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The polarization of photon echoes stimulated by linear-linear, circular-linear, and linear-circular excitation
sequences has been studied in SF, with the P(12) through P(26) laser lines of CO, near 10.6 p,m and in

SiF4 with the P(28) through P(34) lines near 9.6 pm. A linear-linear pulse sequence with angle P between
the linear polarizations produces an echo at angle q with respect to the second pulse. q rotates in the same
sense as P with P(16) in SF6 and in the opposite sense as P with the other lines in SF„and with the lines in

SiF4. A left-circular-linear sequence produces a right-elliptic echo with P(16} in SF6, and a left-elliptic
echo in the other cases. A linear —left-circular sequence produces a left-circular echo in all cases. These
results are in accord with the large-J polarization theory of Heer and Nordstrom. For a linear-linear
excitation sequence, this theory predicts an unnormalized echo electric field E = +X(1/2sinP)+ ZcosP,
where the negative sign applies to a P- or R-branch transition, and the plus sign to a Q-branch transition.
For a left-circular —linear sequence, the theory predicts an unnormalized echo electric field E -=+1/2iX + Z,
where the plus sign refers to a P- or R-branch transition, and the negative sign to a Q-branch transition.
Echo decay rates determined from relaxation measurements are used to calculate molecular cross sections,
and these cross sections are compared with calculations based on the refractive indices and the Slater-
Kirkwood equation. Experimental cross sections are in general smaller than those found from the Slater-
Kirkwood equation.

I. INTRODUCTION

In a recent paper Heer and Nordstrom' devel-
oped the theory for the polarization of the photon
echo from molecules in high total angular mom-
entum states, that is, J&10. Small values of J
are treated in other papers. ' ~ They were able to
reduce the complex problem for large J values to
quite simple results for the echo polarization. The
experimental data of Heer and Nordstrom indicated
that SF, stimulated by the P(16) laser line of CO,
was in good agreement with their theory for a Q-
branch transition. No 2 component of polarization
was observed by them for excitation by other laser
lines. In a subsequent letter Gutman and Heer'
reported that the photon echo stimulated by the
P(14) laser line of CO, was in good agreement with
the theory for an R-branch transition, but that no
X component of polarization was observed for
other laser lines and was in agreement with the
earlier data. "' This paper reports on subsequent
measurements of photon echoes stimulated in SF,
by the P(12)-P(26) CO, laser lines near 10.6 p, m,
and in SiF4 by the P(28)-P(24) CO, laser lines
near 9.6 p, m.

Since this paper is concerned primarily with the
experimentally observed echo polarization from
the spherical top molecules SF, and SiF,- for large
values of total angular momentum, the results of
the large-J theory' are summarized. Let the stim-
ulating laser radiation propagate along the F axis
and let the second pulse be linearly polarized along
the Z axis as shown in Fig. 1. Let the first pulse

be linearly polarized along 2 at angle p with Z.
The echo is linearly polarized with an unnormal-
ized electric fieM vector of

E=—+X(-,' sinp)+ Zcosp,

where the plus sign refers to a J,=J, or to the Q-
branch transition and the negative sign to the J,
=J,+1 or to the P- and R-branch transitions. Thus
the photon echo is linearly polarized at an angle y
from the Z axis with tang=+-, tanp. For P and-
R-branch transitions or J,=J,+1 the echo polar-

X
FIG. 1. Laser radiation is propagating along the I'

axis. The first pulse is linearly polarized along the z
axis at angle P with the linear polarization of the second
pulse which is along the Z axis. The linear polarization
of the echo makes an angle y with the Z axis. '
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ization rotates in the opposite sense af P, and for
the Q-branch transition the echo polarization ro-
tates in the same sense as P. An intensity ratio
between the first and second pulse of 1:4 should
yield the best echoes.

If the laser radiation which stimulates the photon
echo is along the F axis, the first pulse is left-
circularly polarized, and the second pulse is lin-

A

early polarized along the Z axis, then the ellip-
tical polarization of the photon echo electric field
is given by the coefficient of e '"'. This unnormal-
ized echo polarization is

E=—+piX+P.

The positive sign refers to the J,=Jb+1 or P- and
R-branch transitions, and the echo has left-ellip-
tic polarization. The negative sign refers to the
J,=J, or Q branch, and the echo has right-ellip-
tic polarization. An intensity ratio of 1:2 for the
Q branch and 1:8for the P and R branches was
suggested for better echoes.

If the first pulse is linear and the second pulse
is left circular, then the echo is left circular. An
intensity ratio of 1:2 for the P and R branches and
1:8 for the Q branch should give the best echoes.

It has been suggested that the decay of the pho-
ton echo amplitude with the interval T between the
first and second pulse can be used to measure the
total elastic cross section. ' Experimental decay
rates reported in this paper on SF, and SiF~, and
earlier data on SF, and other molecules, 4' are
compared with the calculated cross sections and
the experimental molecular-beam data.

II. EXPERIMENTAL PROCEDURE

The experimental apparatus used to investigate
photon echoes from SF, and SiF~ is similar to
that used earlier. ' For the present investigation
the rotating mirror Q switch has been replaced,
and the new Q switch allows higher rotation rates
and shorter pulses. The pulse repetition rate
used with SF, is typically 240 Hz, and the full
width at half-maximum is 160-200 nsec. For SiF~
the repetition rate is typically 140 Hz and the pulse
duration is 300 nsec. Pressure measurements are
made with an oil McLeod gauge with Dow-Corning
704 vacuum pump fluid. In the mTorr pressure
range this gauge is not subject to the vapor pres-
sure error which is inherent in the mercury Mc-
Leod gauge. A compression ratio of about 1000:1
provides a measurable oil column height when op-
erating in the mTorr range. Before each exper-
iment, the gauge and the oil were baked for several
hours to ensure that there was no dissolved gas in
the oil. The pressure scale calculated from the
geometry of the gauge was checked against the

vapor pressure of' SF, at several liquid-oxygen
temperatures.

III. EXPERIMENTAL RESULTS

Photon echoes were stimulated from SF, by the
P(12)-P(26) laser lines of the (00'1)-(1000) vibra-
tional band of CO, near 10.6 p, m, and from SiF4 by
the P(28)-P(34) lines of the (00'l)-(02'0) band of
CO, near 9.6 p, m. The polarization theory' devel-
oped simple expressions for the echo electric
field in the special cases of linear-linear, circu-
lar-linear, and linear-circular excitation sequen-.
ces. These cases were therefore chosen for de-
tailed experimental investigation of the echo polar-
ization. In accordance with the theory, the laser
radiation was incident along the Y axis, and the
transverse electric fields were in the X-Z plane.
It is the echo intensity which is measured exper-
imentally, and for a linear-linear sequence, Eq.
(1) yields I~=Iocos' P and I„= ', I, sin'P, —where I~
is the transmitted intensity through the polarization
analyzer whose transmission axis is parallel to
P, and I» is the transmitted intensity when the trans-
mission axis is perpendicular to Z. For a left-
circular-linear sequence, the echo is either left-
or right-elliptically polarized, and Eg. (2) gives
I=I,(,' sin'n+cos-'n), where o is the angle between
the transmission axis of the analyzer and Z.

The results of the echo polarization studies for
each type of excitation sequence are described be-
low for each of the laser lines with which echoes
are observed.

A. SF6 linear-linear

1. P(16)

The echoes stimulated by P(16) exhibit a Z com-
ponent which is given by I~/I, = cos' P and an X
component which is given by IX/I, = 0.27 sin'P, and
the experimental points are shown in Fig. 2. The
value 0.27 compares favorably with 0.25 predicted
by the theory. The angle y is plotted as a function
of P in Fig. 3, and the echo rotates in the same sense
as p. An intensity ratio af 1:4 gives the best ech-
oes. The theory can be used to infer that P(16) is
absorbed by a Q-branch transition and is in accord
with other spectroscopic assignments. ""

2. P(12), P(14)

Echoes stimulated by P(12) and P(14) exhibit Z
components with Iz/Io = cos~ P, and X components
Ix/Io=0. 25 sin' P forP(14) and Ix/ID=0. 24 sin' P for
P(12). Experimental data for P(12) and P(14) are
shown in Figs. 2 and 3, and the echo polarization
rotates in the opposite sense as P. An intensity
ratio of 1:4gives the best echoes. The theory indi-
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FIG. 2. Relative echo intensity as a function of
angle P is shown for SF6 stimulated by the P(12), P(14),
P(16), and P(20) lines of CO2. The solid curves are
Iz/I0 eos2 P snd Ix/I0 0.25 sin2P——.

FIG. 3. Linear polarization of the photon echo at
angle qr is shown as a function of P for SZ6 stimulated by
P (12), P(14), P(16), and P(20). The curve shown is
tan p = + ~ tanp.

cates that P(12) and P(14) are absorbed by either
I'- or R-branch transitions. Conventional spec-
troscopic techniques" and other assignments'"
indicate an R branch.

3. P(18), P(20), P(22), P(24), P(26)

Z components of echoes stimulated by these lines
are well represented by I~/Io= cos'P. X compon-
ents follow Ix/ID= A sin'P, where A = 0.06 for P(16),
0.10 for P(20), 0.12 for P(22), and 0.16 for P(24).
The X component stimulated by P(26) is too small
to analyze. P(26) echoes have not been previously
reported. For each line, best echoes are obtained
with a 1:4 intensity ratio. Data for P(20) are in-
cluded in Fig. 2. For each of these lines, the X
component of the echo is considerably smaller
than predicted. The echo polarization rotates in
the opposite sense as P. Data for P(20) are in-
cluded in Fig. 3. These points fall some distance
from the tang = --,' tanP curve and this reflects the
fact that the maximum size of Ix is considerably
less than 0.25 Ip These results and spectroscop-
ic data' "imply that these lines are absorbed by
P-branch transitions.

B. SF6 circular-linear

1. P(16)

For a left-circular-linear excitation sequence,
optimum echoes are obtained with a pulse-inten-
sity ratio of 1:2 where the second pulse has the
same absolute intensity as for linear-linear. The
echo intensity as a function of analyzer angle n is

shown in Fig. 4, and since I/I, =0.27 sin'n+ cos'n,
indicates elliptic polarization. The sense of the
polarization is found to be right elliptic. These
results are consistent with theory for absorption
by a Q-branch transition.
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FIG. 4. Relative exho intensity for a circular-linear
excitation sequence is show& for SF6 stimulated by
P(12), P(14), P(16), and P(20) as a function of analyzer
angle e. The curve shown is I/Ip-—0.25 sin n+cos 0, .

90

2. P(12), P(14)

A pulse intensity ratio of I:8 yields the best ech-
oes with these lines for a left-circular-linear se-
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quence, but 1:2 and 1:4 ratios also give good ech-
oes. For P(12), I/ID=0. 24 sin~a+ cosign, and for
P(14), I/Io= 0.25 sin'n+ cos2n. Results are inclu-
ded in Fig. 4. The sense of the polarization is left
elliptic, and is consistent with predictions for ab-
sorption by an R-branch transition.

3. P(18), P(20), P(22), P(24), P(26)

For a, left-circular-linear excitation sequence,
best echoes are obtained with a 1:8 intensity ratio.
The data are well represented by I/I, =Bsin'n+ coy'n,
where B= 0.08 for P(18), 0.23 for P(20), 0.1V for
P(22), and 0.1V for P(24). The value of B cannot
be determined for P(26) due to the small size of
the echo. P(20) results are shown in Fig. 4. For
P(20), the echoes are left elliptically polarized,
but for the other lines, the echoes are too small
to allow determination of the sense of the polar-
ization.

C. SF6 linear-circular

A linear-left-circular excitation sequence yields
echoes which, within the limits of experimental
error, are circularly polarizedfor the lines P(12)—
P(24). Only for P(26) are the echoes too small to
analyze. Further, for the lines P(12)-P(20), the
sense of the polarization is found to be left circu-
lar. For the other lines, the echo size is insuf-
ficient to determine the sense of the polarization.
For P(16), a 1:8 intensity ratio gives best echoes,
while for the other lines, 1:2 is best, but good
echoes a,re obtained with 1:4 and 1:8 ratios.

D. SiF4 linear-linear, circular-linear, and linear-circular

Echoes obtained with P(30), P(32), and P(34) ex-
hibit Z components with I~/I, = cos'P, and X com-
ponents with I~/Io = 0.25 sin'P. The echo polariza-
tion rotates in the opposite sense as P. This is
consistent with absorption by P- or R-branch tran-
sitions. The results of Jones et al."can be used
to infer that they are R branch. For P(28), the
X component is below the limit of detectability.
Echoes stimulated by P(28) and P(34) had not been
previously reported.

With a left-circular-linear excitation sequence,
optimum echoes are obtained when the pulse in-
tensity ratio is 1:8. With P(30), P(32), and P(34),
the relative echo intensity as a function of analy-
zer angle is well represented by I/I, = 0.25 sin'n
+ cos ~. This indicates elliptic polarization, and
the sense is found to be left elliptic, which is ap-
propriate for absorption by an R-branch transition.
With P(28), the echo transmission through the an-
alyzer is too small for measurements.

Echoes stimulated by a linear-left-circular se-

fluence with P(30), P(32), and P(34) are found to
be circularly polarized, although there is insuf-
ficient signal for the sense of the polarization to
be determined. A 1:2 intensity ratio yields best
echoes. P(28) echoes are too small for analysis.

E. Pressure dependence of echo decay for SF6 and SiF4

The decay in echo intensity I/I, = e~"~ with the
interval T between pulses can be used to measure
the decay rate y= T, ' or the relaxation time T,.
No difference in decay rate was evident between
different molecular lines, nor was any difference
observed for the decay rate of the X and Z com-
ponents. The data for SF, are well represented
by PT, = 22 && 10 ' sec Torr and is in agreement
with the results of Patel and Slusher' and with
the results of Alimpiev and Karlov. 4 This corrects
an error in earlier measurements'" which was
due to the mercury vapor pressure of the McLeod
guage, erroneous SF, vapor-pressure data, and
some confusion in reported cross sections. '

For SiF4 good data were obtained for stimulation
by P(30) in the pressure range from 5 to 48 mTorr.
These data are fairly well represented by PT, =
(19+520P) x 10 ' sec Torr where P is in Torr and
T, is pressure dependent. The pressure-dependent
term may be due to absorption of the echo in the
long cell. A reliable low-pressure value of PT, is
19&10 ' sec Torr.

F. Temperature dependence

A cooling jacket was constructed for the sample
cell, which allowed the absorbing gas temperature
to be adjusted from room temperature to 180 K.
The jacket allowed the temperature to be main-
tained constant to within a few degrees along the
cell for an hour or more. With P(12), P(14), and
P(16) at temperatures of 220 'K or less, echoes
are observed which are larger than those at room
temperature. The polarization properties of these
echoes are in excellent agreement with the theory
for Q- and B-branch transitions as determined
from room-temperature results. P(16) echoes are
particularly interesting. A linear-linear sequence
of pulses with P=0 and separated by time T stim-
ulates a very large primary echo, and in addition,
a second and a third echo are observed. The sec-
ond echo is as large as 10% of the intensity of the
primary echo, and follows it by a time of approx-
imately T. The third echo follows the second also
by approximately T and is still smaller. At a tem-
perature of 203 K and a pressure of 4 mTorr, the
second echo is observed only if the exciting pulses
are separated by less than 3 p, sec. For the third
echo to be formed, the exciting pulses must be
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even closer. A second echo often is observed with
P(14), although it is smaller than with P(16) and
observed only when the exciting pulses are quite
close. Multiple echoes have been observed by
Bolger and Diels in Cs vapor. '4

P(18) echoes at reduced temperatures are sim-
ilar in size to those at room temperature, and
their polarization properties are in good agree-
ment with the theory. Echoes stimulated by P(20)-
P(26) are smaller at reduced temperatures. Be-
low 204 K, echoes are no longer observed with
P(24) or P(26). For each of the lines P(20)-P(26),
the size of the X component expected with a linear-
linear sequence is below the level of the noise. Re-
laxation rates measured from the decay in echo
intensity at reduced temperatures give a value for
PT, smaller than that found at room temperature.
At 213 'K, PT~ is 20 && 10 ' sec Torr. P(20)-P(26)
and P(12) are absorbed weakly at reduced temp-
eratures, and this weak absorption may be due to
the decreased excitation of the "hot bands."

/

IV. DISCUSSION OF RESULTS

The recent assignment by McDowell et aL' that
the CQ, laser line P(14) excites the SF,R(28)A2O

octahedral symmetry lower level, P(18) excites
P(33)A2, and P(20) excites P(59) or P(60)1'„es-
tablishes that high J values occur for these echo
transitions. It is reasonable to expect that the
other echo transitions occur for high values of
total angular momentum and that the polarization
of photon echoes should follow from the theory'
for large J. All polarization results for echoes
stimulated in SF, by P(16) are in good agreement
with the theory for a Q-branch transition. Agree-
ment is good for the R-branch echoes stimulated
by P(12) and P(14). The agreement is fair to poor
for echoes stimulated from the P branch by the
lines P(18)-P(26). Apparently, improvement in
experimental technique has made observable the
X component in the linear-linear and an elliptic

y=n[2w(3mC/8AV) ~'V]=nVo. (3)

Model-independent cross sections o which are de-
termined from experimental values of z are given
jn Table I. The Slater-Kirkwood ' equation for
the relationship between C and the molecular. po-
larizabilities is used to calculate the total cross
section, and this data is shown for comparison.

component in the circular-linear pulse sequences
for lines other than P(16) and P(14). Further im-
provement in experimental technique may lead to
even better agreement with theory. Polarization
results for echoes stimulated in SiF4 by P(30),
P(32), and P(34) are in good agreement with the
theory for an R-branch transition.

The importance of velocity-changing collisions
upon the decay of the photon echo amplitude was
emphasized by Schmidt et al." One may show'
that for radiation of wavelength X in the F direc-
tion, the echo amplitude decays as

(exp[(i2m/X) [F(T) Y(0) g„(0)T]))

and depends on the displacement of the molecule
relative to a constant velocity displacement. A
similar quantity was of importance in the discus-
sion of Gyorffy et al."of the broadening of gas
laser lines. In the discussion of this average,
Beer' has emphasized that the measurement of
the decay of the photon echo amplitude with pulse
interval T should yield the total elastic cross sec-
tion for molecular collisions. Both the work of
Beer' and that of Berman et al." indicate that
for a large pulse interval T, the echo intensity
decays as the probability of no collisions in inter-
val 2T, that is, e~'~ where y is the total collision
rate y = n(Vo), . The same small-angle scattering
which is of importance in the scattering of molec-
ular beams is of importance in the change of pqsi-
tion and is due primarily to the C/x' Van der Waals
long-range interaction between molecules. The
total collision rate and this constant C are related
by

TABLE I. Experimental cross sections are compared with values calculated from Van der
Waals coefficients obtained using the Slater-Kirkwood equation.

Molecule s 0 (10-"m') C~)c(10 ~~ Jme) cr~qc(10 m2)

SF6-SF6
SiF4-SiF4
Bcl -Bcl
SFg-He
SF,-Ne b

SF6-H2 b

CH3F-CHSF

480
470
350

87
150
200
380

830
430

1380

86
96

360

1190
860

1400
190
360
$40
820"

Reference 4.
Reference 7.

Reference 15.
~This term includes the nonresonant permanent electric dipole.



664 W. M. G UTMAN AND C. V. HEER 16

The molecular polarizabilities were taken from
the data of Rothe and Bernstein. " They used the
total cross section of an alkali atom with the gas
molecule of interest to measure C. This value of
C was then compared with the value which was de-
termined from the Slater-Kirkwood equation, where
the molecular polarizabilities were determined
from the index of refraction. Although ratios be-
tween similar gas molecules yielded reasonable
agreement, the absolute error in the cross sec-
tions was as large as 50'%%uo. A similar error can
be expected in the calculated cross sections in
Table I. Even for the most reliable SF,-SF, data
the cross sections differ by a factor of 2, and
since C ~ o'~2, the deviation in C is much larger.

Although the probability of no collision during
the interval 2T may seem quite drastic, one may
use the cross section proportional to e '~ of Mason
eI; al."to show that the average displacement which
is caused by a collision is approximately (8/2 p, )
x (88V/3wC)' 'f or (h/2p)(2w/o)'~'f. The change in
phase is (h/2 pX)(2w/o)'~'t and the change in phase
reaches 1 rad in less than —,

'
p, sec after the col-

lision. An interval between pulses of the order of
a few p, sec would seem to require no collisions for
the formation of the echo. A more detailed ex-
pression for the echo decay is the average

(exp((i2w/X) [Y(2T) —Y(T)])

&& exp[(- i2w/X) [Y(T)—Y(0)]]),

and the two exponentials have been treated as sta-
tistically independent. This is not strictly true,
but it would seem to be a good approximation. The
effect of multiple collisions is different for echoes

stimulated by radiation near resonance or excited
molecules traveling transverse to the radiation
than for echoes stimulated off resonance or ex-
cited molecules with a velocity component along
the radiation. A consideration of this effect is
not simple.

The collision rate y(vr) for a stimulated molecule
with velocity z~ equal to the most probable velocity
is only 15% greater than that for z(0) for an r ' in-
teraction. y(0)/y= 0.95 and even if all the excited
molecules were traveling transverse to the radi-
ation, the correction would be only 5'%%uo. Although
the photon echo experiment selects a certain vel-
ocity group, this cannot account for cross sections
which are smaller than expected. Grossman et
a/."have measured the velocity dependence y(vr)/
y(0) for "CH,F and found a change of 30/g between
v~=0 and v~ equal to the most probable velocity.
This is somewhat larger than expected for an x '
interaction. Their theoretical curve is in error. 22

In an earlier discussion the second virial co-
efficient and a Lennard-Jones 6-12 potential was
used to determine the Van der Waals constant. The
value of C determined from the data of Hamann and
Pearse'3 is in very poor agreement with the value
which was determined from the SF, and SiF, data.
One can use a hard-core repulsive potential and
obtain much better agreement.

The results of this paper and of other papers4"
for the echo decay rate do not yield cross sections
as large as expected, and may not provide a new
method for measuring the total elastic cross sec-
tion. It would seem desirable to use Cs as a buffer
gas in a photon echo experiment, and then a direct
comparison could be made with the molecular-beam
experiments.
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