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Pressure broadening of RbD; and D, lines by ®He, “He, N,, and Xe:
Line cores and near wings

M. V. Romalis, E. Miron,' and G. D. Cates
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We studied the line shape of Ry, andD, resonance lines in the presence of 1-10 amg of several gases:
3He, “He, N,, and Xe. We found that the line cores are well described by the asymmetric line shape expected
for a van der Waals interatomic potential. The width and shift of the lines is proportional to the density of the
foreign gas with high degree of accuracy, while the asymmetry is independent of the density. The constants of
proportionality for pressure broadening and shift were measured with much higher accuracy than in previous
experiments. We also studied the density dependence of the oscillator strength of the transitions.
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PACS numbefs): 32.70.Jz, 32.70.Cs, 34.26b

[. INTRODUCTION Franck-Condon treatmenfll]. It also predicted a specific
line shape for the line core and the satellite lines for a given
The study of pressure broadening of atomic resonanciteratomic potential. For the line core, the lowest-order cor-
lines by collisions with neutral atoms has a long history start+ection to the Lorentzian line shape is a dispersionlike asym-
ing with the work of Michelsor{1], who observed that the metry. The first quantitative observation of the asymmetry
linewidth increases with pressure in a roughly linear fashionwas reported by Walkup, Spielfiedel, and Pritchgtd]| for
Early theoretical work by Lorent2] and Weisskorf3] pre-  Na resonance lines in the presence of about 10 torr of several
dicted a Lorentzian shape for the line core, treating thenoble gases. Higher-order corrections can also be calculated
broadening as an interruption of the radiation wave train byfor a specific interatomic potential. They were calculated for
collisions with gas atoms. This approach is called the impaca van der Waals potential in RdfL3]. A recent review by
approximation. Later work by Lindholr4] and Anderson Szudy and Bayli$14] summarizes quantitative experimental
[5] also predicted a shift of the line center and a dispersionand theoretical results on the line shape for the cores and far
like asymmetry of the line core. The experimental measurewings of spectral lines, including satellite lines.
ments of the line cores were reviewed by Chen and Takeo Here we present a measurement of line cores and near
[6], Lewis[7], and Allard and Kielkop{8]. The widths and wings of RbD; andD, lines in the presence ofHe, “He,
shifts of the alkali-metal spectral lines in the presence oiN,, and Xe. Our measurements are done for perturber gas
noble and other chemically inert gases have been studiedensities ranging from 1 to 10 amg. Compared with previ-
very extensively, with perturber gas pressures up to severalusly available data, our results on linewidths, line shifts,
tens of atmospheres. The accuracy of most measurementmd asymmetries are much more accurate. We also report on
however, is only 10—20 %. the first quantitative study of the spectral line cores exhibit-
Another important feature of the pressure broadening isng deviations from the Lorentzian line shape beyond the
the formation of satellite lines. This effect is most easilyfirst-order dispersion asymmetry. Our results for the line
explained in the framework of the quasistatic approach, firsshape are in good agreement with calculations of RiS]
developed by Kuhr9]. It relates the line intensity to the for a van der Waals potential. We also present measurements
dependence of the energy difference between the atomic lewf the pressure dependence of tbg and D, oscillator
els involved in the transition on the distance between thestrengths.
colliding atoms. An extremum in the energy difference re- One of the initial motivations for this work was an accu-
sults in the formation of a satellite line. Quasistatic formal-rate determination of broadening and shift density coeffi-
ism can be applied most successfully to the far wings of theients, which then can be used to measure gas density in
atomic lines. In a series of papers, Gallagher and co-workersxperiments using optical pumping. The technique of Rb op-
used the measurements of the far wing profiles to extract thiécal pumping and spin exchangé5] finds many applica-
interatomic potentials for a number of alkali-metal—noble-tions. 3He polarized by this technique is used in measure-
gas paird10]. ments of the neutron spin structure functidi®], tests of
A unified quantum-mechanical theory for the line corefundamental symmetrigd 7], neutron polarizers and analyz-
and wings was developed by Szudy and Baylis using thers[18], and magnetic resonance imagiiMRI) of the lungs
[19]. 1?°Xe polarized by Rb-Xe spin exchange is used in
MRI [20], surface studie$21], cross-polarization experi-
*Present address: Physics Department, University of Washingtorments[22], and other applications. Nand sometime$He

Seattle, WA 98195. [23] are added to aid in the process of optical pumping. In
"Permanent address: NRCN, P.O. Box 9001, Beer Sheva 84918pme of these applications it is important to know accurately
Israel. the density of the gas in the optical pumping cell. For ex-
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the atomic lifetimel o~ was always less than>x810™ 4. The
laser beam was chopped at a frequency of 340 Hz. The in-
Single Frequency Ring Laser cident and transmitted intensities were measured using sili-
(Coherent 899-29) con photodiodes. The signals were detected with lock-in am-
B Pressum'— plifiers referenced to the chopper, and digitized by a
Gauge computer. The same computer also controlled the wave-
Hot Air —; length scan. Fluctuations in the incident light intensity were

— ? Photo-Diode canceled by dividing the transmitted intensity by the incident

intensity. We also recorded the fluorescence coming from the
cell. It was not used in the analysis of the line core because
of significant optical attenuation, but was used to check the
transmission measurements in the far wings. To check the
linearity of the photodiodes and the absence of line satura-
tion, we also performed measurements with the light inten-
sity attenuated by a factor of 1000, to a fewWwV/cm?. No
FIG. 1. Experimental setup. The laser intensity is attenuated bghanges in the line shapes were observed.

reflection from two optical blanks. The computer controlled the  The cell used for the measurements was a simple cylinder
wavelength scan and stored the lock-in amplifier signals. 7.15 cm long. It was placed in a large oven heated by flow-

_ . ing hot air. The temperature was measured with a resistive
ample, in a recent precision measurement of the neutron Sp{'%mperature detectofRTD) and controlled by an analog
structure functiong’ at Stanford Linear Accelerator Center Omega controller. We also measured the temperature with an
[16], the *He density in the target cells was de_termined V\.'ithaccurate mercury thermometer. The air flow rate was stabi-
an accuracy of 1% by measuring the broadening and shift On‘zed using a pressure regulator. The temperature in the oven

Rb.Dl .and D lines, using the results of this Paper as a,, s staple to 0.1 °C with time and varied by less than 1 °C
cahbrat!on. Also, the knowledge of pressure broadenlng ané\llcross the cell. For most measurements the temperature was
the oscillator strength can be used to determine the Rb nu

N © H 0 — 2
ber density and for modeling the optical pumping procesgg.30 C corresponding to Rb number dengigb]=1.4x 10

These techniques were used in several experinf@4t25. cm~3, so the opticgl thickness on resonance varied between
The choice of the gases used for this study, while motivated-3 @1d 5, depending on the density of the gas. Some mea-
by the optical pumping experiments, provides a good samsurements wittHe were also done at 100 and 60 °C.
pling of noble (He is least polarizable, Xe is most polariz- ~ The signal to noise ratio was limited by two factors. The
able and diatomic(N,) gases. laser intensity fluctuations, which were on the order of 5—
In Sec. Il we describe our experiment, which uses a laset0 %, were not perfectly canceled by taking the ratio of the
absorption method to measure the line profile. Section llincident to transmitted intensity. In addition, because the co-
describes the analysis technique, which is based on the claBerence length of the laser is very long, the glass windows of
sical limit of the unified Franck-Condon theof{1] for a  the cell and the oven can act as etalons, resulting in oscilla-
van der Waals interatomic potentifl3]. In Sec. IV, we tions of the transmitted intensity. This effect was reduced by
present our results for the linewidth, line shift, asymmetry,expanding the laser beam. The signal to noise ratio is the

and oscillator strength. worst for the highest density, because the optical thickness is
small and the maximum absorption is only 30%. At low
Il. EXPERIMENTAL TECHNIQUE density, on the other hand, the absorption is very strong, and

_ _ _ the line shape can be distorted by the finite dynamic range of
In this experiment we used laser absorption spectroscopyhe A/D board. The temperature and the length of the cell

We measured the transmission of a laser beam through a cgllere chosen to find the best compromise between these two
filled with Rb vapor, and the perturber gas as the frequencyimitations.

of the laser was scanned through the resonance. This tech- The cell, made out of Pyrex, was initially baked under

nique is free from the optical attenuation effects which camigh vacuum, and a small amount of Rb was distilled into the
cause distortions of the line core in measurements based @ll. It was then filled with about 10 amg of the gas. About
the detection of fluorescence light. It also allows simple meag—12 measurements were performed with densities ranging
surements of the oscillator Strength, provided that the Rbrom 10to 1.5 amg. After each measurement some of the gas
number density is known. A schematic of the experiment isyas released from the cell. When the pressure in the cell
shown in Fig. 1. We used a single-frequency Ti:sapphire rinapproached atmospheric pressure, the measurements were

laser (Coherent 899-20to scan across the absorption lines. stopped. The cell was attached to the vacuum system, evacu-
The laser wavelength jitter was about 1 MHz, much smallefated and filled with the next gas.

than the width of the pressure broadened lines, so no instru-
mental corrections were needed. The absolute wavelength

was measure.d. by a buiIt_—in wavemeter with an accuracy of IIl. DATA ANALYSIS
0.5 GHz, sufficient for shift measurements. The power of the
laser was attenuated to a few mW/gry two reflections The collision-broadened line profile is usually expressed

from uncoated glass to avoid saturating the atomic line. Foin terms of the Fourier transform of the dipole autocorrela-
this intensity the product of the optical excitation rate timestion function®(7)=exd —ng(n] [5,11,14:
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whereg(7) is given in the classical approximation by 10

g(7)=(1—eedt RO, ) 0.8

I(x)

andn is the density of the foreign gas perturbers. He(®) 0.6
=[Ve(R)—V4(R) 1/, whereVy(R) andV(R) are the inter-

atomic potentials for the ground and excited state, respec- 0.4
tively. R(t) describes the path of the perturbing atom in the

LA e B

center of mass frame during the collision. For straight trajec- 02

tories R(t) = b+ v?t?. The averagd- - -) is over the im- oobo et v s

pact parametel and thermal velocity . -6 4 -2 0 2 4 6
Equation(1) can be simplified for low perturber density x

by performing two integrations by parts and expanding the
exponent in powers ofh [14,26,27. The low-density ap-
proximation is justified if t_he time betvv_e_en Collls_lons 'S Waals potential. The dimensional parametés equal to the prod-
much longer than the duration of the collisions. This condl—uct of the frequency detunings(— wo—A) and the collision time
tion is satisfied for most of our data. The specific limits of ; 0

applicability will be discussed later. With this approximation
we obtain[14]

FIG. 2. Functionl (x) characterizing the deviation of the line
shape from a Lorentzian profile calculated in Ré&B] for a van der

tractive than the ground stajehenx<<0 corresponds to the

(&) quasistatic windclassically allowed transitiongandx>0 to

o , (3) the antistatic wing(classically forbidden transitions The
£+ (yl2)? low-density approximation, used in derivation of E8), can

. ) . be quantitatively expressed 8gvy<1, since the time be-
whereé=w—wo—A. Herey is the full width andA is the  tyeen collisions is on the order of L/

shift of the Lorentzian line core. They are defined in terms of e function!(x), calculated in Ref[13], is plotted in
g(7) by y/2—iA=ng’(x), which predicts a linear depen- g 2 The calculaton was done numerically for
dence of the width and shift on the gas density. —2.4<x<2.4 with an accuracy better than 1%, except near
The dependence df on the detuning is responsible for x=2.4, where the error was:5% [13]. For x<—2.4 the
deviations from the Lorentzian shape. In terms of the funcy, aqjstatic result(x)=/6yx is sufficiently accurate. For
tion g(7) it is given by[14] the antistatic wingx>2.4, one can use the result of an
» _ asymptotic expansionl (x) =0.8464/x exp(—2.1341x>9)
F(g):f dr e (@@= Mg (7)., (4)  derived in Ref.[28]. We use a polynomial to interpolate
- between the calculated points, and smoothly match to the
symptotic functions. Near=0, |1 (x) is well approximated
y a linear functionl (x) =0.3380-0.2245x. It shows that
the first-order correction to the Lorentzian profile is a disper-
sion term. This observation has been confirmed experimen-
tally [12]. By making measurements at higher pressiioes
still low enough for the low-density approximation to be
% o valid), we can observe the nonlinear behaviorl ). We
F(§)=n< v fo 27b db f xdt o[R(1)] can also check the prediction of the theory that the asymme-

try, parametrized by the collision timgy, should be inde-
t 2 pendent of the pressure.
Xexp{i(gt—f w[R(t’)]dt’” > (5)

1(&)

To calculatel'(£¢) one needs to assume a specific shape fo
the difference potentiab(R). The calculation for a van der
Waals potentialw(R) =[Ve(R) —V4(R)]/fi=—Cs/R® has
been done in Ref13], and will be used in our analysis. The
authors converted E@4) to the following form([5,26,27:

The intensity transmitted through the ckflis given by

assuming straight classical trajectories R{t). The results Ir=1oexd —[Rb]o(¥)L], (7)
of their calculation are parametrized in the following fash-
ion: wherel is the incident intensity and is the length of the
cell. To extract the line profile from our data we plot
T(&)=nv87REI(£T), 6  S(v)=IN(Gl1/Gglo)=—[Rb]o(v)L +In(G1/G), Where Gt

15 —8f5 andG, are the gains of circuits used to detect the transmitted

where Ty=Cgvy,"> is the duration of the collision, anq incident intensity, respectively. These data are fitted to
Rin=Tquwm is the effective radius of the collisions, and tne following equation:

vin=v2kT/u is the most probable thermal velocity in the
center-of-mass frame(x) is a dimensionless function of a Al[27T 4(v— )]
dimensionless parametgr= ¢T4 that contains all numerical S(v)= d ¢ ,
information. If Cg is positive (the excited state is more at- (v—e) 2+ (y/2)?

®
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FIG. 3. Absorption cross section for a Ry, line in the pres- FIG. 4. The dependence of the shift and width of BRpandD,

ence of three different densities 8He. The solid lines are fits to  lines on the density ofHe. The full widthy and shiftA are deter-
function (10). The curves have arbitrary offset and are scaled formined from the fits of functiori10) to the absorption cross sections.
better display.

function I (x) are indistinguishable from the fit using only a

where th.e.co.nstantAz, B, Ty, vc, and y are allowed 10 o order approximation, which gives a dispersionlike
vary to minimize they< of the fit. The constarB absorbs the asymmetry

values of the instrumental gains, and does not carry any

physical information. To correct for the ground state hyper- A[1+0.664 27Ty (v—1.)]
fine splitting, we fit to the sum of four functiondwo for S(v)= 5 > +B. (10
each®Rb and ®Rb) in form (8) with appropriate weights (v=ve)*+(/2)

and shifts. This results in a very small correction. We ignore
much smaller hyperfine splitting of the excited state. We als . 4
ignore Doppler broadening, which makes a negligible contri?:Or example, for the largest value @ (D, line for “He),

bution to our width. The asymmetry due to collision corre- 1€ detuning of 500 GHz corresponds xe=1, the point
lations[29] is also negligible. where | (Xx) just starts to deviate from the linear behavior.

Also of interest is [o(v)dv=mrocf, where The dispersion form of the asymmetry can be derived with-

ro=2.82x10 13 cm is the classical electron radius ahds og:arierrsgcvee:o \f\l/erl)ﬁ\:\t/li?#lgrqﬁ)e ;throarmlzgr?;iir‘g?ls]iuai%r q
the transition oscillator strength. This gives us a relationshi 9 y )

between the oscillator strength and the Rb number density. On,:ﬁg Svsi’ﬁl(ljlg\t:gn; Th;h(?eclila;?:tifr?g tzse :tlglr(l)i?st density are due
we assume that the Rb number density is given by the equi- The dependence of thB, and D, linewidths and the

librium vapor pressure, we can measure the oscillator, . o 2 .
strength and study its dependence on the gas density. shifts on the gas density is shown in Fig. 4. As predicted by

We note that for a pure van der Waals potential the width,the theory at low densities the dependence is quite linear. In

. . Il cases the offset of a linear fit is consistent with zero
?:h|f[t,4]a.md asymmetry can be calculated for a given value 0\f/ﬂvithin error bars. The broadening and shift density coeffi-
6 .

cients are summarized in Table I. We also found that the

y= 17.011)3{502/5 asymrr_letry .is independent of th.e density. Because the asym-

' metry is quite small, the best-fit value of the asymmetry is
strongly correlated with the fit value of the line center.
Therefore, in addition to fitting each pressure scan individu-
ally, we also fitted them simultaneously with a common
value of Ty. When the number of adjustable constants is
) ) “reduced from five per scan to about 4i&n data sets are
However, these equations are not in good agreement withnalyzed with a common value df,), the value ofy? in-

experimental data. Therefore, we vary all constants indepentreases by only 1-2 %. This confirms that the asymmetry is
dently. Then we can compare our results with values premdependent of the density.

dicted by Eqs(9) usingCg determined from measurements  The |ow-density approximation used in the analysis re-

A=0.182y, 9

_ ~1/5_ —6/5
Ta=Cs vt -

of the atomic polarizability 30]. quires thaflT4yy<1. To check the validity of this approxima-
tion we calculate the critical density, for which Tyy =1.
IV. RESULTS AND DISCUSSION The most stringent constraint comes from Bheline in “He,

which givesn.=25 amg. Thus the condition is satisfied, al-
though not by a large margin. To check if the broadening and
The D, absorption cross section for several pressures o$hift are slightly nonlinear due to the breakdown of the low-
3He is shown in Fig. 3. Because the value of the asymmetrglensity approximation, we fit the lowest four data points in-
is quite small, the results of the fit based on the Walkupdependently. The broadening and shift coefficients change

A. 3He and “He data
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TABLE I. Pressure broadening of Rb; andD, lines by *He and“He. We give broadening and shift
density coefficients and the degree of line asymmetry parametrized by the collision {i(relependent of
density. The last column gives the temperature dependence for the linewidth and linesehiffig. . This
temperature dependence is used to scale the results of previous measurements to our temperature of 353 K.
Negative values oT 4 imply that C4<<0, i.e., the effective van der Waals difference potential is repulsive.

*He SHe Temp.
This Previous This Previous depen.
work results work results
D, full width (GHz/amg 18.0+0.2 16.6-3[32] 18.7+0.3  19.9-0.4[35] TO05:005
17.6[33]
D, line shift (GHz/amg 4.3+0.1 8.0[34] 5.64+0.15 5.78-0.2[35] T+¥0!
5.2[33]
D, asymmetryT, (10~ %) -35+0.1 -1.9+0.1
D, full width (GHz/amg 18.1+0.2  17.4:3[32] 20.8:0.2 T053-0.06
19.4[33]
D, line shift (GHz/amg 0.46+0.06 0.77[34] 0.68+0.05 T16+04
1.8[33]
D, asymmetry T4 (107 %%s)  —0.44+0.1 —0.73+0.1

by less than Ir. Therefore, we conclude that the low-density perature and reduced mass is well satisfied. The temperature
approximation remains valid far/n. approaching unity. dependence is very different for the four quantities studied.
We have also studied the temperature dependence of tfiénis is to be contrasted with predictions based on the van der
pressure broadening and shift. The temperature dependen@éaalsR™® interaction, which give a&°2 dependence for all
can come from two effects. The average velocity of the colfour quantities[4]. We fit the temperature dependence to a
lisions depends on temperature through= 2k T/u. In ad-  power lawT", with the results fon given in Table I.
dition, the probability of finding a He atom a distarRérom This temperature dependence is used to convert previous
the Rb atom is proportional to ekpV,(R)/KT]. However, if ~measurements of théHe and *He width and shift density
one assumes straight path trajectoriesRr) in Eq.(2), this  coefficients to our temperature. In general, our results are in
factor is neglected. Such an approximation is justified, beagreement with previous measurements, although in some
cause typical values &f4(R) for the line core correspond to cases it is difficult to judge the agreement quantitatively be-
about 5 K, much lower than the temperature of the atoms¢ause the authors do not quote a error for their data. There is
Thus the factor exp-V(R)/KT] is very close to unity. If all only one measuremenfie D, width and shif with an
temperature dependence is due to the changes in the averaggeuracy comparable to ouf88]. Although the results for
velocity, then the data fotHe are equivalent to théHe data  the shift are in good agreement, the width measurements
taken at a temperature higher by a factonf/ u;=1.312.  disagree. This may be due to the fact thaf36] the authors
Figure 5 shows the linewidths and line shifts ftide mea-  use a different functional form to describe the line asymme-
sured at 333, 353, and 373 K, as well as the data’fee  try, and do not correct for the broadening due to the laser
taken at 353 K and converted to an effectitide tempera-  spectral width of 18 GHz.
ture of 463 K. As can be seen, the scaling between the tem- We can compare our results with predictions based on the
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FIG. 5. The temperature dependence of the linewigibtted Av (GHz)
against the left axjsand line shift(plotted against the right axigor
He. The lowest three temperature points are fete, while the FIG. 6. The absorption cross-section for B and D, lines

highest point is for’He scaled as described in the text. broadened by Bl with fits to function(8).



4574 M. V. ROMALIS, E. MIRON, AND G. D. CATES 56

160 ———————— T T
[ _O D, Width 5570 ] L O Dy, n=1.61 amg. ]
L . 250 1 - A D, n=1.61 amg. :
100 |-_4& D, Width 6/0 7] -
L -8 ] 3+
L + D, Shift ~& ] -
_ 50F xDp Shift o~ ] =0
N I // 1 =]
ol F & 1 -t
&3 C ] 82
0= ] 8 r
[ 3 [
L 5 L
—50 [ . 1L
_100' L I M B
0 R 4 6 8 O#—v pe T M .
Nz Density (amg) -300 -200 —-100 0 100

Av (GHz)
FIG. 7. Rb linewidths and line shifts as a function of Nensity.
The straight lines are fits to the lowest three data points, for which FIG. 8. RbD; andD, lines in the presence of 1.61 amg of Xe
the low-density approximation is valid. with fits to function(8).

van der Waals interaction using Ed8). The line center is all densities studied. Figure 6 shows the absorption cross
shifted to the blue an@4<0, which implies that the inter- section for N, at two different densities. For Nthe critical
atomic difference potential is repulsiviee., Cc<0). On the density corresponding tdyy=1 is equal ton.=5.5 amg.
other hand, the long-range van der Waals interactions arAs can be seen from Fig. 6, the line shape at the lower
always attractive, and larger for the excited state than for theensity 1=2.66 amg is described very well by Eq(8),
ground state, so one expe€ls=C,—C,>0, as can be seen while atn=7.43 amg it shows small systematic deviations.
in Mahan’s numbers derived from atomic polarizabifi8d].  Figure 7 shows the values of the line shifts and linewidths as
However, because of the low polarizability of He, the Rb-Hea function of N, density. As before, we find that the asym-
van der Waals interactions are very weak, and at shortehetry is independent of density. To determine the pressure
distances are overwhelmed by core repuldi86]. Appar-  broadening and shift rates we fit only the lowest three data
ently, the line shift and asymmetry are dominated by thepoints withn<4 amg. For higher density the widths deviate
repulsive core interactions. The anomalously small value oglightly from the linear behavior, while the shifts remain
the shift and asymmetry for th2, line is most likely due to  quite linear. Table Il summarizes our results for the density
cancelation of the effect of van der Waals attraction and cor@roadening and shift coefficients and the asymmetry. To our
repulsion. knowledge, no previous measurements for RpiMoaden-
ing exist. Because Nis diatomic, it has a large radiationless
uenching and mixing cross sections, unlike the noble gases.
B. N and Xe data '?'his resu?ts ina redgction of the Rb excited-state Iife?ime,
N, and Xe are heavier than He, and have a smaller therand contributes to broadening. Using the values of the cross
mal velocity. In addition, they are more polarizable and,sections from Refl37], we calculate that inelastic processes
therefore, have a stronger van der Waals interaction with Rlxzontribute 3.3 GHz/amg width to tHe, line and 3.0 GHz/
As a result, the duration of the collisioig=Cg"v;®®is  amg. to theD, line.
longer and the low-density approximation is not satisfied for Figure 8 shows the absorption cross section for Xe with a

TABLE II. Broadening and shift density coefficients and line asymmetry foCR&andD, lines broad-
ened by N and Xe. Previous measurements for Xe are converted to our temperature of 353 K asBlfning
temperature dependence for a pure van der Waals interaction. The last column shows the prediction for a van
der Waals interaction for Xe calculated using E(.and Cg constants from Ref.30].

N> Xe
This work This work Previous results van der Waals

D, full width (GHz/amg 17.8+0.3 18.9-0.5 19.2-2 [32] 15.9
14.2[38]

D, line shift (GHz/amg —8.25+-0.15 —5.05+0.3 —6.95+0.7[32] —-5.76
6.5[34]

D, asymmetry Ty (10" 23 s) 16+2 35+2 34

D, full width (GHz/amg 18.1+0.3 19.2:0.5 19.5[32] 16.3
14.2[38]

D, line shift (GHz/amg —-5.9+0.1 —5.15+0.3 —8.34+0.6[32] —-5.92

D, asymmetry T4 (10713 ) 12+1 35+2 34
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FIG. 9. RbD, absorption cross section in the presence of high-
density Xe.

FIG. 10. RbD, absorption cross section in the presence of high-
density Xe.

fit to Eq. (8). The critical density for Xe i®,=2.3 amg. The densities ranging from 4.87 to 9.31 amg. The peak cross
line shape agrees very well with the data. The broadening€ction of the line core goes down as With density, while

and shift coefficients, given in Table II, are calculated fromthe peak cross section of the satellite is proportionah.to
the data witm<2 amg. The collision tim& 4 is independent Therefore, the relative size of the satellite line growsas

of pressure within our error bars. Our numbers for the widths  In the quasistatic theory of line shapes, the appearance of
agree well with the results of Ottinget al. [32], while our the satellite is associated with an extremum in the inter-
shift rates are substantially smaller. However, in Rgg] ~ atomic difference potential AV(R)=Ve(R) —Vy(R). If

the shift is determined from the position of the line center atdAV(Rs)/dRs=0, then a satellite line should appear at de-
the half-height, which is affected by the asymmetry of thetuning vs= AV(Ry)/h. If the difference potential can be
line. Table Il also shows results predicted by E@.for a  approximated by a parabola near the extremum, one can de-
van der Waals potential. We us€3=6.86x10 8 ergcnf  rive a characteristic line shape for the satelfitd]. How-

for the D, line, andC¢=7.26x10~%8 erg cnf for the D, ever, we were not able to fit the data to such a line shape. We

line from Ref. [30] The agreement with experiment is rea- believe that for Xe-Rb the satellite is due to two extrema,
sonably good, especially for the collision tirfig. one minimum and one maximum, located very close to each
Because the asymmetry is larger than for He, higher-ordepther. The Rb-Xe interatomic potentials relevant for (e
corrections to the line shape become important for Xe andine are shown in Fig. 1110,39. The difference potential
N,. For Xe, 2rT4(v— v.) =1 for detuning of 45 GHz, while has a minimum of 1544 GHz &=5.77 A, and a maximum

for N, this happens at 100 GHz. To evaluate the importanc®f 2042 GHz aR=7.06 A, while we observed the satellite at
of the higher-order effects, we tried to fit the data to theabout 700 GHz. However, the shape of the interatomic dif-
linear approximatior{10) of the line shape. For both Xe and ference potential near the extrema is very sensitive to the
N, this resulted in an increase gf by a factor of 2-3. Itis shape 0fV¢(R) and Vy(R). For example, if for the inter-
difficult to obtain a more significant confirmation of the atomic potential of the ground state we use the semiempirical
higher-order effects in Eq8). For higher-order effects to be

important, one would like to havé;y~1. However, this is 0 P e T e
exactly the place where the low-density approximation starts r -
to break down. ~1000 \1—
Equation(8) uses only one parameterf{) to characterize [

the asymmetry of the line. It is independent of the gas den- -2000 [ -

, S ' . a —V(R)-V¢(R) 1]
sity, has a clear physical interpretation, and is in agreement F . ]

. ) ' ) i = F —-V(R) A, ]
with calculations. For comparison, we also tried to fit the = —so00 | CV(R) X2,
data with several other functions which use two parameters ~ r 8 vz
to characterize the shape of the asymmetry that are free to 4000 [- .
vary with density. Nevertheless, we could not find a simple i 1
function which would consistently give a value gf better -5000 | -]
than or comparable to the results of Ef). Therefore, we : ]
conclude that the functiom(x) calculated for a van der _60004". o "5')' s e e .1-0

Waals potential in Ref[13] is very successful in describing R'Z.K)

the shape of the line core, including corrections beyond the

first-order dispersion asymmetry. FIG. 11. Rb-Xe interatomic potentials for Rb ground stakash
For Xe data withn>3 amg, the line shape becomes sig-dotted ling and the R, state (dashed ling taken from Refs.

nificantly distorted by formation of a satellite line. Figures 9[10,39. The solid line shows the difference potential, whose ex-

and 10 show several absorption cross sections measuredtatma are responsible for the formation of the satellite line.
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0.7 ———— — for N, are similar to®He and “He. The uncertainty in the
[ ] temperature of the cell is 0.5 °C, corresponding to a density
- % oF fy % error of 4%. The error in the length of the cell is 2%, and the
“o06l N 2 *ox] error in the determination of the area under the absorption
4 . A A curve for 3He and“He is 3%. The total error for our values
g [9 gl ag: *x of f is 7%, including the uncertainty in the vapor pressure
Bosl + D, N, ] curve. . .
5 x D, ‘He ) We parametrize the density dependence of the oscillator
£ [ O D °He strength byf(n)=f (1+an). Because of the uncertainty in
= % Dy Np the estimation of the area for \based on the fit, onlyHe
S04 7] and *He data are used for quantitative analysis. We find that
+ o+ F 0 F o+ T the oscillator strength of thB, line is independent of pres-
i &8 & 5% & o o0& 4 . sure within our sensitivitya,|<0.003 amg ! (10, while
0.3 ;——— é s "} . "3 L 3 the D, oscillator strength decreases with pressure:

Density (amg)

a,=—0.019+0.003 amg ! (the results forrHe and*He are
the same within errojs Our results for the oscillator

FIG. 12. The oscillator strength of RD, and D, lines deter-  Strengths at zero pressurd;=0.33+0.02 and f,
mined from the integral of the absorption cross section a function o= 0.66+0.05 are in very good agreement with commonly
the gas density fofHe, “He, and N. accepted valuef; =0.322 andf,=0.675[43]. We can com-

pare our numbers with measurements by Ch&sl, who
calculation by Pati[40], the difference potential would have studied the Rb oscillator strengths féifle densities up to 45
a minimum of 310 GHz aR=5.88 A and a maximum of amg using a technique similar to ours. He fowne —0.017
1335 GHz atR=7.29 A. The values of the maximum and amg! and a,=—0.019 amg ®. While the results for the
minimum of the difference potential can probably be movedD, line are in agreement, the pressure dependence @ the
to 700 GHz by adjustments of the parameters which are corescillator strength is different from our result.
sistent with other data from which the interatomic potentials Since the sum rul&f;=1 is almost saturated by tHg,;
where determined. Therefore, the position of the satellite caand D, transitions,f;+ f,=0.997, their oscillator strength
be used in combination with other data to determine morghould decrease with density as the intensity of the forbidden
accurately the interatomic potentials. Once the interatomigransitions increases. The density dependence of the oscilla-
potentials are determined, the shape of the satellite line caor strengths for forbidden transitions has been studied in
be used as a good test case to compare against the predifore details for Cs than for Rd4—-46. The density depen-
tions of the unified satellite line-shape thefy]. dence of theD, andD, transitions in Cs has also been stud-
ied in detail[47]. It was found that the ratio of the, to D,
oscillator strengths for Cs remains constant as the density is
increased. This would imply that, =a, in agreement with
length, we can also obtain information on the oscillatorchen,S R_b measuremer[tSS]. On the other hgnd, 't. is dif-
ficult to find an effect which could systematically increase

strengths of theD; and D, transitions and their pressure . : .
dependence. This requires a knowledge of the Rb numbeyr values of thé, oscillator strength with density. If there
IS a significant area in the satellites which is not included in

density, which we can only determine from the vapor pres-> © : : :
sure curves. The cell was kept at 80 °C for a period of seyvour integral, it would only result in the reduction of the ap-

eral days prior to each set of measurements, and the tempel%@rem oscillator strength at higher densities. If the vapor

ture was very uniform across the cell. Thus, it is reasonabl&"€SSUe of Rb IS reduced by the presence of 4, I
to assume that the Rb vapor pressure should be close ould also result in the apparent reduction of the oscillator

equilibrium. To calculate the Rb number density we use dat%erl? ng(;?n‘gi;? t%r:SRStl)Jr\/eaipvc\ylrh\?vgsthr;g::evc\;lla;srvevlg?stzgngggrmle
i 0/ 1 1
from Ref. [41], which have a quoted accuracy of 5%: reducing the Rb number density. This effect could result in
[Rb] — 1026.17&4040"’/1-. (11)

the apparent reduction of the oscillator strength at low den-
sity. However, the vapor pressure comes back to equilibrium
At 353 K, this gives a density 7% higher than the moreon a time scale given by the diffusion from the walls to the
commonly used Killian formuld42]. However, Killian did  center of the cell, which is on the order of 6—30 s depending
not quote a error for his data. on the density. Each scan took about 5 min, and we alter-
Our results for the oscillator strength are shown in Fig.nated between first scanning tBg line followed by theD,
12. The area is calculated from the parameters of the fit. Thiine, and vice versa, after each release of the gas. Therefore,
takes into account the area under the wings outside our med#-this systematic effect were significant, it would have re-
sured range, which is on the order of several percent. Isulted in a systematic difference between odd and even
should be accurate for He because the low-density approxpoints in our measurement, which was not observed.
mation is satisfied for all of our data, and the line shape
agrees with data quite well. In addition, there are no signifi-
cant satellite lines for HE32]. For N, our fits do not work
very well at high pressures, so the numbers should be treated We have reported a study of the line cores and near wings
with caution. However, as can be seen in Fig. 12, the resultef the RbD; andD, lines in the presence of 1-10 amg of

C. Oscillator strength

By integrating the absorption cross section over the wave

V. CONCLUSION
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“He, 3He, Xe, and N. The measurements were performedvan der Waals potential made in RgE3]. By making mea-
using laser absorption spectroscopy, which is free from syssurements at densities comparable to the critical density, we
tematic effects that can cause distortions of the line shapdave confirmed not only the first-order dispersion correction
Unlike many earlier measurements, we extracted the valuge the Lorentzian line shape, but also higher-order correc-
for the linewidth, line shift, and asymmetry by fitting the tions. We have also obtained data for the Rb-Xe line shape at
entire line shape with a theoretically well-motivated func- high Xe density exhibiting strong satellite lines, which can
tional form. As a result, our parameters are measured in abe used with other available data for accurate calculations of
unambiguous fashion without mutual correlation, and can béhe interatomic potentials. We measured the oscillator
directly related to physical quantities. The accuracy of ourstrength of Rb resonance lines as a function of the foreign
data is in most cases significantly higher than in previouglas density, and observed a reduction of the oscillator
measurements. We have also confirmed with a high degrestirength for theD, line with density, but not for th®, line.

of accuracy that the linewidth and line shift increase linearlyOur data provide important tests of the pressure broadening
with density, and the line asymmetry, parametrized by theheory and also will be useful in applications of optical
duration of the collisions, is independent of the density.pumping.
These relationships are satisfied until the gas density be-

comes so high, that the time between collisions is compa-

rable to the duration of the collisions.

We also studied the temperature dependence of the line- We would like to thank Professor William Happer for
width and line shift for*He and“He, and confirmed a scal- stimulating discussions. This work was supported by U.S.
ing relationship between the temperature and reduced mad30OE Contract No. DE-FG02-90ER40557 and NSF Contract
Our line-shape data agree very well with calculations for aNo. NSF-9413901.
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