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A pulsed laser investigation is performed to study the detailed effects of electronic angular-momentum
alignment on the cross section for the energy-transfer process s@al#,)+ Ca(4s4p 3P,)
—Ca(4s4p *P,)+ Ca(4s?). A uniform magnetic field imposed by a set of Helmholtz coils is used to system-
atically precess the initial state orbitals with a well-defined period, allowing different alignments to be sampled
at different time delays after the pulsed laser excites and aligns thes@aP,) states. The polarization
effects in this collision process are striking. For example, the cross section for two atoms bothrip=tie
magnetic substrate is 13 times larger than the cross section for two atoms that are botjis théor —1)
substrate, where the quantization axis is taken to be along the relative velocity vector of the collision. The
initial m-sublevel dependence of this three-vector correlation process can be completely described with eight
fundamental parameters, five of which are accurately obtained. In addition, the coarse energy dependence of
these parameters is deducg81050-294{®8)08909-4

PACS numbg(s): 34.50.Pi, 34.50.Rk

I. INTRODUCTION In addition to Na, energy pooling has been studied exten-
sively in alkaline-earth metals: Gallagher and co-workers
Measurement of the effects of orbital alignment and ori-studied energy pooling from the low-lying states of Sr
entation on atomic collisions provides rigorous details abouf16,17] and Neuman, Gallagher, and Cooper studied this pro-
the m-sublevel dependence of the collision dynanfits4].  cess[Eq. (1)] in Ba[18]. Neuman and Gallagher have also
The results of these measurements address more detailed P@ported a preliminary alignment study for Sr energy pooling
formation about the potential-energy surfaces of the systerig]. In the present work we extract considerably more align-
and relevant curve crossings, as well as exacting tests @fient information than Gallagher and co-workers’ technique
collision theory. Most frequently the measurements are twoyjows. Energy pooling with Ca has been observed in gas
vector correlation experiments, meaning that the alignmentq|s [20,21 and the process in Eq1) was observed by
of an exgited atonﬁthe first vectoyis de_fined with respect to Husain and Roberti21]. The pooling process in Edl) is
the relative velocity vector of the collisiofthe second vec- unusual in that 6768 ciit of electronic energy must be con-

tor) [5-7]. In other experiments three-vector correlatlonsverted into kinetic energy. It has been thought that such very

were studied, including either initial and final alignments Ofexothermic rocesses would be verv unlikelv: however. a
the atomic orbitals plus the relative velocity vecf89] or P y Y: ’

initial and final relative velocities together with one atomic similar highly exotherr_mc energy pooling process has re-
alignment [10]. Four-vector correlation experiments have C€Ntly been observed in $£7]. _

been done involving the initial and final velocity together 1he energy pooling in Eq1) may be an ideal system for
with initial and final alignment§11]. Another three-vector Studying spin-orbit coupling in collisions between aligned
correlation involves two initial orbitals aligned with respect atoms, an effect that has not be explored in other studies
to the relative velocity vector of the collision. An excellent such as those on Na energy pool{i&2]. Since the collision
example of this type of experiment was performed on thdime is nearly an order of magnitude longer than the spin-
Na(3p)+ Na(3p) associative ionization procedd2-14. orbit precession rate, the spin-orbit interaction should have a
Similar experiments have been done for NaY3 Na(3p) large influence on the collision cross sections. Also, since we

energy poolind15]. excite to aj =1 state of Ca, only eight cross-section param-
In this paper we investigate the effects of the alignment ofters are needed to completely describe the alignment ef-
the initial states on the energy pooling process fects, as demonstrated in Sec. Il. This makes(Egparticu-
larly simple to study. In addition, the total energy of the
Cal4s4p 3P,)+ Ca4s4p 3P,) system in Eq.(1) is low enough so that only a relatively
limited number of molecular states are involved, which
—Ca(4s4p P;)+Ca4s?). (1) should eventually permit theoretical approaches to interpret
the results.

We use a method of controlling the orbital alignment that
*Present address: Department of Chemistry, Occidental Colleg&€mploys magnetic precession. Meijet al. used a similar

Los Angeles, CA 90041. technique with cw lasers to study associative ionization in
"Present address: Department of Physics and Astronomy, Batds$a[23]. In our experiment, the use of pulsed lasers to excite
College, Lewiston, ME 04240. the long-lived Ca(44p 3P,) state is a considerable simpli-
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fication. Here all of the excited atoms initially have the samefor an energy pooling collision between an atom in state
angular-momentum alignment, determined by the polarizaand an atom in state,. In the second type of cross section,
tion of the excitation laser. Then all the atoms precess at the&ermed coherence cross sectioms,andm, are not equal to
same rate. This experiment is done in a single effusive beamh; and mj, in Eq. (3). The coherence cross section
and the final Ca(d4p 1P1) state is detected by fluorescence Tinymy;mims describes how the interference between two

as it decays to the ground state. channels contributes to the experimentally observed cross

ln. Sec. |l of this paper we define the fupdamental Cr0SKections. For example, the system may be in a superposition
sections needed to describe energy pooling between tw,

denticali = . _ 8 two states, one with colliding atoms in thm; and m,
identical) =1 orbitals. The exact form of the experimentally magnetic sublevels and the other with the atoms inrtfje
observed cross sections is derived in terms of these funda- , .

mental parameters. In Sec. Ill we describe the details of thgmd m; magnetic sublevels. Themmlmz?mimé represents the
experimental apparatus. Section IV considers the results arifiterference term between the amplitudes for pooling from
Sec. V presents a discussion and conclusion. We find th&ach of the two states. In general, coherence cross sections
there are very pronounced polarization effects. There igre complex valued.

enough time for the alignment to be significantly altered as The number of fundamental cross sections that contribute
the atoms make the transition from separated, noninteractini§ the experimentally measured cross section represented by
atoms to a molecular complex, but the asymptotic initial po-Ed. (2) is quite large, 81 for this experiment. However, most
larization still has a large effect on the outcome of the colli-Of these cross sections are not independent of each other. The

sion. Alternative theoretical techniques may be needed tBumber of independent parameters needed to describe the

describe the higher-order alignment effects. collision process is reduced by symmetry considerations.
First, it can immediately be seen from E@) that
Il. THEORETICAL BACKGROUND % 4
UmlmZ;mimé_Umimé;mlmz' ( )

We introduce a set of fundamental cross sections to quan-
titatively describe the observed alignment effects for the spesince the cross sections should be invariant under a frame
cific case of a three-vector correlation involving two excitedinyersion,
atomic states colliding. The values, and m, are them;
magnetic quantum numbers of the initial states of each of the O mymy;mm) = O —m, —m, ;—m! ~m}- 5)
colliding (°P,) atoms, respectively. The quantization axis
lies along the relative velocity vector of the collision; in this Then, by using Eq(3) and the Schwarz inequality it can be
case this collision frame is the axis of the single effusiveshown that
beam. The product state of the energy pooling collision is

observed when it fluoresces. This signal is proportional to |Um1m2;mimé|$gmlm20mimé; (6)
the total cross section for energy pooling, which can be writ-
ten[24] Further, since we have chosen the relative velocity vector to

lie along the quantization axis, the initial orbital angular mo-
_ 2 ' , 2 mentum has no component along this axis. Therefore, the
Texpt , | PmymiPmym) Tm,my;mym; » total z component of angular momentum of the system is
MMy -M2.MMa M=m,;+m,. Since there is no coupling between channels

Wherepmlmi and Pm,m, are the density matrices describing with differentM,

the states of each of the colliding atoms. mlmz:mimé are
the fundamental cross sections defined by

Omymy;m/m; =0 unlessm;+my=my+m;. (7)

rnt =
12

In addition, since we are colliding Ca with Ca we have
*
Umlmz;mimé:J 1Emlmz( 07¢)fmimé( 0,¢)d(). (3) Umlmz;mimézamzml?mémi' (8)
Herefmlmz represents the scattering amplitude for an atom irlJsing Eqs.(4) and (8), both o10.91 and'(rl,lz,11 must be
a statem, to undergo an energy pooling process upon colli-éal- Using Eqs(4), (5), (7), and(8), we find that the number
sion with an atom in staten,. We measure only total cross ©f independent parameters on the right-hand side of(&g.
sections in this experiment, so the integration is over all scat/ich determines the total experimental cross section, is re-
tering angles. These cross sections have also been implicitfced to eight: four conventional cross sections, two entirely
integrated over some initial kinetic-energy distribution €@l coherence cross sections, and the real and imaginary
(which will be addressed laterin addition, the possibility of parts of one other coherence cross section. These parameters
final-state alignment is neglected, but it will be the subject of2'®
future work[25].
There are two types of fundamental cross sections. If 900 7100 91-1, T11s Toy100 T1-1;-11

rni=m1 and mézmziin Eq. (3), then.here the cross section R 0001 1), IM(00p1 1)- 9)
is termed a conventional cross section. We will denote these ’ ’
cross sections by)-mlmz. Conventional cross sections have  \We now show how the signals that are actually meas-
real positive values. For instanaey, ,, is the cross section ured in the laboratory can be expressed in terms of the fun-
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Magnetic Field symmetry vector lies along the direction of laser propaga-

tion, a purem;=1 state results immediately after the laser

Ca 3P1 orbitals T pulse. We could equally well have defined the symmetry
Y4 A vector so that a puren;= —1 state resultgsee Eq(5)].

X
I As in the case of linear polarization, transformation to the
»2Z collision frame with the appropriate rotation matrices for

/ thesem;=1 states gives

Symmetry Axis y n
Precesses in the I =— (=gt 8. —Ltg, —Llg., . 25
z-y plane (B) ) [(—ooot 501172011 201-1,-11 10
. 3 . . . 1 1
FIG. 1. Schematic of the C_a(s4p P,) orbitals in the atomic — 200110~ 2 Re gp,1-1)€0S B+ (5000 5011
beam. The shape for each orbital shown here represents the angular
distribution of the electron density. The relative velocity of the +%01,1+%01,1;,11—%001—%001;10
collision v, lies along thez axis. This causes the symmetry axis of
the orbitals to precess around the direction of the magnetic field, +3 Reogo1-1)€0S B+ (3000t ot g0
which is parallel to thex axis. The angle between the symmetry 3 5 5 3
axis and thez axis is S. +501-1,-117 200+ 3001;10" 2 Re 00p;1-1) ],

11
damental cross sections listed in Ef). The experiment is 4
performed with a combination of linearly polarized laser ex-where the subscriftrefers to circularly polarized excitation.
citation and magnetic-field precession techniques. Fluoresthus the energy pooling signals are a functior@Gadnd the
cence is detected from either the final state or the initiallffundamental cross sections; for both the linear and circular
populated state. If we excite Ca from the growsstate to a  polarization cases, the form is
p state with a linearly polarized laser, a pure=0 excited
state is produced if the polarization is parallel to the quanti- I(B)=a cog2p)+b cog4p)+c. 12
zation axis(Fig. ). We define the symmetry axis of the

orbital to be the quantization axis that, at any instant, gives dircular cases and are distinguished below by a subsdopt

pure m;=0 state. Immediately after the excitation IaserIinear andc for circular. In this experiment, a pulsed laser
pulse, the symmetry axis and the laser polarization point in : P rap

the same direction, but at later times the applied magneti)é\”th linear polarization prepares an orbital wigh=0° and

field causes the symmetry axis to precess. To express tk?érCUIar polarization prepares an orbital wi=90°. The

energy pooling cross section for this orbital in terms of theorb'tals then precess in an applied magnetic field that is di-

fundamental cross sections we transform from the frame oli‘eCted perpendicular to the symmetry axis. Since the angle

o : .. Dby which the orbital precessgsis directly proportional to
guantization along the symmetry axis back to the collision, . .
This is done by applying the appropriate rotation operator t&he time after the laser pulseEq. (12) can be rewritten
the density matrix of the purs; =0 state. If the angle be- _
tween the symmetry axis and ]the relative velocity vector of I(t)=a cog 2(wt+ Bg)]+b cog4(wt+ Bo)]+c, .
the collision is defined to b, the new density matrix is a
function of 8. All of the atoms in this experiment are excited wherew is the precession frequency
with the same laser, so each collision involves two atoms
with the same orbital alignment. Upon inserting the density w=uggBl#. (14
matrix for both atoms into Eq2) an expression is obtained
for the total cross section or signal intensity for energy pool-Here B is the magnetic-field strengthg is the Bohr mag-
ing in terms of the fundamental cross sections as a functiofeton, andy is the Landeg factor, 3 for the Ca(%4p °P,)

;he constants, b, and ¢ are different for the linear and

of excited state studied in this experiment. Thus the energy
pooling cross section or signal oscillates in time, with the
n amplitude of the oscillations given by the coefficieatsb,
1(B)= 3 [(4o0go—2011—201-1—2071-1.-11)COS B and c of Eq. (12), which depend on the fundamental cross

sections listed in Eq(9). Note that once an energy pooling
+(0’00+%0'11—|—%0‘1714—%0’171;711—20'01—20'01;10 process has occurred in this e>_<pe_riment, the product state
radiatively decays with a mean lifetime of 4 ns. Thus, com-

+2 Reogg,1-1)C08 P+ (30got+ Fo11t+ 5001 pared with the magnetic precession period of A8 used
here, the fluorescence is observed instantaneously after the
+301-1.-11+ 2001+ 200110~ 2 Re 0g0,1-1) ], collision. y
(10 In this experiment, we do not measure the absolute values

of a, by, ¢, a., be, andc.. Rather, their relative values
where the subscrigtrefers to the linearly polarized excita- are obtained, which are defined below and denoted with
tion andn is a normalization constant that relates the crosgprimes:
sections to the actual signal intensity.
We can also excite the orbital with circularly polarized a/=a /c;, b/=b//c,, a.=a./c., b.=b./c..
light instead of linearly polarized light. In this case, if the (15
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We can also measure the ratio of intensities of the linear and %
circular polarization cases. This gives one more measured |d(t)=j0 vog(v)g(v,t)du, (20
parameter, the ratio of the linear to circular signalsgat
=90°:
where the density of colliding pairs with relative velocities
1,(B=90° —a+b+c betweerw andv +dv at timet, g(v), is given by

"T1.(B=90° —a.tb.tc. (16)

We can now solve Eqg10) and (11) for the fundamental g(v)= JO vh(v,u,t)f(u)f(u+wv)du, (21)
cross sections, listed in E), in terms of the parameters in
Egs. (15 and(16). The measured quantities are not all lin-

early independent. In order for a solution to exist the relationvhere f(u) is the velocity distribution in the beam and
h(v,u,t) is described below. IM is the mass of a Ca atom,

b, =4rab (17) T is the temperature of the nozzle that produces the effusive
atomic beam, andét is the Boltzmann constant then
is required, where

—al+bl+1 f(u)=—4 (—M )uzeMUZ’ZKT. (22)
_— 18

a=

We takeb to be the average of the measured valuel/of 1N€ functionh(v,u,t) in Eq. (21) depends on the geometry
andb//4r & and obtain of the experiment. If we were able to observe all collisions in

the beam and the initially excited region has lengih the
beam direction, them(v,u,t) is (s—vt) (v —s/t), where
6(x) is a step function. However, only collisions in a small
region of the beam are detected. This introduces an addi-
Reogy1-1=—raa,+5rab+ra, tional factor. If the atoms are observed only until they have

moved a distancedown stream from the center of the exci-
(19) tation region then

o1t Oo1.10= —raac,—Trab+ra,

Oo0— a|/ +4r ab+ 1,

oy =reatrab+re, ( s=ot U<I_S/2
' t
ot =— '_2al + —ra+2. S | —s/2 [ +s/2
T1-1-ut o1y = Tradcm 28t Trab-rat2 h(v,u,t)=4 (s—vt)— E+ut—|), —<u<—
The normalization constamtin Eqgs.(10) and(11) has been
o . o o | +s/2
arbitrarily set so that the signal with linear polarization when 0, u> _
averaged ovep is equal to 1. Notice that one can get the \ t
SumsUl_1+ 0'1_1;_11 and 0'01+ 0'01;10, but not a." four pa— (23)
rameters individually. Also, Inifyy.;—,) does not appear at
all. The geometry of this experiment can be reasonably well

The fundamental cross sections may also be a function ghodeled by takings to be 3 mm(the width of the laser
the initial kinetic energy of the collision. The results ob- beam) and | to be 7.5 mm. In reality, this is not perfect
tained in this experiment, which is carried out in a singlebecause the laser beam may have brightness variations across
effusive atomic beam, represent the derived fundamentals width and the observation region does not have a per-
cross sections averaged over an energy distribution. Immedfectly abrupt cutoff.
ately after the laser pulse, the energy distribution of the col- The result is that the signal at any particular time is pro-
lisions is equal to the relative kinetic-energy distribution portional to the weighted average @{v) and the mean and
within the atomic beam. However, as time progresses, highwidth of the weighting distribution decrease with time. tAt
energy collisions become less and less likely. This is because 0 this distribution is just the velocity distribution of the
only a finite volume of atoms is excited. At late times mostbeam, with a mean of 750 m/s and a full width at half maxi-
of the fast moving atoms in the excitation region will have mum (FWHM) of 800 m/s. At later times, this distribution
passed most of the slow moving atoms, so there is littlecan be estimated from EO). At t=8 us the mean falls to
possibility of further collisions that involve a high relative about 190 m/s and the FWHM is 210 m/s.
velocity. This experiment cannot determine the precise en- This variation in the energy distribution is much slower
ergy dependence of the cross sections, but, as will be seen ihan the oscillations due to the precession of the atoms given
Sec. IV, it is possible to quantitatively estimate how the ve-by Eq.(12), which have a period of about Ogs. Thus we
locity distribution and the cross sections vary with time. Thecan fit the cross section expression to each individual preces-
signal that is observed at a particular alignmerts a func-  sion period. The slow variation of these fit parameters over
tion of time is then related to the cross section as a functiotime gives an indication of the dependence of the fundamen-
of velocity by tal cross sections as a function of velocity.
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FIG. 2. Energy-level diagram showing the relevant Ca energy Polarization 1]
levels for this experiment. The dye laser, tuned to 657 nm, excites Optics o
Ca in an atomic beam from the ground state to the G4p4°P,) ul -

level. We observe both the fluorescence from this initial state to the
ground state and the 423-nm fluorescence from the €a(4P,)
energy level, which is populated by energy pooling collisions be-
tween two excited-state Ca atoms, shown by the dotted lines. E
ergy poollng to this 44p 1P, final state is exothermic smce it lies
6768 cm! below the total energy of the two initials4p 3P,
states.

FIG. 3. Schematic of the experimental apparatus. Ground-state
Ca atoms in an atomic beam are excited to the 64p4°P,) state
MWith a pulsed Nd:YAG-pumped dye laser. The polarization of the
laser is controlled by various optical components. The laser beam
then passes through a 3-mm slit before entering the light baffles on
the chamber.

IIil. EXPERIMENTAL SETUP cited atoms can result in energy pooling to the4g P,

t state. Fluorescence is detected from the initish @ 3P,
state at 657 nm and the finals4p 1P, state at 423 nm.
Since the 44p P, state lies 6768 cmt below the total en-

In this experiment the effects of initial orbital alignmen
are studied for the process

Ca4s4p 3P,)+Ca4s4p 3Py) ergy of the two iniFiaI 4;4p 3p, states, the excess energy is
transformed into kinetic energy. Energy pooling to either the
—Ca(4s4p 1P;)+Ca(4s?). 4s5s 1S, or the 4s5s 3S; levels can also occur, although

these processes are slightly endothermic. The possibility of

A pulsed dye laser excites ground-state Ca atoms into thenergy pooling to the gbs S, state is particularly signifi-
initial 4s4p 3P, states in a single atomic beam. The align-cant since any atoms in thes3s S, state will decay by
ment of the initial states immediately after the laser pulse i®mission through thesttp 1P, state and thus contribute to
controlled by the polarization of this laser and the directionthe 423-nm fluorescence signal. However, withimu2 after
of the relative velocity vector is defined by the atomic beanthe laser pulse all of the potential collisions in the observa-
axis. A magnetic field imposed by a set of Helmholtz coilstion zone with sufficient relative kinetic energy to reach this
causes the initial-state orbitals to precess with a well-defineds5s 'S, state will have occurred. Thus the measurement of
period so that different alignments at different time delaysthe 423-nm fluorescence is delayed to eliminate this possible
after the laser pulse are sampled. Fluorescence is detectederference.
from the final 44p 1P, state produced by energy pooling.  The apparatus used for this experiment is shown in Fig. 3.
Compared to the precession period of the initial states, about Nd:YAG (where YAG denotes yttrium aluminum garpet
0.8 us, the lifetime of the final state is very short, about 4 ns.pumped pulsed dye laser is tuned to 657 nm and has a fre-
Thus, by measuring the amount of final-state fluorescence agiency resolution of 0.05cm. This laser excites the
a function of time, the energy pooling cross section isground-state Ca atoms in the atomic beam to the
mapped versus the rotation of the orbitals. By using bottCa(4s4p 3P,) state. The laser pulse has a full width half
linear and circular laser polarization and carefully choosingnaximum of 5 ns and a 10-Hz repetition rate. The pulse
the magnetic precession direction, most of the fundamentanergies are typically 1—2 mJ/éniThis energy is sufficient
cross sections can be extracted. Since the highest relatite nearly saturate the transition from the ground state to the
velocity collisions only occur at the earliest times, the4s4p 3P, state. Before this beam enters the chamber, it is
change in the cross-section parameters over several precesanipulated by one or more polarization optics. The exact
sion periods permits the approximate collision energy depersetup of these optics depends on the polarization needed. If
dence of these parameters to be obtained. linear, vertical polarization is needed; the light, which is al-

The relevant Ca energy levels for this experiment areeady polarized mostly in the vertical direction, is simply
shown in Fig. 2. The dye laser, tuned to 657 nm, excites Cpassed through a Glan-Taylor prism to clean up the polariza-
in an atomic beam from the ground state to thetion. If horizontal polarization is required, the laser first
Ca(4s4p 3P,) level. Collisions between two of these ex- passes through a double Fresnel rhomb to rotate the polar-
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length of 3.5 cm and a diameter of 5.0 cm. It is placed so that
PMT the center of the collision region is 2 cm below the plano
face of the lens. This gives a region approximately 1 cm in
diameter that is imaged onto the photomultiplier. To keep Ca
Helmholtz Coils from depositing on the surface of the lens a shield is placed
around it as shown. An interference filter is placed in front of
the photomultiplier tub€PMT) to select either the 423-nm
fluorescence from the final state or the 657-nm fluorescence
,z, v, from the initial state. The transmission peak of the filter for
Loymmety Ass the 423-nm line is centered at 420 nm and for the 657-nm
Precessssinzy piane line the filter is centered at 660 nm. Both interference filters
have a FWHM transmission of 10 nm.
Also shown in Fig. 4 are the three orthogonal sets of
Helmholtz coils used to control the magnetic field in the
FIG. 4. Closeup view of the interaction region. The effusive interaction region. In all of the experiments described in this
source for the Ca beam is an oven held at a temperature of 975 Kaper, the magnetic precession field points along eithex the
An aspheric lens focuses the Ca fluorescence onto the cathode ofoa thez axis. Each coil has a diameter of about 25 cm and a
PMT. No skimmer is used for the Ca beam, but a shield is placegeparation of 12 cm. Each coil has seven windings, so that a
around the front of the lens to keep Ca from depositing on thecyrrent of abotil A in each pair produces a magnetic field of
surface of the lens. An interference filter is placed in front of theg 2 G, which causes the initial state orbitals to precess at
PMT to select either the 423-nm fluorescence from the final state Oapproximately 1 MHz. The current in these coils is set by

the 657-nm fluorescence from the initial state. Three orthogonal setgst nulling out the background field. This is done by adjust-

of Helmholtz coils are placed around the interaction region t0 conynq the current in the coils until the modulation in the initial-
trol the magnetic field. In all of the experiments described in this

e . : X state fluorescence due to precession has a period greater than
paper, the magnetic field points along either xhar thez axis. The 20 us (the longest precession rate that we can observe
z axis is defined to lie in the direction of the Ca beam propagationadditional current is then added for subtracted fromthe
thex axis points from the collision region to the lens, and ytexis

is parallel to the laser-beam propagation pointing into the page. gf%ggg}tﬁscon to direct the magnetic field along eithenthe

ization before passing through the Glan-Taylor prism. If cir- The 4s4p 3P, state has a long lifetime, several hundred
cular polarization is needed, the laser runs through a Glamicroseconds. However, its effective lifetime in this experi-
Taylor prism and then g-wave plate. Finally, just before ment is much shorter, on the order of 8. This is due to
entering the chamber, the laser light passes through a verticalo considerations. First, as described by &§) of Sec. I,
slit with a width of 3 mm to produce a well-defined excita- the volume containing the excited-state atoms expands after
tion zone perpendicular to the direction of the Ca beam. the laser pulsésince the atoms have a wide range of veloci-
Figure 4 shows a closeup of the interaction region. Thdies in the effusive beamthus lowering the excited-state
effusive source for the Ca beam is an oven at 975 K. Thalensity and therefore the excited-state—excited-state collision
nozzle, which haa 1 mmx 2 mm (horizonta) opening, is  probability significantly on a time scale of abous. Sec-
heated to a slightly higher temperature, 1020 K, to minimizeond, most of the atoms will have moved out of the region
clogging. At this temperature, the average collision velocityimaged by the lens after 10—26s.
within the beam is 800 m/s. The Ca density in the collision In order to confirm that the observed final-state fluores-
region, which is 6 cm from the nozzle, is at most 8 cence is emitted only at 423 nm, the lens and interference
% 10'° atoms/cm (much of the time it is lower than this, filter optical system was replaced with an optical fiber that
since Ca tends to partially clog the nozzl&€he background transmits the fluorescence to a monochromator. As the
pressure in the main vacuum chamber is typically 3monochromator is scanned, the fluorescence shows up as a
X10°° Pa (2<10 7 Torr) while the oven is operating. peak centered at about 420 nm. The slits on the monochro-
Even if the summed cross section for all possible statenator were set as wide open as possible, 6 mm, in order to
changing collisions is taken to be very large, 10§ Ahe  observe the weak 423-nm fluorescence. This gives a band-
probability for collision between any two atonfexcited or ~ width for the monochromator of 24 nm. However, the Ca is
unexcited is 0.001 over the time duratioflO us) of this  only excited to its lowest-energy levels, so there should be
experiment. Thus single-collision conditions are obeyed. no nearby emissions. The only other strong fluorescence ob-
The coordinate system used in our analysis is also showserved with the monochromator is the 657-nm emission from
in Fig. 4. Thez direction is defined to lie along the direction the laser-prepared Cag4p 3P,), which decays to the
of the Ca beam propagation, which is also the direction ofground state. The possibility of fluorescence near 612 nm
the average relative velocity vector. TReaxis points from from the 4s5s 3S,—4s4p 3P, transition was investigated
the collision region to the lens. The applied magnetic fieldbut not observed. This would indicate energy pooling to the
points along this axis. Theaxis is parallel to the laser-beam 4s5s 3S, state. Also, we did not look in the infrared for the
propagation and points out of the page in Fig. 4. 1.03-um emission from the €5s 1S,— 4s4p P, transition,
The region from which the fluorescence can be collectedvhich would be indicative that thesds 1S, state is popu-
is bounded in the direction by the height of the laser beam, lated by energy pooling.
usually about 8 mm, and in the plane by the area imaged The signal strength observed from the final state ranges
by the lens. This aspheric lens, shown in Fig. 4, has a focdfom one photon every 5 or 10 ns down to slightly more than

——— Interference Filter

X, Magnetic Field Direction

Laser beam
info the page

+Laser Beam Direction
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one photon every Jus. For fluorescence intensities at the 1.0
high end of this range, the output of the PMT’s preamplifier ) (Q) x. Dglecter
is taken directly into a 125-MHz digital oscilloscope. The 5087 B
digital oscilloscope was also used to record the initial-state < Vg
fluorescence. For lower strength final-state signals, the PMT § o8 1
is used in pulse counting mode and the data are recorded gl
with a multichannel scaler with a bin width of 5 ns. Each g
final-state data set represents an averageplies coadded 2 02]
and each initial-state data set represents an average of several 2
thousand laser pulses. 0.0 : : : .
Before analyzing the data, the background is subtracted. 0 2 4 6 8 10
When the oscilloscope is used, this background is deter- Time (s)
mined by averaging the voltage over a period gfd taken 10
before the laser pulse. When the multichannel scaler is used, 5 (b) x, Detector
the average signal between 30 andu&0Oafter the laser pulse 508 ez
is used for the background. This is when all of the energy g v 2V
pooling signal has died away. Between 0 and @s8after the % 06
laser pulse, there is some additional background due to scat- s
tered laser light and electrical noise. In some of the figures g 041
presented, the data are plotted with this background sub- g
tracted off as well. However, when the alignment parameters § %271
are extracted, the data taken between 0 angs lafter the = 00
laser pulse are not used. 0 ) . s . 0 12
Time (us)
IV. EXPERIMENTAL RESULTS FIG. 5. Typical fluorescence signals from the initiad4p 3P,

Th fi . b iV ob di thstate plotted as a function of time, showing the magnetic precession
€ magnetic pr(_ac_e_ssmn C".’m € e§13| y ODServed In g e initially excited state(a) The magnetic field is directed along
fluorescence of the initially exciteds4p °P, state. For ex-

a Y = - thex axis and the excitation laser is polarized parallel tozlzis.
ample, when linear polarization is used, no fluorescence iggcause the detector is slightly off axis and the magnetic field is not

emitted from the initial state in a direction parallel to the perfectly aligned with thez axis, some modulation is seen. The
symmetry axis, and the maximum fluorescence intensity igaser is positioned slightly upstream of the area imaged by the lens,
emitted perpendicular to the symmetry axis. If tr@lp *P; 5o the signal peaks and then drops off as the velocity of the beam
atoms precess so that the symmetry vector points first tdsrings the excited atoms past the detector The magnetic field is
wards and then away from the detector, a modulation is seetiirected along the axis and the excitation laser is polarized paral-
in the observed #4p 3P,;—4s? 1S, fluorescence. This is lel to thex axis. Because the fluorescence is emitted anisotropically
illustrated in Figs. &) and 3b), where the 657-nm fluores- as the 44p 3P, state decays to the ground state and the atoms are
cence intensity as a function of time is plotted. In Figa)5 precessing around an axis perpendicular to the direction from the
the excitation laser is linearly polarized parallel to thaxis excited atoms to the detector, large modulations are seen in the
and the magnetic field is directed along tkeaxis. Little ~ observed final-state fluorescence.

modulation is seen because as the orbital precesses, the sym-

metry vector remains perpendicular to thexis. The small  In both cases, the magnetic field points in thalirection;
amount of modulation that is present is due to the fact thaperpendicular to both the beam axis and the symmetry vector
neither the magnetic field nor the detector is perfectlyof the orbital. The geometry of the linear case is the same as
aligned along the axis. In Fig. §b), on the other hand, the the initial-state signal shown in Fig(&. The reason large
excitation laser is polarized parallel to tikreaxis and the modulations are seen in the final state and not in the initial
magnetic field is directed along theaxis. The symmetry state is that in Fig. @ the energy pooling cross section
vector now rotates from pointing toward the detector to perdepends on the angle between the symmetry vector ard the
pendicular to it, resulting in a large modulation in the ob-axis instead of the angle between the symmetry vector and
served signal. The reason for the long-term rise and fall ishe x axis. The fluorescence intensity is expressed here in
that the laser is positioned slightly upstream of the observaarbitrary units and the signal will be normalized later, when
tion region. The velocity of the beam brings the excited at-the long-term rise and fall is quantified relative to the modu-
oms directly in front of and then past the detector. lations due to the precession.

The effects of this precession are also seen in the modu- As shown in Fig. 6a), the final-state signal from the lin-
lated final-state signal since the energy pooling cross sectiogarly polarized case is much larger than the circularly polar-
depends on the orbital alignmefats predicted by Eq13)].  ized case. In order to accurately measure this, the magnetic
Here both fourfold and twofold contributions to the signal field was directed along theaxis and the laser was linearly
occur. This modulation, with a period of 0 is shown in  polarized in thex direction. A 3-wave plate was placed in
Fig. 6(a) for both linear and circular polarization, where the front of the polarizer. Ten sets of 1000 laser pulses each were
423-nm fluorescence intensity is plotted as a function ofalternately recorded, either with the axis of thevave plate
time. In the linear case the laser is polarized parallel tazthe aligned with thex axis, leaving the light linearly polarized
axis and in the circular case it is polarized aroundyttexis.  along thex axis, or with the axis of thg-wave plate rotated
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In the case of linear polarization, the cross section is
greatest wheg=0, i.e., when them;=0 substrate is popu-

. 2 lated. At3=90° a superposition of they; =1 and—1 states
v G Unear are populated. In the case of circular polarization it is great-
est whenB=90°. Here a superposition of all three magnetic
substates is populated. The minimum for circular polariza-
tion occurs atB=0 when only them;=1 (or only m;=
—1) states are populated. Note that for the case of linear

(@

x, Detector
B

o
@

o
[}

o
'S

Circular Linear

o
N

Fluorescence Intensity (Arb. Units)

0.0 ; ‘ ; ; ‘ polarization, the laser polarization is parallel to thaxis, so
0 2 4 6 8 0 12 that Bo=0. For the case of circular polarizatiofig=90°.
Time (us) In the linear case, the modulation has an amplitude of
1 © X Detector nearly 20% of the mean signal strength and is obviously not
Linear a simple cosine curve. As shown below, a cgd(&rm plus
08 Pol. e a smaller cos(8) term fits this shape very well. The oscilla-

y, Cir&. A . h .
Pol. tions in the circular case are a much larger fraction of the

z

5

£

<

2 06 total signal. Here the minimum signal is 60% smaller than

E o4l . the maximum. A small cosf3) term is also needed to accu-

5 Linear rately fit this curve. Before this fitting procedure is described,

§ 021 several details are considered.

£ There is the possibility that the final state may be aligned
0 ; ; ; ; ; relative to the initial state. If this were the case, some of the

0 2 4 6 8 10 12 modulation in the final-state signal of Figie may be due to
Time (ps)

the anisotropic emission of fluorescence from the final state.
FIG. 6. Typical fluorescence signals from the finaidg 1P, It is possible to show, however, that this is not the case here.

state excited with linear polarization plotted as a function of time.Consider the final g4p 'Py state in terms of the chemical
() For the upper curve, the initial state is excited with linearly asis ofpy, py, andp, states. The PMT is located in the
polarized light, while in the lower curve it is excited with circularly direction from the interaction region; it detects fluorescence
polarized light. The magnetic field is directed in tkedirection, ~ equally well from thep, andp, states, but collects little light
perpendicular to both the beam axis and the symmetry vector of thfom the p, state. Figure @) shows final-state fluorescence
orbital. The modulation (t)=a cos(28)+b cos(43)+c, where 3 data similar to that in Fig. &), except now the magnetic
= wt+ By, is clearly visible in both curves on top of a much slower field is directed along the axis. In the case of linear polar-
amplitude change in the signal. For the case of linear polarizatioization the laser is now polarized along tkexis, while in

the signal is greatest whef=0, while for the case of circular the case of circular polarization the laser is again polarized
polarization it is greatest whefi=90°. Note that in the linear case around they axis. In this geometry the orbitals precess about
the laser polarization is parallel to tlzeaxis, so for this curves, thez axis always keepingg=90°. Any azimuthal anisotropy
=0. However, for the circular cas@,=90° since the laser always in the final-state fluorescence around thexis should be
propagates in thg direction. (b) Data similar to the data if&),  yjsjple as oscillations in the signal. However, no large oscil-
except now the magnetic field is directed along thaxis. In the lations are seen. The small oscillations in Fi@)Gare most

case of linear polarization, the laser is polarized alongxttais, likely a result of misalignments in the magnetic field with
while in the case of circular polarization, the laser is again propa- ; g

. : ) ) . r he axis. Th illations represent an r
gating along the axis. This results irB=90° at all times for both espect to the axis ese oscillations represent an uppe

: . o L limit for the difference in thep, and p, final-state popula-
the linear and circular polarization cases, so there is little modula:. . . y .
tion in the signal. The small modulation that is present is probably}'on.s' The "’.‘mp"t“de relative 1o the _total S|gna[s fqr ihese
due to a misalignment in the direction of the magnetic field with oscillations is Iesg than 0.01 for the linear polarization case
respect to the beam axis. These modulations represent an uppaifd 0-05 for the circular case. The mean free path of photons
limit on the anisotropy in the emission of final-state fluorescencefMitted at the 423-nm resonance, given the calcium density
around thez axis. in this experiment, is 5 cm, indicating that photon scattering,

which would obscure any anisotropies in the fluorescence,

45° to thex axis, producing circularly polarized light. In this should also have a minimal effect.
geometry, the orbitals precess around thexis, always Although we have shown that there is a negligible differ-
maintaining3=90°. Thus we find that the ratio of the cir- ence in thep, and p, final-state populations, there may
cular to linear cross section #t=90°, r, is 0.36-0.01 near still be a difference in thep, and p, populations. Thus the
t=0. The linear and circular data shown in Figapwere ratio of undetected to detected fluorescensé(py+p,)
taken on different days and rescaled for this figure to apcould change. Further work indicates that this effect is small
proximately reflect the actual value of [25].

The slow rise and fall in Fig. @) is in part due to the Although most of the fluorescence at 423 nm is a result
motion of the excited atoms past the detector, as in thef the energy pooling process sdp 3P,+4s4p 3P,
initial-state signals of Fig. 5. However, there is an additional—4s? 'Sy+4s4p Py, it is possible that the gip P,
contribution to the long-term decay in the final-state signalistate could also be populated by an additional path of energy
due to the decrease in frequency of the higher-velocity colpooling to the 45s 'S, state, followed by its decay to
lisions, as described previously. The decay in Fig. 6 is visthe 4s4p 1p, state. However, this process,s4p P,
ibly faster than the decay in Fig. 5. +4s4p 3P, —4s? 1S,+4s5s 1Sy, is endothermic by
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2900 cm* and thus will occur only for collisions with suf-
ficient energy, in the tail of the beam velocity distribution.
The minimum relative velocity required is 1300 m/s. For the
data shown in Fig. 6, the width of the laser beam in the
direction is 3 mm. This means that most of the collisions
with a relative velocity of at least 1300 m/s occur within the
first microsecond after the laser pulse and none of these col-
lisions occur at all after 2.3s. The lifetime of the 45s 1S,
state is about 50 6], so any cascade fluorescence will be
observed immediately after the collision occurs. Since there : :
is no abrupt increase in fluorescence in the first several mi- Time (us)
croseconds after the laser pulse and the alignment effect does
not change abruptly at these early times, we conclude that
any signal from cascade fluorescence from thessA'S,

level is not observable in this experiment. It may, at first,
seem surprising that energy pooling to the4g 1P, level,
which is exothermic by 6800 cnt, occurs and energy pool-

ing to the 45s 1S, level, which is endothermic by only
2900 cm'%, does not happen. However, experiments with Sr 08t

(which is very similar to Cahave shown that the rate con- 0s 1 \ b M L M v “
stant for energy pooling from the S§5p 3P,) state to the

Sr(5s6s 1Sy) level at 700 K is only 1% of the rate constant o4 | : : :
to the Sr(55p 1P,) level [17]. Although these rate con- Time (us)
stants are for a slightly lower temperature than our experi- o ] ) ]
ment was carried out at, this is more than made up for by the FIG- 7. Datain Fig. &) displayed with the long-term rise and

fact that the 2900 citt energy defect for energy pooling to fall normalized out. This is done by dividing each point in Figp)6
the Ca(45s 180) level is almost twice that for the corre- by a running average equal to one oscillation period. Each signal is
sponding process in Sr now normalized so that the mean signal value is one. The param-

I . . etersa/ , b/, a,, andb; are simply the amplitudes of the cog)2
The 2-MHz oscillations in the final s4p P, state fluo- PP c o
. . . d ts of h this f .
rescence of Fig. @) therefore represent the modulations in and cos(#) components of each curve in this figure
the energy pooling cross section due to the magnetic preces- oo ! . : )
sion. In order to quantitatively describe this modulation, weSignal ai3=90° [defined in Eq(16) of Sec. Il is also given

must also quantify the long-term rise and decay. This is don£€re, averaged over the same times as the other parameters.
by dividing each point in Fig. @) by a running average The velocity distribution of the colliding atoms has a mean
taken over one periodin B) around that point. The result is of 780 m/s and a FWHM of 810 m/s at the start of this time

shown in Fig. 7 for both the linear and circular cageste

the ordinate scalgésThe data are now normalized so that
each signal has a value of 1 when the oscillations are aver-
aged out. This means that the parame#grs b, , a,, and

b, , which are the relative amplitudes of the oscillations with
respect to the mean sigriaefined in Eq(15) of Sec. Il], are
simply the amplitudes of the cogg# and cos(B) terms in

Fig. 7. In order to show that the data do fit this form, the
average signal for one full precession period and the corre-

-
o

Linear Polarization
Normalized Fluorescence Intensity

o

4 -

0.8

Circular Polarization
Normalized Fluorescence intensity

Linear

s =
[ 160 270 360

sponding fit is plotted in Fig. 8. However, since the fit pa- B (degrees)
rameters do change over time, the fit parameters obtained

directly from Fig. 8 do not have a straightforward interpre- Circular

tation. v '

Instead, we first restrict our attention to the first several
microseconds after the laser pulse. Recall {bgtEq. (20)]
the signal at late times represents only low-velocity colli-
sions, while at early times the data more properly represent o
the cross sections averaged over the thermal velocity distri-
bution of the beam. In addition, small fluctuations in the
magnetic field due to nearby electrical equipment tend to
smear out the alignment effect at later times. The first col- FIG. 8. Data from Fig. 7 have been divided into sections, each
umn of Table | gives the fitted values of the parametgrs  gne full precession period long, and all of the sections are averaged
b/, a;, andb; averaged over the first five oscillations in together. This average precession period sigdats along with
Fig. 6. The parametar, which is the ratio of the circularly the fit to the forma cos(28)+b cos(48)+1 (solid line) is plotted for
polarized final-state signal to the linearly polarized final-stateboth the linear and circular cases. The data fit this form very well.

Normalized
Signal

3 180 - 790
B (degrees)
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TABLE I. Values of the parametews , b, a/, b¢, andr. The dominant cross sections argy, o1-1+07-1.-11, and
: Reogy.1-1. The cross sectiongr;; and og+ 0.0 are
Relative value for small. This is why the energy pooling signal decreases so
initial velocity much when circular polarization is used. Whgr=0° with
Parameter distributiorf Trend circular polarization, both colliding atoms are in thg=1
al 0.096'0.9% +0.6-0.1 state. The observed cross section is proportionat;tg the
b’ 0.043 0008 11,0403 smallest of all the cross sections. When circular polarization
, _ S0 _ is used ang3=90°, the atoms are in a superposition of all
al 0.53" 993 0.16+0.04 tic sublevels and the ob d sianal i
b’ 0.071° 0913 40.4+0.2 magnetic sublevels and the observed signal is
' 2.18+0.07 —0.2020.05 1(90°) > goryy+ o0t §(01- 1+ 01 1,-10)
&The average values from the data between 1 andu®.7During +3(op+ 001;10)+% Re 0g01-1- (24)

this time period the values of the parameters are fairly constant. The

Velocity distribution of the C0”|d|ng atoms has a mean of 780 m/Sln th|S case the System |S |n a Superpos|t|0n Of states that
of 600 m/s and a FWHM of 680 m/s at the end. Reogo.1-1 is Negative makes the signal with circular polar-
®The fractional change between the values in the first column angration lower than the signal with linear polarization. For
the values at 7.%s, when the velocity distribution has a mean of example, the signal 8= 45° with linear polarization is pro-

{)he(eri(;?]dand a mean of 600 m/s and a FWHM of 680 m/s at 1/(45°) s o1+ 000+ 3(01 1+ 01 1. 11)
When the parameters are calculated as a function of time, +3(001t 001,107 Reop1-1. (29

the effects of the velocity dependence of the parameters and ) o
the smearing out due to nonuniform magnetic fields cause&his is the same as E¢23), except the signal is increased
the values to shift by less than 10% over the time period opecause the value of Rey;,-1 is negative. _
the first several microseconds. In addition to this uncertainty, Finally, the behavior of the alignment effect as a function
there is an uncertainty due to statistical noise. The statisticf time can be considered. Notice, in Fig. 7, that the ampli-
error is about 4% fom, , 6% forb;, 1% fora., and 10% for ~ tude of the oscillation for the linear polarization case in-
b.. Finally, there is error because the magnetic field and th&réases slightly over time. This is due to the velocity depen-
laser polarizations may not be exactly perpendicular to thélence of the cross sections. The signal at later times
atomic beam axis. There is an uncertainty:df0° for align- ~ corresponds to lower-energy collisions. This effect is even
ment of the magnetic field anti5° for the alignment of the larger than seen in Fig. 7. The magnetic fields in the inter-
laser polarization. The effect of these misalignments is tdction region fluctuate slightly, causing the average orbital
make the measured values lower than the actual values. TI@gnment to smear out at late times. These fluctuations are
values given in this paper underestimate the true valugs of caused by nearby electrical equipment, primarily the large
andb, by up to 10%,a, by up to 5%, anda. by up to 4%. roughlng pump attached to the vacuum chamber and have an
The fundamental cross sections can now be calculate@MPplitude on the order of 0.01 G and a frequency on the

with Eqg. (19). They are given in the first column of Table 1. order of 100 Hz. The exact amount of smearing is quantified
from the oscillation data for the initial-state fluorescence.

TABLE II. Values of the fundamental cross sections calculatedThe amplitude of the initial-state oscillations decreases lin-

using Eq.(19). early in time at a rate of 0.0310.005 times the initial am-
plitude per microsecond. These initial-state oscillations have
Relative value for a period of B, so the observed values of tleg¢ and a
Fundamental initial velocity final-state fit parameters will decreageith respect to their
cross section distributiorf Trend true value$ due to dephasing at the same rate. Tigepa-
0o 114002 +0.090 rametersh, andb/ will decrease at twice this rate. The pa-

rameterr is not affected by the dephasing. The magnetic

o 0.11°592 0+0.1 . .
005 field must fluctuate by 3% of its total value or by about 0.006
0'1,1+ O1-1:—-11 1.80_009 —0.03£0.01 . .
N ' 0.247002 0+0.08 G to cause this dephasing.
JouT 901,10 o0 - Instead of averaging over several oscillations in Fig. 7,
Re((foo;]_,l) _0.61._0:02 +0.20

each oscillation is fit individually to determine the param-

a/alues calculated from column 2 in Table I. These are the averagBtersa; , by, a;, andb; as a function of time. As an illus-
values when the velocity distribution of the colliding atoms rangestrative example, Fig. 9 shows the valuesapfup to a time of

from a mean of 780 m/s and a FWHM of 810 m/s to a mean of 6008 uS. Plotted here are the values both before and after cor-
m/s and a FWHM of 680 m/s. These values are normalized tdecting for the dephasing due to magnetic-field fluctuations.
$(B0ot 2ot 2o 1+ 3001 1+ 200+ 200110 In both cases, the values clearly increase with increasing
—2Reog1-1)=1. time. Because of the dephasing and because the time scale
PRelative change in the cross sections as the velocity distributiogannot be precisely related to velocity, we cannot give an
goes from that of column 2 to a mean of 190 m/s and a FWHM ofexact form for the velocity dependence of this parameter. We
210 m/s. can state thag/ increases by a factor of 125.2 as the
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0.16 : : . late polarization effects in collisions, such as in Ngjf3
; +Na(3p) associative ionizatioh21,28,29. In this approxi-
mation the atoms are treated as noninteracting when they are
separated by greater than the locking radius, and the total
angular momentum of each atgnand its projection along
013 1 the laboratory fixed axis m; are conserved. At the locking

i radius, thesej,,m;;j,,m,) states are projected on the mo-

0.15 +

0141 Corected

a;’

=1 lecular state$”>**A y,) andS, A, and parity are taken to be
0111 the conserved quantities inside the locking radius.
Uncorrected : As a first crude step, this approximation can be applied to
01T the Ca(&4p 3P,)+ Ca(4s4p °P;) collision. Decomposing
0.09 : , , , ! the|j,m;) states intdl=1m,s=1m,) states,
0 2 4 6 8 10
Time (ps)

1
li=1m=0)=" (Im=1m;=-1)

FIG. 9. For illustrative purposes, the parametgris plotted as V2
a function of time. The uncorrected curve shows the actual ampli-

tudes of the linear cos@@ component in Fig. 7. The other curve —lm=-1ms= 1), (26)
includes the dephasing correction. Both curves show a definite in-

creasing trend with time, although the trend in the corrected curve is ) 1

about twice that in the uncorrected curve. Since there is a substan- |J = l,mj = 1>: 7 (|m|= 1,ms:0>

tial uncertainty in the dephasing correction and the time axis cannot 2

be exactly related to the collision velocity, the most that can be _|m|:0,msz 1)).

concluded from these data is that the valueapfincreases by ap-
proximately 60% as the collision velocity decreases from a mean szor low impact parameter collisions\ is approximate-

800 m/s to a mean of about 190 m/s. ly the sum ofm; over both atoms and spin must still be

o ) added as a vector. For two; =0 states colliding, half of the
collision velocity decreases from a mean of 800 m/s to gyayve function ends up ifA states [m—1ms=—1) col-
mean of about 190 m/s. This, along with the trend in velocity"ding with |m = 1,m,=— 1), for examplé¢ and tshe other half
dependence for the other measured quantities, is shown i 51y states Kn,1|=slms=,— 1) colliding with |m=1,m,

the last column of Table I. The value bf , although small, =1), for example, wherés indicates a sum of botdS
almost doubles as the collision velocity drops from 800 tognq 53, states. The part of the wave function that is in the
190 m/s. The alignment effect in the circular case also in55 gstates will find it difficult to get to the final

creases with decreasing velocity. The magnitude of lgth Ca(4s4p 1P,)+ Ca(4s?) state, which must be eithéiX or
andb/ increases by about 20% over the measured velocity[T. When anm;=1 state collides with am;=—1 state,
range(the value ofa; decreases, but since it is negative thisthe same'S, states are populated, but instead of the
increases its magnitugle The trends resulting from the states,>[l states are populated. The$#81 states may have
changes in the fundamental cross sections are shown in thegreater chance of being transferred to the fialor *I1
final column of Table II. states through spin-orbit or coriolis coupling. This could ex-
plain why the cross sectioor;_1+031_1._1; iS larger than
ogo- Similarly, when anm;=0 state collides with amm;
=1 state no'Y states are populated and half the wave func-

A complete explanation of these alignment results willtion ends up in®II or >3A states, which may not be able to
require all of the relevant Ca-Ca potentials, which are not yeget to the final states. The other half of the wave function
available. However, a few comments can still be made. Thgoes to>1 and >3, states and these may also find it hard
smallest cross section igy; . If two atoms in them;=1 state to get to the 15 or I final states, explaining whyr,
collide with a relatively small impact parameter, the system+ 4.0, iS small. However, it is not immediately easy to
has a total electronic angular momentum around the internureconcile why the>IT and >33, states cannot get to the final
clear axis of(0=2. If the coriolis coupling is small{) is  state, but the>*[I states that occur in am;=1 plus anm,
approximately conserved. Thus the system will not be able te= —1 collision can. Also, this preliminary analysis cannot
transfer to the final Ca(@p P,)+Ca(4s?) state, which say anything about the values of the coherence cross sec-
must have(2 =0 or 1. Since the surr;g+ 01,0, has the next  tions.
smallest value, it is tempting to consider that ofdy=0 These remarks are meant only to be a first comment on
states are involved in the energy pooling. However, calculathe data obtained by this experiment. The sudden locking
tions for the analogous Sr system show that there is a strongpproximation must be viewed with great suspicion when
avoided crossing between thdI, potential-energy curves applied to this situation since the spin-orbit precession rate is
correlating to the Sr(&p 3P)+Sr(5s5p °P) and the actually much shorter than the collision time. There is prob-
Sr(5s5p P)+Sr(5s?) asymptotic stateq27]. There is ably ample time for the angular momentum to be altered
likely a similar situation with Ca since the properties of theseduring the transition from the region where thand m; of
two elements are very close. each atom is conserved to the region where molect&3,

The sudden locking approximation is often used to calcuand parity are conserved. Although the behavior in this re-

V. CONCLUSION
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gion is complicated, the fact that such large polarization efthis technique is only applicable to collision processes where

fects are observed indicates that important general principlehere is a long-lived initial state and a quickly decaying final

are waiting to be uncovered by a careful theoretical analysistate. In future experiments the polarization of the final-state

of this system. fluorescence will be characterized in order to determine the
In this paper we have shown that we can almost comfinal-state alignmer25]. In addition, it is possible to extract

pletely describe the magnetic sublevel dependence of thgoss sections that we were unable to measure in this experi-

Ca(4s4p °P,)+Ca(4s4p °Py)—Ca(4s4p ‘P1)+Ca(4s’)  ment using either two excitation lasers or magnetic-field gra-

energy pooling process. Very large differences in these fungients[25].

damental cross section are found, withgy, o414

+0;1-1.-11, and the interference term Rgg.;— ;) dominat-

ing the observed signal. Moreover, the energy dependence of ACKNOWLEDGMENT

these parameters is determined. This experiment also intro-
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