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Collisional depolarization of state selected (J,M J) BaO 
A 1..I' + measured by optical-optical double resonance 

Stuart J. Silvers 

Department 0/ Chemistry, Virginia Commonwealth University, Ricf!mond, Virginia 23284 

Richard A. Gottscho8
),b) and Robert W. Field 

Department o/Chemistry, Massachusetts Institute o/Technology, Cambridge, Massachusetts 02139 
(Received 16 September 1980; accepted 21 November 1980) 

The optical-cptical double resonance (OODR) technique is used to investigate the change in magnetic 
quantum number (M) a state selected molecule undergoes on collision with other molecules. A first linearly 
polarized dye laser prepares A II + BaO(v = I) in the J = I, M = 0 sublevel. The extent of collisional transfer 
to other M sublevels of both J = I and J = 2 is then probed by a second polarized dye laser which induces 
fluorescence from the C II + state. Elastic collisions (LlJ = 0) between BaO (A II +) and CO, are observed to 
~hange M from 0 to ± I leaving J unchanged. The total elastic M -changing cross section is ~~, = 8.4 ± 2.4 
A '. Inelastic collisions (LlJ = + I) which transfers molecules to J = 2 also cause M changes, with both Ar and 
CO, as collision partners. M, the space-fixed projection of J, is found to be neither conserved nor randomized. 
Quantum atom-diatom collision models with quantization axis along the relative velocity vector are 
considered. Transition amplitudes in this system are evaluated using the I-dominant and CS approximations. 

I. INTRODUCTION 

The manner in which collisions change M quantum 
numbers and reorient molecules can be investigated in 
simple, well-defined systems when high resolution, tun
able lasers are used. The optical-optical double reso
nance technique (OODR)1 is used here for such investi
gations. A first (pump) laser prepares as few as one M 
sublevel of a particular rovibrational state. Other sub
levels are then populated by elastic (AJ = 0) and inelastic 
(AJ* 0) collisions. The altered populations are sampled 
by a second tunable (probe) laser which induces transi
tions to a higher electronic state from which fluores
cence is detected. For elastic collisions, M sublevel 
populations are directly obtained. For inelastic colli
sions, OODR intensity as a function of probe polariza
tion is compared to the predictions from various models 
of M -changing collisions to determine which, if any, is 
applicable. 

Five other techniques have been utilized to measure 
collision induced molecular depolarization: (0 resonance 
fluorescence2- 4

; (ii) microwave and infrared double res
onance5- 8; (iii) Hanle effect experiments9-1\ (iv) laser 
induced line narrowingl2; and (v) molecular beam elec
tric resonance experiments. 13 The results of these ex
periments differ widely, depending upon the particular 
molecular system chosen for investigation. 

For homonuclear atom-diatom collisions, the re
sults have been somewhat inconsistent primarily because 
of experimental difficulties. Kurzel and Steinfeld3 re
ported final J averaged, inelastic depolarization cross 
sections of 5 to 20 ]..2 for Ir colliding with H2, He, or 
Ne. These cross sections correspond to average J re
orientation angles, referred to a laboratory reference 
frame, of 43° to 50°. 3 Lack of final state selection, ex-

a)Present address: Bell Laboratories, Murray Hill, New 
Jersey 07974. 

b)Chaim S. Weizmann postdoctoral fellow. 

citation of more than one initial level, and multiple col
lision effects obscure the meaning of these measure
ments. McCaffery et al. 4(a),4(b) concluded from higher 
resolution experiments that in fact the space fixed mag
netic quantum number M. is conserl'ed in collisions be
tween I; and O2, 12, or Ar. 14 Unfortunately, McCaffery 
et al. 's measurements were also flawed by preparation 
of more than one initial J level and by the effects of 
multiple collisions. 4(a),4(b) 

In another series of resonance fluorescence experi
ments, McCaffery et al. 4(e), (d) concluded that there are 
restricted channels by which rotatiQllal energy is trans
ferred in Lit-He collisions; they found that the pro
pensity rule AM -'S AJ is valid. These measurements 
were not subject to the problems encountered in the Ii 
experiments, but it now remains to determine the gen
erality of this conclusion. For elastic collisions, for 
example, little depolarization would be expected; but 
only inelastic events were examined. 4 Is this propensity 
rule valid for polar diatoms or affected by collision 
partner polarizability? 

Borkenhagen et al. 13 have measured both elastic and 
inelastic M changes in CsF, induced by collisions with 
the rare gases He through Ar, using the molecular 
beam-electric resonance method. Their results are 
most interesting in light of the similarity between their 
experimental system and ours, although we utilize no 
molecular beams. Their experiments involve only the 
lowest rotational levels of CsF (X 1~ +), J = 1 to 3 and M 
changes of 0 or 1. We examine the J = 1 and 2 levels of 
Baa (A 1~+) and M changes of 0, ± 1, and ± 2. Although 
the molecules are isoelectronic, the Baa (A 1~+) dipole 
moment, 2.20 D, 15 is 3.6 times smaller than the CsF 
dipole moment, 7.89 D. 16 For (J, M) = (1,1) - (1, 0) col
liSions, Borkenhagen et al. measured cross sections of 
5]..2 for Ne, Ar, and Kr. For AJ=1 (e.g., 1-2), com
parable cross sections were determined for both AM 
=0 and 1. No systematic variation with rare gas was 
evident. 13 Our results on BaO- Ar provide a unique op-
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portunity to assess the importance of the diatom dipole 
and quadrupole moments on M changing collisions. 

Additional experiments on poly atomic polar systems 
have suggested that low J, K levels are easily depolar
ized whereas high J, K levels are not. 6 Shoemaker et 
al. reported a cross section of .., 100 A 2 for I1J = 0, 11M 
= ± 1 CH3F - CH3F collisions, but this value is only an 
estimate as it represents an average over the upper 
(J,K) =(5,3) and lower (J,K) =(4,3) rovibrationallevels. 
For higher J, K values, no depolarization was detected, 
indicating that the cross sections were at least 100 times 
smaller. 6 In addition to the upper/lower level ambiguity, 
these measurements were also imprecise owing to spec
tral overlap. 6 

The experiments described here Simplify interpreta
tion by preparing BaO (A l:E+) (v = 1) in the single J = 1, 
M = 0 sublevel. The sub-Doppler resolution of the OODR 
technique eliminates the problem of overlapping transi
tions near the band origin, permitting preparation of 
this unique level. 

The M sublevel populations of J = 1 are probed by tun
ing the second laser to the P(l) line of the C-A 3-1 
band. With the probe polarization perpendicular to that 
of the pump laser, the upper C state (J* = 0) cannot be 
excited from the initially prepared M = 0 sublevel. An 
OODR signal does not appear unless collisions change 
M. In this on-off type experiment, any fluorescence 
Signal is direct evidence for elastic transfer to M = ± 1 
from M = O. Such transfer is detected in collisions with 
CO2 but not with Ar, in contrast with CsF - Ar results 
mentioned above. The CO2 elastic transfer cross sec
tion is compara:ble in size to that for level to level (J 
_ J') transfer. Ua) 

When the probe laser is tuned to the P(2) line, infor
mation is obtained on the manner in which collisions 
transfer molecules from J = 1, M = 0 into M sublevels of 
J = 2. The extent of J = 2 polarization is characterized 
and significant population in Mo# 0 sublevels is detected. 
Different models for inelastic depolarization are then 
considered in an attempt to distinguish the one(s) best 
able to account for observations. In this inelastic case, 
we find that Ar and CO2 produce comparable effects. 

II. EXPERIMENTAL 

The oven for generating BaO has been described else
where. 17 Ba metal (Alfa 99.999% purity) is heated to 
melting and the Ba atoms are entrained by Ar (Airco, 
99.998% purity) and mixed with CO2 (Airco, 99.8% 
purity) to form BaO according to the reaction 

Ar +Ba+C02 -BaO +CO+Ar . 

The operating pressures of the reactants are in the 
range 0.24-4.4 Torr Ar, 0.01-0.30 Torr CO2, and 1 
x 10.4 Torr Ba. CO2 and Ar pressures are measured by 
Wallace and Tiernan Model FA160 and MKS Baratron 
Model 220-2A6-1 gauges. 

The dye lasers (Coherent CR 599-21) operate in single 
mode at typically 50 mW output power. They are fre
quency stabilized with 1 MHz linewidths. The optics, 
frequency calibration, and fluorescence detection are 

ELASTIC DEPOLARIZATION 

J= 0, M= 0 

probe P(I) PO) 

Z Y 
A'~+ r-' M =1 

~ M =-1 
coil. 

J=I,M=O 

pump R(O) 

Z 

J=O,M=O 
X'~+ 

FIG. 1. Elastic depolarization experiment. 

P( I) 

Z x+ 

flu orescence 

J = I 

essentially the same as described previously. 1 The 
pump laser beam is z polarized with a calcite polarizer 
and propagates in the x direction. The probe laser ra
diation is first circularly polarized by a Fresnel rhomb 
and is then linearly polarized (with a 50% loss) in either 
the y or z directions by a second rotatable calcite polar
izer; it propagates collinearly with the pump beam. 

A. The elastic depolarization experiment 

The z polarized pump laser is tuned to the R(O) line 
of theA l:E+ (v=1)-X 1:E+ (v" =0) band, preparing the 
IJ = 1, M =0) sublevel. The probe laser is then tuned 
to the P(l) line of the C l:E+ (v* =3)-A l:E+ (v= 1) band. 
When the probe laser is z polarized, the 11M = 0 selec
tion rule applies and the intensity of fluorescence from 
C l:E+ depends only on the M = 0 population. When the 
probe polarization is rotated to y, 11M = ± 1 applies and 
fluorescence from the C l:E+ state is only detected if col
lisions have populated the M =± 1 sublevels. Any OODR 
Signal is direct evidence for elastic M -changing colli
sions. 18 The scheme of this experiment is shown in 
Fig. 1. 

Ultraviolet C l:E + - X l:E+ fluorescence in the y direc
tion is detected with a photomultiplier (Hamamatsu R212 
at - 600 V dc). The probe laser scans through the P{l) 
transition and integrated intensities are measured. The 
ratio of the intensity when pump and probe polarizations 
are perpendicular (IJ to that when they are parallel (III) 
is a measure of the extent of population transfer to the 
M=±llevels. This ratio (IjIII) is small and care must 
be taken to correct for any laser depolarization occur
ring before the beams enter the vacuum chamber. 
Laser depolarization results in unwanted III intensity 
when the lasers are in the perpendicular configuration. 
Correction is made by introducing a calcite analyzer at 
the place both beams enter the chamber. Any OODR 
excited UV fluorescence intensity when the analyzer is 
set in the y or z directions is due to laser depolariza
tion by mirrors and beam-splitters, not to collisional 
effects. The probe laser has different intensities when 
z and yare polarized, and this too is corrected for. 

B. The inelastic depolarization experiment 

The pump laser again prepares IJ=l,M=O). The 
probe laser is now tuned to the P(2) line so that M sub-
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INELASTIC DEPOLARIZATION 

C'L+ 
J=I------.-----.-.--

probe 
R(O) P(2) 

P(2) 

X or z 
A'L+ J=2 M 

J = I, M= 0 -----~-~{-2 
coli. -0_: 

R(O) -~-2 fluorescence 
pump 

Z 
_L- J =2 

J =0, M = 0 ___ ....I-________ -L... __ 

FIG. 2. Inelastic depolarization experiment. 

level populations of J = 2 can be probed. These popula
tions are the result of inelastic transfer from J = 1. 
When the laser polarizations are parallel (z), the inten
sity of fluorescence from the C IL+ state depends on the 
sublevel populations in a way that differs from its depen
dence in the perpendicular configuration. The ratio of 
intensities in the two configurations is expressed in 
terms of the sublevel populations [Eq. (6) below] and is 
a measure of the extent of angular momentum realign
ment accompanying collisional transfer from J = 1 to 
J = 2. Figure 2 depicts this experiment. 

III. RESULTS AND DISCUSSION 

A. Elastic depolarization 

The J = 1 state prepared by the pump laser is charac
terized by a density matrix PM'M whose only nonvanish
ing matrix element is Poo. The density matrix may be 
decomposed into state multipoles (T KQ>' 19,20 If any mo
ment with K> 0 exists, the state is said to be polarized. 
If a dipole component (TIQ> is present, the state is 
oriented. If a quadrupole component (T2Q> exists, the 
state is aligned. Here the density matrix of the optically 
excited state has no dipole component but does have a 
nonvanishing quadrupole one, (T20>, and the prepared 
state is aligned; the detection of fluorescence with the 
beam polarizations perpendicular is then an indication 
that the prepared alignment has been changed by colli
sions. 

The corrected I~/I" ratio is related to sublevel popula
tions by starting with the general expression for fluo
rescence intensity in the absence of external fields when 
sublevels are degenerate21 : 

lex L: F~m,G~'m . (1) 
m,m' 

The excitation matrix is given by 

(2) 

where m and m' deSignate upper state (J*) magnetic 
sublevels and M and M' lower state (J) ones. 22 The po
larization vector for excitation is ej and the elements of 
the lower state density matrix P are given by 

N 

""' (n) (n)* PMM' = L..J aM aM' , 
n=1 

where a~n) is the amplitude for finding the nth molecule 
in the sublevel M and N is the total number of mole
cules. The diagonal elements are sublevel populations; 
the off-diagonal ones vanish unless definite phase rela
tions, or coherences, exist between sublevel amplitudes. 
The emission matrix is given by 

(3) 

where ef is the polarization vector for detection and I.l 
designates ground state sublevels to which emiSSion 
occurs. 

In the elastic experiment, probe excitation and subse
quent emission are both P(1) transitions and Eq. (1) re
duces to 

I" ex F~oGo;z = F~o( Goo + G~o) , 

I ~ ex F~oGooz . 

Coherence is not optically prepared here and cannot 
be generated by the axially symmetric (about z) colli
sional perturbations, 20 thus only diagonal elements of P 
need be included in Eq. (2). By symmetry, collisions 
will populate the M = ± 1 sublevels equally (Pu = P_I_I 
=nl). The necessary F and G elements are calculated 
using appropriate direction cosine matrix elements23 and 
are listed in Table I. I~ and I" are then evaluated to ob
tain 

I ~/I" = P!1/ Poo = nl/no . 

The intensities are directly proportional to the sublevel 
population densities, nj. 

The intensity ratio (I~/I,,) has been measured at dif
ferent Ar and CO2 pressures. At low CO2 pressure, the 
ratio is less than 0.03 and does not vary noticeably with 
Ar pressure. Thus, an upper bound for elastic depolar
ization by Ar is uAr < 1 ;'2. The finite value of I~ at low 
CO2 pressure (0.03 Torr) is due either to higher than 
indicated residual CO2 pressure or incomplete correc
tion for laser beam depolarization. 

When the CO2 pressure is varied, significant change 
in the population ratio is observed; this pressure depen
denc e is shown in Fig. 3. Measurements at fixed Ar 
pressure of 0.3 Torr are shown by open circles. Aver
ages of measurements at different Ar pressures but 

TABLE 1. Excitation and emission 
matrices. 

Foo 

Fl1 =F_ I _I 

F I _I =F_II 

Goo 

G It =G- t - t 

G 1_t =G_ tt 

FIx) 

tnt 

{o no+t n2 

-:~ no 

G ly ) 

t 
"5 
6 
15 
:1 

15 

F(z) 

~ no 

tnt 

0 

G(z) 

9 
15 
t 

5" 
0 
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0.075 

~ 0.050 
-i 

H 

0.025 
o 

0.1 0.2 

PC02 (torr) 

o 0.3 torr Ar 

x overage over 
Ar pressures 

0.3 

FIG. 3. Pressure dependence of the intensity ratio I~/I" for the 
elastic depolarization experiment. 

constant CO2 pressure are shown by crosses. The 
points are fit to a straight line whose slope is related as 
follows to the cross section a g2 for elastic M -changing 
collisions. 

If an excited BaO molecule is assumed to undergo at 
most one collision, 24 the rate at which the M == + 1 sub
level is populated is given by 

(4) 

where kC02 and kAr are the rate constants for transfer 
from M == 0 to + 1 through collisions with CO2 and Ar, 
respectively. The rate at which the probe laser re
moves molecules is small compared to the radiative 
rate krad and is not included in Eq. (4). Since IJI" is 
shown by experiment not to depend on PAr, kAr is ne
glected and a steady state solution obtained: 

nt/no ==I~/I" == kC02nCo/krad • (5) 

USing 2. 75x 106 sec-1 for krad25 and the slope from Fig. 
3, the rate constant for changing M from 0 to + 1 is kC02 

1.0 

f 
0.8 

)(0 

0.6 x 
X 1\ 

x 

o 

• 
0.4 

(J == 1-1, M ==0- + 1) ==2. O±O. 6x 10-11 cm3 sec-1, and 
the corresponding cross section is aC02 == 4. 2 ± 1.2 J...2. 
Since the cross section for changing M to -1 will have 
the same value, the total cross section for elastic tlM 
transfer is a~~2=8.4±2.4 J...2. This is coomparable in 
size to that for J==O-J,==l transfer -20 A2

, which in 
turn accounts for'" 20% of the total inelastic cross sec
tion.1(a) 

B. Inelastic depolarization 

With the probe laser tuned to C 1L+ - A lL+ 3-1 P(2), 
the fluorescence intensities with the laser polarizations 
parallel and perpendicular are measured. These inten
sities can again be related to the M level populations of 
the state being probed (J = 2). Excitation is from J == 2 
to J* ==1 and emission is to J" =2 and O. From Eq. (1) 
the intensities are 

III ex FooGo~z + 2Fi1 G1r , 
I~ ex F~oGo~z + 2Fr1Gliz + 2FtlG:jf • 

Collisions cannot generate orientation or coherences in 
J ==220 and 

Pitlitl. == 0, Met M', P11 == P-l-l ==nl, P22 == P-2-2 ==n2 • 

The F and G matrices are then calculated (and given in 
Table I) to obtain 

(6) 

The intensity ratio is measured in a series of eleven 
experiments at different pressures. The argon pres
sure is varied between 0.3 and 2.7 Torr and the CO2 
pressure between 0.01 and 0.32 Torr. The variation of 
the intensity ratio with total pressure is shown in Fig. 
4. The ratio apparently does not depend on whether CO2 

• 

FIG. 4. Pressure dependence 
of the intensity ratio IJIIi for 
the inelastic depolarization ex
periment. 

• P(C02) = 0.01 torr 

0.2 
o P(C02 ) = 
x P CAr) 

0.03 torr 

= 0.30 torr 

o 
o 0.5 1.0 

TOTAL 
1.5 2.0 2.5 

PRESSURE (torr) 
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or Ar is the primary collision partner26 and does not 
vary with total pressure. The average value of the in
tensity ratio is IJI" = 0.58 ± O. 05 (la error). 

At first thought, it is surprising that multiple colli
sions do not increase the intensity ratio as pressure is 
increased. However, a simple kinetic model predicts 
only a small change in the intensity ratio over the pres
sure range used. This model restricts transitions to 
levels with J ~ 3 and specifies t:..M ~ t:..J. The rate con
stants for allowed transitions are all taken equal (2 x 106 

sec- l Torr-I). The pump rate into 110) is at least 10 
times greater than the rate of collisional repopulation of 
this level. When this is done and steady state popula
tions are calculated at different pressures, it is seen 
that the intensity ratio increases only by 0.08 over the 
experimental pressure range. An increase of this size 
is hidden by experimental error; we thus conclude that 
this experiment is insensitive to the effects of multiple 
collisions. 

The observed intensity ratio immediately implies that 
levels other than M = 0 of J = 2 are significantly popu
lated by collisions and that a t:..M = 0 selection rule in 
the laboratory frame does not apply to this inelastic 
transfer. If such a selection rule did apply, the inten
sity ratio would be 0.125. Also ruled out is complete 
depolarization (M randomization), since this would re
sult in a ratio of 0.94. We can conclude that the depo
larization is significant but not complete. 

Instead of the intensity ratio (1.11,,), a degree of polar
ization (P) can be defined and used to characterize the 
population distribution among M sublevels of J = 2: 

(7) 

P has the advantage of increasing as the state's polar
ization increases. The observed value for Pis 0.27. 
In the t:..M = 0 and M randomization limiting cases, P 
values would be 0.78 and 0.03, respectively. In the fol
lowing sections the phrase "intensity ratio" refers to 
Ijl", while "degree of polarization" refers to P. 

Another means of visualizing inelastic M changing 
collisions is to lengthen and then rotate J out of the 
laboratory-fixed plane (xy), in which it is initially pre
pared. M sublevels are populated to an extent deter
mined by the rotation angle. The angle which matches 
the observed intensity ratio of 0.58 is (3 = 36°. 27 

C. Models for M transfer 

1. Long-range intermolecular forces 

Several long range interactions may be important in 
causing BaO(A l~+) M changes. Limiting ourselves to 
permanent BaO (A l~+) dipole and quadrupole moments 
(fJ. and Q, respectively), induced dipoles in Ar or CO2 

and the permanent quadrupole of CO2, these interac
tions and corresponding BaO (A l~+) selection rules are: 
(i) dipole (BaO) - induced dipole (Ar or CO2), t:..J = 0, ± 2, 
t:..M = 0, ± 1, ± 2; (ii) dipole (BaO) - quadrupole (C02), 

t:..J=±l, t:..M=O, ±1; (iii) quadrupole (BaO)-induced di
pole (Ar or CO2), t:..J=±l, ±3, t:..M=O, ±1, ±2, ±3, and 
(iv) quadrupole (BaO) -quadrupole (C02), M = 0, ± 2, 
t:..M = 0, ± 2. 5 Even assuming that these interactions 

were solely responsible for effecting J, M changes, 
more extensive changes in J, M occur via higher order 
terms involving the above operators; and, the selection 
rules above would not be rigorous. It seems reasonable 
that the interactions cited above would dominate small 
J, M changes o If so, dipole - indu ced dipole and quadru
pole - quadrupole interactions could be expected to dom
inate elastic (t:..J = 0) M changes; dipole - quadrupole 
and quadrupole - induced dipole interactions would dom
inate inelastic, odd I t:..JI,H changes. 

In this context, it is most interesting to compare our 
results to those of Borkenhagen et al. on CsF - rare gas 
M -changing collisions. 13 As mentioned above (Sec. I), 
cross sections of - 5 'A2 were determined for elastic 
(J, M) = (1,0) - (1, 1) transfer for CsF. By contrast, the 
BaO (A 1~ +) - Ar elastic cross section is no greater than 
1 'A 2. The quadrupole moment for CsF (X 12:;+) is - 2.0 
X 10-25 esu cm2 • Although quadrupole moments have been 
determined for neither BaO (X 11;+) nor A 1~., it is plau
sible that the A 11;+ moment is Significantly smaller than 
the X 1~+ or CsF (X 11;+) moments, since this state is 
more covalent (less polar) than either BaO (X 1~+) or 
CsF (X IL; +).15,16 The charge distributions in the BaO 
and CsF ground states are probably similar in light of 
their nearly identical dipole moments and isoelectronic 
configurations. 16 ,28 However, the A 11; + - X lL; + transition 
entails a partial charge transfer from O(2p) to Ba(6s) 
which not only reduces the dipole moment but also the 
quadrupole moment in A 11:+ relative to X lL;+. Thus, 
both first-order quadrupole and dipole - induced dipole 
interactions between BaO (A lL;+) and Ar should be sub
stantially weaker than the corresponding interactions 
between CsF (X 11: +) and Ar, consistent with the elastic 
}\-i-changing cross sections measured here and in Ref. 
13. 

It is interesting to note the important role which the 
CO2 quadrupole moment - 4. 3 X 10-26 esucm2 plays in 
effecting t:..J = 0, t:..M = 1 transfer. 16 This moment may 
compensate for the small BaO (A IL; +) dipole and quad
rupole moments in caUSing t:..J = 0, t:..M = 1 transfer: the 
cross section for CO2 collisions, into M = ± 1, is 4.2 
± 1. 2 'A 2 as mentioned above (Sec. III A), which is com
parable to the CsF - rare gas values. 13 

Comparisons between CsF (XIL;+) and BaO (A I~+) for 
inelastic transfer are more difficult since we have not 
determined individual (J=1,M)- (J,=2,M,) cross sec
tions and Borkenhagen et al. 13 have determined only 
some of these cross sections. For rare gas collisions, 
Borkenhagen et al. observe equal branching into M = 0 
or ± 1 for J = 1-J, = 2, with cross sections of :::: 4 'A 2.16 

If we assume the same branching ratio here and neglect 
population of M = ± 2, the ratio of 11 to I" [Eq. (6) 1 would 
be 0.41, compared to an experimental value of 0.58 
± O. 05. The cross section into any particular M sub
level, 0 or ± 1, would be :::: 6. 7 'A 2 assuming a total t:..J 
= 1 cross section of 20 'A2 .Hal The value of IJ/n = O. 41, 
calculated assuming identical branching to that found 
for CsF, 13 is qualitatively in accord with our experi
mental value (0.58). 
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T ABLE II. Inelastic transition ampli
tudes ! lml' 2m2 for J = 1- 2 transfer in the 
c. m. system, quantized along the relative 
velocity vector. Amplitudes are calcu
lated for atom-diatom collisions in the 
l-dominant approximation. a Relative 
values are given. b 

I mIl I m21 = 2 

1. 25 

o 1. 77 

aReferences 31 and 34. 

2.50 

3.50 

o 
3.06 

4.30 

bAbsolute values depend on the total J = 1 
-Jf =2 transition amplitude. j=80. 

2. Transformation to a center of mass system 

We have been considering collision induced changes 
in the orientation of J with respect to a laboratory -fixed 
z axis specified by the direction of pump laser polariza
tion. There are compelling reasons to transform to a 
center of mass (c. m.) system whose orientation is spe
cified by the individual collision. All theoretical calcu
lations do this and if useful M -changing generalizations 
are to emerge, they are likely to refer to such systems. 
We thus choose a quantization axis in the direction of 
the initial relative velocity vector, Vr • l •

29 Both initial 
(ml) and final (m2) projection quantum numbers are re
ferred to this axis. 

Let R be the required transformation operator and f 
an operator whose matrix elements give the amplitudes 
for sublevel to sublevel transitions in the c. m. system. 
The overall result of an inelastic (AJ = ± 1) collision of 
IIO>tab BaO can then be represented by 

R' l fRi10>lab=LaM i2Mf >lab' 
IIf ' 

(8) 

where M, is the final projection quantum number along 
the laboratory fixed z axis and the aM, are final J = 2 
sublevel amplitudes. These amplitudes depend on the 
orientation (8, ¢) of vr ., with respect to the laboratory
fixed z axis; velocity averaging is required. The trans
formation procedure and velocity averaging is outlined 
elsewhere30 ,31 and is treated in the Appendix here. 

A model for the f matrix is needed to compute final 
sublevel amplitudes and populations. A full quantum 
treatment of atom-diatom (1~+) collisions 32 yields com
plicated expressions for f elements. Only in simple 
cases and with great computational effort can these ex
pressions be evaluated. Therefore a number of approx
imations in limiting cases have recently been developed. 
We turn to some of these in order to calculate final sub
level populations for comparison with the polarization 
observed to be transferred to J, = 2 from J = 1 by Ar col. 
lisions. (We observe the same polarization whether the 
collision partner is Ar or CO2, but the quantum approxi
mations we use are not expected to hold for the BaO 
- CO2 case.) 

3. The I-dominant approximation 

This approximation, developed by l)ePristo and 
Alexander. 33,34 applies best when the dominant contribu-

tions to the scattering amplitude are from channels with 
large total angular momentum j. 35 This is so when the 
transition is principally the result of long-range en
counters. Then, for a given j, channels with smallest 
orbital angular momentum 1 dominate because these 
channels have the lowest centrifugal barriers and small
est classical turning points. The l-dominant approxi
mation in its simplest form neglects all channels (for a 
given j) except those with the smallest initial and final 
values of l. 

The scattering amplitudes f(X)1 ,m!" l,m2 depend on scat
tering angle, X (see Appendix). When they are evaluated 
in the l-dominant limit and 1 »J, these amplitudes factor 
into a product of a j, 1 independent term, t', and a sum
mation over the j and 1 dependent terms. In this limit, 
the I solely determine the branching, or relative ampli
tudes, into different M sublevels for a given J - J, rota
tion changing collision. For J = 1- J, = 2, the different 
I amplitudes are given in Table II. Additional details 
are given in the Appendix. 

From Table II it is seen that the amplitudes are great
est when J is initially perpendicular to Vr .!, that is when 
m! =0. In addition, the collision tends to align J per
pendicular to vr .! for arbitrary initial orientation, that is 
m2 =0 transition amplitudes are largest. 

Once c. m. f elements are known, final laboratory
fixed transition amplitudes, aM" are obtained from Eq. 
(8). These aM, are differential scattering amplitudes, 
which still depend upon the orientation of Vrol with re
spect to space-fixed coordinates. To obtain integral 
transition probabilities in the laboratory system, 1 aM ,1 2 

are first averaged over all scattering angles and then aver
aged over all orientations of vro!' Details are given in 
the Appendix. The results are given in Table III. 

The L-dominant approximation predicts high polariza
tion transfer in the c. m. system, but the transfer is 
diminished in the laboratory -fixed system due to the co
ordinate transformations and velocity averaging. In 
fact, the calculated degree of polarization is Slightly 
less than what is observed (Table III). This is expected 
from neglect of velocity selection by the pump laser (see 
Appendix).36,37 We now turn to other prescriptions for 
the f elements to see how the agreement with observa
tion is affected. 

4. m conservation and the CS approximation 

Gr eater polarization in the c. m. system is expected 
to lead, after velocity averaging, to greater polariza
tion transfer in the laboratory-fixed system. Thusitis 
natural to next consider m conservation in the c. m. sys
tem. It should be noted that this selection rule is not 
phySically meaningful in that it could lead to production 
of alignment when none initially existed in a system with 
no unique collision axis. 38 However, this model is use
ful in assessing the effect of such Am = 0 collisions apart 
from Am * 0 collis ions. 

m conservation with respect to VrO , also arises when 
the centrifugal sudden (CS) or coupled states approxi
mation is made to solve the close coupled equations. 39 
This approximation decouples the orbital angular mo-
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T ABLE III. Inelastic transition probabilities I aM I 2 • intensity ratios. and angles of rotation 
for 11,O)-12,M,) collisionaltransferinAI1:+~aO.a 

laM,1 
2 

IMII 0 1 2 11 /1" P {3 

experiment 0.58 (5) 0.27 (5) 36° (1) 

1 dominant 0.26 0.23 O. 14 0.70 O. 18 

Am=O 0.40 0.30 0.00 0.37 0.46 28° 

I Am 1=1 0.50 0.22 0.03 0.35 0.48 27° 

aAveraged over scattering angles and orientations of initial relative velocity vector. See text 
for definitions. 10" errors in the last digit are given in parentheses. 

mentum of the collision complex (1) from the diatom 
angular momentum, replacing it by a constant. If this 
constant is chosen to be the final value of the orbital 
angular momentum {l/}, scattering amplitudes vanish 
unless they conserve m. 40 

This m conserving rule has been applied by others to 
interpret the results of rotational energy transfer ex
periments.41 When it is used in Eqs. (8) and (A4) and 
averaging over scattering angle and initial relative ve
locities performed as above, we obtain an intensity ratio 
of 0.37 (P=0.53 and (k28°). The predicted J=2 po
larization is now, as expected, greater than in the l
dominant approximation and also greater than is ex
perimentally observed; the angle of rotation f3 is smaller. 

5. D.m = ± 1 selection rules 

Another simple prescription is Am = ± 1; that is all 
elements with 1m2 - mIl = 1 are equal and all others 
vanish. J, if initially perpendicular to vrel ' is tipped by 
the collision toward Vrel' This contrasts with the l
dominant atom-diatom limit where the collision aligns 
J perpendicular to vret • When this prescription for f is 
used in Eq. (8) and the transformations carried out, the 
M f populations and corresponding intensity ratio are 
surprisingly similar to the Am = 0 case (Table III). 

The m -conserving and Am = ± 1 models both predict 
greater J = 2 polarization than is observed; the differ
ence from our experimental result may in part be ac
counted for by molecules that enter the state after more 
than one collision. High conservation of polarization in 
the c. m. system is compatible with observation, but the 
l-dominant amplitudes lead to slightly better agreement 
with observation than do these simple prescriptions. 
We observe the same J = 2 polarization whether Ar or 
CO2 is the colliSion partner. The calculations show, 
however, that the same laboratory -fixed polarization 
can be consistent with different c. m. selection rules; 
thus the f elements for collisions with CO2 may differ 
from those for Ar collisions yet yield the same observed 
polarization. 

IV. CONCLUSIONS 

Optical-optical double resonance spectroscopy, with 
its high resolution and selectivity, is well-suited for the 
investigation of elastic and inelastic M -changing colli-

sions. At low J, with proper choice of laser and detec
tion polarizations, direct measurement of M sublevel 
populations is possible. The extent of polarization trans
fer by colliSions can be characterized and rules govern
ing M changes determined. 

Here, Simplified experiments with A 12:+ BaO, excited 
to J = 1, M = 0, show the power of the technique. Elastic 
M -changing collision cross sections are found to scale, 
at least qualitatively, with the diatom multipole mo
ments, indicating the importanc e of long -range interac
tions in effecting molecular depolarization. 

In modeling inelastic M -changing colliSions, we have 
found the l-dominant theory of DePristo and Alexan
der33,34 to be in accord with experiment. This again il
lustrates the dominance of long-range, large-impact 
parameter collisions in causing changes in magnetic 
sublevels and destruction of alignment. 

These are first results demonstrating the potential 
of the method. Insight is gained into the way collisions 
change M quantum numbers and reorient molecules. 
Further work at low J under single-collision conditions 
and with other polarization configurations can provide 
more complete information on collisionally created M 
sublevel populations and M -changing rules. 
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APPENDIX: CALCULATION OF SPACE·FIXED 
INELASTIC TRANSITION PROBABILITIES USING 
CENTER OF MASS TRANSITION AMPLITUDES 

The pump laser prepares 11,0), quantized along 
space-fixed z. Transformation to a center of mass 
(c. m.) system with quantization in the initial velocity, 
vrelt direction is effected by the Dl rotation matrix42 : 

(AI) 
m 

where m is the c. m. projection quantum number, Ii and 
<p specify the orientation of vrel with respect to Z, and 
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* denotes complex conjugate. Ifflml~2m2 (j, 1,R) is the 
amplitude for the 11,ml>- 12,m2> transition, the result 
of inelastic transfer to J = 2 is 

f R I10>= L D~:/lml~2m2(X)12m2> 
'
f1 1tm2 

; L Cm2 12m2> , (A2) 
m2 

where Cm2 = Lml D1: j flml ~2m2(X) is the amplitude for trans
fer to the c. m. quantized level 12m2>' To obtain space
fixed amplitudes, axis rotation back to the z direction 
is required: 

WlfR 110> = Lw1Cm212m2> 
m2 

; L D~fm2(e, <1»c m2 12Mf> 
m2,M, 

;L aM, I 2M,> , 
Mf 

(A3) 

where aM=Lm2Cm2D~,m/e, ¢) is the amplitude for trans
fer to the space-fixed level 12,M,>. The probabilities 
for collisional transfer into different M, levels are then 
I aM, 12: they depend on e but not on ¢ since there is sym
metry about z. 

In the fully quantum treatment the c. m. transition amplitudes are given by 

where 11 and 12 are the initial and final angular momenta, 
respectively, Y'm is a spherical harmonic, T J1II,J2'2 i~ 
a transition matrix element independent of ml or m2, R 
denotes orientation of the vector joining the atom with 
the diatom c. m. and X is the c. m. scattering angle. 31,32 

In the I-dominant limit, 11 and 12 are restricted to 
j...JI andj-J2, respectively, and only the summation over 
j remains in Eq. (A4).34 If we consider only those cases 
where j» J I and J 2, since the major contribution to the 
integral cross sections results from large values of j, 
the 3-j symbols in Eq. (A4) approach their asymptotic 
limits and vary as r1l2. 34,39 Thus the Jj, mj, J 2, m2 de
pendent factors in Eq. (A4) are approximately indepen
dent of j, Ij, and 12 and can be factored out of the sum
mation over j 34: .. 

f Jlml ~ J2mZ(X) -IJlml~ J2m2 LF(j, X)YI2ml-m2cii) , (A5) 
j=O 

where F(j, X) includes the T matrix elements and other 
j, X dependent terms. The f factors for J I = 1 and J 2 = 2 
are given in Table II; these were computed assuming j 
=80, which is sufficiently large for Eq. (A5) to be valid. 

When pr~babilities, laM,I Z
, are calculated and aver

aged over R and X, the following expressions are ob
tained in the I-dominant approximation: 

lao 12 - (3/44){5x6 + 3x4 + 3x2 + 5) , 

I al 12 - (1/2 7
)( - 5x6 + 9x4 + 5xZ + 7) , 

la212_(l/29)(5x6_45x4+35xZ+21) , 

(A6) 

where x=cosO and M,-independent terms have been 
supressed. The relative probabilities for transfer from 
(J, M) = (1,0) to (Jf = 2, M,) given in Eq. (A6) need only 
be averaged over e, the orientation of vre1 relative to 
the space-fixed z axis. 43 

Averaging over initial relative velocities can be sim-

(A4) 

ply done if the BaO velocity selection by the pump laser 
is ignored. 36,37 In this case all directions are equally 
probable and the speed distribution is Maxwellian. In 
this case 

X2n = fO cos2nO sine dO 1 
g sine de 2n + 1 . 

(A7) 

The resultant velocity averaged relative probabilities 
I aM, 12 are given in Table III. 

When other prescriptions for the scattering ampli
tudes are used, Eq. (A4) still applies. If we impose 
t::.m = 0 or ± 1 selection rules, an equation analogous to 
Eq. (A5) results: the m dependence can be factored out 
and branching ratios into different m sublevels obtained. 
For m conservation, 

f~ml~2mz=6mlmz (A8) 

and for t::.m = ± 1 selection rules, 

Itml~2m2=61 mil' (A9) 

where m = ml - nl2• Similar equations to Eq. (A6) are 
obtained and velOCity averaged using Eq. (A7) to give 
the results in Table III. 
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