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We have studied both theoretically and experimentally the optical pumping of Cs atoms tragpedyin
centered-cubic and hexagonal-close-paglagstalline “He matrices. The theoretical approach is based on
rate equations for which time-dependent and asymptotic solutions are obtained in the case of depopulation and
repopulation pumping. Comparison with experiments show that repopulation pumping, i.e., a process in which
spin polarization in the excited state is not destroyed, is the dominant pumping mechanism in both crystalline
phases[S1050-294{®9)07410-1

PACS numbes): 32.30.Dx, 32.10.Fn, 76.70.Hb, 67.80.Mg

I. INTRODUCTION associated with the zero-point motion of the helium atoms
. . . . forces the molar volume of condensed He to be much larger
Spectroscopic studies of atoms isolated in rare-gas mairipan expected from the interatomic potentials only. As a con-
ces of Ne, Ar, Kr, and Xe have been performed for moreésequence condensed helium forms a quantum ligerigsta)
than 40 years. The study of the magnetic properties of matriywhich is extremely compressible. A pressure of more than 25
isolated metal atoms by conventional low temperaturebar is needed in order to solidify He even®t0 K. The
electron-spin resonance and nuclear magnetic resonanseftness of solid helium is also responsible for another im-
spectroscopy in high magnetic fielfis] has played an im- portant property which distinguishes it from any other solid-
portant role in these investigations. In 1994 the rare-gas mestate matrix. The Pauli exchange interaction of an implanted
trix isolation technique was extended to solid helium matri-one-electron impurity atom with the surrounding closed-shell
ces [2] by applying an implantation technique first helium atoms repels the latter and leads to the formation of a
demonstrated for the immersion of foreign atoms into superdefect structure which is commonly called an “atomic
fluid helium [3,4]. The first observation of low-field mag- bubble.” The shape of this bubble is mainly determined by
netic resonance transitions of Cs and Risiperfluidhelium ~ the symmetry of the wave function of the implanted atom,
was reported in 19985,6], and in 1995 magnetic resonance although slight deviations from this simplified view were

of Cs atoms irsolid helium was observef7]. The powerful recently reported13]. The interaction of implanted atoms

technique of optical pumping by polarized resonance radia\_/vith the He matrix strongly perturbs the optical transition

tion was used in these experiments to create a very higﬁequenciesglO]. Line shifts of the absorption Iine_s of several
degree of both electronic and nuclear-spin polarization. T 0 nm, and a broadening by several nm are typical folthe

our knowledge the latter experiment represents the first den;[an_sitions in heavy alkali metals, whereas _the emission lines
onstration of optically created atomic spin polarization in@re in general less broade_ned and less Sh'fte.d' .

any solid rare-gas matrix. The polarization technique to-. In contrast to the heavier noble gas mairices, which so-
gether with the highly efficient detection of magnetic reso-IIdIfy Ina face-centered-cubidfcc) strgctu_re, helium can
nance via the monitoring of atomic fluorescertoe absorp- crystallize(at pressures below 1000 bam either a hexago-
tion) has opened the new field of optically detected magnetié1a| cloie-packe(h(_:p) phase or a body—centered-qubh::c) .
resonancéODMR) spectroscopy of paramagnetic impurities phase."He h_as neither a nuclear nor an elect_ronlc magnetic
in solid helium. Extremely long longitudinal and transverseMoment. This property, togethgr with the high degrge of
electronic spin relaxation times were observed in Cs atom pherlca}l symmetry of _the atomic bubbles, makes $°"d he-
trapped in the cubic phase of sofftHe [7,8]. Atomic impu- ium an ideal host matrix for the study of the magnetic prop-

rities in condensed helium are a new spectroscopic tool fofrties of imbedded paramagnetic atoms as long spin relax-

the study of quantum liquids and solids, and offer a promis—ation and dgphasing times and hence Very narrow magnetic
' é(_a‘sonance lines can be observed. In this paper we focus on

ing approach for the study of fundamental physics, such a : . . L
the search for permanent electric dipole moments of atom e optical pumping process of Cs atoms implanted in either

[9]. The properties of atomic and molecular defects in con2¢¢ OF hcp.He matrices. We derive the optical pumpipg equa-
densed helium were recently reviewed by several authortions for this particular sample for the two extreme situations
[10-17 of repopulation and depopulation pumping, and show, by

' sctomparison with experiment, that in both phases the pump-

Helium is the lightest rare-gas atom, and has the smalle . . .
ing is dominated by repopulation.

electric polarizability. The zero-point kinetic energy of con-
densed He is comparable with the interatomic potential en-
ergy and the strong delocalization due to the large amplitude
of the zero-point vibrations leads to a strong overlap of the It has been since the early 1950s that the irradiation of
wave functions of adjacent atoms. The large kinetic energparamagnetic atoms with circularly polarized resonance ra-

Il. THEORY
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(a] |f,m):=|6P,1 =7/2,f,m).
P, __”_”-”-”-°-" 53
A AAAAAA AP When the atoms are irradiated with circularly polarized
g e a2l B (o) light all Zeeman levels in the ground state are depopu-
/_/f//‘_[/‘//‘/]‘ /f / lated by absorption, except for th&=4, M=4) state,
6S1/2_ A S S S S & F=4 which does not couple te, circularly polarized light and
L L L L L L L F=3 which we therefore refer to as a “dark state.” Spontaneous
b C emission, on the other hand, populates all ground-state sub-
complete depolarization levels. Under continuous optical excitation the population in
TE=ESs=E==T|eE=sssss ) the |4,+4) state will therefore increase steadily, and the
ﬂl\ byl ¢/\ b sample becomes more and more transparent with a corre-
______ -ull| ____/___al sponding decrease of the fluorescence intensity. As circularly
_____ - - _ polarized light couples only to level populations the knowl-

_ _ edge of sublevel coherences is irrelevant for the understand-
FIG. 1. (@ Hyperfine Zeeman levels of the @3, line. The  ing of the optical pumping process, and the theoretical de-

numbered arrows indicate the relative line strengths of the transiscription reduces to finding the solutions of a system of
tions involved in the optical pumping process under irradiation withincoherent rate equations.

o, light. TheF=4, M =4 (dark state does not couple to the light
field. (b) Relative populationsindicated by bar heightof the hy-

perfine ground states under repopulatigtastler-typé pumping. A. Optical pumping equations
(c) Relative steaply-state populations of_ the hyperfine ground states The rate equations describing the evolution of the popu-
under depopulatiofiDehmelt-type pumping lations pg y of the 16 sublevel$F,M) of the ground state

and the 16 sublevelsf,m) of the excited state under the

diation can produce a very high degree of electronic spirinfluence of a circularly ¢,) polarized optical pumping
polarization in the atomic ground stdt&4]. This process is field are given by
known as optical pumping. In this section we first apply the
theory of optical pumping to describe the evolution of the . _ _pFMEm f,m,F,M
magnetic sublevel populations of th&, ground state of Cs Pem="Tp PeMF % Fspont ™ Pt.m
atoms implanted in crystalline helium matrices when the )
sample is excited with circularly polarized light tuned to the = v1(PE.M— PEM), (2.1
D, (62S,,-6%P;,) transition. The relevant hyperfine
structure of this transition is shown in Fig. 1. We then dis- ,
cuss how the spin-polarized sample affects the scattering rate Prm=+ 2 ThM " pe =T 2001 m- 2.2
(fluorescence yieldof optical resonance radiation, and how FM
it can be used to monitor the depolarization induced by mag-
netic resonance transitions efficiently in the atomic ground’5™""™ is the optical pumping rate of thg=,M)—[f,m
state. =M+1) transition, I{7oF"™ is the spontaneous emission

The interaction of the implanted Cs atoms with the Herate from the excited staté,m) toward the stat¢F,M), and

. . . . ’ [ . .
matrix causes the CB;-absorption line to be shifted from rts(;)tont:EF’,M’F;brghf M"is the total spontaneous emission

894 nm in vacuum to 850 nm in solitHe with a homoge-  (ate. The quantitiep®°), are the ground-state populations in
neous optical linewidth of=10 nm[2]. The hyperfine split-  hermal equilibrium, ‘andy, is the relaxation rate of the

tings in neither the excited nor ground stde2 and 9.2 4.4 nd.state populations which we assume to be isotropic,

GHz, respectively can be resolved in the optical spectra. i.e., independent of and M. The ratertsotonva 18 s ! at

The steady-state distribution of the ground-state population\ﬁ'lhich the populations in the excitedP§;, pstate evolve ex-

depends critically on the nature of the optical pumping Pro- eeds the depopulation rdftg,%l(f’ s of the ground-state

cess, i.e., on the interaction of the transient magnetization 'Bopulations by five orders of magnitude. On the time scale of

th.e excited state with th? hel.lum matrix. In the foIIqwmg W€ the ground-state evolution, we can neglect the very fast tran-
will treat two extreme situations. When the polarization in , ) L
the excited &, state is totally destroyed by the interaction SI€Nt processes in the excited state by setfing=0. The

with the He matrix, the optical pumping process is referrecd®*Cited-state level populations—assumed to be negligible on
to as “depopulation” or Dehmelt-type pumpiri@5]. On the a\(er_age(no saturation of the opt_lcal transﬂ&;& can thus be
other hand, one speaks of “repopulation” or Kastler-typee“m'”ated'_ anq the rate equatiof?2) are S|mpI|f|ed to a
pumping[15] when the polarization in the excited state is SYStém which involves ground-state populations only:
totally preserved during the optical-absorption-emission
cycle. . . . . pF,Mz_FS'M’f'mPF,M

We will use the following notation for the different hy-

perfine Zeem_an sublevels in the basis of the total angular N 2 [LmEMPE M 1
momentum eigenstates: spont 1 p Pr M ot
F' ™’ 1—‘spont

f,m

IF,M):=|6Sy,1 =7/2F M), ~71(Pem—PEW)- 2.3



PRA 60 OPTICAL PUMPING OF Cs ATOMS IN SOLID*He 3869

The three terms on the right side in E&.3) represent de- ground state|F,M) will be repopulated by spontaneous

population, repopulation, and relaxation processes of themission with equal probability. Taking the 16-fold degen-

ground-state levels. eracy of the ground state into account, the depopulation rate
The depopulation of the atomic ground states is due to thes given by

interaction with the optical pumping light, which we describe

as a plane wave(z,t) = Ee, cost—k2 with amplitudeE 1
and polarization componewf;, whereq=0 and*1 repre- T depo= 2 TomoMprm= 2 perowTh M 'f'mE.
sent 7- and o.-polarized light. The depopulation rate is f,m Ffm
given by ’ 2.9
2 2
Io(F,M,f,m)= = _|<f,m|dq||:'[\/|>|2' Note thatl'¢,0, depends or and M, while I gepop IS inde-
Yhom  Yhom #i? pendent ofF and M.

_ _ ] ) . The third term in Eq.(2.1) describes relaxation in the
where ypon is the homogeneous optical linewidth, afidis  ground state. The steady-state populatipi, in the hyper-
the Rabi frequency of thEM « fm transition. fine statesF=4 and 3 are determined by the Boltzmann

Repopulation of the ground states is due to spontaneoygcior. For a normalized total ground-state population

emission only. While the Cs atoms are in the excitéd, 6 s (©) —1Y the thermal populations are given b
state the shape of the He bubble relaxes with the Debyg FmPEM=1) Pop g y

frequency 10 s 1) of solid helium, which is nine orders

of magnitude larger thg_n the optical pumping rétigpically . p(o) _ 1 2.9
10 s 1). As the transition wavelength depends on the size F=3M Vhts | '
and shape of the bubble, the exciting light can no longer 7+9expg — KT
deexcite the 4, state in the relaxed bubble, and stimulated
emission can therefore be neglected.
. The second term in E@2.1) describes spontaneous emis- 0  _ 1 2.10
sion PE=am T Thoa .
hfs
9+7e ;< )
Ff,m,F,M kT
4 4 spont
2 TEniMprm= 2 perw I MM,
f.m FLM! I spont where the hyperfine splitting;s is 9.2 GHz. In thermal

(2.4) equilibrium at 1.6 K, 51 % of all Cs atoms are in the=3
state. In the experiments the thermal population distribution

with the spontaneous emission rate of the sublevels within each hyperfine ground state can be

neglected. As a result we obtain the following set of differ-

ential equations governing the populations in the Cs ground

states|F,M) for optical pumping with light of polarization

ey

The total spontaneous emission rﬂi@}omis the sum of the ‘ For optical repopulation pumping,

decay rates from a given excited stitam) into all possible

ground state$F’,M’). Using orthogonality relations of the

PL’&%?‘“M% (. m[dg|F,M)P2. 2.5

3j and § symbols, the sum ovd¥’ andM’ can be reduced bF,M: - 7D2 Rewm tm+qPEmT vp(2)+1)
to f
1. X 2 PeomRermr i +gReM g F M
1-‘ts(::)tonf>C 2J+1|<J||d||‘]>|2 (26) F,’fM, ' o 4 Y Tan
With Egs. (2.6) and (2.5), for the repopulation rate of the —yl(p,:'M—p(FO’?\A), (2.1)

ground statéF,M) one deduces from Eq2.4),

and for optical depopulation pumping,
1-‘repongﬂI F;’p%h'?Mpf,m: E pF’,M’FE ML

bF,M: - va Rem.f.M+qPEM
K, mdy | F. M) f

X(2j+1) - . 2.7
Killdl[ ) S R o
p16F’ v, F’' M’ f,M’"+qMF’,M
This equation describes the transfer of populations by fluo- f
rescence undeepopulationpumping for which the polariza- _ _(0) 21
tion of the excited state is preserved. Y1(Pem~PE M), (212

In the case oflepopulationpumping, in which the polar-
ization in the excited state is completely destroyed, eachvhere
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FIG. 2. Calculated time evolution of the buildup of hyperfine

polarizationsF;=(F )5 and F,=(F,), under repopulation pump- FIG. 3. Calculated time evolution of the normalizied fluores-

ing (2) and depopulation pumping). The degree of circular polar-  cence signalF/ F,,po=1—2(J,). The parameterg,, and y,/vy;
ization of the pump beang,, was chosen to be 80%, and the are the same as in Fig. 2.
normalized pump rate,/y, was set to 700.

stood on the basis of a symmetry argument. The hyperfine

Rem,tm=(2F+1)(2f+1) structure of the coupled levelsSg, and &, is not re-
¢ 1 F\2(0 f 112 solved in the optical spectrum, and the pumping process thus
x( ) [J ] involves only spherical symmetric states, whose rotational
-m mM M/ |F J 1 symmetry cannot be broken by the interaction with linearly

2.13 polarized light. Optical pumping will therefore not affect the
' level populations.
The optical pumping rate, is given by The evolution of the ground-state populations is com-
pletely determined by the three parametgys, v,, andy;.
1 E? If we choose 14, as the time unit, the time-dependent so-
yp=———Killd[|I). (2.149  |utions of Egs.(2.11) and(2.12 depend only on the dimen-
Yhom #1 .
sionless parameterg,/y, and §,,. We have calculated the
In the experiments the light beam has to propagatéVolution of the populationpg y as follows. The system of
through a number of cold windows, some of which are undeflifférential equations can be rewritten in the form
pressure and have a pronounced stress-induced birefrin- -
gence. Although we try to compensate for such effects by a d—P—MIS— B 2.16
careful adjustment of the polarization of the beam entering dt o '
the cryostat, the polarization of the light reaching the sample
is usually significantly less than 100 %. Moreover, the hcpwhere the components & (P,) are the populationéequi-
phase of helium is birefringent, and polycristalline hcplibrium populationg in the ground statef=,M) and M is
samples depolarize the light beam further. In order to acthe pumping-relaxation matrix. The time dependence of the
count for this effect we introduce a parametgy;, which 16 ground-state populations:  is then calculated as the
describes the degree of circular polarization of the pumpingumerical solution of the system of Eq®.11) and (2.12.
light. &,/ is equal to 1 for 100% ofo .. polarization. Inthe  With the normalizationS y,pg =1, the polarizations of
numerical calculations discussed below the ground-statghe hyperfine levels,
populations are first determined for, and foro_-polarized
light.! The (incoherently averaged value 0Pg v is then

given by F4’:<Fz>4:% PamM,
2.17)
_1+§pol 1_§pol (
pF,M—TpF,M(UJr)"‘TDF,M(OL)- (2.19 F3==<FZ>3=% PamM,

Note that one can show, by a calculation similar to the one )
presented in the Appendix, that in the case of unresolveg@n be determined for the two extreme cases of pure repopu-

hyperfine structurépresent herelinearly polarized light will ~ 'ation and pure depopulation pumping. The results are shown
not redistribute sublevel populations. For this reason the linl? Fi9- 2. At the beginning of the optical pumping process
early polarized content of an elliptically polarized beam will t€ hyperfine polarizatioR; decreases in both cases. In con-
not contribute to the optical pumping process and can therdlast to depopulation pumping, whefg remains negative,

fore be ignored. The physics of this property can be underthe polarizatiorF3; changes sign and becomes positive in the
case of repopulation pumping.

. L . B. Laser-induced fluorescence detection of spin polarization
YIn practice the calculation is performed fer. light only, and the pin p

populations pgy(o_) are obtained by using pg y(o-) In the experiments described below the atomic signal is
=pr._m(oy). recorded by detecting the resonance fluorescence emitted by
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the Cs atoms upon illumination with circularly polarized Note that the pumping time defined in this way is not to be
light. As shown in the Appendix, the fluorescence rate fromconfused with the inverse of the pump rajg used as a

the spin polarized sample is given by parameter in the calculations. The pumping time constgnt
1 and the contrask of the fluorescence signal do not only

F= funpo(l——(Fr Fa))’ (2.19  depend ony, and £, but also on the nature of the optical

4 pumping processgrepopulation or depopulation pumping in

- the extreme casgsFrom the numerical solutions of Egs.
F=Funpol 1= 2(J2), (219 (2.11) and(2.12, we have therefore determined the combi-

where Fynpo1is the rate of fluorescence emitted by the unpo-Nations of paramete;,, and y, /1, which lead to agiven

larized sample(d,)=0). The fact thatF is independent of ~ iMe constantr, and to agivencontrastk. In Figs. 4 and 5,

and/or! reflects the property that the hyperfine levels are nofn€se results are plotted as “isocontrast” and “isopumping

resolved in the optical spectrum. As an example, in Fig. 3 wdime” curves for the cases of pure repopulation and pure

show the calculated time dependence of the normalized flugiepopulation pumping. A comparison of the measured pa-

rescence signal after turning on the pumping light=a0. rametersr, andK with these diagrams will allow us to de-
The relaxation ratey; is the only parameter from the termine &, and y,/y;. These results, together with the

parameter sefé,,; vp/ 1} which can be determined accu- known relaxation rate, then yield the whole parameter set

rately in experiment. The pumping rajg and the degree of needed for the description of the evolution of the electronic

circular polarizationé, inside the cryostat are difficult to ground-state polarization under optical pumping.

access experimentally. In the following we show how these

parameters can be determined from the characteristic fea-

tures of the experimental fluorescence decay curves. We in-  C. Optically detected magnetic resonancéODMR)

troduce two parameters, which are readily determined in ex- 1,4 spin-polarized sample is characterized by a large

periment, viz. the gor&tr?ét( dOf thﬁ ﬂu?re.scenk(]:e and fthﬁ population of the dark staté==4, M=4). When the Zee-
ﬁﬂ(r;glsncgert:(rzge;{angl IZuee tg]((a)pt?csalt peu:r?p?:;? change of the man degeneracy of the ground-state levels is lifted by a lon-
' gitudinal magnetic field, resonant radio-frequency radiation
F(t=0)— F(©) can induce transitions between neighboring magnetic sublev-
= WIZUJ- (2.20  els, resulting in a resonant sample depolarization and a cor-
responding increase of the optical scattering rdiieores-

As the decay of fluorescence in multilevel systems is in gencence level The basic properties and applications of this

eral nonexponential, we define the time constants the technique were reviewed, e.g., by Suter and MIyfE. In

time interval needed to build up 50% of the maximuma low magnetic field the Zeeman effect is linear, and all

achievable contradf for a given set of parameters: magnetic transition frequencies in a given hyperfine dtate
are degenerate. In larger fields the energies of the spin states
|[F.,M) of the Cs ground state|R.=1*3; M; J=S

1
Flrp) = F(0)= f(}—(oo)_]:(o))' @2) 3, 1=7/2)) are given by the Breit-Rabi formuld.7]

repopulation pumping repopulation pumping
T,= 250 200 160 130101 100 90 80  contrast |T,(10°4) =504540 3530 25 20 contrast
; 7 B . B0%A 7 90 %

1.0

80 %] 0.9
1% 70% 0.8
;
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I 79 - _3 .
20 0.8 10_ [ vq (da_shed lingfor repopu-
I / ’ 10,7 109%] 0.2 Iatlon pumplng'
LSS ) E ST T /7 L7 304
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v(F.,M) 1 M Nd:YAG
e 16 € LN, aser beam
capillas
1 1 pillary
*5 L+§M(1+em+(1+eﬂx% cryoperm|
Nb
(2.22
. liquid
with He
- Qs
hopes
(2.23
= INHN diode laser
Jams beam
whereg; andgy are the electronic and nuclegfactors, and
upg and uy are the Bohr and nuclear magnetons, respec-
tively. Expanding Eq.2.22 up to first order ine and to
second order irx, the transition frequencieAvg y be-
tween neighboring spin statd§,M+1) and |F,M) are
given by FIG. 6. Cross section of the bath cryostat and the He pressure

cell.
v(F: M+1)—v(F. ,M)
Ave, m= Vhis sure cell. After the implantation process the lens was raised
to allow the focussing of further Nd:YAG laser pulses with
lower intensity into the center of the alkali-doped part of the
He crystal. We observed a slow temporal decrease of the
atomic fluorescence signal which we attribute to the com-
The first and second terms are linear contributions from thjined action of diffusion and recombination of atoms with
electronic and nuclear magnetic moments; the third term igjusters and neighbouring atoms. The low-energy Nd:YAG
the quadratic Breit-Rabi correction. As seen in Fig. 2, for thepulses serve to dissociate these clusters and to stabilize the
case ofrepopulation pumpinghe populations in both thE  average atomic concentration. An almost constant number of
=4 and 3 hyperfine levels will be transfered into sublevelsatoms could be maintained during the experiments by apply-
with the same signof the magnetic quantum numbers ing these dissociation pulses at a constant repetition rate. A
M (F4/F3>0), whereas fordepopulation pumpingthe  2-mm-thick u-metal (cryoperm shield and a superconduct-
steady-state hyperfine polarizatiofig andF 3 will have op-  ing Nb shield surrounding the cell inside the helium bath
posite signs f,/F3<0). The last term in Eq2.24 is pro-  reduce stray magnetic fields. Three orthogonal pairs of
portional to 2V + 1, and the curvature of the quadratic field Helmholtz coils mounted around the pressure cell were used
dependence of the transition frequenky can therefore be to apply homogeneous static magnetic fields. Inside of the
used to discriminate depopulation from repopulation pump<cell three additional sets of Helmholtz coils allowed to irra-
ing. diate the sample with radio-frequency fields. The Cs atoms
were excited with a circularly polarized beam from a tem-
[ll. EXPERIMENTAL SETUP perature stabilized monomode diode laser operating at 850
) ) ) nm. Fluorescence from the sample was collected by a system
_ The experiments were performed in a cubic pressure cellt jenses and detected by a cooled RCA-C31034 photomul-
immersed in a helium bath cryosteig. 6). Temperatures ypjier A interference filter T=78% at 887 nm, and a full

down to 1.5 K could be reached by pumping on the heliumyiqih at half maximum of 9 ninsuppressed scattered laser
bath. The pressure celinner volume~200 cn?) has five light by four orders of magnitude.

quartz windows flanged onto its cubic body using soft-
annealed copper sealing rings. The temperature inside the
cell was measured with a germanium resistor, and all elec- IV. EXPERIMENTS

trical feedthroughs were sealed with Stycast 2850 epoxy. \ye have performed experiments on Cs atoms in the iso-
The cell is connected via a capillary to an external reservoifrgpic bee phase and in the anisotropic hcp phase of solid
of pressurized helium gas. By controlling the temperatureije with the aim of understanding the dynamics and the

aﬂd pressure in the cell helium crystals could bg grown withyechanisms governing the optical pumping process in these
either a bce or hep structufd8]. Cs atoms were implanted gamples.

into the helium solid by laser ablati¢t9] with a beam from
a pulsed, frequency-doubled Nd:YAGttrium aluminum
garne} laser(typically 20 mJ at a 1-Hz repetition rateThe
laser beam was focused onto an alkali-metal target contained In a first series of experiments we have studied magnetic-
in a glass tube using a height-adjustable lens above the pressonance signals in smaB§<500 mG) magnetic fields.

=—XF

! 12|\/|12 2.2
3 8vsx—6—4( +1)x°.  (2.29

A. Optical pumping process in the bcc phase
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= P FIG. 8. Difference of the Larmor frequenciésf. Fig. 7) in F
. =4 and 3 when excited withr, ando_ light. The observed field
I | |

'14850' — '14900‘ — ‘14950' dependence reflects the.qua.dratic term of. the Breit-Rabi form.ula,

v. (Hz) and gllows one to distinguish repopulation from depopulation
o pumping.
FIG. 7. ODMR spectrum in the ground state of Cs in Bete in L. . . .

a magnetic field of 43 mG. The splitting of the lines is a conse-magne'[,IC fields will be negded to S_pl't the two Ilnes.. A_‘S

quence of the nuclear magnetic moment and the quadratic Zeem&$1OWn in Sec. II, repopulation pumping can also be distin-

effect. guished from depopulation pumping from the parameters de-

scribing the time dependence of the fluorescence signal when

II_he system evolves from an unpolarized state to a polarized

The sample—exposed to a constant magnetic field—was i tate. | der to check th ful f this alt i
radiated with circularly polarized light, and the fluorescenceS'at€- [N Order 1o check n€ USEeTuIness ot this alternative ap-

signal was recorded while the frequency of a linearly polar-proaCh’ we ha_ve performed a second experiment in the bee
ized radio-frequency field was swept across the resonanc hase. In this |nves_t|gat|oﬁ_-state—selec_t|ve_ radm-frequency
A typical spectrum(integration time of 0.5 s per data point pulses were _applled to flip the _polarlzatpn in the:4 or
is shown in Fig. 7. The two resonancesi(; and A v3) in 3 states selectively, and the optical pumping mechanism is

Fig. 7 correspond to rf-induced depolarizing transitions inime”efj by comparing experimentallﬂuorescence decay.sig—
the F=4 and 3 states, respectively. The line splitting is anals with calculated temporal evolutions. An acousto-optical

consequence of the nuclear magnetic moment and of the quglodulator was used for switching the circularly polarized

dratic Zeeman effect of the electronic magnetic monfigt optical pumping light intensity. A longitudinal constant mag-

(2.24)]. We have recorded such doublets with beth and ngtic _field of 500 m(_3 was applieq allong the propagation
o excitation for ten values oB, in the range 0—500 MG. direction of the laser light. The longitudinal pumping process

The line centers were obtained by fitting the experimenta|S detected by monitoring the time dependence of the laser-

data with Lorentzians and a constant background. The smal duced_fluqrescence. A typical S|gnql is shown in F|g: 9.
After switching on the laser dt=0, the increase of the spin

widths of the magnetic resonance lines and their large signa S . .
to-noise ratio allow the determination of the line centers Withpolanzauon manifests itself by a decrease of the fluorescence
signal[see Eq(2.18)]. The signal level aF(t=0) is a mea-

b-H ision[8]. 1 der to ob both h fi !
sub-Hz precision(8]. In order to observe bo yperine ure of the unpolarized fluorescence ra#g,,,. After 200

states the laser intensity was adjusted to be low enough : ; o)
guarantee that both the=3 and 4 states were populated. As ms the system is fully polarized. The light is then turned off
a{péss ms, and a radio-frequency pulse of durationr

a consequence the sublevel populations in these states . o o .
d bop ms is applied in order to rotate the polarizatidf,) in

distributed over severa¥l values, and the factor+1 in F—14 or 3 lectivelby 180 °. The spinfi
the expression for the quadratic Zeeman effect has to b_@e =4 or 3 stateselectivelyby - |e Spin-fiip occurs

replaced by 2M)e+1=2(F )¢+1. Equation(2.24 can in the dark, and guarantees that the polarization is not af-
2 . .
therefore not be applied directly to analyze the resonance

frequencies. When the helicity of the pumping light is re- = o repopulation 1o
versed under otherwise identical conditions, the sign of this2 g %8 108
term is reversed. The quadratic Zeeman term can be exZ5ost I\ . dg bl 106
tracted by subtractingfor each value oB) the resonance 2’304_ 104
frequencies obtained withr, and o_ excitation. The =& 02k f Jo2
magnetic-field dependences of these difference frequencie 0 100 200 300 400 500 600 1.0
Avy(o_)—Avs(o,) and Avg(o_)—Avs(o,) are shown - t(ms) [ © depopulation] o
in Fig. 8. The anticipated quadratic field dependence is con- gy L

firmed by the fitted parabolasolid lineg. The curvatures off 06
for both hyperfine states are efjual sign, thus giving evi- on F=4  |F=3 04
dence thatrepopulation pumpingcf. Fig. 1) is the main it Tpulse | wpulse b . 402
mechanism governing the optical pumping process of Cs at: 0 100 200 300 400 500 600

oms trapped in the bcc phase tfle. tms)

As we shall see below, optical pumping in the hcp phase FiG. 9. Experimentala) and calculated(b) and (c)] evolution
is in strong competition with fast spin-relaxation processesef fluorescence signals after application of a radio-frequency
yielding correspondingly larger magnetic resonance linepulse forF=3 (att=200 ms) and fofF =4 (att=405 ms). The
widths. The above technique cannot be applied to study theheoretical curves are shown for the case of repopulaiiprand
pumping mechanism in that phase, as substantially largaefepopulation(c) pumping.
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fected by optical pumping during the magnetic-resonance L5 e
transition. Due to the second term in Eg&.24), the Larmor
frequency in|F=3) is about 585 Hz higher than iffr =4) I [} I 3
at the given magnetic field=500 mG. As the spectral - 1‘0'} ]
width of the pulse (2 7,) =32 Hz is much smaller than 2
the difference of these Larmor frequencies, the polarizations 2 050 ]
in the hyperfine ground states can be flipped selectively by 1
applying the appropriate radio frequency. After thgulses bee
the pumping light is switched on againtat 205 and 410 ms, 0.0 i i v i
and the fluorescence signal is allowed to evolve towards its w0t 107 10 100 10° 10
steady-state valug,,. B(G)
For the analysis we introduce the following notati&g.is 6 0.01 0.1 1 10
the asymptotic fluorescence level of the polarized sample, I
and S; and S, are the fluorescence levels right after the 51 [hep ." ]
pulses: 4l . |
=, -
‘gﬁ ar et ]
Fa—Fs 2 s ]
SD:}—unpol_}-poI:Ty AT " i
1 ° :
—F,—F3 _ % 10 100 1000 10000
S“:T (afterthe = pulsein F=4), (4.1 v (kHz)
FIG. 10. Magnetic-field dependence of the longitudinal relax-
Fu+Fs ation timesT, of (J,) of Cs in bcc and hcffHe. The gyromagnetic
S= 7 (after the = pulse in F=3). ratio of the &, hyperfine states is 350 kHz/G.

The theoretical calculation predicts that the expectation valmeasured parameters, =1 st 7,=10 ms, andK
uesF,=(F,)r_, andF3=(F,)r_5 are of equal sign for re- =69%, we infer a parametey,/y; of 2450 and a degree of
population pumping, whereas for depopulation pumping thegircular polarizationg,, of 79% in case of repopulation
have opposite signs. These signs can be inferred by compaPlmping, andy,/y;=2500 andé,,=97% for depopulation
ing S, with S; andS, respectively. From Eq4.1) one sees Pumping. Using thesg parameters the time evo!ution of the
that sgnf,)=sgnF3) when |S;|>|S,|, or, equivalently, quoresqence 5|glnal is calculated for repopula’c_lon and de-
when |S,|>|Sy|. The experimental data in Fig. 9 show that Population pumpingFig. 9). TheF-selective experimentat
both |S,|>|Sy| and|S;|>|Se|. The hyperfine polarizations Pulses are simulated by interchangimpgy«< ps-yv at t
F, andF, thus have identical signs. This gives another in-=205 Ms andy;y—pz -y att=410 ms. After the respec-
dependent proof that in the isotropic bcc phase of stiie  tive rotations of the population vectors Fhe ca}lculatlon of thg
the electronic ground state of the trapped Cs atoms is polafime dependence of the fluorescence signal is resumed using
ized mainly by opticarepopulation pumping the same procedure as before. The good agreement of the
Finally we show how the model can be applied to calcu-experimental fluorescence signals with the calculated signals
late the complete time evolution of the fluorescence signalthen gives the final proof that repopulation is the main pump-
The experiments were performed in the bce phase, where tHBg mechanism, as only for this process the fluorescence sig-
longitudinal relaxation rate/; is 1 s * (Fig. 10. From the nal will change sign with respect to the unpolarized IeV(_eI
experimental data in the range<@<200 ms(Fig. 9), we  Funpo- Knowing the pumping mechanism and the experi-
obtain a pumping timer, of 10 ms and an experimental Mental parameterg,,, y,/7v1, andr,, the complete evolu-
contrastK e, Of 49 %. In order to infer the contrast due to tion of the fluorescence signal can then be simulated, and
spin polarization only we have to consider that the detecte@drees well with the experimental findingSig. 9).
signal is a superposition of atomic resonance fluorescence
and a constant background sigr@iwhich originates from B. Optical pumping process in the hcp phase

light scattered by molecules and clusters in the sample. In an Si he f ical . . Csi lid
auxiliary experiment the intensity of scattered light was de- ince the Tirst optical pumping experiments on Cs in soli

termined to be 40 % of the unpolarized fluorescence level!® Matrices(7] it was known that optical pumping in hcp

Funpol- Taking this additional signal into account the contrastcryStals_ is much less effici(_ant fthan in_ bec crygtals._ This is
K due to spin polarization only is given by best evidenced by the longitudinal spin relaxation tirfigs

in the two phasesT; was measured as a function of the
longitudinal magnetic fieldB, using the method of “relax-
ation in the dark”[7,20]. In Fig. 10 we compare the results
obtained in hcp matrices to our earlier results obtained in bcc
matrices. In the hcp phase the spin relaxation timés 2—3
where C=0.4F .. Using the calculated isocontrast and orders of magnitude smaller than in the bcc phase while in
isopumping time curves of Figs. 4 and 5 together with thethe bcc phasd, is independent of the strength of the hold-

FootC

K=1-—"2—
‘7:unpol+C

—69%, 4.2
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ing field? it shows a pronounced magnetic-field dependence 19 . . . . 10
in the hcp phase with a cusp-shaped structure aroynd
~10 kHz. We believe that the origin of the lower pumping
efficiency observed in the hcp phase is a sligidnspheri-
cal) static deformation of the shape of the local trapping sitesw

(atomic bubbles Recently we explained the unexpected red- & ol =006 0.8
shift of the hyperfine transitions in the hcp phase in terms of _,

a small (5%) quadrupolar deformatiofil3] of the atomic B=03G
bubbles in that phase. The observations made here can b %7[ Jo7
explained qualitatively as follows: In small magnetic fields B=12G
(Larmor frequency<10 kHz) the magnetic moments of the 06 P T 06
Cs atoms couple to the randomly oriented rotational symme- 61 2 3 4 5 6 7 8§ 9 10

try axes of the deformed bubbles. As a consequence the t (ms)
sample is strongly depolarized. In larger fields the Zeeman _ _ _
interaction decouples the magnetic moments from the spin- F'C- 11. Measured time evolution of theormalized fluores-
bubble axis interaction, which leads t@eaependent length- cence signals m_hcﬁHe for _dlﬁerent values of the magnetic field
ening of the relaxation times. This phenomenon has a closg The asymptotic values yield the contrast
analogy with the well-known Zeeman decoupling from hy-
perfine or spin-orbit interactiond®reit-Rabi problem proceed via depopulation pumpingig. 4), the observed
The saturation behaviofplateau in the range 10-100 contrast could not be achieved even with a degree of circular
kHz) allows us to estimate the strength of the spin-bubblgoolarizationéy, of 100%. This is a clear evidence that opti-
axis coupling to be on the order of 10 kHz. The deformedcal pumping of Cs in hcHe is also dominated by repopu-
bubbles lift the Zeeman degeneracy in the ground state of thi@tion pumping, i.e., that both in bcc and in hcp He crystals
Cs atoms in the hcp phases, as we have shown experimeiiie spin polarization in the excited state is not noticeably
tally by the observation of zero-field magnetic-resonancelestroyed by the interaction with the helium matrix.
spectra13]. It is interesting to note here that the most pro-
nounced structure in these zero-field spectra also occurs at V. DISCUSSION AND CONCLUSION
approximately 10 kHz. The origin of the observed increase ) , )
of T, above 100 kHz is not clear at present. It may be related We _have carrleq out a dgtaﬂed study of th? mechanlgm
to a Zeeman decoupling frof-changing interactions with 9°Verning the optical pumping of Cs atoms implanted in
the deformed bubbles for which the decoupling field strengtt{€lium crystals. We find that both in the isotropic bce phase
is on the order of 2—4 kG. Future experiments in larger field nd in the un_|aX|a_I hcp phase, optical pumping 1S dommat_ed
should shine more light on this hypothesis. y re_p_opulatu_)n, €., Ka;tler—type pumping. This result is
Due to the small relaxation times in the hcp phase whictUrPrising at first sight. It is well known that in Cs vapor the
lead to magnetic-resonance linewidths of several kHz, thélddltlon o_f He buffer gas leads to a rapid spin depolarization
experiments described above for the bce phase cannot & the €xcited state already for moderate buffer gas pressures.
performed in the hcp phase. Our current setup allows us t solid He the surrou_ndlng I—_|e at_oms_colllde with the Cs
apply fields only up to 10 Qa Larmor frequency of 3.5 atom at.the ratezof helium lattice V|brat|o(me.De'bye fre-
MH?z), for which theF =3 and 4 components cannot be re- quency is 4<10*? Hz). The fact that the polarization of the

solved, so thaF-state-selectiver pulses cannot be applied P12 s_tate surwves.tms h|gh chI|S|on rate lies in th? short
to the sample. duration of the collision which is comparable to the inverse

In the following we show how the mechanism of the op- collision rate. A single collision can be viewed as a momen-

; ; : deformation of the Cs bubble. As the interaction of the
tical pumping process in the hcp phase can nevertheless &Y d€ , .
inferred from contrast measurements. For this analysis wePin with deformed bubbles is very wegk0-kHz coupling

start from a set of fluorescence time evolution curves reStrength with a 5% quadrupolar bubble deformaidhe
corded in different longitudinal magnetic fiel@&when the

sample is optically pumped with a fixed laser intensity 04— . — 04
(pump rate (Fig. 11). The contrasts are inferred from the - ve®]
asymptotic fluorescence levels and their magnetic field de- » . * 1
pendence is shown in Fig. 12. For the data recordeB at ~ **[ . * 1%
=12 G, from Figs. 10, 11 and 12 we infer a relaxation rate I : * ]
v, of 200 s, a pumping timer, of 1 ms (e, 7, Mool o T T e ] ez
=20010 */y,), and a contrask of 36%. Using these pa- [ or 02 _,_1,,;:;“-,..,-,..‘.. 1]
rameters we obtain valugg,=70% andy,/y;=>50 from i e Moil o 1]
the calculated isocontrast and isopumptime diagrams for re- 01 . P 1 1%
population pumpingFig. 5). If the optical pumping would Fe o e e w0 120 150 ]
00 Lows L  BmG) T P
001 0.1 1 0

B (G)
2The physical mechanism that determirigsin the bcc phase is
not yet understood. This is likely to be due to the depolarizing FIG. 12. Magnetic-field dependence of the fluorescence contrast

effect of quadrupolar oscillations of the bubble shape. Kin hcp“He (T=15 K, p=27 bar).
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spins have no time to undergo a significant dephasing durinffhe weighting factorggy, are the populations of the levels
the collision time. Some caution should nevertheless be eX+,M). The individual transition probabilities are propor-
pressed regarding the above results. In the model calculdional to the squares of the relevant matrix elements, which
tions presented above we assumed the spin relaxation in theee readily expressed in terms of 8nd § symbols[21]:
ground state to be isotropic, i.e., independentvbfWhile

2_
this assumption certainly holds for bcc matrices it is certainly we M m* [(F,m|xg|F,M)[#=(2F +1)(2f+1)
no longer valid in hcp matrices, where we believe that ran- 1 7Y 2
domly oriented bubble deformations are responsible for the = f =

spin depolarization. In order to incorporate these anisotropic x(

relaxation processes into model calculations, a better under-

standing of the coupling mechanism of the spins to the axis

of deformed bubbles is required. Work toward this goal is

currently in progress. X|(67P1|r[|6°Sy0)|%.
Another important consequence of repopulation pumpin

is the fact that the resonance fluorescence is polarized. Th

opens the possibility to measure the product

f1F>222

-m q M

F 1

N| =

nder excitation witho . circularly polarized light =
+1), the relative transition probabilities a21]

0;(6P40) 7(6P4) of the 6P, state using the Hanle effect Kanams1%(3—M)(4+M),
and to determine, in combination with a direct measurement T
of the 6Py, lifetime 7(6P,,), the Landeg factor of this Kam—am+1%(4+M)(5+M),
state. We are currently preparing such experiments.

Recently we have detected isotopes 85 and 87 of Rb in Kam—3m+1%(3—M)(4—M),
solid helium using an absorption technique. The magnetic
resonance spectra give strong evidence that for these atoms Kam—am+1%(4=M)(5+M),

d_epopulatlon_, €., Dehr_nelt-type pumping 1S the main me.Chaénd the total absorption coefficient can be evaluated algebra-

nism governing the buildup of spin polarization. A detailed ically to yield

account of these experiments and their interpretation will be

given elsewhere.

Ktot™ 4Prot+ % M(P3m— Pam), (A2)
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APPENDIX coefficient in Eq.(A2), which may thus be rewritten as
The goal of this appendix is to express the fluorescence _ Fis—F3
rate in terms of physical observables. We start by noting that Ktot= Kunpo| 1 — 4 | (A3)

under linear, i.e., nonsaturating excitation, the fluorescence

rate is proportional to the optical absorption coefficiant Where F3 and F, are the expectation values &%, in the
Due to the large homogeneous broadening of the optical lind)yperfine leveld==3 andF =4 respectively, i.e.,
saturation phenomena can be neglected. For the same reason 1

the hyperfine structure in both the excited and ground states <F2>F=p_ > (F.M|F,[F,M) pey -

. . . . tot M

is not resolved in the optical spectra. The total absorption

coefficientx, can thus to be expressed as the weighted sunsing well-known propertief21] of the matrix elements of
of the transition probabilities of all electric dipole allowed J, andF,, one may show that E4A3) is equivalent to
transitions from the ground-state subleveld=,M)

=|62S,,,F,M) to the excited-state sublevel$f,m) Kiot= Kunpol 1= 2(J2)]- (A4)
E|62P1/2,f,m>, i.e.,

4

This result does not depend on the hyperfine quantum num-
bersF andf, which makes sense if one considers that the
hyperfine structure is not resolved in the absorption and fluo-
rescence spectra.

M=

> 2

3m=—f F=3 M

Ktot=
f

. PEMKE,M—f,m (A1)

[1] H. Coufal, E. Luescher, H. Micklitz, and R. E. NorbeRare [3] M. Arndt, S. I. Kanorsky, A. Weis, and T. W. lHach, Phys.

Gas Solids Springer Tracts in Modern Physics, Vol. 103, Lett. A 174, 298(1993.
(Springer, Berlin, 1984 [4] A. Fujisaki, K. Sano, T. Kinoshita, Y. Takahashi, and T.
[2] S. I. Kanorsky, M. Arndt, R. Dziewior, A. Weis, and T. W. Yabuzaki, Phys. Rev. Let#1, 1039(1993.

Hansch, Phys. Rev. B9, 3645(1994. [5] T. Kinoshita, Y. Takahashi, and T. Yabuzaki, Phys. Revi®B



PRA 60 OPTICAL PUMPING OF Cs ATOMS IN SOLID*He 3877

3648(1994. [13] S. Kanorsky, S. Lang, T. Eichler, K. Winkler, and A. Weis,
[6] Y. Takahashi, K. Fukuda, T. Kinoshita, and T. Yabuzaki, Z. Phys. Rev. Lett81, 401(1998.
Phys. B98, 391(1995. [14] J. Brossel and A. Kastler, C. R. Hebd. Seances Acad 226.
[7]1 M. Arndt, S. I. Kanorsky, A. Weis, and T. W. laach, Phys. 1213(1949.
Rev. Lett.74, 1359(1995. [15] W. Happer, Rev. Mod. Phyg4, 169(1972.
[8] S. I Kanorsky, S. Lang, S. ldke, S. B. Ross, T. W. Hesch,  [16] D. Suter and J. Mlynek, Adv. Magn. Opt. Resds, 1 (1991).
and A. Weis, Phys. Rev. A4, R1010(1996. [17] G. Breit and I. I. Rabi, Phys. Re®8, 2082(1931.
[9] A. Weis, S. Kanorsky, S. Lang, and T. W. kizh, inAtomic  1g] 5 | ang, M. Arndt, T. W. Hasch, S. I. Kanorsky, S. lake, S.
Physics Methods in Modern Researeldited by K. Jungmann, Ross, and A. Weis, Low Temp. Phy22, 129 (1996.

J. Kowalski, I. Reinhard, and F. Tgar, Lecture Notes in Phys-
ics, Vol. 499(Springer, Berlin, 1997 pp. 57-75.

[10] S. I. Kanorsky and A. Weis, Adv. At., Mol., Opt. Phy38, 87
(1998.

[11] S. I. Kanorsky and A. Weis, iQuantum Optics of Confined X . .
Systemsedited by M. Ducloy and D. Bloch, Applied Sciences, on Laser Spectroscopgdltgq by M. Inguscio, M. Allegrini,
Vol. 314 (Kluwer, Dordrecht, 1996 pp. 367—393. and A. Sass@World Scientific, London, 1996

[12] B. Tabbert, H. Gother, and G. zu Putlitz, J. Low Temp. Phys. [21] I. 1. Sobelman,Atomic Spectra and Radiative Transitions
109, 653(1997. Springer Series in Chemical Physipringer, Berlin, 1979

[19] M. Arndt, S. I. Kanorsky, A. Weis, and T. W. Hach, Z. Phys.
B 98, 377(1995.

[20] A. Weis, S. Lang, S. I. Kanorski, M. Arndt, S. B. Ross, and T.
W. Hansch,Proceedings of the 12th International Conference



