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The relative cross section for the process Ca(4s5p'P~)+He Ca(4s5p3PJ)+He+hE
= 177 cm ' is determined as a function of initial alignment of the Ca(4s5p 'P~) state. The
experiment is carried out with pulsed laser excitation in a crossed beam. An initial Pl state
aligned perpendicular to the relative collision velocity vector produces 50/o more PJ
product-state emission than a - Pl state aligned parallel. These results are discussed in terms
of physical models of the curve-crossing interaction.

PACS numbers: 34.50.Hc, 34.50.Lf

Recent experiments with atoms aligned by polar-
ized lasers in molecular beams' or in bulk gases
have revealed a great deal of information about the
characteristics of the potential-energy curves in-
volved in scattering or reactive events. In the pres-
ent experiment the effect of alignment of the ini-

tially excited Ca(4sSp 'Pt) state on the electronic
energy-transfer process

Ca(4sSp 'P~) + He

Ca(4s 5p PJ ) + He+ I5.E = 177 cm

is studied. This process provides a clear and in-

teresting model case for a near-resonant electronic
energy-transfer process which occurs at thermal
energy and involves a curve-crossing mechanism.
The 'P~ state can be completely aligned with a po-
larized laser, the total cross section is large (2S
Az), and fluorescence from both the 'P and 3P

states is easily isolated experimentally. The present
experiment is also the first example of the feasibili-
ty of carrying out such alignment studies with
pulsed lasers.

The calcium atom is initially aligned with respect
to the collision frame. The initial alignment is par-

tially preserved when the calcium and rare-gas
atoms first form molecular wave functions. At
smaller distances than this, the curve-crossing re-
gion is reached. Different initial alignments can
thus give rise to different cross sections for energy
transfer. We find that calcium aligned perpendicu-
lar to the center-of-mass axis (II state) favors 3P,
production by 50/0 over calcium aligned parallel to
the center-of-mass axis. This is a substantial effect,
considering that the experiment measures an aver-
age over impact parameter, azimuthal angle, and
relati ve velocity.

The experimental apparatus consists of crossed

beams of Ca and He, which provide the relative
velocity vector definition, a pulsed laser for excita-
tion and alignment of the Ca (4sSp 'Pt) state, and
a photomultiplier tube to detect 'P and P emission.
The calcium source is an effusive beam from
an oven operated at 823 K, which has a 0.1-cm-
diam nozzle held at 923 K. The calcium beam is
skimmed 0.75 cm after the orifice to produce a
0.15-cm-diam beam at a distance of 1.5 cm after the
nozzle. The calcium density at the crossing is—6& 10' atoms cm with an average velocity of—8.2 && 10 cm s ' and a velocity spread of—100'/o. The rare-gas beam is at right angles to
the calcium beam and is a continous supersonic ex-
pansion from a 100-p,m orifice located 1 cm below
the skimmed calcium beam. With 1-atm backing
pressure, the helium density at the beam crossing is—1.5x 10' atoms cm and the average velocity is
1.9&10 cm s ' with a velocity spread of —20/0.
Thus, the relative velocity vector is inclined at an
angle of n, =66+14' with respect to the Ca
beam and has an average velocity of (2.0
+0.5) &&10' cm s

The pulsed laser beam intersects both the helium
and calcium beams at right angles. The polarization
of the laser light is rotated with a Fresnel-rhomb
half-wave retarder. Irises are used before and after
the beam chamber to realign the laser to intersect
the crossing region if the laser beam is displaced by
rotation of the Fresnel-rhomb retarder.

Figure 1 shows a simplified energy-level diagram
of the calcium system. ' The pulsed laser is tuned
to the 272.17-nm transition to excite the 4s5p 'I'~
state. Fluorescence is detected through interfer-
ence filters by a fast photomultiplier tube (PMT) in
the plane of the atomic beams. The Ca (4sSp'Pt)
state is monitored by observing the 4s5p 'Pq

4s 3d 'D2 transition at 671.7 nm. Radiation
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FIG. 1. Partial energy-level diagram for atomic calci-
um showing only the transitions used in the experiment.

emitted on the the P D transition is strongly
depolarized; perfect alignment of the P state can
result in a maximum value of 0.143 for the polari-
zation [I(0)—I(90) ]/[I(0) + I(90)], measured
in the parallel (0) and perpendicular (90) directions
when observed through a polarization filter. ' The
product 4s5p 3P states are observed on the
4s5p PJ 4s5d D~ transitions at 616.9 nm and
also on the cascade transition 4s5p S~ 4s4p 3P,
at 616.2 nm without additional polarization filters in
the detection system. If the product 4s5p P~ states
would be fully aligned after the collision, an ex-
tremely unlikely occurrence because the cross sec-
tions for depolarizing collisions are large, the
4s5p P, emission is not expected to vary more than
a few percent with laser polarization. This is be-
cause 60% of the emission comes about by cascade
through the S~ and the remainder is on a P D
transition, both of which are strongly depolarized,
and because the angle of observation is large for
these signals.

At the He density stated above and with the 60 ns
lifetime of the 'Pt state, only about 1/104 of the ini-
tially excited calcium atoms will be transferred to
the product states. The pulsed laser offers several
advantages in this regard, including the use of

FIG. 2. (a) Initial 'Pt state fluorescence signals taken
at 0' and 90' alignment angle through a polarization
filter. Solid angle of collection is 0.023 sr. (b) Fluores-
cence observed through 616,2-nm filter, with and with-
out He present as a function of 'P~ alignment angle. The
upper traces are with He present, while the lower is
without He. The signal without He is 'P] leakage and the
signal with He is 'P~ leakage plus 'P emission. Solid an-
gle of collection is 2.35 sr.

time-gated detection which is synchronized with the
emission from the state of interest, and the minimi-
zation of secondary collision effects. In addition to
the product-state signal, a small fraction, approxi-
mately 10 4, of the 671.7 nm light from the initial
state is transmitted by the 616.2 nm filter. This sig-
nal is exploited for normalization of the product sig-
nal. This normalization signal is proportional to the
initial-state population and is independent of its po-
larization to within 3%. The total fluorescence out-
put of the PMT is integrated with a boxcar integra-
tor with and without He present.

Figure 2 shows one set of emission signals I(8)
from the initial 'P~ state without He and from the
final PJ states, with and without He, as a function
of the initial polarization angle, 0, which is mea-
sured with respect to the calcium beam in the lab
frame Figure 2. (a) shows the 'Pt emission at 671.7
nm observed in a small angle through a polarization
filter aligned parallel to the laser beam. From four
different measurements, I(0)/I (90) is found to be
1.28 0.18 (polarization of emission is 0.12), which
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gives an initial 'Pt state alignment (87+15)%."
Figure 2(b) shows the integrated 616.2-nm signal.
The alignment sensitivity parameters are then cal-
culated from St = [I(0) —I(90) ]/ [I(0) + I(90) ]
and S2= [I(45) —I(135)]/[I(45) + I(135)]. The

P& intensity varies with alignment angle, and with
use of the definition S= (St + Sz2 ) ' 2, the ratio of
minimum to maximum intensity is I;„/I,„=(1
—S)/(1+S) and the angle of maximum fluores-
cence is tan(2y) =S2/St. Three separate deter-
minations of S~ and S2 were made. The resulting
intensity ratios and angles of maximum intensity
are Im;„/I~« = 0.81 + 0.16 and y = —42',
I~;„/I~« = 0.68 + 0.10 and y = —34', and
I~;„/Im«=0. 53+0.20 and y= —30'. The weight-
ed averages are I;„/I,„=0.67 + 0.20 and

y = —36+ 8'.
Since o;, —y = 102 + 16', we see that I „oc-

curs when the 'P~ state is aligned essentially per-
pendicular to the center-of-mass velocity vector.
This corresponds to a II molecular state. The sim-
ple curve-crossing picture of this process has been
discussed previously. First it is important to point
out that this is not a spin-changing process since
there is spin mixing between the initial and final
states. Figure 3 shows hypothetical potential-ener-

gy curves depicting the region of molecular-orbital
formation (RL ) and the curve crossing radius (R, ).
Both the 'P~ and PJ states form an attractive II
state and a repulsive X state with helium. '2 It is be-
lieved that the main interaction arises from the
slightly attractive II state of Ca(4s5p 'P&)+He
which crosses with the repulsive X state from
Ca(3PJ)+He. This qualitative picture agrees well

with the observed polarization dependence for the
cross section.

As the excited calcium atom proceeds through
the collision it undergoes a transition from initial
laboratory-frame-fixed atomic orbitals to center-of-
mass-fixed molecular orbitals. Assume for simpli-
city that this transition occurs at. a fixed internuclear
separation of RL, termed the locking radius, shown
in Fig. 3. %e make the definition that the laborato-
ry-fixed orbitals are !o ) or !m ), when the Ca align-
ment is parallel or perpendicular to the relative col-
lision velocity, respectively. The center-of-mass-
fixed orbitals are denoted!X), !II„),and!II~), ly-

ing in and out of the plane of the collision, respec-
tively. The !m) state corresponds essentially tol,„and !a-) corresponds to I;„. To conserve
symmetry in the collision plane only the H„com-
ponent will lead to products.

Since the larger impact parameters are weighted
more than the small ones, assume that the process

Ca( P)+He

—Ca(3Pi+ He

Rc RL

INTERNUCLEAR SEPARATION

FIG. 3. Hypothetical potential-energy curves for the
Ca-He collision system. The curve crossing radius, R„
and the region of molecular orbital formation RL, are
shown.

takes place at a critical impact parameter b, —R, .
Thus we can write Im;„/I~»= [QnPn(a) + Qx
xPX(a. )]/[QnPn(m. ) + QxPx(n )]. Here Qn and

Qx are the cross sections for the two different po-
tentials, and Pn(0. ), Px(a ), Pn(7r), and Px(~)
are the probabilities determined by geometry of be-
ing on a particular potential at Rl for a given initial
approach. In the extreme case that QX=O, as im-

plied by the experimental preference for II geom-
etry, I;„/I,„=Pn(o-)/Pn(m) = 2R, /(RL, R, ). —
From the experimentally measured I;„/I,„we
can then estimate that RL/R, —2.0. It can be
shown by use of different ratios of Qx/Qn that a
minimum value for RL/R, is 1.6, given the ob-
served intensity ratio. Thus, these experiments can
provide information concerning the distance at
which the transition occurs from atomic to molecu-
lar orbitals.

It is shown that the pulsed-laser-excitation,
crossed-beam technique can provide excellent data
for alignment-dependent atomic collision processes.
These data give useful information about the pre-
ferred symmetry of a curve crossing and semiquan-
titative information about the process of forming
molecular orbitals from atomic states. Further im-
provements in the experimental apparatus will pro-
vide much better data. It is an exciting prospect to
invite more detailed theoretical investigations of
these alignment-dependent collision process.
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