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Buffer-gas-induced shift and broadening of hyperfine resonances in alkali-metal vapors
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We review the shift and broadening of hyperfine resonance lines of alkali-metal atoms in buffer gases. We
present a simple theory both for the shift and the broadening induced by He gas. The theory is parametrized by
the scattering length of slow electrons on He atoms and by the measured hyperfine intervals and binding
energies of theS states of alkali-metal atoms. The calculated shifts and their temperature dependence are in
good agreement with the published experimental data. The calculated broadening is 1.6 times smaller than the
recent measurements, and more than 20 times smaller than the earlier measurements. We attribute much of the
linewidth in the earlier experiments to possible small temperature gradients and the resulting inhomogeneous
line broadening from the temperature dependence of hyperfine frequency shift at constant buffer-gas pressure.
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I. INTRODUCTION of the alkali-metal atom. The electron massng and the

The magnetic-resonance frequencies of optically pumpegCattering length for slow electrons on He atof8] is a
alkali-metal atoms in buffer-gas cells have long been used if 0-63 A. The simplepotential(1) was first introduced by
compact, portab|e frequency Standa[d; and magnetome- Fermi [12] to account for the pressure shifts of Op“Cal
ters[2]. The buffer gas is needed to slow down the diffusionabsorption lines in alkali-metal vapors. The interactions
of optically pumped atoms to the cell walls, which tend to between alkali-metal atoms and heavier, more polarizable
depolarize the atoms. The buffer gas broadens the linewidthuffer gases(for example, Ar atoms or Nmolecule$
and shifts the frequency of the microwave resonance by ahave non-negligible long-range interactions that cannot be
amount that depends on temperature and is proportional tdescribed by the Fermi pseudopotential alone. Thus we
buffer-gas pressure. Higher buffer-gas pressures will bevill consider only He in this work.
needed to mitigate the faster diffusional losses of polarized
atoms to the cell walls in proposed miniaturized atomic
clocks[3,4]. Thus there is renewed interest in the frequency Il. BORN-OPPENHEIMER POTENTIALS
shift and line broadening induced by the buffer gases. The
shifts measured in different laboratories are in fairly good

agrgﬁ{nizgvgihe?ﬁgn?gg?ﬁi ?erriov\cvhﬁgﬁr}nﬁgfé\?v:\?g?:stc? from infinite separation to a separatiBnPotentials/ can be
y b ' found that are consistent with the cross sections of alkali-

nance linewidths can be inferred. These results differ from ;
each other by more than a factor of 10. It would be thu metal atom scattering from buffer-gas atoms, notably from

. . Sthe noble-gas atom§l4]. However, these experimentally
useful to understand this large discrepancy. ; )
. . : . . _based potentials are not unique, and they do not seem to be
In this paper we consider alkali-metal atoms in helium

) ) . . : ravailable for He gas.

gas, a system for which S|mpl_e and fairly re!|able theoretica We denote the unperturbed wave function of the valence
egtlmates of t.he pressure Sh'f.ts apd damplng rates are po(:ﬁ'ec:tron in the alkali-metal atom bypgm(r,o). The
sible. The estimates obtained in this work are in good agree lectron-spin variable is=+1/2. Thearound-state princi-
ment with previous measurements of the frequency shift§ Iquantupm numberg are_3— 4 5 andg6 for Na. K Igb and
and their temperature dependence. The homogeneous i s atoms, respectively Tﬁe'or’bital total a'nd, azi’muthal
broadening recently measured by Walétral. [9] is about N uIar-mbmentum ua.ntum numbe;s Em:é), 21/2. and
1.6 times larger than the theoretical predictions of this papeﬁngrll2 Wetake theq Bom-Oppenheimer p(;tjeatial 'Eo be the
but the earlier measurements of Vanairal. [10] imply a exp;ctatibn value of the Fermi potential as follows:
linewidth that is more than 20 times larger. As we discuss ’
below, it appears that much of the linewidth in the earlier h?aP%(R)
experiments was due to small temperature _gradiﬁmjsand V(R) = J d3r|¢g,jm(r,m)|2VF(r,R) = —gz (2
the resulting inhomogeneous line broadening from the tem- 2mR
perature d_ependence of the f_requency Sh'ﬂ: We assume valence-electron wave functions of the form

For optically pumped alkali-metal atoms in He gas, most
of the physics is captured by the Fermi pseudopotefiti2|l

whla

The Born-Oppenheimer potentigl=V(R) is the energy
required to bring an alkali-metal atom and a buffer-gas atom

Po i
Dnijm(r,0) = Tn > Y|m,XmSCm|,1/2ms- (3
8(r =R, 0 s
Here P, =P, (r) is the radial wave function, the spherical

wherer andR are the displacements of the alkali valenceharmonicY,, =Yy (6, ¢) is a function of the colatitude angle
electron and the He nucleus, respectively, from the nucleu8 and azimuthal anglep of r, the spin basis function is

Ve(r,R) = 2
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0.010 8mgsupit
A== [WgimO.R M. (6)
0.008] ¢ —— Cs-He ] - -
— —Rb-He Herel is the nuclear-spin quantum number, the Bohr mag-
+=+ K-He neton isug=9.274x 102! erg G%, theg factor of the elec-
"-+-Na-He ] tron is gs=2.0023, and the mgnetic moment of the alkali

0.006 nucleus isw,. By symmetry, the coupling coefficien

=A(R) depends on the magnitude, but not on the direction
of R. According to Eq.(4), the spherical symmetry of the
valence-electron wave function is perturbed by the buffer-
gas atom, so an anisotropic magnetic-dipole hyperfine in-
teraction and an electric quadrupole interaction with the
nucleus will be induced. These anisotropic hyperfine in-
teractions will produce zero-frequency shift after averag-
ing over all orientations, and the numerical estimates by
Walter et al. [19] show that they are not large enough to
appreciably affect the spin relaxatighine broadening so

FIG. 1. Theoretical Born-Oppenheimer potential$R) for we will ignore t.hen_"l. . . .
alkali-metal atoms interacting with He atoms, calculated from 1he magnetic-dipole coupling coefficie(®) can be writ-
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Eq. (2). ten as
. A=Ag+ A, (7)
Xim = Xim(0) = 85, andClT, 1o, is a Clebsch-Gordan coef- _ Ag " .
ficient [15]. We will use atomic units, with distancesnea-  Where the coupling coefficient for a free atom in &rstate
sured in Bohr radiiag=5.29x 10°° cm), and energie€,; with 1=0is
measured in hartred®7.2 e\). _ _ 8mOsus o
We have evaluated E@2), and the results are plotted in An= o ®rijm(0,M). (8)

Fig. 1. For Na, K, and Rb we used the conveniently tabulated
Hartree-Fock wave functions of Clementi and Roglf].  We assume thap,m(0,m) is a real number.

The tables of Clementi and Roetti include atoms with To first order ind¢g;m(0,R,m), the shift of the ground-
<54. For Cs withZ=55 we used the Coulomb wave func- state coupling coefficien() is

tions, discussed in connection with Ed1) below. The Cou-

lomb wave functions differ only by a few percent from the _ 16mgsupm . .
Clementi-Roetti wave functions for the values 4 of inter- OPg= 3| giim(0,m) Sbgijm(O.R, m). 9
est for this work. The potentials of E@2) are nearly the o . o
same as those estimated by Pas¢ai. Combining Egs.(9) and (6), we find that the collisionally
induced shift of the hyperfine coupling coefficient is
11l. MODIFICATION OF THE HYPERFINE COUPLING 2
: . Ay 18 5 [ArPro(RIPo(R) 10
The He atom will perturb the ground-state wave function - 2 = (10
. . Ag meR n>g Ag EgIJ EnI]
of the valence electron of the alkali-metal atom. We write the
perturbed wave function as The sum extends over all excit&istates(I=0 andj=1/2)

- with n>g.
Ygim(T R, 0) = dgijm(r,0) + 5¢gijm(r R, 0). (4) For the ground-state wave functions of Na, K, and Rb we
We assume that we can use the Fermi potential of (Eg. used the tabulated values of Clementi and Rdé#j. For

and the first-order perturbation theory to write the ground state of Cs and for the excit8dstates of all
alkali-metal atoms, we used Coulomb-approximation wave
Sgiim(r,R, ) functions[20]:
_ Zﬂﬁzaz d’nl/j/m’(r)(;bmljlmr(R,O')d’gljm(Rla') p o
- rT]e Eg“‘ - En|r]'r ' PnO = E qu_r/n rn _qv (ll)
q=0
(5) _ P
) where the effective quantum numberis written as
The sum extends over all excited statgg /. (r,o) of the
valence electron. The unperturbed energies of the excited . 1 12
states areE,,i; and the unperturbed energy of the ground n= PE -E.) (12)
. ! V2(E.. nIJ)

state isk

glj- . . S
The scalar magnetic-dipole coupliid -S of the nuclear with E. denoting the ionization energy of the atom. The

spinl of a ground-state alkali-metal atom to the electron spincoefficientsc, of the sum can be calculated starting fragn
S has a coupling coefficienL8] using the recurrence formula
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0.02 TABLE I. Hyperfine coupling coefficient8y/h for hypothetical
i( 0.01k e i alkali-metal atoms with a nuclear-spin quantum numibet/2, and
: - : with a nuclear moment of one nuclear magneton. The small
= ot hyperfine-structure anomalies, less than 1% for the heaviest atoms,
2 have been ignored.
S -0.01f
= : Atom Li Na K Rb Cs
(] .
= 002 Ground state S KES s 5%S 6°S
% -0.03k Ay/h (GHz2) 0.370 1.198 1.772 3.734 6.238
S
< -0.04f o
'% tude B=Ay/4uy=0.121, 0.393, 0.581, 1.22, and 2.05 MG
3 -0.05} : ; i
& for Li, Na, K, Rb, and Cs, respectively. Numerical values
-0.06 L . . . of Ag/h for the ground states of the alkali-metal atoms are
0 5 10_ ] 15 . 20 25 summarized in Table I.
Internuclear separation R in Bohr radii (0.529 A) The pressure shift is caused by the interaction
FIG. 2. Relative shift in hyperfine frequency, induced by helium Vps= 0Agl - S, (15)

gas on alkali-metal atoms, calculated from ED).
which acts during binary collisions between helium and
o on(n"-g(n"-q+1) alkali-metal atoms. The density matrixof the alkali-metal
a= " 2q Co-1- (13 atoms will evolve due to interactiofi5) at the rate

The upper limitp of the asymptotic series of E¢ll) was
chosen to get the best convergencerferl, slightly inside
the core of the atom. The wave functions were normalized )
such that/7P2,dr=1. The small probability to find the elec- -pll - S9. (16)
tron atr <1 was negligible, even for the ground state. ForHere the collision-induced changi, in the coupling coef-

temperatures on the order of 100 °C, thermal energy is .. - L >
so small compared to the repulsive Born-Oppenheimer po1‘_|C|ent for an existing isotope will be related to that of the

tential that helium and alkali-metal atoms almost neverypothetical isotope byAq= 7 5A,.

get closer to each other thar4. The binding energies  From Eq.(16) we see that the rate of change of the den-
En; needed in Eq(12) were taken from the experimental sity matrix is parametrized by the mean shiAy) of the
data tabulated by Moorg1], and the hyperfine coupling hyperfine coupling coefficient and by the Carver rBge[9].
coefficientsA, are experimental values taken from the re-We discuss both parameters in more detail below.

view article of Arimondoet al. [22]. The sum in Eq(10)
was extended to=« by assuming that the binding energies
E.—Enj, the hyperfine interaction coefficients,, and the

2
. r
p="2501 51+ 220 - Sjolt 51— 01 -5y

V. THEORETICAL PRESSURE SHIFT

radial wave function®,,(R) scale as power laws im, which For alkali-metal atoms at relatively low magnetic fields
is expected and is also observed from the experimental datéike those of atomic clocksthe energy-basis statfsn) are
[21,22. well described by a total angular-momentum quantum num-

We have evaluated E¢L0), the relative shift in resonance berf=a=1+1/2 orf=b=I1-1/2 and by arazimuthal quan-
frequency as a function d®, for the alkali-metal atoms Na tum numbem. The basis states are very nearly eigenstates of
through Cs, and sketched the results in Fig. 2. I -S with 21 -Slam)=I|am) and 2 -S|bm)=—(1+1)|am).

If we take the matrix elements of E¢L6) between the
initial state|a,m,) and|b,my) of a typical clock transition,

It is convenient[9] to discuss the properties of existing we find
isotopes of alkali-metal atoms in terms of a hypothetical iso- . .
tope with nuclear-spin quantum number1/2 andnuclear (amy/plbmy) = (- idw — y)(amylplbmy) + -+, (17)
magnetic momeng=uy=eh/2my,c. From Eq.(6), we see Wherey is defined in the beginning of Sec. VI below and

IV. EVOLUTION OF THE DENSITY MATRIX

that the ratio of the hyperfine coupling coefficieht of an  “---” denotes coupling to other components of the density
existing isotope with magnetic momept and nuclear-spin  matrix. The frequency shift is

quantum numbetl to the coupling coefficiend, of the hy- (s

pothetical isotope is S = [ ]<2ﬁ ) _ NaSwo, (18)

e (14 where[l] denotes P+1, N is the number density of He at-
KN oms, andwo=[1]Aq/ 2% is the unperturbed frequency of the
At the center of a ground-state alkali-metal atom, theclock transition. The dimensionless, isotope-independent pa-

valence-electron spin produces a magnetic field of magnirametern was introduced by Bean and Lambf8]. Experi-
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FIG. 3. Relative shifta. for Na and K atoms, induced by helium FIG. 4. Relative shifts for Rb and Cs atoms, induced by helium
gas. The solid lines are obtained theoretically from B®). The gas. The solid lines are obtained theoretically from E®). The
dashed lines are the temperature-dependent measurements of Béamperature-dependent measurements are shown with the dashed
and Lambert[23]. Additional experimental data points are from line for Rb(Bean and Lambeif23]) and with the dash-dotted line
Bloom and Carf24] for K, and from Ramsey and Anders¢a5] for Cs (Arditi and Carver[7]). Additional experimental data points
for Na. are from Ref.[5] for Rb and from Refs[6,26,27 for Cs, as indi-

cated in the legend.

mentally, x:éw/woNag is determined in accordance with
u=vy/1l- b—2 _ 2V (27)
-v R?  Mp?’

Eq. (18) from measured values of the frequency shiftin a
gas of number densitid. Bean and Lambefi8] show that\

where M is the reduced mass of the pair. We choose the
origin of time such that the closest approach distasce

can be obtained theoretically from the statistical average
=s(b,v), defined byu(s) =0, is attained at=0. In a classical-

path approach the Carver rd#@] is given by

where k=1.38x 10716 erg K™! is the Boltzmann constant
andT is the absolute temperature. The results of evaluating
Eq. (19) with the values oW from Eq.(2) and 5A, from Eq.

(10) are shown in Figs. 3 and 4, together with the experimen-

tal data evaluated according to E@.8). The theory is in  Here the phaseb=¢(b,v), accumulated as the result of a

reasonably good agreement with the systematic experimentgb|lision between an alkali-metal atom and a buffer-gas
measurements of by Bean and Lambef23] for Na, K, and  atom, is

Rb, and in fair agreement with other experimental determi-
nations of\.

1
x_

=8
== f ﬁe‘v’kaRZdR, (19)
aglo Ag

I'c=N f dowo f db27be?. (22
0 0

¢:f:%t5Kg:2f Z—S(SKQ. (23)

The initial relative speed of the colliding pair has the
Maxwell distribution,w=w(v,T),

VI. THEORETICAL CARVER RATE

The damping rate from Eq17) is

ilE) 2 2 i
=" (20 WA ) €T 9
We assume that the orbit of the colliding pair is a classicaﬁgﬁutn?rggi;?tturig dﬁging ence of the Carver rate at constant
path, defined by the Born-Oppenheimer potent@), the yi1sg y
impact parameteb, and the initial relative velocity at in- " "
finite separatiorR=c0, whereV(R)=0. For problems of this ri= Ile _ Nf dvé,—WUJ db2mbe?, (25)
type, it is known that classical-path theories give the same aT 0 0
answer as partial-wave theories to 1% or bef@8]. The
radial speedi=u(R)=|dR/dt| at the separatioR is where from Eq(24) we find
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TABLE II. Calculated Carver rateBc/[He] and their temperature coefficierdts/[He], where[He] is the
helium gas density in amagats. The values were calculated for a tempefata® °C with the Born-

Oppenheimer potentialé(R) of Fig. 1 and with the hyperfine coupling perturbatioff; that follow from

Fig. 2.
SHe “He
Alkali T'o/[He] TL/[He] To/[Hel I'L/[He]
metal (s amagat?) (st amagat! K1) (s amagat?) (st amagat! K1)
Na 6.20 0.0043 7.12 0.0048
K 23.6 0.012 26.5 0.014
Rb 123.3 0.051 139.5 0.056
Cs 334.1 0.065 377.3 0.073
Jw  w/Mv? 3 duced[29,3Q, but they would have had negligible effect on
T T\ 2T "2/ (26)  the experimental observations.

Numerical values of’¢ andI'(, calculated from Eqs(22)
and(25), are summarized in Table Il. The helium density in
amagats is

[He]:NﬁL,

where the Loschmidt constaN =2.6868x 10'° cm 2 is de-

(27)

fined as the number density of an ideal gas at a pressur%m

p=760 torr(1 atm and temperaturd=273.15 K(0 °C).

VIl. CARVER RATE MEASUREMENTS

We know of only two direct or implicit Carver rate mea-
surements: the pioneering study by Vareeal. [10] of 8Rb
relaxation in“*He, from which Carver rates can be inferred,

and more recent direct measurements of Carver rates of Rb

in 3He by Walteret al.[9]. Since the experimental results are
so different from each other, and since the rates measured

The atoms were optically pumped long enough to reach
steady-state conditions. Then the pumping light was turned
off, and a short time later a pulse of microwaves was trans-
mitted to the cavity. The microwave frequency equaled that
of the “0-0 resonance” between the suble\éis)=|30) and
|fm)=|20). The magnetic moment of the atoms, coherently
oscillating during the 0-0 transition, coupled some of their
microwave power into the cavity, and part of this power
erged from the cavity via a transmission line, where it was
monitored with a heterodyne detector. The amplitude of the
free induction decayFID) signal as a function of timewas
fit to an envelopee 72, to extract the decay rate,. By
varying the He pressung it was determined that the depen-
dence of the decay rate on pressure was well described by

o

RE

ithe first term describes the losses of coherently oscillating

(28)

Y2 Do% +Nvoy+ 5.

Ref. [10] are so much larger than either our theoretical pre-Rb atoms due to diffusion through the buffer gas to the cell

dictions or the measurements of R§8], we will review

walls. The diffusion coefficient at the reference presguye

both experimental procedures in some detail and commert760 torr isD,. The second term describes the homoge-

on what we think the cause of the large discrepancy is.

neous damping due to collisions 8fRb atoms with He

Vanier et al. [10] made systematic measurements of theatoms of number densiti. The thermally averaged cross

damping rates of°Rb in the gase$He, Ne, N, and Ar. A

spherical quartz cell, with a radid& = 3.5 cm, contained a
buffer gas and a small amount 8iRb metal. The cell was
centered in a Tf4 cylindrical microwave cavity. A small

section iso,, and the mean relative velocity of a colliding
He-Rb pair isv=y8kT/7M=1.29x 10° cm s, where the
reduced mass of the pair iM=3.82a.u. andT
=300.15 K is theabsolute temperature of the experiments

static field, on the order of 1 G in magnitude, was directed27 °C). The final termy5°=939T) describes the damping

along the axis of the cavity. Resonant light frorf®Rb lamp
passed through &'Rb filter cell that absorbed light that
could have pumpe&Rb atoms from the hyperfine multiplet

with f=a=3. The filtered pumping light passed along the

due to spin-exchange collisions between pairs of Rb at-
oms, which were assumed to have the density of a satu-
rated vapor at the temperatufe

The homogeneous, collisional damping rate of the 0-0

axis of the cavity into the cell and produced a populationcoherence, described by the cross seatigris a linear com-

inversion, with moré®Rb atoms in the high-energy multiplet
with f=a=3 than in the low-energy multiplet with=b=2.

bination of two rates(1l) The Carver ratd’c due to the
pressure shift interaction of E@L5); and(2) the S damping

The light was unpolarized, so there should have been veryate I'sy due to the spin-rotation interactiopS-N during

nearly equal populations of sublevels with different azi-

muthal quantum numbera but within the same multiplet.

Some slight inequalities of the populations with different val-

ues of|m| (a small tensor polarizatigrcould have been pro-

Rb-He collisions[31,32.

In analogy to Eq(16), the contribution of spin-rotation
interactions to the evolution of the density matrix s
=T'(—3p/4+S-pS). Substituting p=|a0)(b0| into this ex-

042716-5
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pression, and evaluating the self-coupling term, we see that TABLE Ill. A comparison of experimental values of the Carver
S-damping makes a contributigi ¢4 to 5. The contribution ~ ratesl'c and theS-damping rated'sq for Rb in the buffer gases He,
to y, from the Carver rate is given by E(RO), so the mea- Ne, N,, and Ar at 27 °C. Theoretical predictions B¢ from Table

sured valuer,=294x 10724 c? should be determined by Il are also shqwn for Rb ir"?Hg and*He, the gases used by Refs.
[9,10), respectively. The experimental valuesl@firates of Ref[9]
o 71 have been extrapolated to 27 °C with the linear temperature depen-
Nvo, = ZFsd+ ~—5 (29 dencies quoted therein.
For 85Rb, 1=2, 4/ un=1.3527, andy =0.2706. Gas, Ic/[X] (s amagat’) Isy/[X] (™" amaga’)

Vanier et al. also measured the initial amplitude of the x  Ref.[9] Theory Ref[10] Theory Ref.[9] Ref.[10]
FID as a function of the delay timig between the termina-

tion of the optical pumping and the application of the micro-He 191 120 3093 135 8.5 ~0
wave pulse. They found that the initial amplitude decayed\e 2828 =0
exponentially ag™1'. They were able to fit their measured n, 395 3062 115 118
valuesy; versus the gas pressupeto obtain an expression ~0 14 610 637

analogous to Eq(28), and they deduced a longitudinal re-
laxation cross sectiom;, which is related to th&damping

rateI'sq by The experimental measurements of Carver rates and
I S-damping rates for Rb in various buffer gases as well as the
=4 _ N o (30) theoretical predictions of the Carver rate for He are summa-
[X] rized in Table Ill. Neither measurement in helium gas is

equal to the theoretical predictions, but the measurement of
Ref. [9] is only a factor of 1.6 larger than theory. The theo-
retical prediction of the Carver rate in E@2) involves the

square of the theoretically estimated valuesgf, integrated
Te 8N,_v_< 3 ) over a classical path. This will magnify small discrepancies
= (0] . (31) A

~1 501 in 6Ag, compared to the shift calculation of EE.9), which

XI 707 4 : - ,
involve only a Boltzmann statistical average ow#y,. Given
The valueso; were too small to measure for He or Ne. the good, but not perfect, agreement between the theoretical
Recently, Walteret al. have measured the dependence ofand the experimental values of the shift in Figs. 3 and 4, a
the most slowly damping longitudinal mode of spin polariza-discrepancy by a factor of 1.6 in the broadening is not un-
tion for Rb atoms in He, ) and Ar buffer gases as a func- reasonable.
tion of magnetic field, ranging from nearly zero to many

Here the number density of the buffer g&sn amagats is
[X]=N/N_, in analogy to Eq(27). Combining Eqs(29) and
(30), we find

thous_;ands of gauss. The slqwing d_own of thi; late-time re- VIIl. INHOMOGENEOUS BROADENING
laxation rate as the magnetic field increases is called mag-
netic decoupling. The spin relaxation due $alamping is Recent measuremenf84] of the linewidths of Zeeman

slowed down by a facto(S,)/(F,), the fraction of the total and microwave resonances®Rb in N, are fully consistent
spin(F,)=(S,)+(l,) that is carried by the electron. This slow- Wwith the linewidths predicted using the data of R} and
ing down of the relaxation is sometimes called the “nucleadnconsistent with the data of Ref10]. From inspection of
flywheel” effect, since it is due to the replenishment of the Table Ill we see that there is actually a very good agreement
electron-spin polarization destroyed in &utamping colli- ~between the data of Reffd] and[10], except for the Carver
sion (hence, the nameStdamping’) by the hyperfine cou- ratesI'c of He and N, Where the results differ by about a
pling to the still-polarized nuclear-spif9] in the time be- factor of 10. Both experiments measure very small Carver
tween collisions. The magnetic decoupling curve has itdates for Ar. As we explain in this section, we think that the
minimum width when both the Carver rate and the spin-rates measured in Refl0] included inhomogeneous damp-
exchange rate are negligible compared toStamping rate.  INg due to a small temperature spre&ti<1 °C in the rela-
The spin-exchange rate is very temperature dependent, sinf¥ely large sample cell§11]. _
the Rb number density in a saturated vapor increases rapidlty Bean and Lamber{23] have measured the microwave
with temperature. Th&damping rate coefficient also has a frequencies for 2Na, **K, and**Rb in the buffer gases He,
substantial temperature dependef@83. The temperature Ne, Ar, and N for temperaturesT ranging from about
dependence of the Carver rate was too small to measure 25 °C to 800 °C. They summarize their measurements
the work of Walteret al, and as one can see from Table 11, With a quantity
little experimental temperature dependence is predicted theo- (- _

) o ) ; v—g)/P=3. (32
retically. By quantitatively analyzing the magnetic decou-
pling curves of°Rb and®’Rb in cells with various gas pres- The microwave frequency for free atoms with no buffer gas
sures and at different temperatures, Wakeéral. [9] were  is vy, andP is defined asP=p/p,o, Wwherep,,=10 torr.
able to determine both the Carver rates and $rtamping The parameteB=3(T) depends only on temperatufie
rates for Rb in*He, N,, and Ar gases. and it is the shift of the ground-state hyperfine frequency at
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the temperatur@ in a buffer gas with the number denshtg 300
of an ideal gas at a pressure of 1 cm Kt torp and a — in-He
temperature of 300 °C, 250 . AVy(He) =919 ktz o ssgg -N2 1
§
1 273.15 > 200
Ng = —N, ———— =3.2193x 10" cm 3. 33 ~
76 - 300 £
1 150t
The hyperfine frequency for the alkali-metal isotope in a £ Av.(Ne) = 723 KHy ™=~ ===~ - -
gas of number densiti and temperatur@ is therefore g, 100 vo(Ne) = 7. S T
[
N 2 50
v=v(N,T) =+ B—. 34 2
Ng ol  Av,(An)=076kHz
T
We assume that the buffer gases obey the ideal-gas law, ¢

) -50 : : :
the gas pressumg is 0 50 100 150 200

Temperature (°C)

p = NKT. (35
FIG. 5. Absolute hyperfine frequency shifts BRb induced by

We can use Eqg34) and(35) to write v as a function ofp the buffer gases at a constant presq#@60 torr, inferred from the
andT, data of Bean and Lambef8]. Also shown are the spreads in fre-

quencyAw, that would be caused by a spread in temperaf\ife

=20 °C centered at 30 °C. The line broadening due to temperature
. (36) inhomogeneities in Ar is about ten times less than that in He, Ne,
NgkT or N,.

v=v(p,T)=py+

We note that the parametgd of Eq. (32), measured and . .
tabulated in Ref[23], is related to the dimensionless param- v=v(p,T) + 5T<—> , (39
eter\ of Eq. (19), measured and tabulated in RES], by dT/p

where the rate of change of resonant frequency with tem-

__B (37)  Perature at a constant pressure is
=——
et av) _p (d)B__ N[, Tap
The sealed-off cells used by Vaniet al. [10] were iso- aT/),” Nek\dT/T " NgT B- T, dx/)’ (40)

baric, but they may have had small temperature gradients, _ ) ) ) _
e.g., with the gas at the top of the cell slightly hotter than theereT is the temperature in kelvind,~ T, is temperature in

gas at the bottom. °C, and
Using Eq.(36) and the data of Bean and Lambfz8], we T-T
have plotted in Fig. 5 the frequency shift versus temperature X= 9 (42)

for cells with 1 atm of gas pressure. We have also indicated

the inhomogeneous line broadenifig, that would occur for s the parameter used by Bean and Lamijeg] for the

a temperature spread of 20 °C. This is an unrealistically;onvenient polynomial fits to their data. The characteristic
large gradient, chosen to illustrate the point, not to imply thatemperature interval i¥,=1000 K.

gradients that large are suspected for the experiments of Ref. we can estimate the temperature spre¥i needed to
[10]. From Fig. 5 it is clear that Ar is about ten times less entirely account for the values gf measured in Ref10] by
sensitive to the line broadening due to temperature gradienisoting that for coherence that dampsea®!, the full width

than are He, Ne, or Ngases. . at half maximumAv of the Fourier transform idv=1y,/ .
To estimate how large the temperature gradient wouldrpen

have had to be to account for a substantial fraction of the
damping observed by Vaniet al. [10], let us assume that

the temperature in sealed-off cells can be written as AT. (42)

p

— Solving Eq.(42) for AT with the values ofr, from Ref.[10]
T=T+4T, (38 and with |gvl 9T|,, values that follow from Eq(40) and the
_ data of Ref[23], we find that temperature spreads of only
whereT is the mean temperature add=46T(r.) is a small  about 0.75 °C aresufficient to cause the large measured
inhomogeneity that depends on the locatignwithin the  #Rb damping rates, in “He, Ne, and N in Ref.[10]. In
cell. The gas in the cell will be at a constant presgureso  contrast, the measureg rate in Ar[10] is much lower,
we can use Eq(38) to show that the resonant frequency atand is consistent with recent dat@]. We believe the Ar
the pointr. is v, data in Ref[10] are not dominated by inhomogeneous

=Nvo,=m
Y2 2 aT
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broadening, since a much larger temperature spread afhich is relatively insensitive to temperature gradients. The

3.8 °C would be required. much smallefcompared to Ref[10]) linewidths in N, that
can be inferred from Carver rates reported in R6f.have
IX. CONCLUSIONS been confirmed in the recent experiments by daal. [34].

N ) ) This new evidence suggests that the homogeneous broaden-
We have critically reviewed the literature on pressureing of the microwave resonance lines of Rb vapor in He, Ne,
shifts and damping rates of microwave transitions of alkali-gq N, buffer gases is much smaller than that reported in
metal atoms in buffer gases. For the buffer gas He we havRef. [10] thirty years ago. A plausible reason for this discrep-

Carver rates reported in RefL0] for He and N are more
than a factor of 10 larger than those measured more recently
[9] by a method that is independent of temperature gradients,
and they are larger than the theoretical predictions of this We are grateful to A. Dalgarno, J. Vanier, T. Walker, D.
paper by more than a factor of 20. However, there is goodValter, E. Miron, and M. Romalis for discussions. This work
agreement between the two measurement methods for Awas supported by AFOSR and DARPA.
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