunability and narrow linewidth ( —18 GHz) of
Ti:sapphire lasers makes them suitable for studying the
pressure broadened line shape of the Rb D1 line. We
present here measurements of the D1 line-shape parame-
ters and of the Rb spin-destruction rates at various Rb
densities and He pressures between p =3—12 atm.
These properties must be known to predict the average
Rb polarization and hence the maximum possible He po-
larization. We have found a strong increase of the Rb
spin-destruction rate I sD with He pressure which was
unexpected and has a dramatic effect on the laser power
per unit volume required to produce —100% polarized
Rb vapor at large He pressures. We have also measured
the pressure dependence of the cross section for Rb- He
spin-exchange collisions and the rates for depolarization
processes in the cell volume. These results and their dis-
cussion are presented in Sec. IV. They are preceded by a
brief review of the theory of optical pumping and of spin
exchange (see Sec. II). A description of the apparatus
and experimental technique is given in Sec. III.

II. THEORY OF OPTICALLY PUMPED
POLARIZED He TARGETS

The polarization of He nuclei involves the contact
hyperfine interaction between the nuclear spin of He and
the atomic spin of the alkali metal (Rb) which is polar-
ized by the optical pumping process. This interaction is
effective during the brief time of Rb- He collisions. Since
the time scales for polarization transfer (= 10 h) and for
optical pumping of the alkali metal (=1 ms) differ by
seven orders of magnitude the steady-state He polariza-
tion is directly proportional to Pz„, the average alkali-
metal polarization in the target volume, independent of
the relative concentrations of alkali metal and He. We
shall show that transmission data for the alkali-metal D1
line for both linearly and circularly polarized light con-
tain the information necessary to predict P~„reliably. In
addition to its dependence on P~b, the He polarization
also depends on the ratio of rates for spin exchange and
for depolarization processes in the volume. In our dis-
cussion we follow closely the notation of earlier work

(see, e.g. , Ref. [18]). The effect of the ' Rb nuclear
spins is neglected since the laser linewidth (=18 GHz)
far exceeds the Rb hyperfine splittings (3.04 and 6.87
GHz, respectively).

A. Absorption of linearly polarized light by Rb vapor

where [Rb] is the rubidium number density, v is the in-

verse absorption length, and the cross section for absorp-
tion of a photon of wavelength A,o is

(5 ) or I + b5v —ls I«,
(2)

(5v) +(I /2)

The first term in Eq. (2) describes a Lorentzian line shape
which is symmetric with respect to the detuning parame-
ter 5v=v —vo(p). The total pressure broadened width I
is much larger than the natural linewidth I „„(5.66
MHz), the Doppler-broadened width (0.6 GHz), or the
laser linewidth (18 GHz). In addition to pressure
broadening, one observes a pressure shift of the resonance
frequency, vo(p) —vo(0), and an asymmetry in the line
shape. The cause of these effects can be viewed [20,21] as
a distortion of the Rb Ss S»2 and Sp P, &2 atomic levels

by the Rb- He interatomic potential. The second term in
Eq. (2) is a convenient parameterization of the observed
line-shape asymmetry, characterized by two new parame-
ters b and 1",. It should be noted that this term does not
contribute to the frequency integral of the cross section
which is related to the D 1 oscillator strength (f) via

2
+00 Xo

~d(5v) = r„„=~r,cf, (3)

independently of pressure broadening. For the allowed,
strong electric dipole D1 transition it is safe to assume
that the free values I„,„=(2vrr) '=5.66 MHz and

f =0.337 are unchanged by the presence of the He
buffer gas. Since the asymmetric part of the absorption
cross section is identically zero at the resonance frequen-
cy (5v=0) the absorption maximum is unaffected by it.
For more thorough discussions of the physics of pressure
broadened line shapes we refer the reader to Refs.
[20,21].

B. Polarization of Rb by absorption
of circularly polarized light

Unlike linearly polarized D 1 light which is absorbed by
both magnetic substates of Ss S&/'2 Rb ground state, cir-

Linearly polarized (oo) laser light is absorbed by both
m, =+—,

' substates of the Rb Ss S&&2 ground state. The
absorption line-shape parameters can then be determined
independent of the incident light intensity since the Rb
vapor is always unpolarized. These parameters are then
used to interpret the light transmission data obtained
with circularly polarized light. The Rb volume is il-
luminated by a uniform, parallel beam of infrared pho-
tons of frequency v. The intensity of the laser light after
traversing a sample of thickness x is given by

in[I(0)/I(x)] =o.„[Rb]x=~~,
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cularly polarized o.+ light can be absorbed by the
m, = + —,

' substate only. The propagation of the o. + light
intensity in the medium is described by the equation

dI+ (x) = —2I+o' [Rb]p (4)

where o. is the cross section for scattering of linearly po-
larized light in unpolarized Rb vapor [Eq. (2)], and I is
the intensity of circularly polarized o.+ light incident on
the sample. The m dependence of the transition probabil-
ity accounts for the factor of 2. For ease of notation we
define rates for circularly and linearly polarized photons,
y+=I+o. and y =I o, respectively. Making use of
the identity p+ = 1 —p, we obtain the occupation proba-
bilities (p+) of the m, =+—,

' substates from the time-
dependent solution of the optical pumping rate equation:

be missed by the single-frequency time-dependent
method.

In the steady state the propagation of the laser light
can be followed through the sample numerically by solv-
ing the time-independent equations (4) and (5) at each
value of x starting with the boundary condition P~& =0
at the cell wall, x =0. The ansatz

PRb =p(1 —e )

is used to model the rapid buildup of the Rb polarization
as a function of distance from the cell wall. The quanti-
ties p (x)=—,'(1 —PRb) and d p /dx can be written in

terms of a and p,

p (x)=—,'(1—P+Pe ")

and

dp+(x)
dt y (x)+y (x)+I sD

—D p (x)
dx

r, y'(x)
+

2 2
(5)

d p (x) pa2

dx

Substitution of these two quantities into the optical
pumping rate equation (5) yields the required expressions
fora and P,

The spin-destruction rate I sD=(osDU)[Rb] has previ-
ously been assumed (see, e.g., Ref. [17]) to represent Rb
depolarization in Rb-Rb (pl ~l'$) collisions where crsD
is the velocity averaged spin-destruction cross section. It
will be shown that additional spin destruction arises from
the presence of He buffer gas. D, an effective diffusion
constant for Rb atoms in He gas, is introduced to ac-
count for differences in the Rb polarization near the cell
boundary and in the uniform medium. A further as-
sumption used in deriving the above rate equation is that
collisional mixing in the excited (5p P, &2) state due to
the presence of a small amount of N2 quench gas results
in 50%%uo probabilities of deexcitation to the m, = —

—, and

m, =+—,
' substates of the ground state. We have calcu-

lated [22] the quenching factor for the Rb D 1 line at a Nz
pressure of 120 Torr to be approximately equal to 50 us-
ing experimental quenching cross sections [23]. Numeri-
cal integration of Eq. (5) shows that the equilibrium po-
larizations P(x)=p+(x) —p (x) are attained about 1 ms
after the laser light is switched on. The possibility that
the light is elliptically polarized rather than circularly po-
larized is included in the y terms. We have found that
the ellipticity of the laser light used for optical pumping
can be made to be negligibly small (see Sec. III) and
therefore disregard these terms in the following discus-
sion.

The traditional method of determining the spin-
destruction rate I sD (see, e.g. , Ref. [10])consists of start-
ing from unpolarized alkali-metal vapor, then illuminat-
ing the sample with light of a fixed frequency such that
the light transmission grows exponentially from a finite
small value to the equilibrium value. We have used here
instead the steady-state solution of Eq. (5) and extracted
I sD from the detailed frequency dependence. The
steady-state method is sensitive not only to I sD, but also
to depolarization effects at the cell walls which can easily

+
V

X++I sD
(x~ ca ) (9)

X.++I sD
1/2

(x =0), (10)

X 1 —exp— y,+(x)+r
D

1/2

Fitting the data obtained at a range of frequencies cen-
tered on the resonance frequency provides values for I sD,
the average Rb polarization, and the effective diffusion
constant D. From Eq. (11) it is apparent that high Rb
polarization requires the ratio of photon absorption rate
y+ to spin-destruction rate I sD to be large.

C. Polarization transfer by spin-exchange collisions

The He polarization (P) is given by p+ —p where p+
is the probability of finding the He nucleus with magnet-
ic quantum number m =+—,'. The He polarization is

strongly dependent on three parameters: (i) the Rb polar-
ization PRb, (ii) the velocity averaged spin-exchange cross
section (osEU ), and (iii) the wall relaxation rate of the
cell I . The time evolution of the He polarization is in-

ferred from the rate equation

where P= 1 for all x if the incident light intensity is
sufticiently high and a ' gives the effective thickness of
an unpolarized Rb layer that exists at the cell wall. One
can then calculate a(x) and p(x) at each x given the
value of y,+(x) and subsequently determine PRb(x) where

PRb(x) =p+(x) —
p (x)

y+(x)

y.+(x)+ rsD
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r. r.
2

+ YSE p+ p — +'YsE p —p+, (12)
2

where ysE= (o sEU ) [Rb]. With the substitution

p = 1 —p+, one obtains the solution

' y„+r.
if the laser light is switched on at t =0, and

(13)

P(t) =P(0)8 (14)

if the laser is switched off at t =0. Equation (13) de-
scribes the optical pumping situation. High polarization
is obtained when PRb=1 and ysE))I . Equation (14)
describes the evolution of the He polarization in the
presence of unpolarized Rb vapor (laser oS. As Pab does
not appear in this equation, polarization decay at high
temperature provides the most accurate means of deter-
mining ysE+I . I „can be measured separately at low
temperature where ysE is negligibly small.

III. EXPERIMENTAL TECHNIQUE
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FIG. 1. Apparatus used to make target cells containing
several standard atmospheres of He gas, about 120 Torr of N2
quench gas and Rb metal.

Polarized He target cells produced at TRIUMF have
been designed to meet the requirements of proton- and
pion-scattering experiments. For proton beam experi-
ments where the beam diameter is approximately 2 mm,
target cells of 17-mm outer diameter and 8-cm length
(volume =17 cm ) are adequate. For experiments with
secondary pion beams the beam diameter is much larger
(2.5 cm full width at —,', maximum) and larger diameter

target cells are needed. Cells for pion applications have
typically 26—29-mm outer diameter and a length of 8 cm
(volume =35 cm ).

Cells made of alumino-silicate glass (Corning 1720) are
more resistant against reactions with alkali metal and ex-
hibit longer wall relaxation times, I, than other types of
glass. A schematic drawing of the setup used in making
high density polarized He target cells is displayed in Fig.
1. The target cell is connected by a thin capillary to a

glass manifold also made of Corning 1720 glass. The
manifold is pumped down to a pressure of (5X10
Torr and baked out at T=250'C for several days. A
sealed glass ampule which contains the Rb metal is bro-
ken by the impact of a glass-coated steel ball and the Rb
is subsequently chased by Aame into the cell portion of
the manifold. The system is then filled with ultrahigh
purity He gas which has passed through a tube im-
mersed in liquid He. The liquid helium acts as a cold
trap for further purification of the He gas. From the op-
posite side a few Torr of ultrahigh purity N2 quench gas
is added to the manifold contents. The N2 gas passes
through a trap cooled to 77 K by liquid N2 for additional
purification.

The manifold pressure is measured by a Baratron pres-
sure transducer to an accuracy & 1 Torr. The fraction f
of the total volume that the cell occupies is determined
by submerging the cell in liquid N2(T =77 K) after the
He gas has been added, i.e.,

T

TR
1

77 K (15)

p (1 f)p——

where p& is the pressure at room temperature. The rela-
tive density p can thus be obtained to an accuracy of
+2%. The pressures for some of our best cells are given
in Table II together with wall relaxation times I

The cells are heated to -450 K in an oven made of the
polyimide Vespel to produce Rb vapor of the required
number density [Rb]=4X10' cm . The oven has a
distributed heat How around the cell which can be finely
adjusted. This was necessary to reduce temperature gra-
dients over the cell volume which introduce large uncer-
tainties in [Rb]. Care was taken that the temperature
variation did not exceed 3 K over the full cell surface.
An uncertainty of +1.5 K at 453 K implies a 6% uncer-
tainty in the Rb number density.

where Tz and pz are room temperature and pressure.
The target cell is then enclosed in an insulated cavity and
cooled by the flow of helium gas from a liquid-helium
dewar. Passing the cold gas (T & 8 K) over the cell sur-
face causes an increase of the He density in the cell, and
a decrease in the warm part of the manifold. The temper-
ature of the cell is measured to an accuracy of +1 K at
T =10 K by two independent silicon diode thermal resis-
tors. As the cell is cooled, the pressure in the manifold
drops below atmospheric pressure, which ensures that the
capillary will seal itself when the cell is pulled from the
manifold by melting the capillary with a Game. The final
cell pressure at 273 K is then given by
p273 = (273 K/T, )p„where T, is the temperature of the
cold cell at the moment the capillary is sealed, and p, is
the pressure measured by the transducer. In practice
temperature fluctuations encountered while the cell is be-
ing pulled off by application of the fiame render a direct
temperature reading inaccurate. Instead, the effective
cell temperature at pulloff is determined from
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FIG. 2. Experimental setup for measurements of light
transmission through 'He target cells.

A parallel beam of infrared light from a frequency tun-
able Ti:sapphire laser was used to uniformly illuminate
the cylindrical glass cells perpendicular to the 8-cm long
cell axis (see Fig. 2). The Ti:sapphire laser is continuous-
ly pumped by a high power Ar+ ion laser with -20—25
W of visible light. The ef5ciency of converting the Ar
pump light into infrared light at 794.7 nm is -20%%uo. We
have two such systems running in parallel producing a
combined power of =8—10 W of 795-nm light. For po-
larized target experiments the full available power is
used, whereas for the transmission measurements the
laser power was reduced to retain sensitivity to the spin-
destruction rate, I sD.

The laser linewidth ( —18 GHz) is much smaller than
the total absorption width I of the Rb D1 line which is
dominated by pressure broadening. The laser line shape
may therefore be considered a 6 function for the purpose
of calculating the frequency-dependent cross section [Eq.
(2)] as was assumed in Sec. II. The average frequency of
the infrared light was measured with a Burleigh WA-10
wavemeter. The transmitted light intensity was mea-
sured with a Newport 818-SL photodiode, calibrated for
the frequency range of interest relative to two Coherent
power meters which agreed to better than 2%. Collima-
tion of the photodiode to a small area (0.07 cm ) ensured
that the light traversed nearly the full inner diameter of
the glass cells. Measurements of the transmitted light in-
tensities over a range of frequencies near the Dl reso-

nance determine the Rb absorption line shape.
The frequency calibration of the Ti:sapphire laser

could be checked frequently and conveniently by observ-
ing D1 and D2 resonance fluorescence in a reference cell
which contained pure Rb vapor at =450 K. This was
essential for measurements of the small pressure shifts of
the D 1 and D 2 absorption maxima. Experimentally
determined corrections were applied to the data to ac-
count for reAection, absorption, and refraction effects in
the glass of the cell and of the entrance and exit windows
of the oven in which it was mounted. Small corrections
were also necessary to renormalize small frequency-
dependent variations in the intensity of the incident light.
Transmission scans were performed on four cells, each
containing several mg of Rb metal, =120 Torr of N2
quench gas (relative density p =0.16 atm) and He gas of
relative density p =2.94, 6.44, 8.97, and 12.1 atm, respec-
tively (see Table I). The results obtained are presented in
the following section. For scans with circularly polarized
light a 3-mT holding field was applied along the direction
of the incident light.

Measurements of ysE required that the cells be optical-
ly pumped for several hours to build up the He polariza-
tion. The laser light was then blocked to follow the decay
of the polarization. The bulk He polarization could be
analyzed and reversed using the nuclear magnetic reso-
nance (NMR) technique of adiabatic fast passage (AFP)
at a frequency of —100 kHz. At least two decay curves
were measured for each cell: one at room temperature to
determine the wall relaxation rate I, and one at T =450
K to determine ysE+I „.

Absolute normalization factors were obtained by com-
paring the He AFP NMR signals (typically 0.3 V) with
weak proton AFP NMR signals from water-filled cells of
the same dimension (typically 1 pV). Our NMR setup is
similar to the one described by Chupp et al. [17]. An in-

dependent check of the NMR method has recently been
developed at TRIUMF [24]. The method is based on the
special properties of the He(p, n+) He reaction and is
sensitive only to He in the beam-interaction region. Par-
ity conservation in the strong interaction, channel spins 1

and 0 for entrance and exit channels, and parity change
in the reaction, imply the identities A„=1 and

A„o= 30„ for spin correlation parameter and beam- and
target-related analyzing powers [25]. After determining
the beam-related analyzing power A„o for 416-MeV po-
larized protons at a laboratory scattering angle of 28, ab-
solute He polarizations were obtained to an accuracy of
+0.02. The absolute He polarization results from the
reaction method are in good agreement with the AFP

TABLE I. Light absorption parameters for the Rb D1 line.

He pressure
(atm)

2.94
6.44
8.97

12.1

(cm)

1.68
1.68
1.68
2.00

v (p) —v (0)
(GHz)

14.3+1.9
34.7+4.8
53.7+3.8
73.2+ 1.9

I
(GHz)

54+3
126+5
184+6
244+7

r.
(GH. )

154+11
146+11
184+11
225+12

b

(10 &2
)

0.20+ 0.04
1.0+0.2
1.5+0.2
1.5+0.2

I sD/[Rb]
{10 ' cm s ')

0.93+0.08
1.37+0.12
2.02+0.17
2.82+0.24



HE pRESENC E OF HIGH-. . .NG OF Rb IN THOpTICAL pU

K th

311344

t ction method is morem t The reaction me
'bl

3

NM
pdirect an

k
ensive acce

re obtaine
wit

'
h the more readily avai a

IV. RESULTS

erage Rb polarizationn data and average

olarized

A. Transmission

with linearly pp
eratures n(oo ) light at temp

I~ I I I

Rb]»ber densitye b
smitted intensity is mc' w that the transmit e is m

on resonance.
the pressure s

'
able even on

these scans
arameters were

2). From
s mmetry par

p
ed wi , s m

'h
sur

btained wit
0btained for ea

T bl I d thR
The fits to

an d b given in
a or pre ssure for-

eters I, I „
d from the v pnumber densities c

mula of Killian [26]

0.2 4

O.i
12.1 atxn

393 K

x = 2.00 cxn

0

0.2

O.i
Ol

8.97 atxn

394 K

x = 1.68 cxn

0

0.2—

O.i—
6.44 atxn

393 K

x = i.68 cxn

0

0.2 ~ ~
~ 0

O.i
2.94 atxn

393 K

x = 1.68 cxn

796 796 798 000792 794790

d 450 . he

4 798

39 d 450 K (right). T e

792 794

e sa rau 393K(left)and450 ' . e

790

e s a ratures near 39elis at tempera uh diferent ce s aolarizeo
'

d light throug3 ra ' '
n of linearly po

solid curves are fits wi



3114 LARSON, HAUSSER, DELHEIJ, WHITTAL, AND THIESSEN

log, o[Rb] =26.41 4—132/T —log, oT . (17)

When [Rb] is fitted as a free parameter, the values
obtained agree with the calculated ones to better than
10%. The pressure shifts for the Rb D 1 line are shown
in Fig. 4 (top panel) together with an empirical fit,
&o(p) —vo(0)=(4. 8p+0. 106p ) GHz. Our values are sys-
tematically lower than the shifts measured for He gas in
earlier work by Ch'en [27]. This is to be expected since
the shifts, in general, decrease with decreasing molecular
weight [28]. The linewidth I (see Fig. 4, bottom panel) is
found to increase linearly with He pressure, i.e.,
1 =20.0p 6+Hz. This implies that the absorption length,
a„'(p) =88p pm on resonance and for [Rb] =4X 10'

atoms/cm, increases linearly with pressure. Our results
are in approximate agreement with the measurements of
Ch'en [27]. The linewidth does not seem to depend on
molecular weight so our He results should be directly
comparable to the He results of Ch'en.

Transmission scans performed with circularly polar-
ized light are displayed in Fig. 5. The solid curves
represent fits to the data with the use of Eq. (5)—(11) to
calculate the transmitted light intensity and the average
Rb polarization. The frequency dependence of the ab-
sorption cross section is given by Eq. (2) where the asym-
metry parameters, pressure shifts, and widths are deter-
mined from the fits to the data obtained with linearly po-
larized light. The line-shape data obtained with circular-
ly polarized light display a pronounced absorption spike
near vo(p) which is likely caused by the presence of unpo-

larized Rb at the glass surface. The effective thickness of
the layer of unpolarized Rb, I, is given approximately by
I = [D!(y,++1 sD]'~ [see Eq. (11)] where D is the
effective diffusion constant for Rb in He gas. We have
fitted D with our one-dimensional model assuming that D
varies inversely with He pressure, i.e., D =Do/p. We
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FIG. 4. Pressure shift of the Rb D1 line (top), and pressure
broadening of the D1 line width I (bottom).

FIG. 5. Transmission scans at T=450 K for circularly polar-
ized light. The solid curves include a =40-pm thick unpolar-
ized Rb layer at the glass surface, whereas the dotted curves
were calculated without such a layer. The calculations use
spin-destruction parameters shown in Table I.
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find that a fixed value Do =3.5 cm s ' gives acceptable
fits for the range of pressures and light intensities used in
our work. It should be noted that the fitted value is
larger by about a factor of 6 than that quoted by
Bernheim [29] for He and Rb. The source of this
discrepancy is unclear and may arise from the simplifying
assumptions made in describing the physics of Rb depo-
larization near the cell wall. We have shown previously
[30] that an elliptical polarization component of the light
cannot produce such a sharp absorption spike and, fur-
thermore, the ellipticity of the incident light was mea-
sured to be less than 5%. Evidence for the unpolarized
layer is less compelling at higher pressures which is ex-
pected because of decreased diffusion at higher pressure.

Apart from the diffusion constant Do, the spin-
destruction rate I sD is the only adjustable parameter
needed to describe the transmission data. The fitted
spin-destruction rates per Rb number density, I sD/[Rb]
in Table I, include the effect of unpolarized layers at the
cell walls described by Eq. (11). The dependence of the
ratio I sD/[Rb] on He pressure is shown in Fig. 6 (top

sD 325.0+ 1.64p +5.44p s (19)

at [Rb]=4X10' cm . The constant term probably
arises from spin destruction during Rb-Rb collisions as
has been assumed previously (see Ref. [17]). We have
confirmed this by additional measurements shown in Fig.
6 (bottom panel) in which [Rb] was varied at a He bufFer
gas pressure p =12.1 atm. The data have been fitted with
the expression IsD=aX[Rb]+b The. parameter a
represents the velocity averaged rate constant for spin de-
struction in Rb-Rb collisions. We find that this value is
(8.3+0.6) X 10 ' cm s ' in good agreement with earlier
measurements by Knize and Happer [31] at lower He
densities. The parameter b represents Rb spin destruc-
tion induced by He and N2.

The linear term in Eqs. (17) and (18) represents mainly
Rb spin relaxation due to spin exchange with He nuclei.
The multiplier is calculated using the measured Rb- He
spin-exchange rate (see below). At high He densities the
spin-destruction rate per Rb atom due to Rb- He ex-
change becomes significant but not large. The Rb-Rb
and the Rb- He spin-destruction rates are shown as the
dashed lines in the top panel of Fig. 6.

The quadratic term in Eqs. (17) and (18) suggests polar-
ization losses initiated by three-body collisions of a Rb
atom with two He atoms. For heavier noble gases (Ar,
Kr, Xe) at lower pressures (=1—100 Torr) such col-
lisions have been shown [32,15,16] to result in the forma-
tion of van der Waals molecules, with the third collision
partner required to carry away the binding energy of the

1.0

panel) together with a value determined by Knize and
Happer [31] who used the time-dependent method. We
assume that the spin-destruction rate can be described by

sD='sDu)[Rb]+(o. sEu)[He]+k[He] . (18)

Spin destruction due to the presence of N2 gas is ignored
because the Nz pressure is low (120 Torr) and constant.
Fitting the data using the He relative density p in place
of the number density we obtain

N—1000
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I
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c4 04
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FIG. 6. The dependence of the spin-destruction rate I sD on
He pressure (top panel). The solid curve represents the total

measured spin-destruction rate, the dot-dashed curve is the as-
sumed constant Rb-Rb contribution, and the dashed curve is
the spin destruction arising from spin exchange between Rb and
He. The dependence of I sD on Rb density at p =12.1 atm is

shown in the lower panel.
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FIG. 7. Rb polarization in a 2-cm long cell predicted for
various light intensities. The Rb density was assumed to be
4X10"cm-'.
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'He pressure
(atm)

2.94
6.44
7.03
8.97

j sE
(h)

10.8+0.5
10.6+0.5
9.8+0.5

10.7+0.5

r.-'
(h)

28.4+0.3
46.0+2.2
63.5+7.6
48.6+1.5

TABLE II. Characteristic Rb- He spin-exchange times y&&'

for [Rb]=4 X 10'" cm ~ and wall relaxation times I
to hold the glass, solid Rb droplets on the glass walls),
and to diffraction effects of the incident light on the
curved glass walls. With a cell of larger volume (35 cm )

and at p =7.03 atm we have observed He polarizations
approximately equal to 0.55. We attribute this consider-
ably smaller value to the difhculty of expanding the laser
light uniformly over a large rectangular area (3X8.5
cm ).

12.1 11.1+0.6 25.0+0.3 V. SUMMARY

from the data requires an accurate knowledge of the Rb
number density. As already mentioned in Sec. III we
have paid special attention to the hot air How around our
cells to keep temperature gradients to typically +1.5 K.
Furthermore, we have obtained good consistency of [Rb]
deduced from the transmission data (see Fig. 3) with
those calculated by Killian's formula [26]. The cell wall
relaxation rates, also shown in Table II, were determined
at room temperature. A possible temperature depen-
dence of I would modify the values of ysz extracted
from the total decay rate, (ysi, + I „), although the sys-
tematic error in ys~ is likely to be small since the condi-
tion ysF&)t was generally fulfilled. Typical wall relax-
ation rates of cells used for in-beam experiments at
TRIUMF are —(50 h)

From Eq. (8), the maximum He polarization obtain-
able with P~b =1,

YsE
max +I3 sE

(22)

is then approximately equal to 0.83. Using 8 —9 W of
laser light on cells of 17-cm volume we have observed
polarizations of 0.79 at p =6.44 atm (calculated
P,„=0.86), and 0.73 at p =8.97 atm (calculated
P,„=0.82). The difference between observed and calcu-
lated polarizations can probably be attributed to partial
shadowing of the incident laser beam (Vespel fingers used

Polarized He targets of relative density p = 3—12 atm
have been built and tested. Transmission data with
linearly polarized light near the Rb D1 frequency have
been analyzed to determine the pressure broadened line
shape (shift, width, and asymmetry) and the Rb number
density. Transmission data with circularly polarized
light contain evidence for a strong increase of the Rb
spin-destruction rate with pressure which suggests the
importance of three-body collisions. Absorption spikes
near the resonance frequency provide evidence for the ex-
istence of a thin ( =40 pm) unpolarized layer at the glass
boundary. The laser power required to achieve 96% Rb
polarization has been estimated for a variety of pressures
and geometries. Whereas the pressure broadening has
only a minor effect on the required laser power the strong
increase of I sD with He pressure necessitates a large in-
crease in laser power. It is thus unfavorable to optically
pump Rb vapor at high He density.

The rate for Rb- He spin exchange was measured and
found to be significantly lower than previously deter-
mined values. Maximum He polarizations of 0.72—0.79
were observed at pressures p =6—9 atm. These polariza-
tion values are 85 —90% of the theoretical upper limits
calculated for idealized conditions.
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