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Measurements of velocity-changing collision (VCC) kernels are obtained using velocity-selective
optical pumping. This is the first measurement of the shape of an elastic vce kernel over the full
thermal range of velocity changes. Since ground-state collisions are studied (5s 1/2 Rb and He, Ne,
Ar, Kr, or Xe), very low buffer-gas pressures can be used, and therefore pressure broadening (de
phasing collisions) does not obscure the effects of VCC's. The data are deconvolved to eliminate the
effects of the natural linewidth and are then extrapolated with respect to buffer-gas pressure to
determine the single-collision limit. For small initial velocities, the measured kernels are consistent
with a hard-sphere model for large velocity changes, but differ significantly for small velocity
changes. The measured VCC kernels for large initial velocities and large velocity changes do not
exhibit this agreement with the hard-sphere kernel. This implies that information about the inter
atomic potential can be obtained from a measurement of VCC kernels. We also show the inadequa
cy of the much-used Keilson-Storer kernel [J. Appl. Math. 10,243 (1952)].

I. INTRODUCTION

The one-dimensional velocity-changing collision (VCC)
kernel W(v;~vz) is defined as the probability density
per unit time that an atom changes velocity from v; to Vz
due to a collision. Since the development of gas lasers,
VCC kernels have appeared in laser and spectroscopic
line-shape analysis. A variety of experimental tech
niques, saturated absorption, two-step - two-photon exci
tation' velocity-selective optical pumping (VSOP), and
photon echoes, have been used to study the effects of
VCC's. Nonetheless, prior to this work an elastic VCC
kernel has not been measured over the full thermal range
of velocity changes. Here we report measurements of the
shape of elastic VCC kernels over the full thermal veloci
ty range for several Rb-noble-gas atom pairs.

The first evidence ofVCC's was observed by Szoke and
Javan in gain measurements of He-Ne discharges. 1 They
used a saturated absorption spectroscopy configuration
which was later used by other groups to study the effects
of VCC'S.2 Gorlicki, Lerminiaux, and Dumont2 used a
time-resolved saturated absorption technique to study the
effects of elastic VCC's of metastable 22Ne and excitation
transfer from 22Ne to 2oNe. Although they did not
reduce their data to produce a VCC kernel, a calculation
of the kernel using a calculated interatomic potential pro
duced good agreement with their data.

Liao, Bjorkholm, and Berman3 demonstrated a two
step-two-photon method that gave direct evidence of
VCC's. Here, owing to the Doppler shift, a narrow-band
laser excites a narrow velocity spread of ground-state N a
atoms (3s ~3p) with velocity Vz centered at v;. In this
intermediate state the atoms experience elastic and in
elastic VCC's. Again using the Doppler shift, the popu
lations in this 3p level as a function of Vz were probed to a
higher excited state (4d) using a second laser. In experi
ments containing VCC's, the nonzero probability per unit
time of a VCC implies that there will also be contribu-

tions from two or more VCC's (multiple collisions).
Achieving the single-collision limit requires some effort
as data must be taken at a variety of buffer-gas pressures
and then extrapolated to the zero pressure limit. The
data must inevitably be taken at pressures where a small
fraction of the atoms undergo VCC's, which implies that
the effects of VCC's are small. Liao, Bjorkholm, and Ber
man reported single-collision hard-sphere cross sections
and also tested the ability of the hard-sphere and
Keilson-Storer kernels4 to explain their data. The
Keilson-Storer kernel was shown to give reasonable
agreement for high-pressure data, whereas the hard
sphere kernel gave good agreement at lower pressures,
but only for large velocity changes.

Haverkort, Woerdman, and Bermans also used this
method to determine Keilson-Storer parameters for both
elastic and fine-structure changing collisions. They used
a sum of two Keilson-Storer kernels to represent small
and large velocity changes.6 The data in this work were
taken at only one relatively high buffer-gas pressure and
thus did not arrive at the single-collision limit.
O'Callaghan and Gallagher7 were able to use this method
to determine pressure-broadening rates and single
collision inelastic VCC kernels (which are much broader
than the elastic VCC kernels). In addition to VCC's, the
contribution to the signal from pressure broadening (due
to dephasing collisions) also grows linearly proportional
to the buffer-gas pressure. This in fact dominates the
effects of the VCC's for all but the largest velocity
changes and for this reason O'Callaghan and Gallagher
were not able to determine single-collision elastic VCC
kernels.

The effects of pressure broadening can be virtually el
iminated when collisions between ground-state atoms are
studied. In order to observe the effects of vce's in an ex
cited state, sufficient buffer-gas pressures must be used
such that there is a significant probability of a collision
occurring in a natural lifetime. Because the "lifetime" of
a ground-state atom can be very long (possibly deter-
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mined by the transit time across the laser beams), an ex
periment studying ground-state collisions can be done at
very low buffer-gas pressures so that pressure broadening
is negligible. Aminoff, Javanainen, and Kaivola6 used
VSOP to observe VCC's of ground-state Na in a Ne
buffer gas. A polarization modulated pump laser pro
duced a modulated atomic orientation within a narrow
velocity distribution centered at v;. The measured decay
rate of this velocity class v; to other velocities was linear
ly proportional to pressure. They also obtained line
shapes but, since only one laser was used, only VCC's
which changed v; to - v; could be studied. Also, the
small ground- and excited-state hyperfine splittings of Na
produce several overlapping components in the absorp
tion spectrum. For the above two reasons, they deter
mined a fit to a composite Keilson-Storer kernel, the sum
of two Keilson-Storer kernels. Haverkort, Woerdman,
and Berman5 used another VSOP technique to study Na
ground-state VCC's. Their VSOP technique, where
atoms within a narrow velocity class were hyperfine
pumped from one ground state hyperfine level to the oth
er, was used to determine parameters of composite
Keilson-Storer kernels. However, their experiments were
done with a high buffer-gas pressure and did not arrive at
the single-collision limit.

Mossberg, Kachru and Hartmann8 demonstrated the
use of photon echoes to observe the effects of VCC's. Be
cause the photon-echo signal exponentially decreases in a
natural lifetime and because the magnitude of velocity
change that is detected scales as the delay time, photon
echoes are most sensitive to velocity changes that have
Doppler shifts on the order of the natural linewidth.
These velocity changes are typically 1% of the most
probable speed u [see Eq. (2)]. Yodh, Mossberg, and Tho
mas9 have extended this work to measure the shape of the
vee kernel for Yb in He and Ar buffer gases for velocity
changes less than 5 mls (~0.02 u). Since the classical
hard-sphere kernel produces mean velocity changes more
than a factor of 10 larger, these kernels are sensitive to
the weak, very-long-range portion of the interatomic po
tential. The work we present here is complementary
since it does not accurately determine the kernel in the
region of velocity changes which are much less than the
natural linewidth. Rather we have obtained single
collision Vce kernels over a range of velocity changes
from approximately 5 mls to as large as 600 mls
(0.02-2.5 u).

In the present VSOP experiment, a laser field (v_ in
Fig. 1) pumps a narrow (Lorentzian) velocity group cen
tered at v; from one hyperfine ground state to the other
(see Fig. 1). Due to the Doppler shift, v; is given by
V;/A=VI3-V- where A is the optical wavelength and V13

corresponds to the energy spacing of levels (1) and (3) in
Fig. 1. A second, counterpropagating laser beam of fre
quency V2' again using the Doppler shift, probes the
ground-state velocity distribution revealing the redistri
bution of velocities due to vec's. A variety of very low
buffer-gas pressures are used to isolate the effects due to a
single vee. Because the ground-state depolarization
rate is many orders of magnitude smaller than the vee
rate,10 atoms undergo vec's without a depolarization of

the electronic and nuclear spins. Since the 87Rb 5s 1/2

and 5p 1/2 state hyperfine interactions are larger than the
Doppler width, in this experiment we have eliminated the
effects of overlapping hyperfine components which inhib
ited the previous work on Na. Also, because the average
transit time is much longer than the excited-state life
time, the laser powers and buffer-gas pressures are always
very small and thus dephasing (pressure-broadening) col
lisions and their associated velocity changes are also
negligible. This implies a constant linewidth or velocity
"resolution" (independent of pressure), which is deter
mined by the natural linewidth plus the laser bandwidths.
This is in contrast to measurements of excited-state vce
kernels where the signal at large detunings grows linearly
proportional to pressure due to both pressure broadening
and vce's. When ground-state collisions are studied,
the natural broadening, unique to the particular excited
state being used, partially obscures the vce effects and
must be removed from the data in order to obtain the
vce kernel.

As will be shown in Sec. III, the line shape in the pres
ence of collisions is a convolution of the vee kernel with
the "no-collisions" line shape (no buffer gas). The latter
is nearly a Lorentzian with twice the natural width,
slightly broadened by laser frequency fluctuations. We
therefore perform a deconvolution of the data for each
buffer-gas pressure to remove the no-collisions line shape.
Then at each Vz we analyze the pressure dependence to
obtain the component that is linearly proportional to
buffer-gas pressure as P ~O. In this manner we obtain
the single-collision vee kernel over a wide velocity
range, from Ivz -v;1 ~rA~0.02 to 2.5 u, where r is the
Lorentzian half width at half maximum (HWHM).

Because of the difficulties presented by pressure
broadening, overlapping hyperfine components, multiple
collisions, and natural broadening, most of the observa
tions to data were fitted to the Keilson-Storer model or
used to infer the accuracy of the classical hard-sphere
vee kernel. Although calculations of vee kernels have
been performed,2, 11 - 13 there has been very little discus
sion about the shape of the vce kernel and its depen
dence on the interatomic potential. Our results, when
compared to hard-sphere kernels, imply that significant
information about interatomic potentials may be ob
tained from measurements of single-collision vee ker
nels over the thermal range of final velocities vz.

In Sec. II we will describe our experiment. Expressions
for the experimental line shapes will be derived in Sec.
III. We then describe the data reduction procedure
which yields the VCC kernel in Sec. IV, and discuss the
results in Sec. V.

II. EXPERIMENTAL DETAILS

Two external cavity diode lasers 14 were used to pump
and probe the ground-state velocity distribution. The
diode lasers are commercially available and have a front
(output) surface antireflection coating and a high
reflection coating on the back surface. The 7-cm-Iong
external cavity consists of a collimating lens (numerical
aperture of 0.55), a rotatable Brewster plate which is used
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FIG. 1. (a) 87Rb D 1 energy levels, which are shifted vs Vz due to the Doppler shift. As shown, the pump laser beam v_excites
atoms centered on v; IA = V13 - V -. These spontaneously decay to levels 2 and 1, producing a hole and a peak of atoms as shown.
These atoms then undergo VCC's which mix the velocity classes. The absorption of a probe laser V2 measures the change in popula
tion in level 1 due to the pump laser vs frequency (or velocity). (b) Absorption spectrum of Rb. This was obtained from the locking
cell in Fig. 2 where the two counterpropagating beam have the same frequencies. (c) Frequencies v+, Vh V _, and V2 derived from the
two lasers are shown in an expanded portion of the absorption spectrum of (b). The up-shifted beam v_is locked to the VSOP reso
nance for vzlA=O (F,F'= 1,1') or to the crossover resonance (F,F'= 1, l' and 1,2') where vzIA= -403 MHz of the F,F'= 1, l' tran
sition. In this manner the pumping beam v_ is resonant with the 17 or 420 MHz velocity classes of the F,F'= 1, 1'.

to scan the optical path length of the external cavity, and
a diffraction grating in the Littrow configuration. Both
lasers operated near the Rb D 1 resonance line with wave
length of 795 nm. The pump beam (frequency v _) and
counterpropagating probe laser beam (V2), each attenuat
ed to ~ 10 f.LW, passed through a Pyrex cell. The cell
contained natural Rb and was attached to a vacuum and
gas handling system (see Fig. 2). The two beams were
overlaid using a 60° prism (oriented at approximately 45°,
see Fig. 2) as a reflectance beam splitter approximately
equal to 10% in order to eliminate interference fringes.
A 60° prism, versus a 45° prism, was used to avoid a mul
tiple reflection of the pump-laser beam onto the photo
diode. The probe-laser beam was focused onto the photo
diode to avoid any dependence on focusing or defocusing
by the Rb vapor. The angle between the pump- and
probe-laser beams was less than 1 mrad in order to avoid

a "broadening" from the transverse velocity distribution.
Frequency pulling of one of the lasers by the other was
not observed for pump and probe-laser detunings greater
than 2 MHz; normally the pump beam and probe beam
were detuned 300-1300 MHz (see Fig. 1).

An acousto-optic modulator (AOMl) was used to pro
duce an 8-kHz square-wave pump intensity modulation.
This also shifted the Vl laser frequency -140 MHz to
produce v _ in Fig. 1. A second AOM (AOM2) was dou
ble passed to shift Vl by +280 MHz, thereby creating v+
in Fig. 1. A small frequency modulation was used to lock
v+ to either of two VSOP resonances in the "locking
cell" at vz==O or vz /'A==-403 MHz (1 mls ~1.25 MHz)
of the F,F'== 1, l' transition. In this manner the down
shifted v _ beam reliably pumped a velocity class with a
large (v;/'A==420 MHz==I.37 u) or small (v;/'A=17
MHz=0.06 u/'A) velocity of the F,F'== 1, l' transition in
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FIG. 2. Schematic of apparatus. Two counterpropagating diode lasers are used to pump and probe the Rb atoms in the experi
mental cell. An expanded view of the diode laser systems is shown in the inset. AOMI and AOM2 shift the frequency of VI and pro
duce a square-wave intensity modulation at 8 kHz. The pump-laser frequency is locked to the VSOP resonances in the locking Rb
cell and the reference Rb cell establishes the frequency scale for the probe laser. The probe laser passes through the experimental cell
and is focused onto a photodiode which is connected to a lock-in amplifier and computer. AP denotes aperture and ND, neutral den
sity filters.

Fig. l(c). It should be noted that locking the pumping
beam directly to a crossover resonance (for instance the
1- 2' and 1- l' of Fig. 1) is undesirable since this would
create two holes (or peaks) in the ground-state velocity
distribution.

The laser-beam diameter (0.14 cm) is large enough so
that the excited state lifetime (30 ns) is much less than the
average transit time (5 /-Ls), yet is small enough so that
reasonable buffer-gas pressures (1-25 mTorr) can be
used; the mean free path must be much longer than the
beam diameter in order to approach the single-collision
limit. Achieving the single-collision limit also constrains
the pump modulation frequency (assuming the cell di
mensions are larger than the mean free path). This con
straint arises because optically pumped Rb atoms which
leave the laser beam volume can undergo several VCC's
and reenter the probe-laser beam. These reentrant atoms
contribute a multiple-collision kernel to the signal (which
scales nonlinearly with buffer-gas pressure). However, if
the modulation frequency is approximately equal to (or
greater than) the gas-kinetic collision frequency and the
beam diameter is much less than the mean free path
(single-collision limit), the reentrant atoms have large
random-phase shifts relative to the modulation cycle and
thus do not significantly contribute to the signal. With
very high modulation frequencies, the in-phase com
ponent of the signal eventually goes to zero.6 For these
reasons we chose a chopping frequency of 8 kHz, which
is approximately the gas-kinetic collision rate for a 30 A2

cross section and 3 mTorr of buffer gas, and elected to
detect the in-phase component (cp=O) of the signal to
simplify the analysis.

The probe-laser frequency drift rate was less than 10
MHz per hour and its frequency scans took approximate
ly 10 min. By frequency heterodyning the two lasers, the
fractional scan nonlinearity was determined to be less
than 1% over several hundred megahertz and the relative
laser linewidth was approximately equal to 300 kHz plus
1-2 MHz of jitter at frequencies below 200 Hz. The
probe laser wa"s scanned with I-MHz steps and a shutter
blocked the probe beam 12 times per scan to determine a
signal baseline. Typically, the baseline uncertainty was
5 X 10-5 of the peak lock-in signal. The no-collisions line
shapes (no buffer gas) were Lorentzian for v; /A = 17
MHz with a full width at half maximum (FWHM) of
13.3(3) MHz. For v;/A=420 MHz, due to the nonzero
slope of the Maxwellian, the line shape was the expected
asymmetric "near" Lorentzian given below by Eq. (6).
The 300-kHz uncertainty and approximately 2.7 MHz of
extra width, compared to 4y = 10.6 MHz, are believed to
be caused by the 1-2 MHz of low-frequency laser jitter
and a slight saturation of the optical pumping.

A cylindrical Pyrex Rb cell with a 7.5 cm diameter and
2.5 cm thickness was oriented at 45° out of the plane of
Fig. 2 in order to minimize any reflections. Several small
er cells were also tried. In all of the smaller cells, the no
collisions line shapes were the sum of an approximately
13-MHz FWHM Lorentzian and a 510-MHz FWHM
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III. FORMALISM

nl(Vz,v;,t)= -pL (vz -v;)nl(vz,v;,t)

-rc n l(Vz ,v;,t)

+ f 00 nl (v;',v;,t)W(v;' -+vz )dv;' , (1)
- 00

Here n 1 is the density of atoms in levell, the ground
state being pumped, normalized to unit height; p is the
pumping rate for atoms in resonance; v; is the (z
component) velocity class of the F, F' = 1, l' transition
resonant with the v _ pump-laser beam due to the
Doppler shift; and y is the HWHM natural linewidth of
the velocity space Lorentzian. (Throughout the text in
tegrals without limits are over all space [- 00 , 00] or
[0,00].) For small pump intensities and low buffer-base
pressures, we can iteratively solve this equation expand
ing n 1 in powers of pt and W (v; -+ Vz )t:

(2)
2

u=V2kT/m, L(v)= r
z (Vz /A)2+ y 2'

r c == f 00 W(vz-+v;')dv;' .
- 00

where

In this section we will derive an expression for the
vce kernel as a function of the experimental line shapes.
For an atom with two spectrally resolved ground states
(n 1 and n 2) which are optically connected to an excited
state (n 3 in Fig. 1), we can write a rate equation describ
ing atoms that enter a weak narrow-band laser field at
t =0 and are subject to vec's with the buffer gas. Since
the pumping rate ( ;5 104 S-1) is much less than the spon
taneous decay rate (~ 3 X 107 S-1), the excited-state pop
ulation (n 3) and the coherences between the excited
states and ground states (levels 1 and 3) never become ap
preciable. This allows us to use a rate equation rather
than a density matrix formalism and to only consider n 1

(i.e., n2 = ntotal- n 1 );

Maxwellian with nearly equal areas. The latter was due
to incomplete hyperfine relaxation at the cell walls; opti
cally pumped atoms came off the cell walls velocity redis
tributed, but in the same hyperfine level (n 1 or n 2). This
may been due to diffusion pump oil which had back
streamed and coated the cell wall. 15 The larger cell
reduces the effects of incomplete hyperfine relaxation at
the cell walls since optically pumped atoms typically have
more wall ~ollisions before reentering the laser-beam
volume. Additionally, excess Rb vapor was transferred
into the cell to produce a very thin (approximately 90%
transmission) bluish Rb wall coating in order to increase
the cell wall hyperfine relaxation rate. No Maxwellian
component was detected under these conditions. The cell
was enclosed in an insulating housing and was main
tained at approximately 40°C. The sidearm temperature
(approximately 35 °C) was adjusted so that 30% of the
probe-laser beam was absorbed on the F,F'=1,2' transi
tion (see Fig. 1).

Research grade purity (99.995%) noble gases were used
even though the experiment is not particularly sensitive
to impurities. A I-Torr (full scale) capacitance manome
ter measured the noble-gas pressure with O.OI-mTorr pre
cision and 1% accuracy according to the manufacturers
specification. The cell was connected to the vacuum sys
tem through a valve which was normally kept closed to
avoid Rb loss. Over a period of several hours no change
in the background pressure in the cell was detected but,
as a precaution, the cell was evacuated and refilled before
each data set. As an additional test for cell outgasing,
several scans were taken without evacuating, the buffer
gas between scans. No differences between the data in
these scans were detected. Data for each buffer gas and
v; were taken at several pressures; at least six data sets
with a 2-25 mTorr range of buffer-gas pressures.

For v; /u ~O, the pump and probe powers were re
duced to approximately 10 JLW using neutral density
filters, so that the peak no-collisions signal depended
linearly on both intensities. This corresponded to ap
proximately 10% of the resonant atoms being hyperfine
pumped in the average transit time, as seen in the frac
tional change of probe absorption due to the pump-laser
beam v_. For v;/A=420 MHz, the pump power was in
creased by a factor of 2 to obtain larger signals since the
initial Rb population at this detuning is 6.5 times smaller.
Pumping 20% of the atoms is expected to give fractional
errors less than 2% in the vee kernels. 16

(3)

where the ellipsis represents higher-order terms. Here we
have used the condition of equilibrium

The first and second terms on the right-hand side of Eq.

(3) represent the initial equilibrium distribution and a
Lorentzian hole in the ground-state velocity distribution
centered at v;. The third and fourth terms, due to col
lisions, represent the decay of the hole due to VCC's and
the redistribution of the hole due to the same vee's. In
the Appendix, we outline the steps which show that the
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k ( ,)-Eif k ( (3) ')
W V2' Vz,t - 2 nc V2 - Vz ,Vz

v;' - v; + € provided €« u. With this approximation and
setting v1 3)=vz -v;', Eq. (7) becomes

X W(v;~v; +v1 3))dv1 3) , (9)

which is a convolution of the vee kernel with the no
collisions line shape given by Eq. (6).

Again using Eq. (8), the third term on the right-hand
side of Eq. (3), representing the total "removal" from the
pumped velocity group due to vee to all other velocity
classes, becomes

(10)
r pt 2

k r (V2,v;,t)=T k nc(V2'V;) .(5)

laser power is sufficiently small so that terms proportion
al to p 2 can be neglected for our choice of chopping fre
quency and beam diameters. Since we will later only
keep terms proportional to W(v;~vz) (linearly propor
tional to buffer-gas pressure) in the experimental data,
here we can neglect the higher-order terms which contain
the effects of multiple collisions [(terms proportional to
w(v; ~v;')W(v13)~vz)].

Since the probe absorption by each Vz velocity group is
a Lorentzian, the probe-laser absorption line shape
k (v2' v;, t) is given by the convolution of the ground-state
velocity distribution with the naturallinewidth Lorentzi
an

Here v2 is the (z-component) velocity group in resonance
with the probe laser v2 == (V2 -V14)A. In the experiment
we obtain the difference of n 1(vz , v;) from equilibrium by
modulating the pump intensity fp in Eq. (3)] and observ
ing the change in probe absorption using a lock-in
amplifier. This eliminates the first (Gaussian) term on the
right-hand side of Eq. (3). In the absence of buffer-gas
collisions, the change in population is given by the second
term of Eq. (3) combined with Eq. (5), approximately
yielding a Lorentzian with a width twice the natural
linewidth. This no-collisions line shape k nc ( V2' v;) or
k nc (V2,V;,t) is

ptknc (v2,v;) == k nc ( v2' v;, t)

- f -(vz lu)2 ,
-pt e L (vz -vz)L (V2 -vz )dvz .

(6)

For v; /u ~O, the factor exp[ - (vz /u )2] can be neglected
since r «u and the Gaussian is slowly varying. Howev
er, for v; ~ u, the nonzero slope of the Gaussian produces
a significant asymmetry in the no-collisions and collision
al line shapes and cannot be neglected. The fourth term
of Eq. (3), which eventually yields the vee kernel, be
comes

Combining all the terms we get

k (v 2,v;, t) =pt f k nc ( V2 -v13), v;)

X lB(V?)) [1- r;t ]
+.!..-W(V'~V'+v(3))]dV(3) (11)2 z z z z

where 8( Vz ) is the Dirac delta function.
To calculate the experimental signal, we must average

Eq. (11) over all transverse velocities and chord lengths
through the laser beams. Additionally, we must integrate
over the time at which the atoms enter the laser-beam
volume relative to the modulation cycle and, since the
lock-in amplifier was set to measure the amplitude of the
in-phase Fourier component with frequency!, we must
perform an integration over n1(vz,v;,t) multiplied by
sin( 21TIt). The details of this procedure are described in
the Appendix. In the Appendix the effective transit time
for Eq. (11) with 1===8 kHz and beam diameters of 0.14
cm is calculated to be

(12)

, - pt 2 f f -(v;' lu)2 , "k W (V2'Vz,t)- 2 e L(vz -Vz )

X w(v;'~vz)L (Vz _V 2)dv;'dvz .

(7)

Since the natural linewidth Lorentzian (5.4-MHz
FWHM) is much narrower than the Doppler profile
(510-MHz FWHM), the vee kernel is well approximat
ed by

(8)

This is due to the fact that the vee kernel is a strong
function of velocity change (vz - v;') since increasingly
smaller scattering angles (and hence velocity changes) be
comes increasingly more probable due to the weak long
range interaction. The kernel, however, varies slowly as
a function of the initial velocity v; (for a given velocity
change) since the collision kinetics depend weakly on

The effective transit time is longer than the mean transit
time of 5.10 J..Ls since atoms with smaller transverse veloc
ities, which still have transit times much less than the
chopping period, produce larger contributions to the
lock-in signal. The Appendix shows that integrating Eq.
(11) over the average transit time T e produces the expres
sion for the experimental lock-in signal S (v2' v;):

S (V2' v; )=== p f k nc ( V2 - v; 3) , v; )

X [B(v(3)) [r; -r 7; ]
z 2 c 6

+ 7; W(V'--+v'+v(3))]dV(3) (13)6 z Z Z z·

In Eq. (13) we see that experimental line shape is the
convolution of the no-collisions line shape and a function
which is the sum of a 8 function and the vee kernel. We
define D (vz , v;) as the line shape after deconvolving the



FIG. 3. Relative transition strengths of the 87Rb D 1 Zeeman
levels.
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volume before reentering the probe-laser beam, the align
ment precesses significantly and is nearly random when
the atom reenters the interaction volume. Therefore
these atoms, which have a nearly Maxwellian velocity
profile, produce a broad decrease in probe absorption
since the F == 2 level has less total population (when the
pump laser is on). Therefore this line shape has these
broad "negative" wings relative to the peak.

The production of an atomic alignment can be neglect
ed if (i) the alignment does not precess significantly dur
ing a transit time (and the contribution from reentrant
atoms has been eliminated), (ii) the alignment is com
pletely depolarized in much less than a transit time, or
(iii) the pump or probe laser is absorbed equally by all of
the ground-state sublevels. We have used a mixture of
the last two methods to minimize any alignment effects.
The 0.5-G external magnetic field is nearly perpendicular
to both (identical) laser polarizations and the probe laser
tunes across the 87Rb F,F'==1,2' level, which has nearly
equal absorption from all of the mF levels (see Fig. 3).
The F,F'== 1, l' transition is normally used for pumping
since it predominantly hyperfine pumps as seen by the to
tal1ine strengths in Fig. 3. As a check of potential Zee
man pumping problems, the F,F'==2, l' transition was
also used to pump. This transition produces a different
alignment in the probed F == 1 ground state and also pro
duces an increase of atoms, instead of a decrease, in the
F == 1 ground-state distribution. A kernel obtained from
this optical pumping scheme, also in the 0.5-G external
field, was, within the experimental uncertainties, the
same as the one obtained from the normal F, F' == 1, l'
pumping. This demonstrates an insensitivity to the mag
netic hyperfine structure under our experimental condi
tions.

(15)

(14)

K. E. GIBBLE AND A. GALLAGHER

The above model has neglected the magnetic sublevels
of n 1• These are spectroscopically degenerate in the
external magnetic field approximately equal to 0.5 G, but
ground-state Zeeman alignment occurs due to optical
pumping with linearly polarized light. Since the inter
atomic potential is independent of the electronic and nu
clear spins, the kernel, for the ground-state populations,
is independent of any alignment. However, this align
ment will precess in the presence of the external field and
can affect the probe absorption as a function of time.
This more complicated time dependence is not included
in the above equations. Large distortions of the line
shape were observed with a low chopping frequency (300
Hz) and a 3 mG magnetic field perpendicular to the laser
polarizations. This small magnetic field does not cause a
significant precession of the alignment in the 10-J-Ls transit
time. When pumping the F,F'==2, l' and probing
through the F,F' == 2, 2' transition, the wings of the line
shape had the opposite sign of the peak. Pumping the
F, F' == 2, l' transition with linearly polarized light (see
Fig. 3) produces an increase of atoms in the F,mp==2,±2
levels, but a net decrease in the total (summed over m F)

F == 2 population due to spontaneous emission to the
F == 1 ground state. Since linearly polarized light reso
nant with the F,F' == 2, 2' probe transition is preferentially
absorbed by the m p == ±2 states, this optical pumping
scheme results in an increase of probe absorption due to
the pump. Because the "reentrant atoms" (discussed in
Sec. II) spend much more than a transit time in the cell

no-collisions line shape from the signal S (v2' v;); this is
equivalent to taking k nc (V2' v; )-+B( V2, v;):

[-r; T~ ]
D (V2,V;)avz ==pB(v2,v;) 2 - r c 6

pr3

+-fW (v;-+v2)avZ '

Here B(v 2 ,v;) is the Kronecker delta function with width
avz [instead of the Dirac B function due to the frequency
steps (1 MHz) used for v2]' The deconvolution procedure
uses the measured no-collisions line shape since this also
makes corrections for the nonzero laser bandwidth and
any beam misalignments. (Any "extra" width from the
lasers or the transverse velocity distribution will appear
in both the no-collisions and collisional line shapes.)

The above equations only consider a single collision;
terms proportional to W(v;-+v;')W(v;3)-+vz ) (and
higher), which depend nonlinearly on buffer-gas pressure,
are neglected. In order to have a usable signal in the ex
periment, we typically use buffer-gas pressures such that
r ere ~O. 1. The single-collision vee kernel is obtained
by taking data at several pressures and extracting the
portion of D (V2' v;) that is linearly proportional to
buffer-gas pressure.

Now one can solve Eq. (14) for the kernel. For vz=l=v;,
we get

1372
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IV. DATA REDUCTION

As described in Sec. III [Eq. (13], the experimental sig
nal can be described as a cS function plus a vee kernel
convolved with the no-collisions line shape. The effects
of vee's, without natural or instrumental broadening,
can thus be obtained by performing a deconvolution
which also removes the contribution of the small amount
of probe absorption to the F,F'== 1, l' transition. The
single-collision vee kernel is the component of the re
sulting ground-state velocity distribution D (vz ' v;) which
depends linearly on the buffer-gas pressure. As the
buffer-gas pressure goes to zero, the result of the decon
volution procedure D(vz,v;) must produce a Kronecker
cS function representing atoms that have not undergone
any collisions. If a straightforward Fourier deconvolu
tion procedure were used, extremely high signal-to-noise
ratios would be required to achieve this result. This is
due to the intrinsic instability of the deconvolution pro
cess since very high "frequency" Fourier components (in
vz) must be retained in order to construct the cS function
atvz=v;.

The physics of our situation imposes constraints on the
vee kernel, which simplifies the reduction of S (vz ' v;) to
D (vz ' v;). For any differential cross section as a function
of interatomic velocity and scattering angle, the kernel is
expected to be smoothly varying. (In general there can be
an exception if a very massive perturber collides with a
very light active atom and v;» u. 17) This smoothly
varying behavior is due to all of the velocity and angular
averaging imbedded in the kernel, as the perturber has a
Maxwellian velocity distribution in three directions and
the magnitude of active atom's transverse velocity has a
Maxwellian distribution (the active atom has a known Vz
and the laser beams are azimuthally symmetric about z).
Next, one expects the interatomic potential to have a
weak, long-range, attractive van der Waals interaction
and a strongly repulsive core where the electronic wave
functions begin to overlap. The weak long-range interac
tion will make small velocity changes extremely probable,
which implies a kernel highly peaked at small velocity
changes. At small impact parameters the hard core will
give large-angle scattering approaching the hard-sphere
kernel for a sufficiently hard core. Therefore, for large
velocity changes the kernel is expected to look similar to
the analytical classical hard-sphere kerne1. 18 The thermal
energetics, also imbedded in the hard-sphere kernel, pro
duce a Gaussian-shaped cutoff for the kernel at large ve
locity changes.

With these constraints in mind, we chose to decon
volve S (vz ' v;) by first fitting a multiparameter trial
D (vz,v;) to the data. An inverse power law is used for
the trial vee kernel at small (nonzero) detunings and an
exponential (of velocity change raised to the power 02)

for large velocity changes. At zero velocity change a cS
function of height a 1 represents the atoms which have
not undergone a vee [see Eq. (14)] and is observed to de
cay nearly exponentially versus increasing buffer-gas
pressure. This trial function is convolved with the no
collisions line shape and the parameters are optimized to
fit the normalized data at each buffer-gas pressure. This

fit of a convolution is a stable process, whereas a decon
volution is substantially less stable. For v; /u ~O, we
chose

(16)

as the trial velocity distribution. Here 01' a 2' a 3' and 04

are the optimization parameters and N is a normalization
factor which forces Dtrial(Vz,V;) to have unit area. Typi
cal values for al-a4 are 0.4, 1.3, AX 150 MHz, and 0.7
and N ~ 0.02. For large initial velocities v;, different a3 's
were used for positive and negative velocity changes in
order to represent the asymmetric wings of the line shape
(typically AX 100 MHz and AX250 MHz). In Fig. 4(a),
experimental line shapes are shown for 6.57 mTorr of Ar
buffer gas and the no-collisions line shape. In Fig. 4(a),
note that all detunings the no-collisions line shape is a
significant fraction of the data with Ar present. This
demonstrates the importance of the deconvolution. The
resulting trial kernel Dtrial( vz ' v;) is shown in Figs. 4(b)
and 5. The residuals from the fitting procedure are
shown in Fig. 4(c) on an expanded scale, magnified 25
times.

At this point, we may have biased the result by our
choice of a trial function. However, if we now decon
volve the residuals and add this result to the trial kernel,
due to the superposition principle we will obtain the ex
act deconvolution. Of course, if in this last step we per
form a straightforward deconvolution without any noise
filtering, we will have gained nothing over deconvolving
the original signal. However, as most of S(vz,v;) has
now been accounted for, we can filter the high-frequency
noise in the residuals of Fig. 4(b); we have already ob
tained nearly all of the physically significant high
frequency Fourier components-those which produce
the B function and a smoothly varying peak near zero ve
locity change. The residuals are filtered in Fourier space
using a fourth-order Butterworth filter with a width of 50
MHz. Since we have chosen a fairly general trial func
tion that is smoothly varying, the correction represented
in the residuals is typically less than 5% as shown in Fig.
4(c). Due to the 50-MHz-wide filter, the filtered residuals
are slowly varying on the scale of the 13-MHz natural
linewidth [see Fig. 4(d)]. Therefore the deconvolution of
the filtered residuals is approximately themselves and
they are added to the trial kernel to obtain the ground
state velocity distributions. Of course, this incomplete
"deconvolution" of the residuals still has some errors
(especially in the line core where the convergence of this
procedure is slow), but since the residuals were less than
5% of the trial kernel, these errors are judged to be
insignificant. This was checked by convolving this final
ground-state distribution with the no-collisions line shape
and verifying the small size of these residuals when com
pared to the buffer-gas data [an example is given in Fig.
4(e)]. Note that for detunings larger than 50 MHz these
final residuals are extremely flat (except for noise). We



43

(17)

50

, _ 3Pb l (vz ,v;) l-abs(v;)/2
W(vz~vz)-------------

T e l-abs(vz )/2

90
I
N

I
~ 70
v TRIAL

I KERNEL0

en 50
-.J
«
::)

0 30-
(/)

W
0:::

-.J 10
~«

z-
l.J... -/0

-50 -30 -10 10 30

(vz-Vz')/A (MHz)

FIG. 5. Expanded view of the central region of Fig. 4(e).
Pointers note the two small systematic peaks in Fig. 4(e).

could presumably do slightly better at smaller detunings
using a filter which averages over a smaller velocity
range. Due to the laser frequency noise, the amplitude
noise in the signal increases at small detuning as shown in
Fig. 5. Because the line shapes in Fig. 5 must be sym
metric (v; ~O), the data in Fig. 5 appear more random
than systematic at detuning less than 25 MHz. Therefore
it would seem more appropriate to acquire better data
than to further massage the present data if more pre
cision in this region is deemed useful.

In the same manner, we have obtained the functions
D (vz ' v;) for several buffer-gas pressures. D (vz ' v;)
represents the velocity redistribution of a 8 function [see
Eq. (14)] due to a vee and also includes effects of multi
ple collisions. At each velocity vz' D (vz,v;) versus pres
sure is fitted with a blP exp( -b2P) pressure dependence.
b I represents single collisions and the exponential decay
representing the multiple collisions is found to agree well
with the data. An example is given in Fig. 6, where
D (vz ' v; )/ P is plotted versus the buffer-gas pressure P. A
weighting function of pI /2 was used in this least-squares
fit since the signal-to-noise ratio is smaller at lower pres
sures, where the data more closely represent the single
collision limit. At large detunings, b2 may be positive
since it can be more probable to acquire a large velocity
change in two or more collisions versus a single collision
(especially with light perturbers which cannot transfer
much momentum per collision). For small detunings, on
the other hand, b 2 is negative due to the relaxation of the
8 function' 8( vz ' v;) and since successive collisions
broaden the single-collision kernel.

The single-collision vee kernel is the linear coefficient
of this fit b I (vz ' v;) times 3P /Te at all detunings (except
vz = v; ). The kernels were also corrected for the 0 - 30 %
probe absorption producing
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FIG. 4. (a) No-collisions line shape (dashed line) and the 6.57
mTorr of Ar line shape (solid line) are shown, normalized to
unit area for v; fA = 17 MHz. (b) The trial kernel, consisting of
collisional contribution and a £, function with height .0.38, which
gives the best fit of the Ar line shape in (a) when convolved with
the no-collisions line shape in (a). (c) Residuals between the Ar
data in (a) and the convolution of (b) with the no-collisions data
in (a). 1% of the Ar peak height is shown for comparison.
These are filtered in (d). (e) Residuals between the AR data in
(a) and convolution of (b) + (d) with the no-collisions data in (a).
The trial kernel is shown for comparison.
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v. RESULTS AND DISCUSSION

FIG. 6. D(vz,v;)/P data points vs Ar buffer-gas pressure P
used to obtain the single-collision limit (P~O) where D(vZ'v;)
is the deconvolved line shape. The solid lines are fits of
D (vz ' v;) to a linear and exponential P dependence at the indi
cated detunings. Here + or X denotes Vz - v; greater than or
less than zero.

uo-u
lOll

N
>-..,..,

10 1

10

,-..
N

>

+

I
N
I
~

10-1

-400 -200 0 200 400

Vz/A (MHz)
FIG. 7. Measured single-collision Rb-noble-gas vee ker

nels for v;/u ~O (V;/A= 17 MHz) solid lines. The dashed lines
are calculated hard-sphere kernels where the hard-sphere radii
are 3.1, 3.4, 3.75, 4.2, and 4.3 A for He through Xe. Note the
normalization factors used to vertically displace these curves.

tered back into the probe beam (after a single collision),
thereby increasing the effective interaction time. This is
believed to, be less than a 20% correction for a xenon
buffer gas (Ref. 16) and is even smaller for light per
turbers. Although the primary purpose of the experi
ment is to measure the shape of the vee kernel and not
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From Fig. 6 we can also estimate the errors in the final
kernels to be approximately 15% at detunings less than
50 MHz and approximately 3X 10-6 (MHz-I) absolute
uncertainty for detunings larger than 50 MHz [which
corresponds to 0.3 (MHz-I S-I) uncertainty in the vee
kernels].

The vee kernels obtained for a -17-MHz v_ detun
ing (v;lu ::::::0) for He, Ne, Ar, Kr, and Xe are shownin
Fig. 7 for a I-MHz velocity bandwidth at 320 K and 1
mTorr of-buffer gas. The corresponding classical hard
sphere kernel is also plotted, where the hard-sphere ra
dius R 0 (the sum of the two atomic radii) was determined
by matching the kernels for large IVz - v; I. The overall
agreement seen for large IVz - v; I is a manifestation of the
steep repulsive core of the interatomic potential, which
produces most of the large-angle scattering.

All of the noble gases exhibit smaller behavior, nearly
hard sphere at large deturiings and rising rapidly at
smaller detunings. It apDears that the heavier noble gases
have much stronger long-range interactions, since these
experimental kernels have larger deviations from the
hard-sphere kernels (Fig. 7) at small velocity changes.
Additionally, we note that the width of the large
velocity-change part of the kernel grows with increasing
perturber mass.

The hard-sphere radii which give good agreement for
large velocity change are quoted in the figure caption.
The uncertainties in these radii are of the order of 10%
since they rely heavily on the effective transit time given
in Eq. (12). Slight beam misalignments could increase the
effective interaction time and consequently would pro
duce an artificially large R o. In addition, optically
pumped atoms that leave the beam volume can be scat-
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FIG. 8. Measured single-collision Rb-noble-gas vee ker
nels for v;/u ~ 1.37 (v;/A~420MHz): solid lines. The dashed
lines are the corresponding hard-sphere kernel where the hard
sphere radii are given in Fig. 7.

where b is the impact parameter. For an impact parame
ter of 20ao, about twice the typical separation at the po
tential minimum, and C 6 ==400 a.u., we can estimate the
velocity change (Doppler shift):

(19)
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Velocity changes on this order are near the limits of our
resolution with our current laser stability. The large im
pact parameters for these small deflections produce this
highly peaked nature of the vee kernel.

Several experiments l ,3,S,6,20,21 have tested the ability of
the Keilson-Storer vee kernel to explain their data.
Liao, Bjorkholm, and Berman3 noted that the Keilson
Storer model produced reasonable agreement at higher
pressures (multiple collisions) but did not properly ac-

to determine absolute total cross sections, the classical ra
dii are presented to show that reasonable cross sections
were obtained. A calculation19 of Rb-noble-gas inter
atomic potentials suggests that the classical turning
points are 3.0,4.0,3.7,3.7, and 3.8 Afor He through Xe,
respectively. These classical turning points are the inter
nuclear separation where the mean thermal interatomic
collision energy equals the interatomic potential. The
mean collision energy ranges from 2 to 1.6 kT for He
through Xe for v; ==0 (the higher collision rate for atom
pairs with large relative velocities is included in the calcu
lation). 16 The experimentally determined hard-sphere ra
dii are 3.1, 3.4,3.75,4.2, and 4.3 A(He through Xe). The
origin of these differences remains to be theoretically ana
lyzed, although they are in the range of the uncertainties
we expect.

In Fig. 8, kernels are presented for v;/A==420 MHz,
corresponding to v; /u == 1. 37. The kernels for this large
initial velocity have an asymmetric shape since the Rb
atoms are colliding with perturbers which are on average
at rest. Therefore the Rb atoms rarely have a large posi
tive change in vz ' as this requires a perturber "catching
up" and colliding from behind. Rather the Rb will tend
to be slowed (vz < v;) and possibly turned around (vz < 0).

Again, the measured kernels are compared to the cor
responding hard-sphere kernel where the hard-sphere ra
dius was determined by the v;/u ~o results. Note that
the magnitude of the experimental kernels for Ne, Ar,
and Xe is less than these hard-sphere kernels in the
Vz < v; wing. A likely explanation of this is the effect of
the finite slope of the actual potential near the classical
turning point R o. This finite slope will produce less
(high-angle) backscattering than a hard sphere potential,
hence a smaller kernel at Vz «v;. For Rb atoms which
have a large (positive) vz ' backscattering will produce
atoms with Vz < 0, approaching Vz ~ v; for perturbers that
are much heavier than Rb. For v; ~ 0, on the other hand,
backscattering will not produce a large magnitude change
in Vz since the Rb is traveling perpendicularly to the laser
beams. For v; ~o this reduced backscattering will be
masked by the much larger contribution of small-angle
scattering, which also produces small changes in vz. For
lighter perturber atoms, the above argument applies ex
cept the smaller momenta are transferred to the Rb and
the direction of the velocity change vector is more ran
dom (lighter perturbers have higher velocities).

In Fig. 9, the small velocity change portions of the
vee kernel are compared for He, Ar, and Xe with Rb
for v; ~o. The kernels for He and Xe look remarkably
similar in this region considering the large difference in
masses and polarizabilities.

At detunings less than 100 MHz, correspoJ;lding to
small changes in Vz (as compared to u), the kernels in
Figs. 7- 9 rise well above the hard-sphere kernel. This is
due to the large amount of small-angle scattering due to
the weak longer-range interaction. The smallest range of
Vz change is dominated by the long-range van der Waals
interaction. For an interatomic potential V (r) == - C6/
r 6

, the scattering angle for small angles is given by

0~3 V(b) (18)
kT '
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count for small velocity changes. This kernel is a Gauss
ian with a single parameter which determines both a shift
and the width of the kernel:

W KS ( v; ---+ vZ ) = r c [ 1T( flu )2] - 1/2

Xexp[-(v z -av;)2/(ilu)2] , (20)

As a---+O, the kernel takes the form of a Maxwellian; this
is referred to as the hard-collision limit, corresponding to
complete thermalization of velocity. For a~ 1, the soft
collision limit, the kernel becomes the 8 function
8( Vz - v;) centered at v;.

As mentioned previously, the long-range interaction
implies a highly peaked kernel for small velocity changes.
The Keilson-Storer form obviously fails in this region for
any a, due to the flat-topped nature of a Gaussian. For
larger velocity changes the experimental kernels (for
v;=1.37u and v;~O) appear to scale approximately as
exp( -I VZ - v; 1/Q 3 ) since the kernels are relatively
straight lines in semilogarithmic plots (Figs. 7 and 8). In
Fig. 10, several Keilson-Storer kernels are compared to
the measured Rb-Ar vee kernel for v;/A==420 MHz
(the v; ~ 0 kernel cannot test the shift aspect of the
Keilson-Storer kernels). The collision rates r c and the
a's for these were determined using a least-squares fit ex
cluding increasingly larger regions about zero velocity
change. In this figure it can be seen that the Keilson
Storer kernels significantly underestimate the rates for
both small and large velocity changes.

The simple form of the Keilson-Storer kernel may have
been largely responsible for its widespread use. Although
our phenomenological form for the trial kernel is some
what more complicated, it does give approximately 10%
agreement over the entire velocity range for the single-

where

flu =( l-a 2 )-1/2u . (21)

collision kernels we obtained. In Table I we give the pa
rameters Q 2 -Q4 and r c for the kernels we obtained at 1
mTorr of buffer-gas pressure. Here r c corresponds to ve
locity changes greater than 0.5 MHz. Since r c is dom
inated by velocity changes less than 2 or 3 MHz (see Figs.
7-9), it may contain large uncertainties due to the 1-2
MHz of laser jitter and is not expected to vary
significantly as a function of v;. Most of the values for
r c at v;/u ~O compared with the values at v;/A==420
MHz are surprisingly within approximately 10%, with
the exception of N e and Ar. The fitted values of collision
rates for velocity changes larger than 5 MHz are also in
cluded in Table I and these seem more consistent as they
vary less than approximately 10% for large versus small

I

vz •

VI. CONCLUSIONS

We have demonstrated that the VSOP technique com
bined with the removal of the natural broadening can
determine the shape and absolute magnitude of the
single-collision vee kernel. By optically pumping atoms
with small laser powers and by choosing an atom which
has well-resolved excited (and ground) states, we have
gained substantial velocity resolution over a wide range
of velocities (0.02u -2. 5u) as compared to previous ex
periments. This is possible when ground-state vee ker
nels are studied under experimental conditions where line
broadening (dephasing) collisions can be neglected. Rates
for velocity changes as small as 5 MHz were determined
and with this method, and presumably the kernel could
be determined at even smaller detunings if additional
effort is warranted.

For v; /u ~O and large velocity changes, the experi
mental kernels showed a mass dependence and behavior
similar to the classical hard-sphere kernels. For small ve-



1378 K. E. GIBBLE AND A. GALLAGHER 43

TABLE I. Parameters of fits to the single-collision vee kernels.

r a r a
c c

a3 (> 1 MHz) (>5 MHz)
Perturber v;/u a2 (MHz) a4 (S-1 ) (S-I)

He 0.06 1.45 90.3 0.57 35 100 26800
1.37 1.03 49.8,78.7 0.44 34600 26700

Ne 0.06 1.38 167 0.57 19000 15500
1.37 2.61 155,395 1.03 27000 16000

Ar 0.06 5.30 382 1.35 66100 26000
1.37 1.18 108,406 1.03 41200 23100

Kr 0.06 1.24 230 0.94 40000 25300
Xe 0.06 1.55 222 0.78 39300 29200

1.37 0.91 68.6,240 0.72 35600 25700

aAt 1 mTorr following the convention of Ref. 22 where the kernel and r c are proportional to buffer-gas
pressure.

locity changes, there were large differences between the
kernels due to the long-range interaction. Using a large
initial velocity (v; /u == 1. 37), we have shown that the
kernels deviate substantially from the hard-sphere results
for Vz < v;. This is believed to be ca~sed by the finite
slope of the actual interatomic potential. These devia
tions suggest that a theoretical analysis with a compar
ison to these measurements of VCC kernels may provide
significant information about interatomic potentials.

We have also shown the shortcomings of the much
used Keilson-Storer kernel. It drastically underestimates
the probability of small VCC's and decays too quickly at
large detunings. We also suggest a phenomenological
kernel which, although it does originate from a theoreti
cal treatment, has the advantages of having a simple alge
braic form and giving good agreement with the measured
VCC kernels.
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APPENDIX: DETERMINATION
OF THE EFFECTIVE TRANSIT TIME

Here we will outline the steps between Eqs. (11) and
(13), which determine the effective transit time T e for the
VCC's. First we solve Eq. (1) for a time-dependent
pumping rate, then average over the transverse velocity
distribution and the beam geometry, and then calculate
the vee kernel from the experimental signal. Within
these steps we will also state that higher-order pumping
terms (proportional to P 2 and higher) can be neglected.

We ~gain begin with Eq. (1), but here we use a square
wave pump intensity modulation at frequency f with am-

I

plitude Po. Here we define t =0 relative to the pump
modulation (not when atoms enter the laser beams as in
Sec. III) and to as the time at which an individual atom
enters the laser beams. We first solve for time evolution
of the change in the ground-state velocity distribution
anne(vz,t,to ) of optically pumped atoms due to the pump
laser in the absence of VCC's:

(AI)

Here t' is the length of time (t' ~ t - to) the atoms have
been exposed to the pumping light and the explicit depen
dence on v; has been .omitted. The time evolution, for
atoms which have long transit times T, consists of growth
of the pumped population while the light is on, constant
population for the next half cycle, and then growing
again while the light is on, initially at the same rate as at
the end of the previous half cycle. After many cycles, the
pumped population saturates since nearly all of the atoms
have been pumped. The majority of the atoms are only in
the beam volume for T;S O. 1/f and experience very little
pumping saturation. For these atoms, the change in pop
ulation grows nearly linearly in time and then drops to
zero after their transit time (the number of the atoms
with T« 1/ f which cross the pump on~off"boundary"
is very small). Complete calculations of anne for all T can
be found in Ref. 16.

We also need to solve Eq. (1) when buffer gas is
present. If we choose

an 1( Vz , t, to) == n 1( Vz , to, to )- n 1( Vz , t, to )

=anne(vz,t,to)+anc(vz,t,to) , (A2)

Eq. (1) becomes

anc ( vz' t, to )== - r an nc (vz' t, to) + f anne(v;', t, to) W( v;' --*vz )dv;' -p (t)L (v; - Vz )anc ( vz' t, to) , (A3)

where we have omitted terms representing two or more collisions [i.e., W(v;~v;')W(V;3)~vz) and higher]. 1~0 obtain
anc ' Eq. (A3) can be formally integrated,
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Anc(vz,t,to)= It:dtteXp [-L(V;-vz)Ir:dt"p(t")] [-rcAnnc(Vz,tt,to)+ I Annc(V;',tt,to)W(V;'-*vz)dv;'] ·

(A4)

Here we have neglected the convolution of the ground
state distribution with the probe laser Lorentzian "reso-

(A9a)

(A9b)Tc =7.06 fLs

and

using a 1.4-mm beam diameter, 8-kHz chopping frequen
cy, and most probable velocity U =243 m/s. These are
both longer than the mean transit time of 5.10 fLS. This is
due to the weighting of longer transit times (T

2 or T 3 )

which are still much shorter than the inverse chopping
frequency.

We can now write the expression that corresponds to
the experimental data. Since the effective transit times
are much less than 1I! = 125 fLs, the fundamental
Fourier component of anne and 1i.nc (integrated over to)
has a small phase shift and thus the amplitude of the in
phase component is proportional to the integral over to
of t I ( t, to) from t - T ne to T ne [or h (t, to) from (t - T c to
T c ]' For short transit times, t ' ( t, to) and h (t, to) are
Po(t-to ) and Po(t-to )2/2 while the pump is on. In
tegrating Eq. (AI) over to with the above approximations
and using the effective transit times in Eqs. (A9), we get
the experimental lock-in signal S (vz ' v;)

S(vz,v;) [~e rcT~]
-----= ---- L(v -v')

-(u /u)2 2 6 z z
poe Z

T
3+i I L(v;'-v;)W(v;'-*vz)dv;'. (AlO)

atively insensitive to the transverse velocity distribu
tion. 16

One is initially tempted to use a model that ignores
pumping saturation and treats lock-in as taking a
difference between the steady-state values of the popula
tion with the pump on versus off. When pumping satura
tion effects are neglected, the probability of being
pumped and having a collision, a component of F (vz ' T),

scales as T
3 after the integration over t. This implies that

the result of Eq. (A7) would be infinite since T
3 is propor

tional to vt-
3

• This is due to the continual t 2 growth of
1i.nc for atoms with small vt. When proper treatment of
the lock-in amplifier or pumping saturation is included,
the result of the transverse velocity average is no longer
singular; see Borde et al. 23 for another example.

The four-dimensional integral, Eq. (A7), was evaluated
using a Monte Carlo method for 1i.n 1== an ne and
1i.nl =1i.nc ' F(Vz,T) was also calculated and T was varied
so that F(Vz,Tne)=S(vz,V;;anl =1i.n ne ) and F(Vz,Tc )

=S(vz,v;;1i.n=anc ) in order to establish the effective
transit times for 1i.n ne and anc ' The effective transit
times obtained are

(A6)

Here h (t, to), which represents the number of atoms that
have been pumped and then suffer a collision, grows qua
dratically in time [Le., proportional to (t - to )2] while the
pump is on, grows linearly while the pump is off, and is
zero after the transit time. The explicit expression of
h (t, to) and of the second-order correction terms is given
elsewhere. 16

Since the probe absorption for a given Vz is proportion
al to the ground-state population n I(vz,t), we must in
tegrate Eqs. (AI) and (A4) over all possible entrance
times to' Also, the lock-in amplifier's output is the aver
age of a voltage, which is proportional to the probe inten
sity, multiplied by sin(21T!t+cp), and averaged over
several chopping periods. In the experiment cp=O was
chosen (in phase with the pump modulation). Addition
ally, we must average over the spatial geometry and
transverse velocity distribution. If we associate b with
the impact parameter to the circular cross section of the
laser beams, then since each impact parameter is equally
likely, the resulting four-dimensional integral is

f bo db f- 00 4vt
2

-(u /u)2
S(vz,v;)= -b .. /- 3 e t dvtF(vz,T) , (A7)

o 0 0 v 1TU

It is convenient to expand the exponentials in Eqs. (AI)
and (A4) in a power series in Po. In our analysis I6 we
keep terms up to order P5, but here we will only treat the
first-order terms. If we define

h(t,to)=ftt'(t1)dt1' (AS)
to

then to lowest order in Po,

1i.nc (vz,t,to )=poh (t -to)

X [I L(v;'-v; )W(v;'-*Vz )dv;'

bo is the beam radius of both laser beams, an 1 (v z ' t, to) is
given by Eq. (A2), and vt is the transverse velocity of the
Rb atom (v=vt+vzz), Here we note that this model
treats the transverse velocity of the active atom as un
changed by VCC's. For this reason and because the
transverse velocity distribution is not the distribution
used in the ."normal" definition of the vee kernel,16 the
vee kernel of Refs. 3 and 22 is not rigorously directly
applicable to this experiment. However, elsewhere we
have shown that the (one-dimensional) vec kernel is rel-
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(All)

(A12)

lution" since this convolution is separable in Vz and t and
we will now perform a deconvolution. As in Sec. III, we
again use the approximation of Eq. (9). Deconvolving the
no-collisions line shape [Eq. (AID) with W(v;'~vz)=O

and r c =0] from Eq. (AID), we get

, _ -1 [ ~(S(vz,v;) ]
D(vz,vz)avz-~

~(S(vz,v;, W=o)

[
r c 'T~ ]= 1---

2
- B(vz,v;)

3'Tnc

'T
3

+-TW(v;~vz)avz .
3'Tnc

Here ~( ) and ~-1( ) denote a discrete Fourier transform
and its inverse, and the Kronecker B function has a width
avz •

We have evaluated the higher-order correction terms
(proportional to P5) of D (vz ' v;). 16 For the experimental
value of'po, the errors made by assuming pumping was
linear in Po are less than 2% everywhere. Because the
second-order' terms are narrower than the no-collisions
line shape used in the deconvolution [see Eq. (AI)], these
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