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FIG. 3. Relative collision velocity distribution (normalized)
within the excited velocity class in the atomic beam. The upper
limit of the autocorrelation [see Eq. (3)] corresponds to the ve-
locity above which the rate of photon absorption in the atomic
beam is less than 0.01 of the rate at line center.

FIG. 2. Spectral profile of ion production showing the point
at which a single frequency corresponding to a single velocity
group excites two different different transitions with opposite
Doppler shifts.

plier mounted above the interaction plane detects the ion
production rate, and photodiodes fixed at 90 and 54.7'
with respect to the quantization axis monitor excited-
state fluorescence. Various combinations of quarter- and
half-wave plates, and neutral density filters control laser
polarization and intensity. Before entering the interac-
tion region, a beam-expanding telescope increases the
laser spot diameter to about 1 cm, and a 3.6-mm-diam
pinhole then selects the central portion of uniform inten-
sity before passing it into the collision apparatus. The
two counterpropagating laser beams are tuned such that
the frequency is resonant with the Doppler blue-shifted
v/3 St/p(F = 2 )~ P3/p(F =3 ), Na atomic hyperfine
transition in one direction while resonant with the
Doppler red-shifted v, ~, S, /~(F =1) ~ P3/p(F =2),
transition in the other. As pointed out long ago, this
two-level, single-frequency technique maximizes excited-
state population and avoids intensity-dependent optical
pumping effects endemic to linearly polarized excitation.
Once the laser-atomic beam angle 8 is fixed, the relation
that uniquely determines laser frequency vL and excited
velocity group U is

vL [1+u /c cos( 8) ]=v»,

vl [1—
u /c cos(8) ]=v, z .

(2a)

(2b)

Figure 2 illustrates a spectral scan over the Doppler
profile of atomic beam 1. The sharp peak at
vL =508849.06 GHz, satisfying Eqs. (2), corresponds to
a velocity group peaked at 713 msec '. Either the laser
linewidth or the natural linewidth of the atomic transi-
tion (whichever is larger) determines the distribution of
relative collision speeds along the atomic beam axis. In
the case of the Na resonance transition the natural width
is 10 MHz, about an order of magnitude greater than the
laser line. The distribution of axial collision speeds V~ is
given by

P(V„)=J du~ I d Pu, ( )uP~( )u

X5(~u, —
u~~

—V„), (3)

where P, (u, ) and Pz(uz) are the probabilities of exciting
atoms 1 and 2, respectively,

I „(A,o/cos8)du,
P, (u,)=, , i =1,2

2~ (u, —uc) +I', /4(/L. o/cos8)
(4)

where I
„

is the width of the atomic transition (Hz), and
A.o the transition wavelength with the atom at rest. Fig-
ure 2 shows that P( V„)is the positive half of a Lorentzi-
an function with full width 2I, arising from the correla-

TABLE I. Rate constants and absolute cross sections for associative ionization.

Rate constant
[{cm'sec '

) X 10"]
110.0+13o P

6.1+1.8
12.2+4.3
17.0+6.0
68.0+24.0
68.0+25.0
81.0+30.0

Cross section
(cm X10' )

+ ]oooo.o
48.6+20.0
97.2+45.0

1.69+0.6
6.74+2.4
5.7+2. 1

7.3+2.7

Temperature

0.75 mK
73 mK
73 mK

472 K
472 K

-500 K
-600 K

Polarization

Mixed
Circular
Linear
Circular
Linear
Linear
Mixed

Reference

2
This work
This work
This work
This work

10
11
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tion of two identical Lorentzians of width I
=I,(lo/cos0). Transverse velocity components Vr con-

tribute from the atomic beam divergence (6 mrad), and
the average collision velocity ( Vc ) is given by

( V, ) =[(V„)+2(V )']'" (5)

With the excitation laser power at 1.7 mWcm, the
power-broadened transition width I, is 11.3 MHz, and

( V, ) = 11.9 msec '. Laser beam absorption by the
atomic beam determines the excited state density through
the relation

Io I= — ficoF ( co )xo,
Na* A

(6)

K = (o V, ) =N;,„/Na*n,„. (7)

Although the signal rate X,„„,rate constant K, and aver-

age cross section ( cr ) are directly related to the collision
velocity ( V, ) by Eq. (7), we label the Ineasurement by a

where Io —I is the absorbed intensity, Na* the number of
excited atoms, V the defined volume of the laser-atom
beam interaction, xo the atomic beam width, and 3, Ace,

and F(co) the spontaneous emission rate, photon energy,
and line-shape factor, respectively. Typically, Na* is
about 5X10 resulting in an excited-state density n,„of
10s cm . The photodiode signals (see Fig. 1) are cali-
brated to the absorption measurement and monitor the
excited-stated density during the course of the experi-
ment. From the measured ion production rate N;,„(iosn

sec '), the number of excited atoms Na', and the
excited-state density n,„wecalculate the rate constant
using the standard definitions

"temperature" defined as T=p( V, ) /3kII so as to com-
pare with previous experiments and theory (Refs. 2, 6,
and 8). The result for circular polarization is
K6&' z=(6.1+1.8)X10 ' cm sec ' and for linear po-
larization K65 ~ =(12.2+4.3) X 10 ' cm sec '. Un-
certainty in the excited-state volume (estimated at 20%)
contributes the largest source of error. Corresponding
cross sections (o ) =K/( V, ) are (o )6", „=(5.1 2.0)
X10 ' cm and (o )65 It=(10.2+4.5)X10 ' cm .

If the second atomic beam is unblocked, the setup per-
mits a direct measurement of the ratio of rate constants
at 65 mK and 472 K (the temperature corresponding to
the crossed-beam relative collision velocity). We calcu-
late the absolute rate constants at 472 K from these ratios
together with the absolute values at 65 mK. The
results, K4~2 I. =(1.7+0.6) X 10 ' cm sec ' and

K472 K =(6.8+2.4) X 10 ' cm sec ', calibrate earlier
relative cross-sectional measurements (Ref. 7) to the same
absolute scale. Table I summarizes rate constant mea-
surements for process (1) spanning six orders of magni-
tude in collision energy. The absolute cross sections are
plotted in Fig. 4 along with the results of a recent semi-
classical calculation (Ref. 8).

The theoretical curve shows a decline in cross section
with decreasing temperature until a minimum is reached
around 70 K. The dropping cross section reflects the
closing of molecular entrance channels as the collision ki-
netic energy falls below the minimum necessary to sur-
mount long-range repulsive barriers. In the case of two
Na(3p) atoms, the leading long-range electrostatic term in

the interatomic potential is the quadrupole-quadrupole
interaction which varies as C, /R . Relative orientation
of the two quadrupoles determines the sign of Cs, and

I
0
U O
Q

(/)

Q) co

I

O
V)

linear

circular

I IIII I I I I lllfl I I I I I IIII I 1 I I lllfl I I I I 1llil I I I I IIIII
0.001 0.01 0. 1 1 10 100

Temperature (K)

I I I I I llll I

1000

FIG. 4. Absolute cross section for associative ionization plotted against temperature. Present single-beam results are shown at
0.065 K. Higher temperature results are rescaled from Ref. 7 using present crossed-beam data (see discussion). Asterisks are circular
polarization; closed squares are linear polarization.
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only those orientations leading to molecular H states ex-
hibit attractive character. At kinetic energies lower than
the minimum in the excitation function, cross sections
begin to increase because the surviving entrance channels
are radially attractive while angular momentum barriers
continue to decrease. The number of partial waves con-
tributing to the scattering event becomes severely re-
stricted, and a fully quantal theory must take over from
the semiclassical picture. Although the experimental
points are in qualitative agreement with the calculated
curve, the model leaves many unanswered questions. For
example, important features such as hyperfine structure
and the influence of optical field dressing on molecular
states (see Refs. 5 and 6j at submillikelvin temperatures
as well as the fine structure, and polarization dependence

of the cross sections at higher temperatures require more
extensive theoretical treatment. Furthermore, the curve
in the vicinity of the predicted cross-section minimum
has not yet been tested experimentally. It is to be expect-
ed that rapid technical development will permit beam ex-
periments to expand into this presently inaccessible re-
gion, yielding important new insights into the transition
zone from conventional to ultracold heavy-particle col-
lision dynamics.
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