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Experimental and theoretical study of spontaneous spin polarization
and hysteresis in cesium vapor
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We report results of measurements and theoretical modeling of spontaneous spin polarization and associated
hysteresis in an optically pumped Cs vapor. We observe hysteresis over the full(28rg&50 tory of N,
buffer gas pressures tested, and on two hyperfine components Dflthansition, so long as both electronic
spin exchange and optical pumping of a resolved ground state hyperfine level take place faster than spin
relaxation. On thd==3—F.=4 transition, the spin angular momentum is gained from the linearly polarized
pump light, while on the 3-3 transition, it comes instead from the buffer gas during collisional quenching.
The density-matrix theoretical model we have developed includes the effects of coherence in the excited state.
It reproduces all observed features of spontaneous polarization, including hysteresis curves in quantitative
agreement with the data across a broad range of experimental parameters.
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[. INTRODUCTION enough to produce hysteresis has been observed over the full
Under certain conditions, an alkali-metal vapor illumi- range(20—450 tory of N, buffer gas pressures testég. 1)

nated with unpolarized or linearly polarized light can spon-and at temperatures ranging from 60—120(G8 densities of
taneously develop a large spin polarizatidn2]. When the  10'2to 5x 10 cm3). Of particular interest, we report the
rates of electronic spin exchange and optical pumping of @bservation of spontaneous polarization on the 3 hyper-
resolved ground-state hyperfine level sufficiently exceed théine component, in which the spin angular momentum is ex-
rate of spin relaxation, the state of zero spin polarizationracted not from the pump light but from the, Muffer gas
becomes unstable, and any small initial bias grows exponemnolecules during collisional quenching. We have also ob-
tially into either of the two stable states with a large spinserved evidence of the spontaneous, bistable nature of the
polarization parallel or antiparallel to an applied magneticohenomenon, whereby under identical experimental condi-
field. The atomic spin polarization then displays striking hys-tions the atomic ensemble may develop into either of the two
teresis in switching between the bistable states as the degregstable spin-polarized states during repeated trials.
of circular polarization of the pumping light is varied across  |n Sec. Il we give a brief, qualitative discussion of the
zero(see Fig. 1 By contrast, in normal optical pumping the mechanism of spontaneous polarization, followed by a more
spin polarization is proportional to the degree of circular po-detailed theoretical treatment in Sec. lll. This density-matrix
larization of the light along the magnetic field, and is zero fortreatment includes the effect of coherence in the excited

linearly polarized light. state, which is important when the excited-state hyperfine
Following an early predictiofil], the first observation of

spontaneous polarization was made in cesium vapor on the
F=3—F.=4 hyperfine component of the 894 nbl line 7 20
[2].! Here we report much more extensive observations ofg
spontaneous polarization in cesium vapor, together with thed
development of an atomic theory of the process that predict:S 10
hysteresis curves in excellent agreement with observationss
We find that spontaneous polarization, far from being con-2
fined to a narrow region of parameter space, is a surprisingl;% 0
robust effect that takes place over wide ranges of cesiung

density, buffer gas pressure, and pump laser intensity, waves ggzg:: """
length, and polarization. Spontaneous polarization stroncs -10 160 forr —-—-— 1
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in optically pumped solids has been discussed in (&f. field. See Sec. V for discussion.
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The hyperfine splitting is 9.2 GHz for theS§, ground state and FIG. 3. (a) Polarization gain during excitation on the-84 com-

1.2 GHz for the ®,, excited state. At 85 °C, the Doppler width is Ponent. Relative transition rates from each of theubstates of the

about 400 MHz. The Lorentz full-width due to pressure broadening™ =3 ground-state hyperfine level are shown, for pump light lin-

has been recently measured to be 19.5 MHz/torr for theD@s €arly polarized perpendicular 8. From any nonzeran substate,
transition in N, buffer gas[4], or about 1.5 GHz at 75 torr. |m| is more likely to increase than decrease. This imbalance leads to

a net increase of any bias in atomic polarizat{om. (b) Example
levels are only partially resolved. In Secs. IV and V we dis-illustrating that electronic spin exchange repopulates the pumped
cuss the experimental apparatus and the major types of daffa 3 level from theF =4 while preservingm), thus completing
collected, and then quantitative comparisons between the eX1€ PUmPping cycle. The vertical arrows indicate electron spin direc-
perimental data and the predictions of the theoretical modd|°": @nd the solid and outline fonts distinguish the two cesium
are made in Sec. VI. at

Collisional quenching of the excited-state Cs atoms then
Il. BASIC MECHANISM repopulates the ground state without emitting any light,
We begin with a qualitative discussion of the basicwhich by reabsorption would tend to depolarize ground-state
mechanism of spontaneous polarization, which involvesatoms. The loss iotM during quenching is, on average, less
three processes: optical excitation, collisional gquenchinghan the gain during pumping. Assuming that quenching re-
with a buffer gas, and spin-exchange repopulation of thgopulates then sublevels in the same proportion as sponta-
pumped ground-state level. In the Cs atdnuclear spin neous radiation, the net increaseM over a complete cycle
|=7/2), the 6,,, ground state and B, excited state are is AM=|(m(25—m?)/6(m?+ 20)),|, with the subscript de-
each split into two hyperfine levels of total angular momen-noting an average taken over all starting substates the
tum F=1%x1/2=3 and 4(see Fig. 2 A magnetic fieldB is = F=3 level. We use M buffer gas in the cell, since it has a
applied, large enough that the Larmor frequency is greatelarge cross section80 A ?) for quenching the B, and a
than the pumping and spin relaxation rates, though not semuch smaller cross sectior=6 A ?) for changing the €,
large that the Zeeman splitting is resolved optically. In allto the more readily depolarizedP8,, [5].
cases of spontaneous polarization observed thus far, the Spin exchange completes the pumping cycle. Atoms
pumping light excites a resolveel=3 hyperfine level, leav- which have been quenched to the=4 level are brought
ing theF =4 level relatively unpumped. back to the pumpe# =3 level by electronic spin exchange
In spontaneous polarization, an imbalance of transitiorwith other ground-state Cs atoms. These spin-exchange col-
probabilities(Clebsch-Gordan coefficientamong the mag- lisions can changE but always preserva [6], as shown in
netic substates leads to a net amplification of the atomic spifig. 3(b). Another pumping cycle then begins, and spin po-
polarization. For optical excitation on the-34 transition, larization continues to build up. In the ideal case with no
spontaneous polarization is maximized when the pump lighspin relaxation, the only two stable states are those with all
is linearly polarized perpendicular tB. In this case, the atoms in the ground-state=4 with m==*4, i.e., all of the
magnetic quantum numbem along B must change by spins aligned parallel or antiparallel 8. Spin relaxation
Am=*+1 during excitation. For aff —F + 1 transition,|m| reduces the degree of spin polarization from the ideal case,
is more likely to increase than decredsee Fig. 8a)]. Thus, so thatM <4 for either of the bistable states.
any initial ensemble-averaged polarization magnitude For the case of pumping on the-83 transition, sponta-
M=|(m)| will increase, with the extra angular momentum neous polarization occurs via a different mechanism. For this
extracted from the pump light. Such an initial populationtransition, it is optimal for the pump light to be linearly po-
bias may arise from a small applied circularity of the pumplarized parallel td3, so that only transitions witAm=0 are
light, or from statistical fluctuations alone if experimental permitted and there is no changeMt during the excitation.
biases are sufficiently reducésee Sec. ¥ Then during collisional quenching, atoms which make a
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F—F+1 transition to the ground-state=4 level will gain
polarization, so that the net gain during transitions to all

ground-state levels ia M=[(m);|/6. In this caseAM is  or the optical pumping, electronic spin exchange, and spin-
extracted from the buffer gas rather than the pumping light,gjaxation rates in the ground state.

Spin exchange then repopulates the=3 level without Here, we outline our treatment of optical pumping. As is

changingM, just as in the earlier case. . . : )
At high buffer gas pressure, when the quenching rate ex;tandard, e Sellyg) pump=(Pgg) depopt (Pgg)repopt0 inClude

; . oth depopulation of the ground state by optical excitation
f;erggf gr]c?ur?g?slizgesﬁsts;fi)/npeersfg}ﬁti:geqilsjes(tiﬁ?nrégslyxceh anq repopula_ltlon by colllsl_onal quenchlr[_@]. Qnder the
need only consider the effect of optical pumping on the elec:[yplcal. experlmenta! conditions expl_ored in this work, the

R ot ! hyperfine structure is well resolved in the ground state but
tron spin since] decouples from in the excited state. Ex- only partially resolved in the excited state; it is thus neces-
citation of theF=3 level, in whichJ is antiparallel toF,  sary in repopulation to include the coherent effect of inter-
leads to a net gain af M =|{m)3|/6 in a complete pumping ference between transition amplitudes involving different hy-
cycle for light linearly polarized perpendicular B perfine excited states. The pumped coherence among the

Simple treatments of spontaneous polarization are posexcited sublevels is contained in the off-diagonal elements of
sible when either the optical pumping rate or the spin-the excited-state density matrix.
exchange rate dominates over all other rdtgg€]. Simple In a perturbation treatment, with all excited-state ampli-
rate equations give the average polarization gain in onéudes small compared to ground-state amplitudes, the
pumping cycle for each of the @31 hyperfine components, density-matrix equations describing the excitation of the at-
as a function of the angle between the plane of polarization oms by monochromatic pump light of frequeneyare, in the
of the pump light and the magnetic field. In addition to theinteraction picture,
situations of positive gain outlined above, one also finds a
positive gain on the 4» 3 transition for smalb (although no - CiAw.t At
attempt has yet been made to observe spontaneous polariza- 'ngzg (Qge ©0peg— Qe " “epge), @
tion on this ling. However, on the 4-4 transition the gain is
strongly negative for all values .

P= Ppump Tt Pexcht Prelax ()]

PR iAwadqt s
The negative gain on the-44 transition has important 1Peg=gel "0 pggt (Aweg=i veg) Peg. )
consequences for spontaneous polarization, since for most
situations of experimental interest, the individual hyperfine o iAwgt —iAwergt
’ . . 1peer = Q€77 pyer — Qyer€ e'g
components are broadened enough that the pump light is Pee % (Qeg Pge ge Peg)

addressing more than one component simultaneo(sgye )

Fig. 2. For a given spontaneous polarization line, pumping +t(Awee —17eePee - 4)

on the wings of other lines, especially the-4t component, ) .

produces a significant depolarizing effect at moderate-toHiere € is an excited-state sublevehpJeFeme), Qeq the
high buffer gas pressures, which mimics the effects of &¥abi frequency of the pump lighf wey= w — weq the mis-
greater spin-relaxation rate and limits the regions wherduning from resonance between suble\gnde, Aw.e the
spontaneous polarization occurs. This produces the somé&nergy difference between two excited sublevedero if
what counterintuitive result that under conditions of sponta=€'). 7vee the rate at which atoms relax out of a given
neous polarization the degree of atomic spin polarizatiorfXcited state(dominated by collisional quenching to the
does not increase indefinitely with pump power. As the pumg@round state by N molecule$, and y.q the total rate of
power continues to increase, the negative gain due to pumpelaxation ofpeq (which determines the homogeneous line-
ing on other lines becomes the major source of spin relaxwidth of the atomic absorptionyeq= yed2+ veg, With yeq
ation and increases relative to the spin-exchange rate, untie rate of dephasing between ground and excited states due

eventually spontaneous polarization fails to occur. to collisions, andyee~0.25y,4 (from Refs.[4,5]). All ex-
cited sublevels are assumed to have a commgrand yee,
ll. THEORETICAL MODEL and consistent with the perturbation treatmefe g < yee.

. . ) __In Eq. (4) we have omitted collisional mixing and dephasing

All of the basic mechanisms outlined above are contame%mong excited-state sublevels, since Jp= 1/2, only negli-
rigorously in a theoretical model in which we numerically gine mixing should take place during the short time before
solve the general equations governing the time evolution 0guenching occurs. Also, we have omitted the small colli-
the ground-state density matriggg , With g denoting a  gjong) transfer from By, to 6P45. In the full model we
ground-state sublevdhsJ;Fymg). The Larmor precession j,cjde spin-relaxation terms to test for these effects.
r;erggeenncgugr?ﬁ;ttgif ggg:)endalrg?grgzxsff\ﬁggaestsgr::g . The excited-state sublevels will quickly reach a quasi-
that the diagonal elementg;,=p(F4,my) representing the §e%dt3/h statte, (\;V'_th;e?_ pei%_t.o' Equations(3) and (4) then
population distribution over the Zeeman sublevels contain alf'® € steady-state solutions
the information about the ground-state atomic polarization.
The rate of change qf(F4,my) can be written as the sum of
three ground-state terms,

Q

2 pgg (5)

Peg= Aweg—i7veq

023407-3



A. ANDALKAR et al. PHYSICAL REVIEW A 65 023407

QegQger 1 1 case of spontaneous decay by electric dipole radiabis,a
Pgg- vector and can be set equal to To describe collisional
6) quenching by N molecules, we include vector and scalar
couplings in our full mode[7], but find that a purely vector
Combining Eqgs(2) and (5), we obtain the following stan- form for Q is sufficient to account for our data. Using just
dard expression for the rate of depopulation of a ground statthe vector form here, substituting E@) into Eq. (11), and

Pee’gz

9 Awee —1Yee| AwergTiveqg Aweg—iveg

g decoupling the angular momenta as above, we obtain the
following expression for the total pump rate of the ground
2|Qeg|2 'ygg state,

(bgg)depop= _Ee: Pygg- (7)

Veg Awgg-f— ’ygg

(pF ,m )pump 3(2‘] +1)F0 E Ggeg Gge g’ |€q|2
To reduce the Rabi frequency part of this equation to cal- q.ee’.g’

culable form, we can write 20 4=eE;2 (€| €qr 4/g) with

T : ; , +
Eq the electric-field amplitude of the pump light aieg the YegYee A“’FeFeA“’Fng' YegYee

X

polarization components in a spherical basis. We then use Aw? + 92 Aw? o +v2
. . F'F ee F.F. eg
standard expressions for decoupling angular momenta to ob-
tain x[1-8(9.9)5(e.e)lpe, m, (12
2
ﬁ =3(234+ 1T 2 Ged€ql? (8) Wherel'y and G are defined in Eqs(9) and (10), and the
Yeg 9ed delta functions inside the bracket give the depopulation term.
o Thermal motion, neglected for simplicity, may be included
where the general form @& wheng#q’ is given by by Doppler convolution.
— (2F o+ D(2Fg T 1)(2F 4 + 1) For the remaining terms in Eql), Pexch AN Projax, We _
geg use the density-matrix equations for ground-state electronic
Fq 1 Fe\[ Fq 1 F, spin exchange and electronic spin relaxation given in
X Ref. [1]. We include ground-state relaxation due to both
—mg Mg—me mg/l—mg —q m

Cs-Cs[8] and Cs-N collisions, and polarization loss due to
Jg 1 Je)[dg 1 Je diffusion to the cell wallg[9,10]. As mentioned above, we
x[ E | F ”F | F ] 9 also include a term for possible spin relaxation in tH&;6
e 9 e 9’ excited statg11]. In addition, the model incorporates pump
in which | is the nuclear spin, and light propagation through the cell, including both the absorp-
’ tion and the change in the pump polarization state through
2E2 the full complex susceptibility of the atomic vap[t2,13.
(100  This propagation scheme accounts for the varying suscepti-
bility as the degree of atomic spin polarization changes far-

. . . therinto the cell.
is the rate an unpolarized atom absorbs resonant light in the

absence of hyperfine structure. In our case of interest,
Je=Jy=1/2, and thus in summations over(and later,g),
only F andm vary. The experimental apparatus used to observe spontaneous
The depopulation opyq in Eq. (7) is matched by repopu- polarization is shown in Fig. 4. The Cs vapor ang uffer
lation from the pumped excited states. Excited states can aghas are contained in a 2.5 cm diameter, 2.5 cm long Pyrex
as virtual levels in the excitation/quenching process, or camell, which is held within an oven. The Cs density and spin-
be populated by real transitions made possible by the dephasxchange rate are set by adjusting the temperature of the cell.
ing collisions. Both contributions are included in our treat- The magnetic field, typically about one gauss, lies in the
ment. We assume the quenching operator has equal amplz plane at an angle relative to the pump beam propaga-
tudes Q distributed with random phases over all spatialtion directionz. In practice,« is typically quite larggaround
orientations and all frequencies covering the spectrum of hyg0°) to avoid inducing a large degree of circularity due to
perfine components of the @1 line. The repopulation of absorption of the pump beam, which would tend to depolar-

Po= o033 P
0 5p2 NTENINOT 3(2354 1) yeq

IV. EXPERIMENTAL APPARATUS

the ground state may then be written ize atoms farther into the cell. A set of three-axis Helmholtz
coils outside the oven sets the magnitude and directid®, of
(ng)repop NE Qg+ QgePee (11) while also nulling any background field.

A custom-built external-cavity diode las¢ECDL) [14]
provides a stable, narrow-linewidth<@ MHz) 894 nm
where the normalization factoN= yee/(23Qeq Qge) IN-  pump beam of up to 20 mW, which is expanded to be
cludes a sum over the ground statédse dummy indexg) roughly circular with a diameter of 1 cm. The linearly polar-
and is thus independent ef Q could, in principle, have both ized pump beam passes through a half-wave plate to allow
vector and scalar parts for b= 1/2— 1/2 transition. In the rotation of the pump linear polarization veci®to any angle
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is typically set to around 80°. Photodiode detectors, with

Spectum laser-line interference filters to block stray light, record the
IA"a'Vze'I two probe beams and the transmitted pump light. A separate
S— Cs Vacuum detector records a portion of the probe beam split off before
l | Reference Cell . . . . .
P & Detectors entering the cell, in order to normalize any probe intensity
Normalization % 4 fluctuations. At intervals during data taking, the wavelength
[1] Detector Oven : X
N /" dap2Fiter and single-mode quality of the pump and probe lasers are
pocel \\ // I ——— monitored using a Michelson-interferometer wavemeter and
Il . . .
Detectori N ) | Issznm@z) a scanning Fabry-Perot optical spectrum analyzer. In addi-
it oglAN KA i tion, both beams are monitored through a separate Cs
D1 ~ Ma N2 || Atenuator vacuum cell, 'Fo pr_ovide a reference absorption spectrum for
O<f & frequency calibration.
2] H 2 894 nm (D1) . ..
Trabump a Beam Shaper All data channels are recorded by 12-bit analog-to-digital
etector Three-Axis xpander converters. During a data-taking sequence, the frequency and
Transverse _ Filter B Helmholtz - Siepper Motors larizati f th b lled f
Bobe 138 M "7 Coils _ Stepp polarization state of the pump beam are controlled from a
Detector nggh'g;'g‘; . . : : .
Analyzer computer. The injection current and diffraction grating angle

of the 894 nm ECDL are related quadratically and controlled
by digital-to-analog output§14], allowing a continuous
pump tuning range of up to 25 GHz. The angles of the half-

) _ . . . wave and quarter-wave retardation plates are adjusted by
B relative to thex axis. The relationship between the various computer-controlled stepper motors with a step size of 0.9°,
anglesa, B, and ¢ (the true angle between the linear polar- thys setting the pump polarization state. In addition,
ization vector of the pump light and the magnetic fielsl  computer-controlled mechanical shutters can be used to
given by cog)=sinacosp. Thus for any magnetic-field plock the pump or probe beams, in order to subtract out
anglea, when8=90° thend is also 90°, but whe8=0°,  detector offsetsfor probe intensity normalizationand to
then ¢ is small but nonzero {=90°—«). Following the  allow turning off the pump ligh(so that the Cs atoms can

half-wave plate, a quarter-wave pla®WP) produces any depolarize without turning off the laser.
degree of circular polarization along®, given by

cosassin(2¢), where ¢ is the angle between the fast axis of
the QWP and the incident linear polarization.

An 852 nm ECDL provides the weak linearly polarized  The data sets consist primarily of hysteresis curves pro-
probe beam, which is detuned by several GHz from thejuced as the circular polarization of the pump light is varied
F=4 components of th®2 line and attenuated to a few about zero. The hysteresis curves are generated by setting the
uW to avoid producing any optical pumping of its own. pump linear polarization angl@, and then sweeping the
Optical rotation of the plane of polarization of this beam dueQWP from —45° to + 45° and back to-45° relative to this
to paramagnetic Faraday rotation acts as a measure of thggle, thus varying the pump polarization from fully right-
ground-state spin polarization. For probe detunings:  circular through linear to fully left-circular and back again.
(relative to each ground-state hyperfine componeritich  The time between the 0.9° QWP steps is about 0.5 sec, to
are large relative to the pressure-broadened linewidth, thgllow the atomic spin polarization to reach equilibrium at

FIG. 4. Diagram of the experimental apparatus, with inset show
ing the setup of laser beams and fields at the Cs cell.

V. EXPERIMENTAL DATA

rotation angle is given bj15,13 each step.
A complete set of hysteresis curves for a given pressure
_NLop(11-4J(J+1) S (—1)F (Mg) and temperature is typically taken at several laser tunings
R™ 2m 4 = (=1 FAvFSIna separated by about 400 MHz across the range of interest,
with B at «=384° relative to the pump beam and linear po-
_ N'—Uo( (mg) — (my) )s'n (13 larization angles3=0°,18°, ...,90°. Aportion of such a
27 |3Av; 4Av, ne, data set is shown in Fig. 5. Curves wigh=90° (light gray;

linear polarization perpendicular 8, so thatd=90°) show

whereN is the cesium number densitl, is the path length spontaneous polarization and hysteresis across nearly the full
through the cell, ando= mcr.f (f is the oscillator strength broadened width of the 34 transition, while curves with
of the probe transition This rotation angle is measured by g=0° (dark gray; linear polarization nearly parallel B
transmission through an analyzing polarizer set at 45° to thevith #~6°) reveal spontaneous polarization over a narrower
input polarization, producing a signal proportional to range on the low-frequency side of the=3 transition.
cog(Pr—45°) which is the actual experimental observable. Spontaneous polarization strong enough to produce hys-

The probe beam is split into an axial probe beam whichteresis has been observed over wide ranges of buffer gas
propagates nearly parallei(l °) to the pump beam and a pressures, cell temperatures, and pump laser tunings, polar-
transverse probe beam directed at 90° to the pump beam, tmation angles, and intensities. Typical hysteresis curves for a
allow maximum sensitivity to the atomic polarization regard-range of N pressures are shown earlier in Fig. 1. The maxi-
less of the magnitude of the field angle In practice, most mum atomic spin polarizationM occurs at¢=0° (linearly
of the useful data is taken with the transverse probe, since polarized lighf, and for the 75 torr curve approaches the
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FIG. 5. Experimental data showing hysteresis curves as a func- F1CG- 6- Experimental time evolution data showing the spin po-
tion of pump detuning, at 100 °C with 75 torr,Muffer gas. Light larization growing spontaneously from zero to a stable value after
gray data taken ag:g(,)o dark gray aB=0°. An absorption spec- unblocking the pump beam &t 0. Note the bistable nature of the
trum and the hysteresis amplitudes are projected on the right plar’€nomenon, whereby the atomic ensemble may develop into either
of the 3D box, and the hysteresis widths on the bottom plane. of the two bistable spin-polarized states during repeated trials.

These data were taken at 82 °C with 46 tog Bffer gas, over a

small frequency region centered on the-3 transition with

absolute maximum ofM=4. The strength of spontaneous g=90°.
polarization steadily decreases at higherp¥essure. Above
450 torr, the collisional broadening of tii2l line becomes where it is too weak to cause a large and easily visible hys-
comparable to the 9 GHz ground-state hyperfine splittingteresis as the circularity is varied, and also for observing the
and selective pumping of th&=3 level is no longer spontaneous, bistable nature of the phenomenon. During re-
possible. peated time-evolution scans under identical experimental

Spontaneous polarization has been observed at tempereonditions, the atomic ensemble may develop into either of
tures from 60—120 °C, corresponding to number densities ofhe two bistable spin-polarized states, as seen in the data of
10" cm3 to 5x 10" cm 2 and spin exchange rates of Fig. 6 despite a small bias favoring one of the bistable states.
600-30000 s'. The lowest threshold temperature for hys- By adjusting systematic biasésost importantly the residual
teresis has been about 62 °C for the 75 torr cell, increasing toircularity of the pump light and also stray magnetic figlds
80°C at 20 torr and to nearly 115°C at 450 torr. Hysteresisve have at times been able to produce a nearly even split in
has been seen on both thes3and 3—4 transitions from 20 the direction of spin polarization over repeated trials. With
to 75 torr, while in the higher-pressure cgll60 to 450 torr ~ more refined control over drifts in the bias, it should be pos-
it has occurred only on the-34. At 46 and 75 torr, hyster- sible to observe spontaneous polarization arising from statis-
esis on the 3-3 transition has been seen over a range otical fluctuations alone.
about 1 GHz in frequency and for polarization angles
0°=<B<36°. The stronger hysteresis on the-& has been
seen across nearly 4 GHz, for angles §4£<90° at these
two pressures. At higher pressures, the frequency range of The theoretical model discussed in Sec. Ill is imple-
observed spontaneous polarization on the®transition in-  mented using a computer program in which we numerically
creases, up to 5 GHz at 300 torr, while the angular range istegrate the differential equations to find the time evolution
reduced somewhat to about 2B8=<90°. The pump inten- of the ground-state density matrix. This program uses a stan-
sities needed to achieve spontaneous polarization have variedrd fifth-order Runge-Kutta integration with adaptive step-
from less than 0.5 mW/cfrin the most favorable regions at size control. Appropriate values for the experimental param-
75 torr and 70 °Gcorresponding to a pump rate on the:8  eters are entered, and the program then calculates all rates
transition of 200 s'), to over 20 mW/crh at 450 torr and  and coefficients using standard values for the cross sections
115°C. These observations are all in good agreement witAnd other constants.
the predictions of the theoretical model, including the thresh- To generate hysteresis curves which can be compared to
old conditions for temperature and pump power and also théhe experimental data, the program starts with a small initial
ranges of buffer gas pressure and polarization angles oveolarization bias and linearly polarized pump light. The spin
which spontaneous polarization should occur. polarization is allowed to grow to equilibrium, and then the

In addition to generating hysteresis curves, time-evolutiorpump polarization is stepped progressively towards full cir-
data can also be taken, by unblocking the pump beam witleular polarization, then back through linear polarization to
the shutter and then observing the atomic spin polarization afie opposite sense of circular polarization. At each step, the
it grows to a stable, nonzero val(iig. 6). This type of scan model generates the equilibrium populatigns,, which can
is useful for detecting spontaneous polarization in regionde summed to give the spin polarizatiom)=(m),+{m);

VI. COMPARISON OF DATA AND MODEL
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FIG. 7. Comparison of datgoint9 and modelsolid lineg as a function of pump detuning relative to the-3 transition, at 85 °C with
75 torr N, buffer gas angB=90°. The data points overlap many portions of the model curves. All parameters except pump detuning are the
same for all curves shown.

and also the optical rotatidifeqg. (13)]. Once the vertical axis ground-state spin relaxation. We find broad general agree-
of the data is linearized, by correcting for the sinusoidal re-ment across the frequency range shown in Fig. 7 even when
sponse of the analyzing polarizer, the hysteresis curves gethis term is set to zero, but the best fit to the hysteresis curves
erated by experiment and model can be compared directly.is found for yo=220 s*. This value indicates an uncer-
An array of such comparisons at 85°C with 75 tory N tainty in the model as large as half the known ground-state
buffer gas is displayed in Fig. 7, where the data and mode$pin relaxation, but it is nevertheless much smaller than the
are shown superimposed for each of 12 pump laser detuninglominant rategoptical pumping and spin exchang&Vith
spannilg a 4 GHz range across the-34 transition. With a  this single value ofy- used in all of the curves in Fig. 7, the
pump intensity of 4 mW/cf) the rate of optical pumping hysteresis widths in data and model are seen to agree quite
on unpolarized atoms in thE=3 hyperfine level(at the well over the entire frequency range, and the model also
3—4 transition resonangés about 2000 s'. Under these quantitatively reproduces most other aspects of the data
conditions of temperature and buffer gas pressure, the spicurves.
exchange rate is 4000 &, the collisional electron spin-
relaxation rate ¢g) is 150 s'!, and the effective electron
spin-relaxation rate due to diffusiony§) is about 250 s*
(which has considerable uncertainty due to the optical pump- \We have investigated in detail the phenomenon of spon-
ing geometry. All rates are calculated using cross sectionstaneous polarization in cesium vapor under a broad range of
from Refs.[8-10]. The total calculated spin-relaxation rate experimental conditions. We have observed the spontaneous
is in reasonable agreement with our measurements usinggrowth of spin polarization into either of the two stable spin
variant of the standard “relaxation in the dark” technique directions, parallel or anti-parallel to the magnetic field, and
[16]. we have measured hysteresis curves of spin polarization ver-
We see no evidence of significant collisional spin relax-sus the circular polarization of the pump light.
ation in the @, excited state itself. Large cross sections for  In conjunction with the experimental work, we have de-
spin relaxation(comparable to the quenching cross sedtion veloped a detailed theory of spontaneous polarization. Our
of Py, states in Rb-H collisions have been reported in density-matrix theoretical model includes the effects of co-
Ref.[11], but our theoretical model fits the data well only if herence in the excited state, and the predictions of this model
this excited-state spin relaxation is sm@bmparable to that agree well with experimental observations. Using this model
expected from the transfer cross section of 3 Wentioned  one can investigate other possibilities, including the behavior
earlier in Sec. Il or zero. Thus our data rule out such large of spontaneous polarization under isotropic optical pumping
depolarization cross sections for the cesiuRy 6 state. and at very low magnetic fields. Under conditions where
A single free parameter, an additional spin-relaxation ratespontaneous polarization has been observed over wide
vc, isincluded in the model to account for uncertainty in theranges of the anglé, isotropic pumping with unpolarized

VII. CONCLUSION
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