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Initial- and final-state alignment and orientation effects in Ca energy pooling
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An experimental investigation is performed to determine the initial- and final-state alignment effects in the
energy-pooling process Cafdip 3P,)+ Ca(4s4p 3P;)— Ca(4s4p 'P,)+ Ca(4s?). This paper represents a
type of four-vector correlation experiment, where two aligned atoms collide and the alignment of the final
excited state is observed. The initial Caf4 °P,) state polarization is controlled with polarized lasers and
magnetic fields, and the final-state alignment is partially resolved by observing the polarization of the fluores-
cence from the Ca@p 'P;)— Ca(4s?) emission. The mathematics are developed in this paper to provide a
full quantitative description of the four-vector alignment cross sections observed here. Relative values that
describe 18 of the 39 total independent parameters are obtained, thus defining the results of this collision
process at an unprecedented level of detail. The final-state Ca polarization is found to be only weakly depen-
dent on the initial-state alignment, with final-state fluorescence predominately polarized along the relative
velocity vector of the collision[S1050-29479)00510-7

PACS numbgs): 34.50.Pi, 34.50.Rk

[. INTRODUCTION obtained here and to relate them to the individual cross-
section parameters for four-vector correlations.
Laser-alignment experiments provide a powerful method As in Parkset al, the initial-state alignment is controlled

to study atomic interactions and the dynamics of collisionwith a polarized laser and weak-magnetic fields. The
processeg1-4]. In these experiments, the colliding atoms Ca(4s4p 3P,) states are excited with a pulsed dye laser. The
are prepared in an electronic state with well-defined energyolarization of this laser beam creates states with a specific
and angular momentum before the collision. This influencegjignment. After the laser pulse, the atoms precess in a weak-
the molecular states that are explored during the C°”i5i0”magnetic field, allowing different alignments to be sampled
By changing the laser polarization, different angular momeny; gifferent time delays after the laser pulse. The relative

tﬁm staltes r:an be crgate?. Tdhusr,] there is partial C‘Ijl,r:jtml_?r\]’%rnergy-pooling rates are determined by observing fluores-
the molecular states involved when two atoms collide. ence on the Ca@tp *P,)— Ca(4s? 1S,) transition. In or-

most common type of vector-correlation experiment InVOIVesder to detect the final-state alignment, a polarizer is placed

control of only two vectors, the initial relative velocity of the - . .
colliding atoms and the alignment of one of the atoms beforebetween the photodetector and the collision region. In this

the collision[5-7]. Less frequent are three-vector experi_egperiment, all of the initial states are prepgred 'in the.same
ments. Experiments performed on the extensively studieﬂ“'gr"ne_nt _by the Iqser. However, a tec_hnqu_Je |nvoIV|r_19 a
Na(3p) + Na(3p) associative ionization systef8—10] rep- magnetic-field gradient allows atoms with different align-

resent one type of a three-vector experiment, where the infnents also to collide at various times after the laser pulse. In
tial alignment of both the colliding atoms together with the order to describe quantitatively the experimental results ob-

initial relative velocity are controlled. This type of three- tained here, which contain information about a very large
vector experiment was also performed for the energy_poo”n@umber of cross sections, a mathematical framework is de-

process: veloped. The methods of Driessen and co-worKéss 16
are extended to cover the four-vector experiment described
here.
3 3
Cal4sap “Py)+Cadsap °Py) Section Il of this paper describes the experimental appa-
—Ca4s4p P;)+Ca4s? 1Sy), (1) ratus. The concept of the fundamental cross section is intro-

duced in Sec. lll to describe quantitatively the four-vector

alignment effects of this experiment. These cross sections are
in previous work by this groupl1]. This paper will be sub- used to reanalyze some of the data from Patkal, where
sequently referred to as Parks al. There are only a few the issue of possible azimuthal alignment is addressed. Also,
examples of four-vector experiments in the literature. Thes¢his mathematical framework is used to derive the form of
involve the initial and final velocity together with initial and the signal for the experiments where the final-state alignment
final alignmentg12-14. In this paper we perform a type of is detected. In Sec. IV the results of the experiments are
four-vector experiment by extending the experiments ofreported. Next, the use of a magnetic-field gradient is de-
Parkset al. Not only is the alignment of both initial states scribed in Sec. V. Finally in Sec. VI the results are summa-
with respect to the relative velocity vector of the collision rized in terms of the fundamental cross sections, and con-
controlled, but now the alignment of the final Caép P,) cluding remarks are made in Sec. VII. Appendices A and B
state is also partially resolved. In addition, the mathematicseport the derivation of the fundamental cross sections in
are developed in this paper to quantify the detailed resultseerms of the transition-matrix elements and the results of
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center is 2.45 cm, and the thickness of the coils in zhe

PMT direction is 1 cm. The upstream coil has 100 windings and
Interference Filter the downstream coil has 29 windings. These coils produce a
e L magnetic gradient directed along the collision axis, with the
derivative of the field constant to within 15% in the collision

Lens

Helmholtz Coils region. A current of either 0.15 A or 0.30 A is passed
through these two coils to produce magnetic fields with an
average strength of 3.5 G @ G and gradients of 0.75 G/cm

or 1.5 G/cm, respectively. The condenser lens used in Parks
et al. would distort the polarization of the collected fluores-
cence, so it is replaced by a 10-cm focal-length lens. A po-
larizer is placed between the collision region and the photo-
multiplier tube(PMT). A stepper motor allows the polarizer

to be rotated. An interference filter is placed in front of the
PMT to pass only the final-state fluorescence.

FIG. 1. A schematic diagram of the apparatus. The Ca beam Ill. FOUR-VECTOR CORRELATION THEORY
emerges from a small hole in an oven. A 10-cm focal-length lens
focuses the Ca fluorescence onto the PMT, and an interference filter
is placed in front the PMT to select the 423-nm fluorescence from A framework is introduced for quantitatively describing
the final state. Three orthogonal Helmholtz coils are placed arounghe alignment and orientation effects when bottg 3P1
the interaction region to control the magnetic field. In the descripnjtial states are polarized and the final-state alignment of the
tions used in this paper, tlzeaxis is defined to lie in the direction of 4s4p 1P1 state is observed. This discussion is based upon
the Ca beam propagation, thexis points from the collision region the work of Driessen and co-workef$5,16, who applied
to t_he_ lens, and thg axis is parallel to the laser-beam propagation the analysis of Alexander, Dagdigian, and DePr[4d] and
(pointing out of the page others[18,19. Originally, this is based upon the methods

_ introduced by Arthurs and Dalgarni®0]. If the energy-
how the fundamental cross sections are related to the meé'oo“ng cross section is averaged over all final-state a"gn_

sured experimental parameters, respectively. The latter exnents the results of Nienhuis can be recovef2t], al-
pression is used in Sec. Il though that analysis used slightly different methods.

The alignment effects can be described by a set of funda-
mental cross sections. In terms of these fundamental cross
sectionsg, the experimentally observed cross section can be

The apparatus has been described in detail in Petrkt ~ Wwritten
and is only outlined here. A schematic is shown in Fig. 1.

Energy-pooling collisions are studied in a single atomic, _ , , , o,

bearriJ )f/olﬁowing pulsed laser excitation. The Ca bgeam is pro- & ml,m;mz,m’ Pinymi Py Prngn T imymgm gy (2)
duced by an oven heated to 975 K. The Ca atoms emerge ! ?

from a 1-mmxX2-mm nozzle that is heated to a Sllghtly Here,ml, m,, andm3 are themJ magnetic quantum num-
higher temperature, 1020 K, to prevent clogging. Undeters of the initial states of the two colliding atoms and the
these conditions, the density in the collision region is ap<inal state of the 44p P, atom, respectively. The quantiza-
proximately 8<10'°Caatoms/cr low enough for single-  tion axis lies along the relative velocity vector of the colli-

collision conditions to prevail during the time scale of the sjon; in this case the collision frame is the axis of the single
experiment. Also, the atomic beam defines #f#xis for this  effusive beam. Als® . v, pm.m’» andpm.ny, are the den-
1My’ oMy’ 3M3’

experiment; the relative velocity vector of the collisions must
lie along this axis.

Initial states are prepared by pumping Cs{4S,)
—Ca(4s4p 3P;) with a 5-ns pulse from a dye laser tuned to
657 nm. This laser is either circularly or linearly polarized, 7
resulting in a population of initial states all with the same
alignment. After the laser pulse, the Catp 3P,) initial O'mym,mg;m;mim}
states precessvith a period of about 0.8cs) in a magnetic 1

A. Fundamental cross sections

Il. EXPERIMENTAL APPARATUS

sity matrices that describe the two initial and one final elec-
tronic angular momentum states of the atoms.
As shown in Appendix A, the fundamental cross sections,

mymymg ;m;mjmgs are given by

field imposed by a set of Helmholtz coils. This precession  _ = 2 iI—I”(_l)j+j"+j'+j —m-m’
allows different alignments to be compared in a single laser ki o
pulse. The lifetime of the initial state is 2 ms, but the atoms m 3.3
only remain inlthe observation region for about 6. The LI MM
final Ca(4s4p “P;) state, which is populated by energy - ,
pooling, decays in a very short time, 4 ns. Xay2l+1y2l"+1(23+1)(23" +1)

In addition to the Helmholtz coils, a set of small coils are i | J 1 I J
used to produce a magnetic-field gradient. The diameter of X ) , )
these coils is 5.5 cm, the separation, from coil center to coil m;+m; 0 M/im; m —M
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X 1 1 j ] [ J f (6.0} = 1 S IRyt T
m m, —M/\m+m; 0 —M’ mymoxgm{ &5 \/m”,‘l
1 J’ 1 1 i L17M J
X
m, m, -M’/\m; m, —M’ XATV2D+ 123+ DT), 0y Yiro(6,9)
XTJ‘JI:I’T]J”*I”;I” (3 y i J i A
m O —-m/\m 0O —-m

whereTjJH, is the transition matrix, and the initial-state wave
vector isk;. The other symbols used in E() are as fol- X
lows: jandj’ are the total electronic angular momenta of
the cglliding system for,then1+ m, and mﬁ'— m, states, re- wherem=m, +m,. If we takem;— —m; , my— —m,, and
spectively. Also,l and!’ are the total orbital angular mo- m,— —m5, then using the general property of thg $ym-
menta(of the two atomgsfor them,; +m, andm; +m, states, s that
respectively. J, J’, M, andM' are the corresponding total
(electronic plus orbital angular momenta of the colliding i ; ; i ; ;
2. 1 J2 J3 () 2 s
system. The initially prepared state may be a superposition ( ):(—1)11“2*13( )
of different m;+m, states. Likewise, the final state thatis '~ M1 —Mz2 —Ms m; M Mg
detected may be a superposition of differemt states. Thus ©
the unprimed and singly primed quantities represent two in-
terfering pathways from the initial state to the final detected
state if (my,m,,m3)#(mg,m;,m3). Finally, j” andl” are ,
the electronic and orbitall méme%ta of the excited atom after fom—mp-m( 6, @)= (= 1! Hfmlmzkfm(gv‘P)- (10
the collision.

There are a large number of fundamental cross section§yow, the parity of the initial-state electronic wave function
3%, but the number of nonzero independent cross sections is even, and the parity of the final electronic state is odd.
considerably less. A fundamental property of tjesgmbols ~ This means that in order to conserve total pafity)’ must
is that the bottom row must add to zero. From the firpt 3 be odd. This gives one final relation between the cross sec-
symbol this givesV =m; +m,, and from the fourth Bsym-  tions:
bol, M"=m;+m;. Then, from the second and fifth 3ym-
bols, we get 0 —my—my—mg;m;mim; = Om;mymg;m)mjmy if my+my=ms.

11

®

1 1
m m, —m)’

he scattering amplitude goes to

o e ! /=O
mim,ms ,mlm2m3

Using Egs.(4)—(7) and Eq.(11), there are 39 parameters
needed to describe this four-vector collision process. These

unless are represented by 15 real-valued fundamental cross sec-
tions:
m;+my,—mz=m;+my;—mj. (4)
0000s O001s 9010s O011s 001-1s 0110s 0111,
Also, it can easily be shown that 011-1, O01-10, O01-115 01-10;-1100 O1-11;-111»
0010:100 O011:106  and 0g1-1:10-1, (12
Omym,mg ;mimémé: Umimémé ;mlmzmg ) (5

and 12 complex valued cross sections:

Omym,mg;mim/m; = 0 —m; —m,—mg;—m;—m)—mj;s (®) 0000;1-10» 0001;1-11s 0110:0+-1 0111;0100 T1-11:0-10
q 01-11;0100 91-10;011: T100;00-1: 9000;011» 0111;00-1»
an
01-11:.00 aNd oq_q_1.111 (13
Tmymymg;mimim; = Tmymymg;mjm;m;- () |n the notation used her@m, m,m,= Tm,m,ms :m,m,m,» Which

is called a conventional cross section. It represents the
Finally, there is one additional relation between the crosg€nergy-pooling cross section for an atom in the state
sections. We follow Driessen and E|f|ﬂ)5:|, who proved a coIIiding with an atom in the staten, . The cross section
similar relation for the case where there is only one initially om,m,mg;mm;m;,  When (my,my,m3) # (Mg, m5,m3), is
aligned state. Consider the scattering amplitudecalled a coherence cross section and represents the contribu-
fin,moxm(6,¢), given by Eq.(A2) of Appendix A, for the  tion from the interference between am+m,— mj collision
particular case than;+m,=ms. This is and anm; +mj;—mj collision.
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B. A reanalysis of previous data 1

A type of four-vector experiment was already described in
Parkset al. In that experiment two aligned atoms are col-
lided and the azimuthal variation in the final-state fluores-
cence was investigated. This experiment is reanalyzed in
terms of the fundamental cross sections of Sec. Ill A and it is ]
demonstrated here that there is a slight final-state alignment Linear

effect. In the next section, experiments are described that 02 "
provide much more information on the final-state alignment. < Circular
Consider first the reanalysis of Paidsal. If Ca atoms are

excited from the ground state to ap state with a linearly ° “ J‘ ’ ‘
polarized laser, a pun@; =0 excited state is produced when 0 2 4 6 8 10
the polarization is parallel to the quantization axis. The sym- Time (us)
metry axis of the orbital is defined to be the quantization axis _ )
that, at any instant, gives a pung=0 state. In the experi- FIG. 2. The data from Parlet al. where no final-state polarizer
ment, the initial-state atoms are excited so that their symmgS Used and the magnetic field is directed alongzbeis[11]. This
try axis lies in thex-y plane (perpendicular to the axis). tests .for azmuthal alignment in the final state. No mlodullatlon is
With linear excitation polarization, this is accomplished byseen_ln the linear case, but a small amount of modulation is seen in
L ; . - the circular case.
polarizing the laser beam along theaxis. With circular
polarization, the laser beam is polarized aroundythgis. In
this case, the symmetry axis is defined to be the axis aroung no detectable modulation seen in the linear case. This
which the atoms are in a pums;=1 state. For both the means that the value of is too small to be detected. In this
linear and circular cases, a magnetic field is directed alongxperiment, we are only looking for relative modulations,
the z axis causing the symmetry axis to precess inxhg  since we do not measure the absolute size of the signal. That
plane(always remaining perpendicular to thexis). is, we have not determined , but rathemn,/m,. The mea-
The fluorescence from the finals4p P, state is ob- sured value for this parameter fis/m;=0.000+ 0.008. The
served with a detector that lies in thxedirection from the uncertainty here is derived from the error in the direction of
collision region. Fluorescence from thg and p, states is the magnetic field. The uncertainty in the magnetic-field
observed with equal probability, but no fluorescence is dealignment is=10°. If the field is not directed exactly along
tected from thep, state. Note also that the alignment of the the z axis, the symmetry axis will wobble slightly in and out
initial states is the only thing that breaks the azimuthal symof the x-y plane. From the data obtained in Passal. it
metry of the colliding system. This means that the precessiowas found that any time the angle between the symmetry
of the electronic states can be thought of as equivalent taxis and thez axis changes, there is a modulation in the
rotating the detector around the collision region while theenergy-pooling signal. In this case, a 10° misalignment of the
symmetry axis is held fixed. In this way, azimuthal variationsmagnetic field would result in a 0.008 relative modulation in
in the final-state fluorescence can be mapped out. Insertiridie energy-pooling signal. This then represents the lowest
the appropriate density matrices into E®), we find the limit on the real modulation signal that can be detected reli-
signal (proportional to the cross sectignas a function of  ably.
time will be In the circular case, small but distinct modulations can be
seen in Fig. 2. The amplitude of these oscillationsigm,
I(t)=m; c+n ¢ COS 2wt, (149 =-0.04+0.02. The negative sign means that the signal is at
) ) ) o a minimum when the symmetry axis is pointing at the detec-
wherew is the precession frequency in the magnetic field, o, (along thex axis) and maximum when the symmetry axis
is parallel with they axis. The uncertainty quoted here is
= puggBlh. (15 again the modulation that would result from a 10° misalign-

. . ment in the magnetic field. This uncertainty is larger than in
Here g is the Bohr magneton arglis the Lande factor. In the linear case, because, as seen in Petled, the circular

the case of linearly polarized excitation, the relationship be-_.

tween the measured parameters and the desired cross sS'cg-nal s much more strongly dependent on the angle be-
. . I P o fiveen the symmetry axis and thexis. A careful analysis of
tions is rather limited because of the complexity:

the circular data also reveals a modulation with a period
equal to one full precession around thexis, as opposed to
twice this period as expected by H44). However, it can be
+301-10-110: shown that this spurious modulation can be explained by a
magnetic-field misalignment, which is well within the10°
N=—301111-1-1- (16)  error range.
While the connection to the fundamental cross sections is
In the case of circular polarization, the parametagsandn, ~ complex, the results do show that there is a four-vector cor-
are again linear combinations of the cross sections in Eqselation effect. This section serves as a first example of the
(12) and (13). The equations for these parameters are moréour-vector correlation theory developed in the last section.
complicated than Eq.16), and are given in Appendix B. Even though no large final-state alignment is observed here,
The results of the experiment are shown in Fig. 2. Thereahis experiment represents one small piece of the larger pic-

Fluorescence Intensity
(Arb. Units)

1 1 1 1 1 1
M =§01111301-107301-117 301107 501117 201-11;- 111
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ture that will be expanded upon in the next experiments. Théion. Then we obtain the parametets., g, ., andk, .. If
fit parameters found in this section will be used together withwe average Eqg17) and(18) over 6, then all the terms that
the results of the next experiments to solve for the values oflepend orng average to zero and we get

the fundamental cross sections, as given in the conclusion.

We do already have the value of one fundamental cross sec- I(t)=d; ccoq2wt) + g c cof4wt) +K . (20)
tion. Sincen,/m, is very small, it is immediately seen from
Eg. (16) that o111.1—1—1 Must also be very small. This is exactly the form for the signal observed in Parks

et al. when the polarization of the final-state fluorescence is
not resolved. This is not surprising since without the detector
polarizer the observed fluorescence is averaged ovef. all
We now turn to a type of experiment that permits theThys the parameterd; ., g, ., andk, . have already been
extraction of much more cross-section information. Here theptained in the data of Parkt al. In éddition, if Egs.(17)
initial-state atoms are excited with a laser linearly polarizedyng (18) are averaged over allbt we can extractk; .
along thez axis (parallel to the relative velocity vectprand +1, .cos(). Thus, the parametel . describes how the
a magnetic field is directed along theaxis. Thus, the sym-  mean signal, averaged over the modulations due to the mag-
metry axis of the electronic state remains in the plane  netic precession, varies as the detector polarizer is rotated.
and precesses around tkaxis. The final-state fluorescence Finally the parameters, ., h, ., f| ., andj, . describe how
detector is located along theaxis from the collision region. the modulations due to the’ magnetic précession change as
A polarizer is placed between the detector and the collisioghe detector polarizer is rotated. The parametgrs, and
region with its axis making an angkewith the x-z plane. In h, . describe the modulation of the costand 'cos bt
the case of linearly polarized excitation, E@) gives a sig-  tgrms, respectively. Alsd, ., andj, . give the modulation
nal: of the sin 2ut and sin 4t terms, respectively. Note that these
I(t)=(d, + & cos 20)cos 2ot + , sin 20 sin 2wt last two terms are antisymmetric around ﬂm»_(is, qnd their
contributions vanish when the detector polarizer is parallel to

C. Polarized final-state detection

+(g,+h; cos 20)cos 4wt + |, sin 26 sin 4wt + kK, or perpendicular to the axis. That is when there is symme-
try around the atomic beam axis.
+1, cos 9. 17 The fundamental cross sections of Sec. IllA provide a
. o guantitative interpretation of the alignment effects in terms
The parameterd,... |, are equal to linear combinations of qf the magnetic sublevels of the colliding atoms. The fit pa-

the fundamental cross sections listed in Ed) and(13).  ameters of Secs. Il B and 11l C, on the other hand, are the
These relationships are quite complicated and are given i, es that are actually measured in the laboratory. These fit
Appendix B. Herewt is the angle between theaxis and the  y5rameters are linearly related to the fundamental cross sec-
symmetry vector, if the laser pulse istat0. The precession  tjons, but have no intuitive interpretation beyond that of Egs.
frequency is again given by E¢L5). When the linearly po-  (14) (17), and(18). The explicit relationships between the fit
larized laser beam is replaced with a laser beam that is Cilyarameters and the fundamental cross sections are given in
cularly polarized around thg axis, we get an expression appendix B. Much of the rest of this paper describes the
with the same form but different coefficient®yppendix B:  getails of the experimental method by which the fit param-
. . eters are obtained. Once all of the fit parameters have been
(1) =(do+ & COS 26)CoS 2wt +f Sin 26 sin 2wt obtained, they are converted into the more physical funda-
+(go+ h, COS 20) oS 4wt + j . Sin 26 sin 4wt mental cross sections by solving the equations in Appendix

+k.+1.cos26. (18 Taking Eq.(19) into account, there are 15 independent
parameters that can be obtained in these experiments. In re-
Strictly speaking, ift=0 is to be defined as the time when gality, since relative signals are always measured, the actual
the laser pulse occurgt in Eq. (18) should be replaced by measured quantities will always be ratios of these param-
wt+ 7/2, because the laser is circularly polarized around theters. The net effect is that we first measure 14 values rela-
y axis. Thus, at=0 the symmetry vector is perpendicular to tive to one another. In Sec. V, four more values will be
the z axis. However, in practice the time origin is defined by measured. This is still far short of the 39 parameters needed
fitting the signal, averaged ovérto Eq.(18). Also it can be  to fully describe the alignment effects of the Ca energy-

seen from the equations in Appendix B that pooling process. In order to get all 39 possible parameters,
] . we could, for example, prepare two circularly polarized
91=49., h=4h;, andj=4j.. (19 states with the symmetry axis 45° off of taexis and a 45°

) . azimuthal angle between the two states. This is beyond the
A number of parameters can now be obtained by fitting the;cope of the present experiments.

observed data to the forms in Eqd7) and (18) and the

physical meaning of these parameters is examined briefly.
IV. FINAL-STATE POLARIZATION RESULTS

D. The meaning of the alignment parameters A. Experimental procedure

There are the two parameteng. andm; . that describe As indicated above, these experiments are performed with
the modulation in the signal when the system is rotateda constant magnetic field directed parallel toxfe«is. In the
around thez axis. These were described in the last subsecease of linearly polarized initial-state excitation, the laser is
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o 1 Linearly Polarized Excitation
g£_ 038 g
g8 g
8 5 0.6 Q
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Time (ps)
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FIG. 3. An example of the final-state fluorescence intensity plot- 0 (deg)

ted as a function of time. Large modulations in the energy-pooling
cross section are seen as the initial electronic states precess in the
magnetic field, which is directed along theaxis. Here circularly
polarized excitation is used and the detector polarizer is sét at
=45°.

Circularly Polarized Excitation

polarized parallel to the axis, and in the case of circular

excitation, the laser is polarized around thaxis. The angle

between the symmetry vector and thaxis changes periodi-

cally, resulting in a modulation of the energy-pooling cross

section. A polarizer is placed between the detector and the

collision region. The resulting signal is described by Egs.

(17) and (18) and is a function of botlB (= wt), the angle -90 —45 0 45 90

between the symmetry vector of the colliding atoms and the 0 (deg)

z axis, as well a®, the angle between the detector polarizer _ _

and thez axis. Thez axis is parallel to the atomic beam axis ~ FIG. 4. The signal averaged over the modulations due to mag-

and thus parallel to the relative velocity vector of the colli- netic precession plotted as a function of the o_Ietector polarizer angle

sions. 6. Both of these curves have been normalized so that the mean
Figure 3 shows an example of the raw data with the deyalue is 1. The top plot shows the signal when linearly polarized

tector polarizer set at about 45° to thexis when circularly excitation is used, and circularly polarized excitation is used in the

- " . . . bottom plot.

polarized excitation is used. Not surprisingly, the signal

looks very similar to the data obtained in Pagktsal, when

the detector polarizer was not used. The signal here is muciyhen y-polarized fluorescence is observed. The signals

noisier than in the earlier report because the fluorescencgown in Fig. 4 have been normalized so that the average

collection angle is much smaller and the polarizer furthersignal in each case is one. The fit in Fig. 4 is thus to the form

reduces the signal. Recall that the condenser lens is not used

to collect the fluorescence here because it alters the polariza- |

tion of the light. In a full data run, the polarizer is rotated 1(0)=1+ icoizg)_ (22)

180° and then rotated back to the starting point in 15° steps. Kic

At each 15° step the signal as a function of time is averaged

over 1000 laser pulses. The data is averaged over the timg,ig simply uses Eq917) and (18) averaged ovett and

range(10 '“.S)’ and greater_weight s gi"ef? to earlier tim_es _in divided by the mean signal strength. For the case of linear
the analysis, when the signal strength is largest. This time - ation the amplitude of the modulation is/k

range means that the results represent the alignment effe 150 254+ 0.019 and for the case of circular polarization
averaged over a velocity distribution with a mean of 400 m/s1 Jk,=0.246+0.021. There is no expectation that the modu'—
. . /ke=0. .021.
and a full width at half maximum of 460 m/s. lation is the same for the linear and circular cases, but this is
what the data determines. In order to rule out artifacts, the
B. Results initial-state fluorescence was separately observed through the
1. Change in the mean signal detector polarizer, and no preference fepolarized fluores-
(averaged over the modulations due to magnetic precession) Cence was observed.
as the detector polarizer is rotated

Intensity

Normalized Fluorescence

First we examine how the mean signal, averaged over the 2. Modulations due to magnetic precession averaged ofer

modulation due to the magnetic precession, varies as the de- The parameterd, ./k, . andg, ./k . from Eqgs.(17) and
tector polarizer is rotated. Some of the results are shown i18) describe when the signal is averaged over all values of
Fig. 4 for both linear and circular excitation. The variation 6. These values were found in A, and when averaged over
versusé is distinct and very similar for both cases. The sig-the velocity distribution of this experiment they ade/k,

nal is greatest when the axis of the detector polarizer is par=0.117+0.006, g,/k;=0.054-0.007, d./k.=—0.56

allel to thez axis and decreases to about 60% of this value+0.01, andg./k.=0.081* 0.009.
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b J andv, in the case of circularly po-
% " 5 r % -9 45 0 45 90 larized excitation plotted as a
- - 0 (deg) , 8 (deg) function of the detector polarizer
g angle, 6. These parameters de-
scribe the modulation in the signal
due to the magnetic precession,
. . which has the formp cos 2vt
sinZax term sindax term + ('Sin 2wt + U €0S 4ot + v Sin 4wt
0.1 PY . +1. The fits are described in the
p ° text.
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3. Change in the modulations due to magnetic precession

f|
as the detector polarizer is rotated 1+ —COS 20 a+ —sin2¢
pl,c dI c ql,c dI c
Next consider the parametees., h; ., fi ., andj . d o/Ki ¢ = . N I = . '
These parameters describe how the modulation due to the o1+ k—cosZH T 1+ k—cosZH
magnetic precession changes as the detector polarizer is ro- e le
tated. To find these parameters, the signal as a function of
time must be fit at each angle éf As in Parkset al, the hc Jic
long-time decay is removed by dividing the signal by its 1y, _ 1+J’CC052‘9 Vie b+:S'” 20
value averaged over one modulation period. The form of the Ik | , Ik I .
signal as a function of time can be then written, for both 9'¢/<e 1 The ooy GlelMe 1 e ooy
linearly and circularly polarized excitation: Kic Kic

() =p €OS 2wt +q'Sin 20t +U COS dwt +v sin 4wt + %’22) The fitting procedure is as follows. The signal as a func-

tion of time for each value of is fitted to Eq.(22) to find p,
g, u, andv. These parameters are then divideddpy/k; . or
. i Oic/k . This gives the quantitiesp, ./(d, /K ),
By comparing Eq.(21) with Egs. (17) and (18), and e/ (dh /K1 o), U o/(rc/ki o), and v /(g o/ki o) as a

knowigg'tha;]t theldivis?r,hwhgn tTe Irc])ng-time de%ay is reh'function of §. These parameters are then fit to the form of

moved, ('js It eva ueko tl € signa Vr: en a\lle_rage over t %q. (24). An example of the data obtained with circularly

time modulations, okjc+1; ccos d, the result is polarized excitation is shown in Fig. 5. Here the values
Pe/(de/ke), ac/(de/Ke), Uc/(gc/ke), andve/(gc/k) are

where the parametefs g, u andv depend ory.

_djct+e cosH _atfsin2¢ plotted as function ofg. These values are the normalized
p"c_—k|,c+||,c00329' q"c_—k|,c+||,cC052'9' coefficients in front of the cosa, sinZ2wt, cos4wt, and
sin 4wt terms, respectively, in Eq$17) and (18). There is
g1 o+ hy . COS 20 b+j, .sin26 clearly a modulation in the cos® and sinZt terms

U o= (23 [pc/(de/ke) andq./(g./ke)]. This modulation is symmetric
around the beam axis for the castZerm and antisymmetric
for the sin 2ot term. Also the cos&t term is about 20%

The parametera andb are used to compensate for any errorsmaller when the detector polarizer is perpendicular to the

in the time origin. The valued,./k ., d ./k; ., and atomic-beam axis than when the detector polarizer is parallel

01.c/k . have already been obtained above. It is conveniento the beam axis. The data for the caest4nd sin 4vt terms

to dividep, . andq, . by d, . /k, c andu, ., and to dividev, . [u./(9./k¢) andv./(g./K.)] are not as clear. There is some

by 0, ¢/k; . The result is modulation, barely detectable over the noise, in the ass 4

—_———(—, Ve ——————.
kictlccos28’ "'k 41| cos2d
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cos2ax term by the maximum amount, 5° for linear excitation and 3° for
o circular excitation.
1.3 All of the parameters defined in Eg&l7) and (18) have
12 now been determined. The signal modulation as the initial-
-~ L1 ° state atoms precess in the applied magnetic field has a weak
3; g S ® o dependence on the detector polarizer angle. The modulations
° ® o0 due to the magnetic precession change by only about 10% as
0.9 the detector polarizer is rotated. There is, however, a 40%
08 ° decrease in the average signal as the detector polarizer is
rotated from parallel to the axis to perpendicular to the
-90 45 0 45 90 ; . , : -
8 (deg) axis. This is true V\_/her_l both linearly and circularly polarized
initial-state excitation is used.
sin2qax term C. Uncertainties
0.2 A2 N The assignment of uncertainties dp./k, . and g, /K ¢
0.15 has been discussed in Parisal. and the uncertainties in
0.1 n ./m; . were discussed in Sec. lll. Experimental noise is
5 005 i o the main source of error in the rest of the parameters. Be-
& s o s 5% cause there is such a small collection angle for the fluores-
-0.05 cence, long integration times must be used. It takes nearly 20
-0.1 A ° minutes to sweep the final-state polarizer 180° in 15° steps.
-0.15 During this time the Ca beam flux, as well as the laser tuning
0 (deg) and power may change, resulting in the noise level in Fig. 4.

_ In addition, the low signal strengths make it difficult to fit the
FIG. 6. The parameters andq plotted as a function ob for  mgqulation signals produced by the magnetic precession.
linearly 'pola_rlzed excitation. The signal, as the_atoms precess in the R adiation trapping is another possible source of error. The
magnetic field, has the formp cosut+qsin2uttucost  4ai7ati0n of the final-state fluorescence could be altered if
Tvsin4ot+1. In the linear case n@ dependence can be seen ji s ahsorhed and re-emitted before it leaves the interaction
above the noise for the parameterandy. region. Since the energy-pooling process is highly exother-
mic, the Ca atoms leave the collision at a velocity of over
term, but no detectable modulation in the sist4erm. The 1300 m/s. This corresponds to a Doppler shift of 3 GHz,
data shown in Fig. 5 gives;/d.=0.39+0.03,f./d;=0.08  much larger than the 200-MHz natural-line width of the
+0.01, h/g.=0.4+0.1, andj./g.=0.04+0.10. Some of 4s? 'S,—4s4p P, transition and the 300-MHz Doppler
the data for the cosi and cos 2t terms of the linearly width of the atomic beam. Thus it is unlikely that a final-
polarized excitation case are shown in Fig. 6. The result istate photon will be absorbed by another Ca atom before it
less obvious here, but there is definitely some modulationreaches the detector. In order to test for radiation trapping,
For linear polarization, the results aep/d;=0.300.04, the oven temperature was decreased from 1020 to 930 K
f/d;=0.18-0.03, and h;/g,=0.12+0.10, j,;/g,=0.07 resulting in a factor of 2 decrease in Ca density in the inter-
+0.10. action region. The signal strength with linearly polarized ex-
The sump cos 28+qsin 28, which describes the signal as citation, averaged over the magnetic precession, was mea-
the symmetry axis rotates with the polarizer set at a particusured with the detector polarizer first parallel, then
lar 6, can be expressed as a cgst2rm with the maximum  perpendicular, to the axis. The result is thdf /k; (930 K)
shifted fromB=0. Herewt has been replaced h§to em-  =0.28+0.06, which agrees well with the value at 1020 K,
phasize that this quantity is the angle between the symmetry /k; (1020 K)=0.254+0.019. Thus we conclude that radia-
axis of the atom and theaxis. When the detector polarizer tion trapping does not have a large effect on these results.
is aligned with thez axis, the maximum is g8=0. This is
not surprising because of the symmetry aroundzheis in V. THE APPLICATION OF A MAGNETIC
this case. But as the detector polarizer is rotated offztivas FIELD GRADIENT
the signal is no longer constrained to be symmetric about
B=0. Thus the maximum of the quantityp cosB A. Theory
+gcosPB can, and does, move off of theaxis. In this The experiments described thus far involve two initial-
experiment, it is found that the maximum point of the signalstate atoms colliding with the same alignment. More align-
rotates in the same direction as the detector polarizer. Theent information can be obtained by studying collisions be-
maximum continues moving in the direction of the detectortween atoms that do not have parallel alignments. One
polarizer untild=45°. As the angle of the detector polarizer obvious way to do this is to excite the initial-state atoms with
increases still further the signal maximum moves back totwo laser beams, each with a different polarization. With this
wards thez axis, and symmetry about theaxis is again method the exact population of the excited-state atoms pro-
restored whend=90°. This is true for both linearly and duced by each laser beam must be known. This will not be
circularly polarized excitation. When the detector polarizer issimple if the laser beams are not perfectly overlapped and if
at #=45°, the maximum is shifted away from the beam axisthe pumping transitions are approaching saturation. A differ-
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ent approach is used here. A magnetic-field gradient is ap- 1

plied, with both the direction of the magnetic field and the o . 08

direction of the gradient parallel to the atomic beam axis. EE 06

When linear polarization is used, the laser is now polarized = f 0.4

along thex axis instead of the axis as in the previous % = 0'2

sections. When circular polarization is used, the laser is still T B ‘

polarized around thg axis. Since the collisions occur with g5 0 .
faster atoms catching up to slower atoms, the collisions in d -0.2 Time
time occur between atoms that have experienced different -0.4

amounts of magnetic precession. So collisions between non-

parallel orbitals are realized FIG. 7. The contribution of the coherence terms to the total

With th i dient switched off llisi | signal when a magnetic-field gradient is applied. Due to the broad
: € magnetic gradient switched ofl, cofisions only velocity distribution in the Ca beam, the coherence terms quickly
occur between atoms with parallel symmetry axesAd average to zero.

denotes the azimuthal angle between the symmetry axes of

the two atoms, theiha=0 when the gradient is switched velocity distribution of the beam is that the oscillation of Eq.
off. However, with the field gradient present, the observed28) quickly averages to zero. A model result of this integra-
signal is averaged over collisions with all valuesfaf. To  tion for the coherence term is plotted in Fig. 7, assuming that
understand how this works, an experiment is discussed ithe cross sections are independent of the collision velocity.
more detail. Consider an orbital that is initially inpa state  Also, the collision velocity is taken to be the relative velocity
and then has been rotated by an anglearound thez axis.  of the beam given by Eq(1). Actually, the situation is

If this atom collides with another atom that is initially irpa  slightly more complicated than this. As seen in Pazksll,,
state that has then been rotated by an amglaround thez ~ the fundamental cross sections do depend on velocity, and
axis, the experimentally observed energy-pooling cross sedhe collision velocity distribution is time dependent. How-

tion is ever, the rough form of the experimental data will still look
quite similar to Fig. 7.
Oexp=3(01-10F 01_10,-110C0SA @+ o119, (25) Only the contribution of the coherence term to the total
i . cross section is shown in Fig. 7. To get the actual cross
whereAa is equal to the difference between and ;. section, this must be added to the contribution of the conven-

~ First, if the p, orbitals are in a weak uniform magnetic tjonal terms, which are not affected by the magnetic gradient.
field of strengthB, directed along the axis, the atoms will | effect, the magnetic-field gradient allows the coherence
precess at a rate so that at any time, a;=a,=wt. EX-  terms to be switched off by randomizing the azimuthal

plicitly this is angles of the colliding atoms, leaving only the conventional
cross sections. In the basis that is used, all of the azimuthal

al:azz'“BBOgt (26)  information is contained in phase information. The ratio of

h the signal at long times, when the contribution from the co-

herence term has gone to zero, to the signat=a0d is
(0'1_10+ 0-1—10;—110+ (711(])/(0'1_10+ 0'110) . Th|S ratiO W|"
be denoted by, . The values ofr; 9+ 01 _10.—110@Nd 039

.- ! have already been measured in the experiments described in
negligible effect on the motion of the atoms. Thea(t) can  yhe |5t section. Now the separate values of all three cross

be found by integrating Eq(26) for each atom over the gaqtions can be obtained. This experiment can be repeated
magnetic field experienced by_ each atom before the collision, it the detector polarizer perpendicular to thexis, giving
Tak'e'u1 andv, to be the velocity of th(_e'two atoms. Take the 4 parameter, . This parameter is a ratio of more compli-
collision to occur at time and at positiorz=0. Atom 0N ateq sums of the fundamental cross sections, obtained for
has moved frone=—uv,t att=0 toz=0 att. The average Texp from Eq. (2). Then the parametey; can be found by
magnetic field that is felt by this atom By— vlts_/z. There- taking the ratio Offé"oexp(Aa)da ando e Aa=0). This can

fore, a,(t) =tugg(Bo—vits/2)/h. The same is true for o yeneated with circularly polarized excitation to get the
atom two, so parametery. andz..

andA a=0 always. Now consider a system with a magnetic
field described by(B,+zs), wheresis a constant. We will
assume that the gradiestis small enough so that it has a

(v1—vp) upgst

Aa= 57

(27 B. Experiment
The experiment is performed by first switching on the
Thus, magnetic-field gradient and averaging 1000 laser pulses with
the detector aligned parallel to tteeand then they axes.
Then the gradient field is switched off leaving a constant
0110]’ magnetic field of 0.2 Gauss directed along thaxis. The
(29) signal, averaged over 1000 laser pulses, is again recorded
with the polarizer directed along thethen thez axes. In the
The contribution from the coherence term oscillates in timecircular case the strength of the gradient @#B/dz
Finally, to obtain the experimentally observed signal, Eq.=1.5G/cm and the average value Bfin the interaction
(28) must be integrated over the velocity distribution of theregion is 7 G. In the linear casB/dz=0.75 G/cm and the
atomic beam. The result of the integration over the broadhverage value oB is 3.5 G.

3 (v1—vp) upgst
Oexp= % | 01-10T 01-10;—110€O %
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FIG. 8. These plots show the signal as a function of time with F!G- 9- Shown here is the signal as a function of time with the

the magnetic-field gradient present divided by the signal with thenagnetic-field gradient present divided by the signal with the gra-

gradient turned off. Linearly polarized excitation is used here. In thefient turned off for the circularly polarized excitation. In the top
top plot the detector polarizer is oriented parallel to zreis, and plot the detector polarizer is oriented parallel to thaxis, and in

in the bottom plot the polarizer is perpendicular to this. Since the "€ Pottom plot the polarizer is perpendicular to this. The signal
coherence terms are positive here, the signal decreases when tR&"€éases when the gradient is applied because the dominant coher-
gradient is applied. Notice that the signal does not drop as much ifNce terms in this case are negative.
the y-polarized case as in thepolarized case.
) negative, so the signal increases when the magnetic gradient

_ In order to remove the long-term decay seen in all of th&s switched on. The values obtained from this data zre
signals, the signal with the gradient switched on is divided_ 1 go+0 16 and y.=1.81+0.18. The magnetic gradient
by the signal with the gradient switched off for each of the seq here has twice the magnitude as the gradient used for
above cases. The data for the case of linear laser polarizatiQRe case of linearly polarized excitation. However, the signal
is shown in Fig. 8. The experimental data looks similar to thehere evolves over the same time scale as in the linear case,
predicted form shown in Fig. 7. The signal decreases,u tyice as fast. This is because in the linear case, the state
sharply, and one oscillation can be seen before the_ ?'gn%turns to itself when rotated by 1808xcept for a global
goes to roughly a constant value. The data gets noisier asyase factgr while in the circular case the state must be
time progresses because of the long-time decay of the signghated by a full 360° in order to return to the starting point.
This decay has been divided out, but this means that thepg signal with the gradient switched off was smoothed be-
noise gets relatively larger for longer times. The top plotfyre it was used as the divisor to make these plots. This is
corresponds to the experiment ;Jlescnbed in detail in Segjgnjficant, because, as seen in Sec. Ill, there are some modu-
VA. Since 10 is small (about 6% of the value ofr1 10 |ations in this signal due to the alignment of the final state,

+0o1-10-110, the fact that the signal with the gradient \hich would be seen in the data if they were not removed.
turned on decreases to 50% of the value with the gradient off

means thatr; _ 10~ 01 _10.-110- IN fact, the parity_rule given V. RESULTS AND DISCUSSION
in Eg. (11) means that these two cross sections must be
equal. Thus the corresponding parameiedoes not really We have measured 18 of the 39 independent fit param-

give any new information. However, no such relation existseters needed to completely describe the alignment effects in
in the y-polarized case, and the paramegeiis truly a new Ca energy pooling. Each of these parameters is equal to a
parameter. Notice that the signal does not decrease as mushm of the fundamental cross sections, as given in Appendix
here. The parameters andy, are obtained from the data in B. These equations can be inverted, giving fundamental
Fig. 8 by taking the average value of the signal between 4.8ross sections in terms of the measured fit parameters. If we
and 8 us. These values arg=0.55+0.07 andy,=0.74 were able to measure all 39 fit parameters, we could deter-
+0.07. mine all 39 of the fundamental cross sections. However,
The data for the case of circularly polarized excitation issince not all of the possible alignment information has been
shown in Fig. 9. Here the coherence terms turn out to b@xtracted in these experiments, not all fundamental cross sec-
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TABLE |. Values of the four vector fundamental cross sections.

Fundamental cross section
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A more important complication is spin-orbit coupling.
Most of the previous theoretical work has focused on states

Measured Valuewith no spin, such as the Gdde work. In the case of the

Na(3p) + Na(3p) work, states with spin are involved but the

.
ZOOO é:;:g.gg models assume that the spin-orbit coupling is too weak to
001 0 1'24;0'014 affect the alignment on the collision time scale. However,

7110 ' ' this condition is not met in the C3#®)+ CaP) case. The
2(T11t 011-0) 0.098-0.011 spin-orbit precession period of Ca is<1.0™ 13s. At the av-
To10 0.51-0.16 erage collision velocity of these experiments, the Ca atoms
‘17010:100 —0.17:0.17 will only move a distance of one bohag) in this time. In
2(001-11 0019) 0.13£0.11 the Sr-Sr system, th&P + 3P and the'P + 'S curve crossing
o110 1.15+0.15 occurs at an internuclear separation nearylnd the atoms
o1-11 0.95+0.11 may interact significantly at separations of greater than
O1-11-111 0.37+0.10 50ay, if this system is anything like the Nap3+ Na(3p)
Reago0;1-10 —0.73+0.04 system that has been theoretically studi2d]. Thus the ef-

Reoy-1-1an1 0.00+0.01 fects of spin-orbit coupling will have to be taken into ac-

2 Reogoy;1-111 0o1-1;10-17F Oo11;101 —0.92+0.18 count. Despite over ten years of work on the Na)3
o011~ 2 Reogor.1-11+ 0o11:101 0.89+0.05 +Na(3p) collision data, no theory yet takes into account the
3 Reogor 1 1 1+2 Reopgy1 11+ 3 Reoge 1111 —1.00+0.08 weaker spin-orbit effects in this systef25-27. All

Reo_ 10,111+ R€0y_10.111— 2 REO1_10.011 0.011+0.015 Na(3p)+Na(3p) calculations apply only to high-collision
Reo_100:00~ R€0000:011 —0.029+0.007  Vvelocities where spin-orbit coupling can be neglected. How-
Red 1 10, 10— R€0010:111 —0.017+0.005 ever, the fact that such large polarization effects are observed

indicates that important general principles are likely to be

. o . _uncovered by a careful theoretical analysis of this system.
tions are solved for individually. The results are given in

Table I, where the relative values of 18 fundamental cross
sections or sums of cross sections are reported. The align-
ment effects are large and distinct. The conventional cross
sectionso10, 3 (0111+ 011-1), and2 (ogy+ 01 1) are over In 'Fhis paper, we have.carried out a type of four-vector
an order of magnitude smaller than the largest conventiongXperiment, where two aligned atoms are collided and the
Cross sectionrogy. Also, the cross sections with a fina, alignment of one of the final states is partially resolved. To
=0 state are generally larger than the cross sections th@ur knowledge, the detailed information obtained in this
form them;=+1 states. The cross sectiany is several four-vector experiment is unpre_cedented. In _Peet_ml. it
times larger thark (o gy1+ 0o1_1), While ooy is one and a  Was found that thg _e_nergy-poo!mg cross section is strongly
half times larger thamryg . As for the coherence terms, sums dependent on the initial-state alignment. Here it is found that
containing the cross sections Rgyo 1 10 and Revpor 111 the final state is produqed with an allgnme'nF predo.mlr'lantly
have large negative valudthe excéption is the surfron along th_e relatlvg velocity vector of the coIhspn. Th|s. f|.n.aI-
—2 Re0po1- 11— 010101, Where Rergor1 1, has a minus ~ State alignment is only weakly correlated with the initial-
sign. The cross sectiom; 1311, has a small but distinct  State alignment. Furthermore, we have shown that a mag-
positive value. As shown in Sec. V, the coherence ternfretic gradient can bg ysed to.turn off t_he mterf_erence terms
0110110 IS constrained to be equal @, 5o, which is and thus obta_m additional alignment information. A com-
large and positive. In addition, it was seen in Sec. IV tha lete explanapon for the dat_a goes \{veII beyond the. remqus
when the initial states are precessing, small si and ere. Describing the dynamics of this type of collision will

sin 4wt terms appear if the final-state polarization is resolved.be a very stringent test of theory.
This effect is described here by the small but nonzero
values for Rer_jn,00r~ R€0000;011 @and Reo_j_j0.—101
—Reog0;112- . . .
A complete explanation of these alignment results is The authors gratefully acknowledge support by the Na-
likely to be quite complicated. Models involving single or tional Science Foundation.

multiple curve crossings are often invoked to explain align-
ment effects in atomic collisions. A few of the many ex-
amples of this include work on CHf)+He [22] and
Na+He[23,24] inelastic collisions, as well as the theoretical
models of the Na(B)+ Na(3p) system[25-27. In the Following Arthurs and Dalgarnf20], consider a partial-
CcalP)+CalP) case, the situation is complicated by the wave expansion of the scattering amplitudes. Arthurs and
large number of states involved. While there are only threéDalgarno deal only with a rigid rotor colliding with a struc-
molecular states, which correspond to tHe+ 1S final state,  tureless atom. This is extended to the case of two identical
there are 18 molecular states that correlate with e  atoms colliding here. The amplitude for two atoms initially
+3P initial state. None of the Ca-Ca curves relevant to thisin magnetic states); andm, to scatter into a final state with
experiment have been published, although a few of théhe excited-state atom in a magnetic substajecan be writ-
curves in the analogous Sr-Sr system do €§]. ten

VII. CONCLUSION

ACKNOWLEDGMENT

APPENDIX A
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(=)L 2T 123+ 1) Since the bottom rows of thej3ymbols must add to zero,

fimam (0,0)= > we have m=m;+m,, M=m;+m,, and m/=m;+m,
i"m vkiks —ms.
LI"M The experimentally observed cross section is found by
il J iro1 J taking the modulus squared of the scattering amplitudes, in-
X . tegrating over all scattering angles,
m 0O —M/\mg m’ —M
J
XTiinsjmon, Yorm (6,@). (A1)
: ; k
Herej andj’ represent the total angular momenta before and __fz 2 J' a f (6
after the collision, respectively. The orbital angular momenta -~ © Ki %7 my.m, [Bimy el Fmy g mg

before and after the collision are given bandl”, respec-

— _ 2 o
tively. Also m/’ is the magnetic quantum number correspond- * fimym,Kimy(7= 0,0+ m)]|*sing do dep

ing tol”. JandM represent the totdklectronic plus orbital K, .

angular momentum of the colliding system. In additiom, = > @m,m, 8y > f [fmmo m,(0, )
=m,;+m,. The symbols\; and\; represent all of the other Fmy,mjp, VW

guantum numbers needed to specify the initial and final my,m)

atomic states, respectively.'l'fl;l, is the transition matrix, N

and the initial- and final-state wave vectors &reand k;, + Fmymyxym, (7~ 0'(’D+7T)][fmimé)\f’m3(0’¢)
respectively Finally, the scattering angles are represented by .

¢ and 6. Equation(Al) is nearly identical to the equation +fm,m,—,m (7= 0,0+ m)]sin6dOde. (A3)
derived by Arthurs and Dalgarnf®0], except that nowj oMM Ma

represents the coupled electronic angular momenta of both

colliding atoms before the collision. It is more useful to ex- ) = ) )
press the scattering amplitudes in termsmfandm, instead In this notation,\; gives the state\; with the electronic

of j andm. To do this, we must construct a superposition ofStates of the two atoms switched. The fundamental cross sec-

states with differen}’s to describe anrf,,m,) state. Thus, tOnS are now defined as

we get
_ -1 4] +i1—]o—
fmlmz)\fms(ay(P)_ka jjzm, i (=i, T’ mymymg;m mym;
i dhmy,
LM K f
=— f 0,0)
XTI 1IT DT, o, ki Msz, [Fmyman my (60
*
S| L L ) T Kimg 7= 00 €T W i (61 0)
| mo X = (m—0,0+m)]sinoded (A4)
KON C AV P P mymiamy -
X .
mg m —-M/Iim; m, -m
(A2) Using Eq.(A2), this can be written
|
- 1 2 2 il_lr_ln_lm(_1)J-+jlr+jl+jrr!_m_ml
0'm1m2m3;m1m2m3 E)\ I
f, 1 1 il ’
! m/.m3,3’,
|,|’|”,|”',M,M,
I AT 123+ 1)(29" + 1) (- 1yiieriiiy ! A R
X + "+ + "+1)(—1))2tiThe
m ( ) (=1 mi;+m, 0 —M/\mg m —M
X(Jl J2 J j” IN JV j/// I/H JV J:’L Jé j”
m m, —mp+my/imi+my; 0 —M'Jimg m/ —-M'Jim; m, —mj+m,

*

J 1 +J o J *
XJ[TJIAi;J’I’}\fY|'m|/(0’¢)+(_l) le)\i;j’I’)\le'm|/(6’g0)][Tj”|”)\i;j’”l”’)\f’YI”’mf’(g’(P)

I —~Y* .(6,¢)]sin0d6de. (A5)

UL mm’
J|)\i,]|)\f s

+(-1)"T
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Upon integration over thé and ¢, the spherical harmonics | =5¢0_;_;_;.004128-350_;_11._1_14/256
can be replaced by |8 v and the result igtaking, for ’ ’
this experimentj’ =" =j,=],=1) =50 _101,-10/64+50 13 1;11/64+ 30110, 11128
1 —30_111- 11/128-30 111;00!32_ Sog-11;- 10/64
i 2 il_lu(_1)J-+J-//+J-/+J-m_m_m/

O'm1m2m3 ;mimémé: k|2 i + 50'00_ 1;11:{128+ 30’000;_ 11d32+ 30000;00d64
lmlf/ 'lJ/’/Jh'A' » —307001;00/64+ 50010;,01d32— 0011;01132

+301-1.0-110128-301_11.-114/128+5 01432
X 7 2|+1\/m(23+1)(23'+1) o1-1;0-110 01-11;-11% 0100;01¢

— 0101:01{32+ 350 110.114128— 3507111.11{256,  (B4)

i I J
ml+m2 0 _M

117 3N\ 1 1
X
mg m —-M/img m, —-M
j/l I// JI
m+m; 0 —M’

(I J’
>< ! ! !

1 1 ! | J*
“\my omy —w Tit Ty (AB)

de=0-1-1-;00032+70_1_11,-1-11/64— 0 _101,- 10/16
+0-11-1;,11416— 0110, 11032~ 0111, 114/32
—0- 111;00{8_ 00-11;— 10116+ oo 1;111/32

~ 0000;—- 1108— 0'000;00416_ 0’001;00116_ 0010;0148

—01-10;-11032— 0111, 11/32— 0100,0148

+ 7011011432+ 70111;11{64, (B5)

€=—0_1-1-1,00/32= 70111, 1-11/64+ 0_101,-10/16
—0_11-1,11416— 0 110, 11032+ 0113, 114/32

J

whereTj,;l,Tijl,,;,,, represents the products“ﬁ)1

L +0 111,008+ 00— 11,-10/16— 0700 11;1/32
HARN:

and

T, i, from Eq.(AL) summed oveh;. ~ 000~ 1108~ 000,004 16+ 001,00/ 16~ 0'010;0148
i

—01-10,— 11032+ 01~ 11;— 111/32— 0100;0148

+ 7011011432~ 707111:11{64, (B6)

APPENDIX B

The equations for the fit parameters in terms of the fun-
damental cross sections are listed here. All of these paramg =, | . 0/128+ 0_ 1 11 1 11/256—0_ 101 10/64
eters were calculated by inserting the appropriate density ma- ’ ' '
trices into Eq.(2). + 011111464+ 0110, 110128+ 0111, 114/128
+ 0 -111,00/32— 0011, 10164+ 00 1;11/128
+ 0000;- 11032+ T000;00464+ 0°001;00/64— T010,01432

—00110:1132+ 0110, 11d 128+ 01 11, 114/128

Me=0_1-11,-1-11/32+ 0_101,-10/8+ 0 _110,- 1216
0 _111,-11/16+ 0_111,00/4+ 0011~ 10/8

+ 0000~ 11047 T000;00d8+ T001:00/8+ T010;01d4

+ 00110118+ 01-10.- 11016+ 01 _11.-111/16 ~ 0100;0132~ 0101;01132+ 0°110,11d128+ 07111,111256,

+ 0100,0144+ 0101,0148+ 110,114 16+ 07111,11132, B7)

(B1) Ne=—0_1-1-1,00/128-0_1_11.-1-12/256+ 0_ 101, 10/64

Ne=0_1-1-1;00/16+ 0_11-1:11/8+ 0p0-1;11/16

+0011:0118+ 0101,0118, (B2

Ke=—50_1-1-1;00/128+350_1_11.-1-11/256

—0-11- 1;111/64+ 0110 11d128-0_ 111 11/128
—0- 111;oof32+ 00-11;— 101/64— 00— 1;111/128

+ 0000;- 11032+ 0000;000/ /64— T001,00/64— 001001432

+50_101,-10/64—50_11-1;11/64+30°_110.-110128
+30-111.-114/128+ 30 _111.00432+ 509 _11.- 10//64
—5000-1;11/128+ 307000;- 11032+ 307900;00464
+30001;00/64+ 50010,0132+ 0011;01132
+301-10-110128+ 307111, 111/128+ 507100:01432
+0101;01132+ 3507110114128+ 3507111,11/256,  (B3)

+0011.01432+ 01 10,-11d128— 01 17, 114/128

— 0100:01432+ 0101;01132+ 07110114128~ 07111.11/256,
(B8)

Kj=—0_1-1-1,00/32+30_1_11;-1-11/64+ 0101, 10/16

+30_11-1:11/16+30 110 11d32+ 30 _111.-114/32

—O0- 111;0018"' 00-11;— 101/16— 0o 1;111/32
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~ 0000 1108+ 30700000416+ 30°001:00{16+ 010;0148
+0011;0148+ 30110, 11032+ 3071 11, 114/32
+0100,01480°101;01/8+ 30110,11d32+ 307111,11/64,
(B9)
h=0_1-1-1;00/32= 30111 1-12/64— 0_101,- 10/16
—30-11-1;11/16+ 3011011032 307_ 111, 114/32
+ 0 111,008~ 00-11,-10/16+ 0700 1;114/32
~ 0000;- 1108+ 30°000;00d16— 30°001;00{16+ 0'010;0148
— 0011;,01{8+301-10,-11032— 307111, 11/32
+ 0100;0148~ 0101;01{8+ 307110,11d32— 30111;11{64,
(B10)
di=—0_1-11-1-1//16— 011 1.11/4~ 0 _110,- 1208
— 0 -111:- 1178+ 0000,00d4F T001;00/4~ T1- 10,1108
—01-11-1148~ 0110.11d8~ 0°111;11/16, (B11
e=0_1-11,-1-12/16+ 01111244~ 01101108
+ 01111148+ 0000;00d4~ T001;00/4~ 0'1-10:- 1108
+01-11,-111/8~ 0110,11d8+ 07111:12/16, (B12)
91=0-1-1-1,0032+ 0111, 1-11/64— 0 _101.- 10/16
to_11-1,11/16+ 011011032+ 0111 114/32
+0_111,00/8— 0011, 10/16+ 00 1;114/32
+0000-1;108+ 000,004 16+ 0°001;0016— 0°010;0148
— 0011;0148+F 01— 10, 11032+ 01~ 11:- 114/32— 0°100;0148
— 0101;0118+ 011011432+ 07111,11 {64, (B13)
hy=—0_1-1-1,00/32=0-1-11;-1-11/64+ 0_ 101, 10/16
—0_11-1,11416+ 011011032~ 0 - 113 114/32

- 07111;0018+ 0’0711;7101/16_ 0’0071;111/32

INITIAL- AND FINAL-STATE ALIGNMENT AND . ..
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+ 00001108+ 0'000;00§16— T'001;00{16— 7'010;0148
+0011;018+ 01— 10, 11032~ 01— 11,- 11432~ 07100;0148
+0101;0118+ 011011432 07111,11/64, (B14)
fe=70_1-10-10/16+ 0_100;- 114/16+ 0°_100,0018
+00-10,- 11116 0000,00{8~ 70010,1116— 01 10,0118,
(B15)
Je=0-1-10,-10/32~ 0~ 100~ 11/32~ 0"~ 100;00{16
— 00-10;-111/32+ 0°000;01{16— 0°010;11/32

+0'1,lo;01:[16, (816)

fi=—0_1_10-10/4+ 0 100.- 114/4— 0~ 100;0012
+00-10,- 11741 0000:0112+ T0101;114— 01 10,0112,
(B17)
ji= 0’—1—10;—101/8_ 0 -100;— 111/8— 0—100;0014
— 00-10;- 1181 T000;0114~ T010;1118+ 01— 10,0144,
(B18)
Yi(o_1-11-1-113720 1111111201 11,111+ 0111;110/4

=0_1-11-1-111 20111111+ 01111144, (B19)

Ye(o-1-11-1-13140_101- 100+ 20131111
+80 111,000 400-11;- 1007 40 001,001 40011;011
+201- 11,1117 40101;011F 0111.110/16
=0_1-11-1-11140 10— 1007 20111111

+40001.00rt 40011011+ 0111;11116, (B20)

Zo(0 - 110.- 1108+ 0000, 1102+ T000;00d4+ T010;0142
+ 0110~ 1108+ 0100,01d2+ T110:1148)

=0 _110.- 1108+ 00000044+ 0010:01d2+ T110.1148-
(B21)
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