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Spin-exchange collisions often play a dominant role in the broadening of Zeeman resonances in an alkali-
metal vapor. Contrary to intuitive expectations, at high alkali-metal densities this broadening can be completely
eliminated by operating in a low magnetic field, allowing construction of ultrasensitive atomic magnetometers.
We describe a detailed study of the Zeeman resonance frequencies and linewidths as a function of the magnetic
field, alkali-metal density, and the degree of spin polarization of the atoms. Due to the nonlinear nature of the
density matrix equations describing the spin-exchange collisions both the gyromagnetic ratio and the linewidth
change as a function of the polarization. The results of experimental measurements are in excellent agreement
with analytical and numerical solutions of the density matrix equations.
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I. INTRODUCTION

It has been known for a long time that spin-exchangesSEd
collisions between alkali-metal atoms broaden magnetic
resonance linesf1g. This broadening, which is proportional
to the density of the alkali-metal vapor, was used, for ex-
ample, to obtain the SE cross sectionsf2–4g. In 1973 Happer
and Tangf5g discovered experimentally that magnetic reso-
nances can benarrowedby increasing the density of alkali
atoms in a low magnetic field. A few years later, Happer and
Tamf6g carried out a detailed theoretical investigation of this
effect based on the density matrix formalism developed in
f7–10g and were able to derive an analytical solution in the
limit of low spin polarization. In addition, the statistical
analysis of the effects of spin exchange was given, showing
its similarity to such effects as motional narrowing of NMR
lines in liquids.

SE effects for arbitrary polarization in the limit of zero
magnetic field were first studied inf11g. It was shown that
spin-exchange broadening can be completely eliminated in
this regime. The combination of high alkali-metal density,
high spin polarization, and narrow magnetic resonance is
particularly beneficial for precision measurements. Atomic
magnetometers based on this technique have exceeded the
sensitivity of low-temperature SQUID magnetometersf12g.
It was also shown theoreticallyf11g that in this regime the
frequency of the Zeeman resonance depends on the spin po-
larization due to the nonlinear nature of the density matrix
evolution caused by the SE collisions.

SE effects in the case of arbitrary SE rate, magnetic field,
and polarization have not been systematically investigated.
Therefore, in this paper we study experimentally and theo-
retically SE effects in this general case. We compare our
experimental measurements of the gyromagnetic ratios and
widths of the magnetic resonances for a relatively large
range of SE rates, magnetic fields, and polarization with ana-
lytical results derived inf6,11g as well as with full numerical
solutions of the density matrix equations. Detailed under-
standing of the effects of SE collisions is important for op-
eration of high sensitivity alkali-metal magnetometers. For
example, the variation of the gyromagnetic ratio with the
polarization can cause additional broadening due to polariza-

tion inhomogeneities unless the magnetometer is operated
near zero field. The dependence of the Zeeman resonance
width on the magnetic field determines the range of magnetic
fields where the magnetometer is most sensitive.

Spin-exchange effects can also be used to determine the
properties of the alkali-metal vapor in various optical pump-
ing experiments. For example, measurements of SE broaden-
ing at low magnetic field provide a simple way to determine
the density of the alkali-metal vapor using a known cross
section of SE collisions. The average spin polarization of the
vapor can also be determined from measurements of the gy-
romagnetic ratio in low magnetic field. We found these tech-
niques to be very convenient.

In addition to the SE effects in low magnetic fields, two
other counterintuitive effects related to SE collisions have
been observed. In 1981, Bhaskaret al. f13g discovered “light
narrowing” of magnetic resonances caused by an increase of
laser intensity in the presence of a strong RF excitation field.
This phenomenon can be explained by the Bloch equations
as a reduction of the RF power broadeningf14g.

Another type of “light narrowing” of magnetic resonances
was observed by Appeltet al. f15g in a high magnetic field.
This effect is caused by a reduction of SE broadening due to
optical pumping of most atoms into a stretched state unaf-
fected by spin-exchange collisions. A similar narrowing ef-
fect for microwave transitions has also been recently ob-
served f16g. These effects can be analyzed quantitatively
based on theoretical analysis presented in Ref.f17g. Both
“light narrowing” effects have also been observed in our
measurements and will be briefly discussed.

II. THEORY

A. Simple model of spin exchange

The basic phenomenon of SE broadening of magnetic
resonance lines and its dependence on the magnetic field and
the SE rate can be understood from simple qualitative argu-
ments. The density matrix of the alkali atoms can be written
as a sum of contributions from the two ground-state hyper-
fine componentsF= I +1/2;a andF= I −1/2;b,r=ra+rb.
Under typical conditions in atomic magnetometers the atoms
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spend a negligible amount of time in the excited state and the
coherences between the two hyperfine states can be ne-
glected in the absence of microwave fields. We can introduce
the total angular momenta in each of the two hyperfine states
Fa=TrfFrag andFb=TrfFrbg. In a magnetic field the angular
momenta in the two hyperfine states precess in opposite di-
rection with a frequencyv0,

dFa

dt
= − v0fB 3 Fag, s1d

dFb

dt
= + v0fB 3 Fbg. s2d

The spin precession frequencyv0 is reduced compared to
that of a free electron due to the hyperfine interaction by the

ratio of the reduced matrix elements ofŜ and F̂ operators:

v0

gSmBB/"
=

kFa,biSiFa,bl
kFa,biFiFa,bl

= ±
1

2I + 1
. s3d

The SE collisions conserve the total angular momentum,

Fa + Fb = Fa8 + Fb8, s4d

but can transfer the atoms between the hyperfine states and
tend to align the polarization in the two states. The balance
between the magnetic field torque and the SE relaxation de-
termines the angle betweenFa and Fb. Consider precession
aroundBy magnetic field withFa andFb initially parallel to
the z axis. If the time between SE collisionsTSE is much
smaller than the precession frequency, then the angle be-
tweenFa and Fb is small and one can write the following
equation using the conservation of the angular moment for
the x-component ofF,

− v0dtFaz+ v0dtFbz= vdtsFaz+ Fbzd. s5d

Solving forv we obtain the precession frequency of the total
vectorFa+Fb,

v = v0
Faz− Fbz

Faz+ Fbz
. s6d

In the regime of fast spin-exchange collisions the longitu-
dinal steady-state solution usually satisfies the spin-
temperature distributionf9,17g

r ~ ebFz, s7d

whereb is the spin-temperature parameter,

b = lnS1 + P

1 − P
D . s8d

Using the spin temperature distribution we can rewrite
Eq. s6d in terms of the parameterb. For I =3/2

v = v0
2 coshb

1 + 2 coshb
, s9d

in agreement withf11g or in terms of the polarizationP
=tanhsb /2d,

g ; v/v0 = 2 −
4

3 + P2 . s10d

Here we defined a dimensionless gyromagnetic ratiog. For
I=5/2, I=7/2, bysubstituting the spin-temperature distribu-
tion into Eq.s6d we obtain

gsI = 5/2d = 3 −
48s1 + P2d

19 + 26P2 + 3P4 , s11d

gsI = 7/2d =
4s1 + 7P2 + 7P4 + P6d
11 + 35P2 + 17P4 + P6 . s12d

The zero polarization limit of these expressions givesgsId
=3s2I +1d / ss2I +1d2+2d in agreement with the result ob-
tained in Ref.f6g.

When the SE rate decreases and approaches the preces-
sion frequency, the angle between the angular momenta in
the two hyperfine states increases. We can derive an approxi-
mate relationship for the transverse spin relaxation if we as-
sume that only the common component ofFa and Fb sur-
vives the spin-exchange collisions. Then

T2
−1 .

1 − cossv0TSEd
TSE

. v0
2TSE, s13d

where TSE is time between spin-exchange collisions. Thus
the transverse relaxation rate due to SE collisions goes to
zero asB2 in low magnetic fields. These results are in agree-
ment with more elaborate calculations using the full density
matrix equations.

B. Density matrix equations

Our calculations are based on the density matrix equation
derived in Ref.f17g:

dr

dt
= ahf

fI ·S,rg
i"

+ mBgS
fB ·S,rg

i"
+

ws1 + 4kSl ·Sd − r

TSE

+
w − r

TSD
+ Rfws1 + 2s ·Sd − rg + D¹2r, s14d

wherew=r /4+S·rS is the purely nuclear part of the density
matrix r , ahf is the hyperfine coupling constant,gS.2 is the
electron’s g factor, mB=9.27310−21 erg/G is the Bohr’s
magneton, andkSl=TrfrSg. TSD is the spin-destruction relax-
ation time,R is the optical pumping rate,D is the diffusion
constant, ands is the optical pumping vector which defines
the direction and the degree of circular polarization of the
pumping light. The first two terms on the right-hand side of
Eq. s14d describe the hyperfine and magnetic interactions.
The SE collisions are described by the third term with the SE
rate given by

ASE= 1/TSE= nv̄sSE. s15d

Heren is the density of alkali-metal atoms,v̄ is their average
relative velocity, andsSE is the spin-exchange cross section.
The fourth term describes spin relaxation at a rateASD
=TSD

−1 due to binary collisions with a buffer gas that relax the
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electron spin while preserving the nuclear part of the polar-
ization. The effects of van der Waals molecules are negli-
gible in the presence of high buffer gas pressure. The fifth
term describes optical pumping at a rateR in the regime
where the hyperfine structure of the alkali atoms is not re-
solved optically due to large pressure broadening. One also
assumes that the excited state population is quickly quenched
by collisions with N2 buffer gas. The last term describes the
diffusion of the alkali atoms. In the absence of a surface
coating both the electron and nuclear polarizations at the
walls of the cell are relaxed to zero. The equilibrium spin
polarization of the atoms is determined by the optical pump-
ing, spin relaxation, and diffusion to the walls, it is not af-
fected by the SE process. If the diffusion-limited wall relax-
ation is slow compared to other processes, then the
distribution of atoms among different Zeeman and hyperfine
sublevels is given by the spin-temperature distributions7d
f17g. In the experiment we apply a constantBz field parallel
to the pump laser and a small oscillatingBy field to excite the
Zeeman resonance. The spin-temperature distribution and the
z projection of the polarization,Pz=tanhsb /2d are not af-
fected by a sufficiently smallBy field. SE only causes relax-
ation of the transverse components of the polarization.

III. NUMERICAL SIMULATIONS

Numerical simulation is the most straightforward ap-
proach to investigate the range of input parameters for which
a simple analytical solution cannot be found. The density
matrix can be expanded in a complete basis of coupled hy-
perfine states

r = o
i j

ri j uilk j u s16d

and Eq.s14d can be solved for example using Euler-Cauchy
or classical Runge-Kutta method. Any operator in Eq.s14d
can be represented by a 2s2I +1d32s2I +1d matrix, with the
rules for the product of operators replaced with a normal rule
of matrix multiplication. Because the operators depend on
nuclear and electron spins we can express them in terms of
matrix elements ofS andF, which can be easily found in the
spherical basis.

We are interested mostly in the case when the hyperfine
term is much larger than the magnetic and SE terms. A large
hyperfine constant requires a tiny step in integration, which
slows down computation considerably. However, in the limit
of a large hyperfine constant the problem can be simplified
because the density matrix elements off-diagonal inF are
oscillating with the hyperfine frequency and average to zero.
By using the projection operator

PHFra p

p rb
GJ = Fra 0

0 rb
G s17d

that sets off-diagonal inF matrix elements to zero after the
action of spin-exchange and other terms, we can exclude the
hyperfine term. We checked that the solutions are the same
when hyperfine term was included and when the projection
operator was used.

In numerical simulations we obtain the density matrix as a
function of time and then calculate the evolution of the av-
erage spinS=TrfSrg. By fitting it with an exponentially de-
caying oscillation we obtain the decay constantT2 and the
resonance frequencyn0 for comparison with experiment. In
addition, we verified that the SE term conserves the total
angular momenta, Eq.s4d, and produces the spin-temperature
distribution. Furthermore, we checked the simple qualitative
picture of the spin-exchange phenomenon discussed in the
previous section, i.e., thatF1 andF2 precess in opposite di-
rections when spin exchange is slow and precess together
when spin exchange is fast.

IV. EXPERIMENT

A. Experimental setup

The experimental setup we have used in studies of mag-
netic resonances is shown in Fig. 1. The principle of opera-
tion is similar to that of the ultra-sensitive magnetometer
described in Ref.f11g. The spin polarization is achieved via
optical pumping with circularly polarized light, produced by
a 500 mW master oscillator-power amplifier system. Two
polarizers are added to the basic setup to control the intensity
in a continuous fashion as the polarizer P1 is rotated. The
incident intensity of the pump beam is measured with a pho-
todiode, while the wavelength is monitored with a scanning
Michelson interferometer wavemeter.

The transverse spin polarization is measured using optical
rotation of a probe beam detuned off-resonance, generated
by a broad area diode laser with a grating feedback. The
optical rotation is measured by sending the probe beam
through the polarizer P3, the potassium cell, and the second
polarizer P4 which is rotated by 10° away from extinction.
Both the pump and the probe lasers are expanded to illumi-
nate the whole cell.

We use a 1 in. spherical aluminosilicate glass cell contain-
ing 12.5 atm of4He, 60 torr of N2, and K metal in natural
abundance. High buffer gas pressure ensures that the cell is
optically thin even at high K density and reduces the light
shift produced by the pump laser if it is slightly detuned from

FIG. 1. Experimental setup for measurements of the Zeeman
resonances in low magnetic field. P denotes polarizers; L, lenses;
M, mirrors; and TC is a nonmagnetic thermocouple.
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resonance. The cell is placed inside a double-wall glass oven
in which hot air flows between the walls, but does not cross
the paths of the probe and pump beams which pass through
evacuated glass tubes. The oven is well insulated to reduce
heat losses and heating of the inner magnetic shield. The
magnetic shield consists of 6 concentric hollowm-metal cyl-
inders with caps providing a 106 reduction of external fields.
Magnetic fields inside the shields are created by a set of coils
driven by a precision current source.

The probe beam intensity after the analyzer was measured
by a photodiode and recorded by computer after amplifica-
tion. The data were collected by applying a small oscillating
By field and measuring the resulting signal using a lock-in
amplifier implemented in a LabView program. The fre-
quency of theBy excitation was stepped across the magnetic
resonance. The amplitude of the response was fit to the fol-
lowing function

h
Îsn − n0d2 + Dn2

+ b + cn s18d

to determine the magnetic resonance frequencyn0 and the
resonance HWHMDn=1/2pT2.

B. Relationship between theoretical and experimental
parameters

For comparison of theory with experiment, we have to
relate experimental parameters such as the temperature of the
cell, current in the magnetic field coils, and the pump inten-
sity to theoretical counterparts such as the SE rate, the mag-
netic field, and the polarization. The SE rate can be found
from the density of the alkali-metal vapor and the SE cross
section. The SE cross section for K atoms has been measured
in f2,18g with values of s1.45±0.2d310−14 cm2 and
s1.8±0.1d310−14 cm2, respectively. The density of the K va-
por can be determined from the temperature of the cell if one
assumes that the K vapor is saturated. The data for saturated
K densities are given in reference booksf19,20g, at 170 °C
they give 3.731013 cm−3 and 3.031013 cm−3, respectively.
The SE rate estimated by this method is equal toASE
=s3.7±0.7d3104 s−1. Given a significant uncertainty in this
estimate, we determine the SE rate directly from the data by
fitting the variation of the gyromagnetic ratio as a function of
the magnetic field at the lowest polarizationssee Fig. 6d,
which givesASE=s4.3±0.2d3104 s−1. For a small fraction of
the data that were not collected at 170 °C we assume that the
K density changes with temperature in accordance with the
slope given inf19g.

The magnetic field along thez direction is created by a
solenoid inside the magnetic shields. There is some concern
that the saturation and hysteresis of the magnetic shields
could lead to a nonlinear dependence of the magnetic field
on the current in the coils. We verified using a flux-gate
magnetometer that the magnetic field scales linearly with the
current over the range of the magnetic fields studied and
does not depend on the history of the applied current. There
is a small magnetic field offset that remains stable over the
course of the measurements and can be corrected in the cali-
bration of the magnetic fields.

The steady-state spin polarizationP can be determined
from Eq. s14d. Neglecting the effects of diffusion which are
small in a high buffer gas pressure cell, the equilibrium po-
larization is given byf17g

P = s
R

R+ ASD
. s19d

It was shown inf11g that in the limit of low magnetic field
and high alkali-metal density the resonance linewidth is
given byDn=sR+ASDd /2pq, whereq=1+IsI +1d /SsS+1d is
the slowing down factor equal to 6 forI =3/2. Thetransverse
relaxation found from fitting of the magnetic resonance
width can, in principle, be different from the longitudinal
relaxation rate, which determines the equilibrium polariza-
tion. However, by solving density matrix equationsfEq.
s14dg, it can be shown that they are equal whenv0TSE!1. In
Fig. 2 we plot the widthDn as a function of the pump inten-
sity. The Zeeman resonance frequency for this data was 25
Hz, much smaller than the SE rate. The width is proportional
to the intensity of the pump beam, which is expected for an
optically thin alkali-metal vapor. The intercept of the line
gives the spin-destruction rateASD=59±5 sec−1 and the
slope gives the pumping rateR in terms of the incident in-
tensity. The spin-destruction rate can also be calculated from
the measured spin-destruction cross sections and the buffer
gas compositionf11g, which givesASD=49 sec−1, in good
agreement with the measured value given uncertainties in the
cross sections.

The degree of circular polarizations of the pump beam
inside the cell is difficult to determine accurately. We expect
it to be close to unity but birefringence of the cell walls or
reflections of the pump beam inside the cell can reduce the
degree of circular polarization. To remove this uncertainty
we fit the measurements of the gyromagnetic ratio as a func-
tion of the polarization at low magnetic field to Eq.s10d. We
also found that a better measurement ofASD can be obtained
by expressing the polarization asP=ssDn−ASD/2pqd /Dn
and allowings andASD to vary. Figure 3 shows a plot of the
gyromagnetic ratiog vs the resonance linewidthDn. From

FIG. 2. Measurement of the Zeeman resonance half-widthDn as
a function of incident intensity of the pump beam.
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the fit to the data we determines=0.82±0.01 andASD
=63±1 s−1. This determination ofASD is consistent with the
direct measurement of the linewidth at low pump power but
has a smaller uncertainty.

A number of additional resonance broadening mecha-
nisms have to be minimized to obtain reliable data. The
broadening due to the optical pumping by the probe laser
power and due to the excitation fieldBy can be reduced by
keeping both of them low, although at the expense of the
signal strength. Nonuniform polarization of the atoms inside
the cell leads to additional broadening because the gyromag-
netic ratio depends on the polarization. Nonuniform distribu-
tion of the pump light intensity, relaxation by diffusion to
cell walls, and pump beam distortions due to sphericity of
the cell all can give raise to polarization nonuniformity. This
type of broadening scales with the Zeeman frequency. Spe-
cial care was taken to illuminate the cell with a uniform
intensity pump beam and to minimize the optical depth.
Based on simulations of possible polarization distributions
we estimate that gyromagnetic ratio variation broadens the
linewidth by no more than 10%. The light shift can also
potentially broaden the resonance if the wavelength of the
pump beam is not tuned to the center of the optical resonance
and if the intensity distribution is not uniform. As discussed
in more detail below, the light shift does not exceed 1 Hz
because the pump laser was tuned to the center of the optical
resonance. At low frequencies whenDn is comparable ton0
the shape of the signal is distorted by the resonance at −n0
excited by the counter-rotating component of the magnetic
field. We checked that the fit based on Eq.s18d adequately
describes the shape of the signal even whenn0=30 Hz and
Dn=20 Hz.

C. Light shift

The potential systematic effect due to the light shift pro-
duced by the pump laser is particularly significant because
we measure the magnetic resonance frequency as a function
of the pump intensity. It is well known that the effect of the
ac Stark shifts can be described by an equivalent magnetic
field parallel to the direction of the laser and proportional its

degree of circular polarizationf21g. The light shift is propor-
tional to the pumping rate and has a dispersion shape as a
function of the wavelength of the laser, vanishing at the cen-
ter of the resonance. For small detuning away from the D1
resonance in K the light shift is given by

dnLS=
R

2pq

l − l0

Dl
, s20d

wherel−l0 is the detuning from the optical resonance and
Dl is the HWHM determined by pressure broadening. Fig-
ure 4 shows a measurement of the light shift as a function of
wavelength near 770 nm. It is described well by a dispersion
profile with a HWHM=0.17 nm, consistent with measure-
ments of pressure broadening of K by He buffer gasf22g
which give HWHM=0.16 nm for 12.5 atm of He buffer gas.
The wavelength of the pump laser was tuned to the point of
vanishing light shift and maintained within 0.01 nm, ensur-
ing that the light shift was less than 6% of the resonance
linewidth.

D. rf broadening

The effects of rf broadening of magnetic resonance tran-
sitions are well understood and can be described by Bloch
equations. The magnetic resonance width in the presence of a
strong oscillatingBy field is given byf14g

DnRF = Dns1 + vy
2T1T2d1/2, s21d

wherevy is the frequency of spin precession in theBy field.
In a dense alkali-metal vaporT2 is often determined by spin-
exchange collisions, whileT1 is determined by the optical
pumping and spin-relaxation rate. As was first discovered in
f13g, increasing the pumping rate can reduceT1 without sig-
nificantly affectingT2 and lead to narrowing of the magnetic
resonance. In our experiment we observed that at low pump
intensity the effect of rf broadening was the strongest. For
example, at a pumping rate of 40 sec−1 when the rf ampli-
tude was increased from 7.4µG to 120 µG, the resonance
broadened from 2.6 Hz to 8 Hz. At a higher pumping rate of

FIG. 3. The dimensionless gyromagnetic ratiog as a function of
the resonance linewidthDn in the regime of low magnetic field. The
fit is based on Eqs.s10d and s19d.

FIG. 4. The dependence of light shift caused by the pump laser
on the wavelength near the 770 nm potassium D1 transition for 12.5
amg of He buffer gas.
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120 sec−1 the linewidth increased only from 4.8 Hz to 6.2 Hz
for the same change in the rf amplitude. By analyzing these
experimental data we were able to find the optimal amplitude
of the rf field which gives an acceptable signal-to-noise ratio
and does not cause significant broadening and frequency
shift.

E. Measurements of magnetic resonances and comparison
with simulations

1. Gyromagnetic factor

The first important test of theory and our experimental
technique is to measure the resonance frequency at low mag-
netic fields in the regime of fast spin exchange. According to
Eq. s9d the frequency should change froms2/3dv0 to v0

when the pump intensity increases from very small to very
large values. Although very small values are limited by sen-
sitivity and very large values are limited by the maximum
available power, we could cover a range of about 100 in
intensity and obtain the ratio of maximum to minimum fre-
quency close to 1.5 expected from theory. The residual de-
viation from theory can be attributed to imperfections of cir-
cular polarization and nonuniformity of pump intensity. We
found experimentally that by reducing the pump beam size
we could broaden the resonance and make the experimental
data deviate from a single Lorentzian profile.

Apart from the range comparisongsImaxd /gsImind, we also
made a comparison of the gyromagnetic factors with theory
for intermediate values of the polarization. The comparison
for low and intermediate magnetic field data is shown in Fig.
5. The measurements at the lowest magnetic field follow well
the analytical curve given by Eq.s10d. A fit to these data is
used to determined the values ofs andASD that are used in
the rest of the analysisssee Fig. 3d.

The data in Fig. 5 at higher magnetic fields illustratesid
the deviation of the experiment from Eq.s10d and sii d the

agreement with density matrix simulations. We found that
numerical data forv0TSE,0.3 can be interpolated with a
simple equation

g = 2 −
4

3 + 2.816sv0Td2 + f1 − 2.544sv0Td2gP2 , s22d

which is similar to Eq.s10d. In Fig. 6 we plot the gyromag-
netic factor as a function of magnetic field for several values
of the polarization. The measurements at the lowest polariza-
tion sP=0.23d were used to determine the SE rate. Our ex-
perimental data agree well with the numerical simulation for
all values of the polarization. The low polarization case was
investigated experimentally by Happer and Tangf5g in Cs
and theoretically by Happer and Tamf6g who derived an
analytical equation valid for arbitrary SE rate and low polar-
ization. For potassium,I =3/2, this equation can be rewritten
as

k

v0

= −
3

8v0TSE

+Î− 1 +
i

2v0TSE

+ F 3

8v0TSE
G2

,

s23d

where the real and imaginary parts ofk give the resonance
width and the frequency,k=−2psDn+ ind. Figure 6 illus-
trates close agreement of this equation with our numerical
simulations for low polarization,P=0.06. At higher polariza-
tion, the gyromagnetic factor becomes less dependent on the
magnetic field which can be explained by the fact that only
the stretched state with the maximummF becomes populated
and SE collisions become less important.

2. Width

The comparison of experiment and theory for widths of
magnetic resonances is shown for low field, fast SE regime
in Fig. 7 and for a large range of magnetic fields, slow and

FIG. 5. The dependence of the normalized gyromagnetic factor
g=v /v0 on the polarization for several values of the magnetic
field. Agreement between numerical simulations and experiment is
close except for a few points of large polarization. The analytical
result at zero field Eq.s10d completely agrees with numerical simu-
lations. In order to distinguish them we did not plot the numerical
solution at zero field.

FIG. 6. The dependence of the normalized gyromagnetic factor
g=v /v0 on the magnetic field for several values of the polariza-
tion. The experimental points, shown by various symbols, follow
curves predicted in the numerical simulation. In the case of zero
polarization, the simulation also agrees with the analytical result
Eq. s23d.
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fast spin exchange, in Fig. 8. We find a particularly close
agreement of experimental data with simulations for low po-
larization. In the case of larger polarization, the resonance
has additional broadening due to the variation of the gyro-
magnetic ratio. Note that at large magnetic field the width
decreases for larger polarization corresponding to larger
pump intensity. Similar light narrowing was observed previ-
ously by Appeltet al. f15g. Compared to their study, in our
case the individual Zeeman resonances are not resolved, but
the overall behavior is very similar.

It is interesting to investigate the resonance width for a
larger range of SE ratessFig. 8d. At small values of 1/v0TSE,
the experimental width is proportional to SE rate 1/TSE,
while at large 1/v0TSE, the width is proportional toTSE in
good agreement with Eq.s23d. Numerical simulations are
also in good agreement with experiment and analytical ex-
pressions. Near the maximum of the width, some disagree-
ment is observed since a single exponential is not an accurate
approximation of the polarization decay.

V. CONCLUSION

In this paper, we have investigated experimentally and
theoretically the effects of spin-exchange collisions on the
magnetic resonances for arbitrary magnetic field, polariza-
tion, and spin-exchange rates. The theory, based on the nu-
merical solution of the density matrix equations, and the ex-
periment agree well. We also verified numerically and
experimentally analytical results in the limit of low magnetic
field and in the limit of low polarization. A simple qualitative
picture of the behavior of spins is also developed. This study
of spin exchange will be useful for ultrasensitive magneto-
meters that operate at a nonzero magnetic field, at moderate
density of alkali-metal atoms or at high frequency, that is in
the regime when the precession frequency is comparable to
the spin-exchange rate. The results of this work can also be

used to determine the properties of the alkali-metal vapor,
such as its density and polarization, from measurements of
magnetic resonances in a low magnetic field and at high
alkali-metal density.

Although we performed simulations and measurements
for potassium, the results for other alkali-metal atoms are
expected to be similar. The spin-exchange cross sections are
nearly the same for all alkali metals and the only difference
is in the value of the nuclear spinI. The dependence of the
gyromagnetic ratio on the polarization in the limit of low
field is given analytically forI =3/2, 5/2, and 7/2 inEqs.
s10d–s12d, while general results for the gyromagnetic ratio
and linewidth in the limit of low polarization are given in
f6g. For higher nuclear spins the gyromagnetic ratio changes
by a larger factor as a function of the polarization, for ex-
ample for CssI =7/2d it changes by a factor of 11/4. In the
case of Rb in natural abundance, the effects of spin-exchange
between the two isotopes withI =3/2 andI =5/2 will lead to
additional broadening and changes in the gyromagnetic ratio,
but the broadening due to the SE collisions and the differ-
ences in the gyromagnetic ratio still vanish asB2 in the limit
of low fields. The spin-destruction cross sections are larger
for heavier alkali atoms, so the magnetic resonance linewidth
would be broader even in the absence of SE, which makes
heavier alkali metals less favorable candidates for magneto-
meters.
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FIG. 8. The comparison of measured linewidth with values ob-
tained from numerical simulations and from Eq.s23d for a full
range of SE rates. In the experiment we varied both the temperature
of the cell and the magnetic field and the data were rescaled toBz

=6.67 mG and to temperature of 170 °C. The polarization of the
vapor was kept low, on the order of 10%.

FIG. 7. The dependence of the widthDn on the magnetic field
for different values of the polarization.
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