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Nuclear-spin states of gaseous-state Cs atoms in the ground state are optically manipulated using a Ti:sapphire

laser in a magnetic field of 1.516 T, in which optical coupling of the nuclear-spin states is achieved through hyperfine

interactions between electrons and nuclei. The steady-state population distribution in the hyperfine Zeeman sublevels

of the ground state is detected by using a tunable diode laser. Furthermore, the state population transfer among the

hyperfine Zeeman sublevels, which results from the collision-induced modification δa(S · I) of the hyperfine interaction

of Cs in the ground state due to stochastic collisions between Cs atoms and buffer-gas molecules, is studied at different

buffer-gas pressures. The experimental results show that high-field optical pumping and the small change δa(S · I)

of the hyperfine interaction can strongly cause the state population transfer and spin-state interchange among the

hyperfine Zeeman sublevels. The calculated results maybe explain the steady-state population in hyperfine Zeeman

sublevels in terms of rates of optical-pumping, electron-spin flip, nuclear spin flip, and electron-nuclear spin flip-flop

transitions among the hyperfine Zeeman sublevels of the ground state of Cs atoms. This method may be applied to the

nuclear-spin-based solid-state quantum computation.

Keywords: high magnetic field, optical pumping, hyperfine interaction changing, nuclear-spin and
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1. Introduction

Scalable solid-state quantum computation has

been a subject of intense research in recent years.

There are many spin-based proposals for solid-state

quantum computers.[1−6] In particular, the electron

spins or nuclear spins in a solid can be a good

candidate for solid-state qubits because the electron

spins or nuclear spins can have a longer coherence

time through the suppression of classical spin relax-

ation mechanisms.[7] Entanglement between an elec-

tron and a nuclear spin 1/2 in a molecular single crys-

tal was generated with pulses at electron spin reso-

nance (ESR) and nuclear magnetic resonance (NMR)

frequencies.[8] It is well known that the sensitivity of

optical spectroscopy is higher than those of other de-

tection techniques, such as ESR and NMR methods.

Therefore, optical techniques have been used to pre-

pare, manipulate and detect an electron-spin qubit.

For example, electron spin qubits can be optically

‘pumped’ into one of Zeeman sublevels of spins at a

high probability by using the standard optical pump-

ing methods.[9] Recently, optical pumping of a single

electron spin trapped in a semiconductor quantum dot

has been demonstrated.[10] However, it is difficult to

optically prepare, manipulate and detect nuclear-spin

states in solid-state systems. As is well known, this

ability has not been demonstrated experimentally yet.

Thus direct optical-pumping of nuclear-spin states is

a challenge remaining to be addressed.

In the proposals for two types of solid-state quan-

tum computers based on electron spins and silicon-

based nuclear spins,[1,4,11] one can use a static electric

field which could be produced by an electrostatic gate

(such as the A gates) to control the hyperfine interac-

tion between electron and nucleus through varying the

∗Project supported by the National Natural Science Foundation of China (Grant Nos 10374103 and 10574143), and the National

Basic Research Program of China (Grant No 2001CB309309).
†E-mail: jluo@wipm.ac.cn
‡E-mail: mszhan@wipm.ac.cn
http://www.iop.org/journals/cp http://cp.iphy.ac.cn



No. 4 Optical pumping and population transfer of nuclear-spin states of caesium atoms ... 999

voltages on the A gates. The information transfer and

controlled-NOT gates between electron and nucleus

could, in theory, be implemented via the hyperfine in-

teraction and electromagnetic pulses.[1,4,11] However,

the major difficulty in these proposals is how to pro-

duce well-defined geometrical arrangements of the em-

bedded phosphorous atoms and how to reduce deco-

herence effects due to spurious electric charges and

spins in a solid.[12] Since phosphorous atoms are not

surely located below the A gates in solids, it is not

easy to manipulate the electron cloud around the nu-

cleus by using the electrostatic gates, so that one can-

not change the hyperfine interaction between electron

and nucleus. Therefore, it is difficult to experimen-

tally demonstrate the state transfer between nuclear

and electronic spins in solid-state systems, which re-

sults from the modification of the hyperfine interaction

by varying the voltages on the A gates.

On the other hand, it should be noted that there is

a small change [δa(S ·I)] in the contact interaction be-

tween the nucleus of the alkali atom and the spin of the

valence electron when the polarized atom possessing

a hyperfine structure collides with a foreign buffer-gas

atom or molecule.[13] One can tune up the small mod-

ification of the hyperfine interaction that is induced

by stochastic collisions at different foreign buffer-gas

pressures. This may be the best way to alter the hy-

perfine interaction of atoms as far as the current tech-

nologies are concerned. At low magnetic fields, say on

the order of 10−2 T or less, the collisional modification

of the hyperfine interaction that has been extensively

studied[13−15] will not cause relaxation, but results in

a shift of the hyperfine frequency.[13] This modification

δa(S · I) of the hyperfine interaction can induce the

electron–nuclear spin ‘flip-flop’ transitions and state

transfer between hyperfine Zeeman sublevels at high

magnetic fields.[16−18]

In order to investigate optical pumping and

state change transitions among Zeeman sublevels

of nuclear-spin states by using optical pump–probe

methods, it is natural to make use of high magnetic

fields and lasers of narrow linewidths.[19,20] High mag-

netic fields can produce the strong Zeeman splitting

between two sublevels and decouplings between elec-

tron and nucleus, while lasers with narrow linewidths

can be used to selectively pump and detect atoms

in a certain hyperfine Zeeman sublevel. Especially,

Cs atoms have large hyperfine interactions. In a

high magnetic field of 1.516T where I and S decou-

ple, the hyperfine Zeeman sublevel separations (about

1.1GHz) of 6S1/2 Cs atoms are much greater than

the linewidths of continuous-wave (CW) diode lasers

and Ti:sapphire lasers. Therefore, Cs atoms in the

ground state in high magnetic fields may be suitable

for demonstrating the optical pumping and control of

populations in the Zeeman sublevels of electronic and

nuclear spins, and also for simulating the state trans-

fer among hyperfine Zeeman sublevels. The purpose

of this paper is to utilize optical pump–probe methods

to explore the optical pumping of nuclear-spin states

of Cs atoms, and the effect of the changing hyperfine

interaction on electronic and nuclear spin transitions

and relaxations in gas cells in high magnetic fields.

Since Kane described the solid-state proposal

for quantum computers,[1] there have been sev-

eral proposals as modifications to the original Kane

scheme.[6,21] Some authors have reported on numer-

ical simulations of electron exchange mediated two-

qubit logical gates in the Kane proposal,[22−24] and

measured the coherence time for phosphorous donor

electron spins in silicon.[25] The recent experimental

results have demonstrated the effect of the ‘flip-flop’

mechanism of spin exchange between electrons and nu-

clei on local nuclear spin polarizations and the local

hyperfine fields.[26] However, little is known about the

influence of the modification δa(S ·I) of the hyperfine

interaction on state change transitions among Zeeman

sublevels in high magnetic fields. Changing the hy-

perfine interaction may result in the decoherence in

spin-based solid quantum computing.

In this paper, we investigate the state transfer

between electrons and nuclei in the 6S1/2 Cs atoms,

which is induced by stochastic interactions in gas cells

in high magnetic fields, by using optical pump–probe

methods.[16−18,27]We also optically manipulate atoms

in the Zeeman sublevels of electronic and nuclear

spins, and experimentally simulate the state change

transitions among the hyperfine Zeeman sublevels as

needed in solid-state quantum computers, which are

produced by the ‘flip-flop’ mechanism.

2. Experiment

2.1. Principle of optical pumping and de-

tection

Under a high field B (gJµBB ≫ AJ ),[28] since the

nuclear angular momentum I and the electronic angu-

lar momentum J are decoupled, energy levels should

be calculated in the decoupled representation
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|J, MJ , I, MI >, and the Zeeman levels can be given

by

EMJ , MI
= AJMJMI + gJµBBMJ , (1)

where MJ and MI are the magnetic quantum num-

bers of J and I, AJ is the constant of the hyper-

fine interaction. The Zeeman sublevels of the ground

state (6S1/2) of the 133Cs (I = 7/2) atom in a

high magnetic field of 1.516T are illustrated in Fig.1.

It is interesting to note that there are two groups

(MS = ±1/2 with J = S) of eight Zeeman sublevels

(MI = −7/2, ..., +7/2) in Fig.1.

Fig.1. Sublevels of the ground state of Cs in a magnetic

field of 1.516 T. Rn, Re and R
(±)
MS ,MI

are three kinds of

transitions which are explained in the text.

For the ground state 6S1/2 in a high magnetic

field, there are three kinds of transitions among the

sublevels,[29] or rather, the nuclear spin-flip transi-

tion Rn (∆MS = 0, ∆MI = ±1), the electron spin-

flip transition Re(∆MI = 0, ∆MS = ±1), and the

combined electron-nuclear spin transition or the flip-

flop transition R
(±)
MS , MI

(∆MS = ∓1, ∆MI = ±1)

as shown in Fig.1. The details of these transitions

induced by various interactions have been given in

Refs.[17,18] According to the structure of the sublevels

in Fig.1, we can easily obtain laser-pumped states of

the nuclear spin of Cs atoms, and investigate the ef-

fects that are produced by the electron spin-flip transi-

tion, the nuclear spin-flip transition and the combined

electron-nuclear spin transition.

Since the absorption spectra of the D1 resonance

line of Cs atoms depend mainly on populations in

the Zeeman sublevels of the ground state, one can

measure populations in these sublevels from the ab-

sorption spectra. In our experiments, because Cs

atoms thermally move and the time scale of exper-

imental measurements of the steady-state spectra is

much longer than the coherence time of electron and

nuclear spins of Cs atoms in a high magnetic field,

we can describe the population evolution, which is

caused by the three spin-flip transitions and opti-

cal pumping, of the Zeeman sublevels in terms of

rate equations. Taking into account the three spin-

flip transitions and the mean optical pumping rates

Rp(−1/2, MI) = Ipk′V (ν − νi,Γ/∆1) (where k′ is a

constant, V (ν − νi,Γ/∆1) is a Voigt profile,[28] ν is

the frequency of the pumping light, νi is the central

frequency of transition from the ith sublevel of the

ground state (i = (−1/2,−7/2), ..., (+1/2, +7/2)), Ip

is the pumping-rate parameter of the pumping light,

∆1 is the Doppler linewidth parameter of the D2 reso-

nance line of Cs, and Γ is the full width at half maxi-

mum (FWHM) of the absorption of Cs due to pressure

broadening), similar to that in Refs.[17,18], one can

easily write the population evolution equations (rate

equations) for the sublevels of the ground state as fol-

lows:

d

dt
P1/2,MI

= − Re(P1/2,MI
− P−1/2,MI

) − Rn(P1/2,MI
− P1/2,MI−1)

− Rn(P1/2,MI
− P1/2,MI+1) − R

(+)
1/2,MI

(P1/2,MI
− P−1/2,MI+1)

+ Rp(−1/2, MI)P−1/2,MI
, (2a)

d

dt
P−1/2,MI

= − Re(P−1/2,MI
− P1/2,MI

) − Rn(P−1/2,MI
− P−1/2,MI−1)

− Rn(P−1/2,MI
− P−1/2,MI+1) − R

(−)
−1/2,MI

(P−1/2,MI
− P1/2,MI−1)

− Rp(−1/2, MI)P−1/2,MI
, (2b)
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where MI = −7/2, . . . , 7/2, and Rp(−1/2, MI) rep-

resent, respectively, the depletion rate of the popula-

tion of the sublevels (−1/2, MI) and the repopulation

rate of the sublevels (+1/2, MI) during the cycle of

depopulation and repopulation pumping. In princi-

ple, Re, Rn and R
(±)
MS , MI

can be evaluated if interac-

tions that cause the three transitions are accurately

known. In general, however, since interactions are un-

certain, such as the effective interaction Hamiltonian

between the electron spin S and the cell wall mag-

netic fields B1(t), it is difficult to accurately calculate

the relaxation parameters in theory. In this paper,

the parameters are estimated from experimental data

measured in the dark [Rp(−1/2, MI) = 0].[17,18,30] If

we assume that the Hamiltonian H(t) = δA(t)I ·S =

~δa(t)

[

SzIz +
1

2
(I+S− + I−S+)

]

induces the flip-flop

transition, then cross-relaxation matrix elements, or

the flip-flop transition rates, R
(±)
MS , MI

, can be written

approximately as[18]

R
(±)
MS , MI

= 2π2|δν|2
Tf

(

I +
1

2

)2 [I(I + 1) − MI(MI ± 1)]

≡ Ren[I(I + 1) − MI(MI ± 1)]/

(

I +
1

2

)2

, (3)

where Tf is the time between collisions and δν is the

measured pressure shift in Hz. In our calculation,

R
(±)
MS , MI

can be determined if Ren is known.

Assuming a Voigt profile for each MI sublevel

absorption,[28] since the detection laser (DL) is ex-

tremely weak, one simply thinks that the intensity of

the absorption of Cs is proportional to the density of

resonance atoms. The steady-state absorption spectra

F (ν) of the DL can be expressed as

F (ν) = I0 −
∑

MI

kV (ν − νi,Γ/∆2)Pi, (4)

where k and I0 are constants, i = (−1/2,−7/2), . . .,

(+1/2, +7/2), Pi is the population in the ith hyper-

fine Zeeman sublevel of the ground state, ∆2 is the

Doppler linewidth parameter of the D1 resonance line

of Cs, and ν is the frequency of the DL.

2.2. Experimental setup

The arrangement of the experimental setup, sim-

ilar to that in Refs.[17,18], is shown schematically in

Fig.2. A Ti:sapphire laser with a power output of

1.8W is used as a pumping light (PL) beam, whose

diameter is about 10mm. The power of the PL which

is tuned to the D2 line of 133Cs is reduced by a neu-

tral attenuator. The wavelength of the PL with a

0.5MHz linewidth is calibrated by a wavemeter. A

diode laser is used as a detection light beam, and

works at a frequency of the D1 line (894.4 nm). Its

linewidth is 100MHz. The power output of 5 mW is

neutrally attenuated to 1µW. A frequency synthesizer

provides an electric current of saw-shape modulation

to the drive current of the diode so that the DL can

scan the frequency over a range of about 30GHz. An

electromagnet produces a magnetic field B of 1.516T,

of which the direction is nearly perpendicular to the

direction of the two laser beams. The transmitted

DL is received by a photocell and is amplified electri-

cally and then averaged. The signal-to-noise ratio of

the steady-state absorption spectra is enhanced by a

signal averager. The signal averager is triggered by

the transistor-transistor logic (TTL) synchronization

signals from a frequency synthesizer. All the steady-

state absorption spectra are obtained through averag-

ing over 1001 scans.

The sample cell is a spherical pyrex glass cell

of 20mm inner diameter. The cell contains a small

droplet of Cs metal and high-purity nitrogen gas. At

332K, the saturated density of Cs is about 9.5× 1017

atoms/m3. The N2 pressures of three cells are 666.61,

5332.89 and 10932.43Pa filled at 298K. The pressure

broadening coefficient of the D1 resonance line of Cs

in nitrogen has been measured to be about 1.69×10−4

GHz/Pa.[17] At 332K, the Doppler broadening widths

of the D1 and D2 resonance lines of the Cs atom are

about 379MHz and 397MHz, respectively.
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Fig.2. Schematic representation of the experimental setup

for high-field optical pumping.

3. Results and discussion

In this section, we first give the experimental and

calculated results, and then on the basis of the calcu-

lated results, we try to explain the experiment.

In order to demonstrate how to manipulate atoms

in the hyperfine Zeeman sublevel (MS , MI) with

lasers, in Figs.3(a) and (b), we present frequency-

scan absorption spectra for transitions from 6S1/2

(MS = ±1/2) to 6P1/2 (MJ = ∓1/2) of Cs atoms

in N2 (666.61Pa ), respectively, while the frequencies

of the pumping laser operating at the D2 resonance

line of Cs are, respectively, tuned to pump the seven

sublevels (MS = −1/2, MI = 5/2, · · ·,−7/2) in 6S1/2.

Figures 3(a) and 3(b) show that atoms in a certain

hyperfine Zeeman sublevel corresponding to (MS , MI)

can be selectively depleted by the pumping laser, and

‘pumped’ into other Zeeman sublevels. Thus atoms in

the Zeeman sublevels of electronic or nuclear spins can

be independently pumped by lasers. This can be a di-

rect way to manipulate magnetic quantum states (MS

or MI) of the electronic or nuclear spins of atoms in

high magnetic fields by using optical methods. In low

magnetic fields, however, it is impossible to indepen-

dently control electronic or nuclear spins because of

couplings between them. Therefore, high-field optical-

pumping methods may be used to directly control the

electronic or nuclear spins of atoms or ‘artificial atoms’

in high magnetic fields.

Fig.3. Experimental absorption spectra for the transitions from 6S1/2 (MS = ∓1/2, MI = −7/2, ...,+7/2)

to 6P1/2 (MJ = ±1/2, MI = −7/2, ...,+7/2) in Cs+N2 (666.61 Pa) at 332 K and a magnetic field 1.516T

without and with optical pumping. Absorption spectra (a) for the sublevel (MS = −1/2), and (b) for the

sublevel (MS = +1/2). The arrows represent the laser-pumped sublevels.
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Note that although the frequency of the PL is

not tuned to pump the sublevel (MS = +1/2, MI),

atoms in this sublevel are also depleted to some ex-

tent as shown in Fig.3(b). At the low buffer-gas

pressure (666.61Pa), when the positive polarization

of the spin of the valence electron is achieved, strong

spin-exchange collisions[31−33] between two Cs atoms

can result in the spin transition (MS = +1/2, MI →

MS = −1/2, MI). In addition, nuclear spin-flip tran-

sitions induced by wall-collision interactions can cause

a strong MI mixing[13] in the sublevels of the ground

state. Thus atoms in these Zeeman sublevels which

the frequencies of the pumping laser are not tuned to

pump can be also ‘pumped’ by the σ+-laser.

We have measured the steady-state absorption

spectra of the D1 line of optically pumped Cs in the

N2 buffer gas at different pressures (666.61, 5332.89,

and 10932.43Pa) in a high magnetic field of 1.516T

(see Figs.4(b)–6(b)). With the experimental values of

Re, Rn and Ren,[17,18,30] the rate equations (2a) and

(2b) can be numerically solved in a steady state (in

which
d

dt
P±1/2,MI

= 0). The parameters used are

listed below:

in the case of 666.61Pa, Re = 70 s−1, Ren = 1.5 s−1, Rn = 800 s−1, Ip = 4.00 × 104 s−1, and Γ = 0.40GHz,

in the case of 5332.89Pa, Re = 28 s−1, Ren = 27 s−1, Rn = 210 s−1, Ip = 8.00 × 104 s−1, and Γ = 0.97GHz,

and in the case of 10932.43Pa, Re = 44 s−1, Ren = 45 s−1, Rn = 102 s−1, Ip = 9.00×104 s−1, and Γ = 1.85GHz,

where Ip is a fit value determined according to the

power of the PL in our experiments. By using Eq.(4)

and the calculated populations in the Zeeman sub-

levels, the reproduced absorption spectra at differ-

ent pressures (666.61, 5332.89, and 10932.43Pa) are

shown in Figs.4(a)–6(a).

With the increase of the pumping-light power,

atoms near the Zeeman sublevel (MS = −1/2, MI =

−1/2) are depleted to a certain extent as shown in

Fig.4(b). It is worthwhile to note that in the optical

pumping process, radiation trapping is important for

the efficiency of optical pumping.[11] On condition

Fig.4. The same as Fig.3(a), but for the frequency of the

pumping laser with the large pumping power being tuned

to pump the sublevel MS = −1/2, MI = −1/2 at a N2

pressure of 666.61 Pa, where the arrow indicates the fre-

quency tuning of the pumping laser. The theoretical re-

sults are plotted in (a) and the experimental results in

(b).

Fig.5. The same as Fig.4, but for P (N2)=5332.89 Pa.

Fig.6. The same as Fig.4, but for P (N2)=10932.43 Pa.

that quenching-gas pressures are so low that the N2
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gas cannot sufficiently quench the excited Cs atoms,

radiation trapping will degrade electron-spin polariza-

tion and restrict the optical pumping efficiency.[13−15]

Fortunately, however, radiation trapping does not

severely affect the high-field optical pumping.[34]

The calculated and experimental results both in-

dicate that at a low buffer-gas pressure (at 666.61Pa,

for example) the population in the sublevels near the

optically-pumped sublevel is reduced after the opti-

cal pumping, while the others remain nearly constant.

The reason is that the fast spin-flip transitions Re,

Rn and the faster optical-pumping rate play impor-

tant roles (see the values used in our calculations),

while the flip-flop transition R
(±)
MS , MI

is weak. When

the frequencies of the PL are tuned to pump the sub-

levels (MS = −1/2, MI = −7/2, ..., +7/2) and the

positive polarization of electron spins is produced, the

electron-spin-flip transition Re due to relaxation can

cause the population transfer from MS = +1/2, MI to

MS = −1/2, MI, while the nuclear spin-flip transition

Rn occurs between two sublevels with ∆MS = 0 and

∆MI = ±1. It should be noted that the flip-flop tran-

sition R
(±)
MS , MI

is induced by collisions between buffer-

gas molecules and polarized alkali atoms. When the

buffer-gas pressure is low, the probability of the col-

lisions between Cs and N2 decreases; in contrast, the

probabilities of both collisions of Cs atoms with the

cell walls and Cs–Cs spin-exchange collisions increase.

Therefore, the effects of the two spin-flip transitions

Rn and Re and the optical pumping rate are so dom-

inant that atoms near the optically-pumped Zeeman

sublevel also can be ‘pumped’, which accords with the

parameters used in the calculated absorption spectra.

In addition, the effect of spatial diffusion at low buffer-

gas pressures play a role in the electronic spin transi-

tions.

In order to analyse the experimental results at the

high buffer-gas pressures (5332.89 and 10932.43Pa),

first, we briefly study the effects of optical pump-

ing process and various collisions (spin-exchange colli-

sions, Cs–N2 collisions and Cs–wall collisions, etc.) on

the state population transfer in high magnetic fields.

σ+ -pumping causes the population transfer of Cs

atoms from MS = −1/2, MI to MS = +1/2, MI, while

strong spin-exchange collisions[31−33] between two Cs

atoms mainly lead to transitions from MS = +1/2, MI

to MS = −1/2, MI. The nuclear spin-flip transi-

tion results in the population transfer from the sub-

level (MS , MI) to MS, MI ±1. The flip-flop transition

R
(±)
MS , MI

, which principally arises from the collisional

modification δa(S · I) of the hyperfine interaction,

will induce the population transfer from the sublevel

(MS = −1/2, MI) to MS = +1/2, MI − 1 or from the

sublevel (MS = +1/2, MI) to MS = −1/2, MI+1, and

the decrease of populations in higher MI or lower sub-

levels depends on positive or negative polarization of

the electronic spin of Cs atoms respectively. It should

be noted that the steady-state population distribution

should depend strongly on optical pumping at a faster

pumping rate.

An increase in buffer-gas pressure will reduce the

probability of Cs atoms diffusing to the cell walls so

that the nuclear-spin flip rate Rn becomes smaller, as

we expect. With the increase of the buffer-gas pres-

sure (in Figs.5 and 6), the roles of Rn and radiation

trapping become less important, while the probability

of collisions between the polarized Cs atoms and the

buffer-gas molecules increases so that the collisional

modification δa(S · I) of the hyperfine interaction can

become greater. The experimental and calculated re-

sults in Figs.5 and 6 show that not only the popu-

lation in the sublevel pumped by the pumping laser

(ν
−1/2,M

′

I

) but also the populations in the other sub-

levels MS = −1/2, MI ≤ M
′

I are reduced. This is

because the contribution of wall collisions to the state

population transfer decreases, and the flip-flop tran-

sitions have an increasing contribution to the state

population transfer as the N2 buffer-gas pressure in-

creases. During collisions, the combined actions of

σ+ -pumping: MS = −1/2, M
′

I −→ MS = +1/2, M
′

I

and subsequent spin flips by the spin-exchange pro-

cess: MS = +1/2, M
′

I −→ MS = −1/2, M
′

I and by

the change [δa(S · I)] of the hyperfine interaction:

MS = +1/2, M
′

I −→ MS = −1/2, M
′

I + 1 bring about

the atoms marching from the lowest to the highest MI

sublevels of the ground state. Especially in Fig.6, the

above processes allow a non-equilibrium population

to be gradually built up in the levels (MS = −1/2,

MI > M
′

I) during σ+ -pumping. Figures 5 and 6

show that the nuclear spin polarizations have been

produced. As the N2 pressure increases, the effect of

the flip-flop transitions on the state population trans-

fer becomes strong. The reason is that the flip-flop

transitions and optical pumping have dominated the

state population transfer among the MS and MI sub-

levels at higher buffer-gas pressures. The steady-state

population imbalances among different MI sublevels

show that in high magnetic fields, where S and I are

decoupled from each other, the enhancement of the

nuclear polarization of laser optically pumped Cs can
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be achieved through the δa(S · I) relaxation mech-

anism. In a high magnetic field, since the magnetic

field decouples the nuclear spin I from the electron

spin angular momentum S, the hyperfine coupling

will no longer transfer appreciable amounts of elec-

tronic polarization into nuclear polarization during

the excited-state lifetime[35] and in the ground state.

However, the collision-induced modification δa(S · I)

of the Cs hyperfine interaction can induce the trans-

fer of appreciable amounts of electronic polarization

into nuclear polarization in the ground state. The de-

gree of polarization transfer between electronic and

nuclear systems depends critically on the buffer-gas

pressure. It is worth pointing out that the magnetic

field (1.516T) is not high enough to decouple I from

S. Thus the residual hyperfine coupling can transform

a small amount of electronic polarization into nuclear

polarization in the ground state on condition that the

power of the PL (1.8 W) has been neutrally attenuated

to about 0.5mW or less in our experiments.

When buffer-gas pressures are 666.61, 5332.89,

and 10932.43Pa, the flip-flop rates (Ren) used in our

calculations are 1.5, 27, 45 s−1 respectively, which

are roughly proportional to the nitrogen pressure.

The calculated and experimental results show that

the higher the buffer-gas pressure is, the more im-

portant role the flip-flop transition plays. Note

that the electron-spin-flip transition rates are 70,

28, and 44 s−1, respectively. This is because the

electron-spin-flip transition rate depends on the sum

of the diffusion decay rate

[

D0P0

P

(

2π

d

)2
]

and the

collisional rate

[

N0σ(vr)vr

(

P

P0

)]

;[28,30] i.e. Re =

1

2

[

D0P0

P

(

2π

d

)2

+ N0σ(vr)vr

(

P

P0

)

]

for a spherical

cell with an inner diameter d (where vr is the mean rel-

ative velocity at the pressure P , σ(vr) is the velocity-

averaged spin-disorienting collision cross-section, and

D0 and N0 are the diffusion coefficient and the atomic

density of the buffer gas at some standard pressure

P0). The electron-spin-flip transition rate is deter-

mined by the competition of the collisional rate with

the diffusion decay rate at different buffer-gas pres-

sures.

Fig.7. Absorption spectra of the probe laser on the sublevels MS = +1/2 (upper) and MS = −1/2 (lower),

MI = −7/2, ..., +7/2 at P (N2)= 5332.89 Pa, where the frequencies of the pumping laser are respectively

tuned to pump the sublevels MS = +1/2, MI = +1/2 (upper) and MS = −1/2, MI = −1/2 (lower), as the

arrows indicate. Column (a) is for theory and column (b) for experiment.

It is interesting to note two cases of experimen-

tal and calculated results in Fig.7. When the sublevel

(MS = +1/2, M ′
I or MS = −1/2, M ′

I) is pumped, the

population in the sublevels (MS = +1/2, MI ≥ M ′
I or

MS = −1/2, MI ≤ M ′
I) is reduced as shown in Fig.7.

When the sublevel (MS = −1/2, M ′
I) is pumped,
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atoms in the sublevels (MS = −1/2, MI > M ′
I)

are more populated than in the sublevels (MS =

−1/2, MI < M ′
I) (see the lower row in Fig.7). In

contrast, when one pumps the MS = +1/2, M ′
I sub-

level, all the sublevels MS = +1/2, MI < M ′
I are

less depleted than the sublevels with the levels MS =

+1/2, MI > M ′
I as shown in the upper row in Fig.7.

This is because when the direction of the electron-

spin polarization changes, the collisional modification

[δa(S · I)] of the hyperfine interaction leads atoms to

march from the highest (or lowest) to the lowest (or

highest) MI sublevels of the ground state.

Our experimental results demonstrate that op-

tical methods can be used to manipulate electronic

and nuclear spins of atoms in high magnetic fields.

Although we here only present the steady-state ab-

sorption spectra that are caused by optical pumping

and three spin-flip transitions induced by stochastic

interactions, the experiments clearly show the process

of state transfer among the Zeeman sublevels of elec-

tronic and nuclear spins. Thus one may experimen-

tally simulate the optical pumping of nuclear spins

and state transfer among spin sublevels which results

from decoherence in solid-state quantum computing

on the basis of high-field optical-pumping and optical-

detection.

4. Conclusion

The experimental results have indicated that it is

possible to independently manipulate the electronic

and nuclear spins of Cs atoms in a high magnetic

field. Especially, the direct optical pumping of the

nuclear-spin states of Cs atoms in the ground state

has been demonstrated via the high magnetic field

and the Ti:sapphire laser of a narrower linewidth

(0.5MHz). Our experimental and calculated results

also show that the steady-state populations in the

hyperfine Zeeman sublevels depend on the competi-

tion among the laser pumping, the spin-exchange col-

lision, and the flip-flop transition which is caused by

δa(S · I). When the buffer-gas pressure is low, the

effects of the optical pumping and the spin-exchange

collision are dominant. When the buffer-gas pressure

is high, the flip-flop transition which causes the transi-

tion P−1/2,MI
→ P1/2,MI−1, or P1/2,MI

→ P−1/2,MI+1

makes a considerable contribution to the steady-state

population distribution. R
(±)
MS , MI

due to the role of

δa(S · I) is an important relaxation mechanism of spin

polarization of alkali atoms in high magnetic fields at

high buffer-gas pressures, while it can be rightly ig-

nored as a contributor to relaxation phenomena in

magnetic fields down to 10−3 T or less.[14] It is also

an important means to polarize atomic nuclei in high

magnetic fields.[16] By varying the buffer-gas pressure,

one can control the collisional modification δa(S · I) of

the Cs atom. This may be used to simulate the change

of hyperfine interactions in solid-state quantum com-

putation. The experimental results also demonstrate

the state change transitions among the hyperfine Zee-

man sublevels which are due to stochastic collision

interactions. High-field optical-pumping with lasers

of very narrow linewidths could be used to control

quantum states of nuclear spins in solid-state systems.

Steady-state absorption spectra of hyperfine Zeeman

sublevels, which are based on high-field optical pump-

ing, may be employed to simulate the state popula-

tion transfer induced by the stochastic interactions in

solid-state quantum computing.

References

[1] Kane B E 1998 Nature 393 133

[2] Privman V, Vagner I D and Kventsel G 1998 Phys. Lett.

A 239 141

[3] Yamaguchi F and Yamamoto Y 1999 Appl. Phys. A:

Mater. Sci. Process. A 68 1

[4] Loss D and DiVincenzo D P 1998 Phys. Rev. A 57 120

[5] Imamoglu A, Awschalom D D, Burkard G, DiVincenzo D

P, Loss D, Sherwin M and Small A 1999 Phys. Rev. Lett.

83 4204

[6] Vrijen R, Yablonovitch E, Wang K, Jiang H W, Balandin

A, Roychowdhury V, Mor Tal and DiVincenzo D 2000

Phys. Rev. A 62 012306

[7] Khaetskii A V and Nazarov Y V 2000 Phys. Rev. B 61

12639

[8] Mehring M, Mende J and Scherer W 2003 Phys. Rev. Lett.

90 153001

[9] Kastler A 1950 J. Phys. Radium 11 225
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