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Broadening and shifting of the methanol 119-mm gain line of linear and circular polarization
by collision with chiral molecules
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Evidence of circular dichroism has been observed in the spectral properties of a gas of left-right symmetric
molecules. This dichroism comes about as the result of collisions of the symmetric molecules with left-right
asymmetric molecules introduced as a buffer gas. In this sense, the dichroism can be said to have been
transferred from the chiral buffer molecules to the symmetric, nonchiral molecules of the background vapor.
This transferred dichroism appears as a broadening in the gain line of the symmetric molecule that is asym-
metric with respect to the right or left handedness of a circularly polarized probe. The broadening of the
119-mm line of the methanol molecule was observed using infrared–far-infrared double-resonance
spectroscopy.
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I. INTRODUCTION

It is well known that the pressure broadening of a spec
line depends sensitively on the energy-level structure of
colliding-partner molecules. For example, accidental coin
dences of the energy levels of the partner molecules
cause an increase of the collision cross section and, co
quently, increases in the effective pressure-broadening c
ficient. Baranova and Zel’dovich have investigated theor
cally the question of what happens to the line broadening
a gas of left-right symmetric molecules if the colliding pa
ner is a left-right asymmetric~i.e., chiral! molecule@1#. In
their theory, the complex broadening coefficient~G! describ-
ing the line of a symmetric molecule contains the line bro
ening @Gc(v,V r)# and the level shift@Dv(v,V r)# simulta-
neously and is written as

G5Gc~v,V r !1 iDv~v,V r !

5NvTS a81 ia91~b81 ib9!
~VW r•vW !

V rvT
D . ~1!

In this expression,v is the velocity of a class of molecule
selected out of the Maxwellian velocity distribution of th
molecules to be investigated. The mean thermal velocity
the gas is given byvT . The rotational angular velocity of th
molecule is represented byV r while the density of the mol-
ecules in the gas is given byN. The transition associate
with the line in question is assumed to involve a change
angular momentum quantum numberDJ561.

In expression~1! the bs5vTa8 andgs5vTa9 terms give
the pressure-broadening coefficient and the line-shift cha
teristic of collisions between left-right symmetric molecule
The asymmetry caused by the chirality of a colliding partn
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is expressed by the third term containing the coefficientsb8
and b9. These coefficients determine the additional~asym-

metric! line broadeningba5vTb8(VW r•vW )/V rvT and shift

ga5vTb9(VW r•vW )/V rvT caused by one selected veloci
group (v) out of the thermal distribution. In the case of sym
metric molecules, the directional distribution of the angu
velocity is uniform and, therefore, the third term in expre
sion ~1! is zero. If, however, collisions with chiral molecule
cause an asymmetry in the direction of the angular velo
distribution, it can be noticed as an increase or decreas
the broadening coefficient and the shift, consisting of sy
metrical and asymmetrical parts. Moreover, transitions
duced by circularly polarized light~represented below bys1

for right circular ors2 for left circular! take place mainly
from energy levels with the projection of angular momentu
to the wave vector of propagation opposite to each other@1#.
Any asymmetry in the directional distribution of the angul
velocity vector caused by collisions with left-right asymme
ric molecules should, therefore, manifest itself as a diff
ence in the broadening and line shift for probe beams w
opposite states of circular polarization.

The goal of our experimental work was to find this diffe
ence with respect tos1 ands2 probe beams in the broad
ening and line shift of a gas of symmetric molecules cau
by collisions with left-right asymmetric molecules. Th
search for this effect was carried out in a gain line rather th
in an absorption line for which the theory was written. B
choosing to work with a gain line we were able to use
modified version of an experimental setup that had been
viously employed for spectroscopic measurements of
broadening of the 119-mm line in methanol caused by th
addition of various~symmetric! buffer gases@2,3#. The ex-
perimental apparatus is described in detail elsewhere@4#. In
©2000 The American Physical Society07-1
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FIG. 1. The experimental setup. The ref. CO2 laser is line-center stabilized using a CO2 vapor fluorescence cell FC whileD1 represents
an InSb liquid-nitrogen-cooled detector. The pump laser 1 and pump laser 2 are off-center stabilized to pump the gain cell and the F
respectively;D2 andD3 are HgCdTe liquid-nitrogen-cooled detectors. Frequency tuning of FIR laser 2 was accomplished by a PZT~piezo
translator! driven by a ramp generator labeled RG. The beat frequency between the tunable FIR laser 2 and the center-frequency
laser 1 was monitored by a Schottky diode labeled SD. CH1 and CH2 are mechanical choppers, PSA1 and PSA2 are phas
amplifiers, and PD1 and PD2 are pyroelectric detectors. In all casesZ and F represent ZnSe and foil beam splitters whileM represents
metallic mirrors. All data were stored in the data-acquisition system DAS.
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the earlier measurements, the gain broadening was meas
for linear polarization only. In this work, we measured t
broadening and shift of the 119-mm line using both linearly
and circularly polarized probe beams (s1 ands2). We se-
lected as a left-right asymmetric colliding partner the chi
S-octanol molecule@5#.

In this report, we briefly describe our experimental app
ratus in Sec. II. The results of the measurements as well
discussion are presented in Sec. III and a summary is g
in Sec. IV.

II. THE MEASUREMENT AND THE EXPERIMENTAL
SETUP

Using a probe beam from an optically pumped fa
infrared~OPFIR! methanol laser, the shape of the gain cur
for the rotational transitionJ516→J8515 in the vibra-
tionally excited manifold of the methanol molecule (v
51, l5119mm) was measured in a gain cell. A probe bea
was tuned around the 119-mm resonant wavelength by tran
lating one of the mirrors of a laser cavity@FIR laser 2~FIR2!
in Fig. 1#. Using a piezoelectric translator~PZT!, the probe
laser was tuned over a frequency interval of about 1 MH
The polarization state of the far-infrared probe beam w
varied from linear tos1 or s2 polarization by using a
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quarter-wave plate. The methanol molecules in the gain
were pumped into the vibrationally excited state by
frequency-stabilized CO2 laser@pump laser 1 in Fig. 1~L1!#.
The frequency of the pumping laser was purposely off
from the absorption line center of the methanol molecu
The frequency offset~11 MHz! of the pump laser from the
methanol absorption line center was actively stabilized
‘‘beating’’ a portion of the L1 output against the output o
another CO2 laser@ref. CO2 laser~LSL! in Fig. 1# which was
frequency stabilized to the center of the 9P36~9.69-mm! line
using a resonance fluorescence cell. The center frequenc
the methanol absorption line is 24 MHz from the CO2 9P36
pumping line center. A frequency offset of 13 MHz wit
respect to the 9P36 line center was maintained by the ac
feedback system. This offset, in turn, ensured that an
MHz offset of the pump frequency from the methanol a
sorption line center was maintained. The beams from
CO2 pump laser~L1! and a frequency-tunable OPFIR prob
laser~FIR2! were overlapped and propagated parallel to e
other along the length of the gain cell. Because of the
MHz frequency offset of the pump beam from the metha
absorption line center, only the molecules of a well-defin
velocity group (v51.053104 cm/sec) were excited and too
part in the creation of the FIR gain line@6#.

The FIR2 probe laser was pumped by a third CO2 laser
7-2
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BROADENING AND SHIFTING OF THE METHANOL . . . PHYSICAL REVIEW A 63 012507
@pump laser 2~L2! in Fig. 1# which was also actively stabi
lized at a frequency offset 24 MHz from the 9P36 line cen
~i.e., exactly at the methanol absorption line center!. As was
done for L1, frequency stabilization was accomplished
beating a portion of the L2 output against the LSL outp
The L2 CO2 laser simultaneously pumped both FIR2 and
second OPFIR@FIR laser 1~FIR1! in Fig. 1# which was
tuned to the center of the 119-mm methanol line. This secon
laser acted as a FIR frequency standard. The frequency
ing of the FIR2 laser was calibrated by mixing the outp
from the two OPFIR lasers in a Schottky diode detector a
measuring the resulting beat frequency.

The gain experienced by the FIR2 probe beam was m
sured by chopping the CO2 pump laser beam~L1! using
chopper CH2 as shown in Fig. 1. The intensity of the FI
beam measured at the exit of the gain cell was modulate
the CH2 chopper frequency because of the modulation of
FIR gain caused by the chopping of the pump. The amplit
of the FIR modulation was proportional to the overall gain
the cell and was detected by a pyroelectric detector~PD2 in
Fig. 1! @2,3#. The modulation amplitude was also propo
tional to the intensity of the FIR2 probe beam at the entra
of the gain cell, which changed during the frequency scan
proportion to the laser line shape. In order to compensate
this change, therefore, the laser line shape was meas
separately by another pyroelectric detector~PD1 in Fig. 1!.
The PD2 detector signal was subsequently divided by
PD1 signal to arrive at the dependence of the gain in the
on the frequency of the probe beam~i.e., the shape of the
gain curve!.

The width of the gain curve derived in this manner allo
for a determination of the pressure-broadening coeffic
because the natural width of the line can be assumed t
negligible. Moreover, at a given methanol pressure, the s
of the gain from the line center in the low-pressure lim
represents the shift of the line induced by methanol-metha
collisions. If an equivalent pressure of some buffer gas ot
than methanol is added to a methanol background gas
broadening and shift of the line caused by molecular co
sions with the buffer gas can be determined with the exp
mental setup described above.

III. RESULTS OF THE MEASUREMENT
AND DISCUSSION

In this work, we measured the self-broadening of t
methanol line with linearly~p! and s1- and s2-polarized
probe beams at a working methanol pressure of 100 m
We next added 100 mtorr ofS-octanol to the 100 mtorr o
methanol in the gain cell and measured the broadening
shift of the line caused by the chiral buffer gas. This me
surement was also accomplished with linearly ands1- and
s2-polarized probe beams.

The measured gain curves were then fitted by Loren
ans. The results of the fits gave the shifts of the central
quencies as well as the widths of the lines with the appro
ate statistical errors.
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A. Methanol self-broadening for linearly polarized „p… probe

The measured methanol self-broadening coefficient w
bp,m-m5vTap,m-m8 52960.6 MHz/torr@see Eq.~1!#. This re-
sult is about 20% higher than that published in our ear
paper@2#. This increase was expected because there is a
tribution from power broadening caused by the pump be
to the measured linewidth at such a low working press
~100 mtorr!. In this approximation the measured width
interpreted as caused only by methanol-methanol mole
collisions. The value published earlier pertained to high
working pressures where the contribution from power bro
ening could be neglected or properly taken into account. T
value of this width is used for comparisons with the resu
for circular-polarized probe beams and forS-octanol buffer
gas addition described below.

B. Methanol self-broadening for circularly polarized
„s¿,sÀ

… probe

The methanol self-broadening coefficient for circular p
larization bs1,m-m5vTas1,m-m

8 was found to be larger than
for p polarization (bp,m-m). The increase fors1 polariza-
tion was measured to bebs1,m-m2bp,m-m5vT(as1,m-m

8

2ap,m-m8 )54.461.2 MHz/torr while the increase fors2 po-
larization was bs2,m-m2bp,m-m5vT(as2,m-m

8 2ap,m-m8 )
54.861.1 MHz/torr @see Eq.~1!#. We note that the mea
sured increase in the methanol self-broadening coefficien
nearly the same fors1 ands2 polarizations. No difference
with respect tos1- and s2-polarized probe beams is ex
pected in the case of collisions between left-right symme
molecules, i.e.,bs1,m-m;bs2,m-m5bs,m-m . It should be
further noted that this statement is not influenced by pow
broadening, which drops out of the expressions for the
crease in the line broadening.

C. Line shift in methanol self-broadening collisions
for circularly polarized „s¿,sÀ

… probe

The shift of the line center for as1-polarized probe
gs1,m-m5vTas1,m-m

9 as compared to the line center for
linearly polarized probe gp,m-m5vTap,m-m9 was mea-
sured as gs1,m-m2gp,m-m5vT(as1,m-m

9 2ap,m-m9 )521.7
60.1 MHz/torr and that for a s2-polarized probe
as gs2,m-m2gp,m-m5vT(as2,m-m

9 2ap,m-m9 )521.460.1
MHz/torr @see Eq.~1!#. It may again be noted that, as e
pected, no significant difference was observed for the ca
of s1- and s2-polarized probes, i.e.,gs1,m-m;gs2,m-m
5gs,m-m .

D. Line broadening in methanol–S-„¿…-octanol collisions
for circularly polarized „s¿,sÀ

… probe

A characteristic feature of the observed broadening is
it has symmetric as well as asymmetric contributions w
respect to thes1 and s2 polarization states of the prob
beam.

1. s¿-polarized probe

Using as1-polarized probe and a 100-mtorr methanol fi
of the gain cell the linewidth was determined to b
7-3
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Gs1,m-m53.3460.06 MHz. When 100 mtorr ofS-~1!-
octanol was added to the 100 mtorr of methanol in the g
cell, the line was seen to broaden. The linewidth in the pr
ence of the buffer was measured asGs1,m-S54.37
60.03 MHz. The increase of the width of the line as t
result of the collisions of the methanol molecules with t
buffer gas was therefore determined to beDGs15Gs1,m-S
2Gs1,m-m511.0360.09 MHz.

2. sÀ-polarized probe

Using as2-polarized probe and a 100-mtorr methanol
of the gain cell the linewidth was determined to
Gs2,m-m53.3860.05 MHz. When 100 mtorr ofS-~1!-
octanol was added to the 100 mtorr of methanol in the g
cell the line was seen tonarrow. The linewidth in the pres-
ence of the buffer was measured asGs2,m-S52.94
60.07 MHz. The increase of the width of the line as a res
of the collisions of the methanol molecules with the buf
gas was therefore determined to beDGs25Gs2,m-S
2Gs2,m-m520.460.1 MHz.

The measured linewidth can be expressed by thea andb
coefficients for the appropriate collision pairs using Eq.~1!
as follows:

Gs6,m-S5NS,0.1vTS as6,m-S
8 1bs6,m-S

8
~VW r•vW !

V rvT
D

1Nm,0.1vTas6,m-m
8 . ~2!

HereNS,0.1 is the density of theS-~1!-octanol molecule cor-
responding to the 0.1 torr pressure used in the experim
while as6,m-S

8 , bs6,m-S
8 , andas6,m-m

8 are thea andb coef-
ficients for the corresponding methanol–S-~1!-octanol and
methanol-methanol molecular collisions fors6 probe
beams, respectively. The change of linewidth caused by
addition of 100 mtorrS-~1!-octanol buffer gas to the 10
mtorr methanol fill can be expressed by using Eq.~2!:

DGs65NS,0.1vTS as,m-S8 6bs,m-S8
v

vT
D . ~3!

The calculated thermal speed in our experiment wasvT
52.83104 cm/sec. From Eq.~3! the symmetrical exces
pressure-broadening coefficient caused by the buffer gas
defined at a pressure of 1 torr is given as

bs,m-S
~s! 5

NS,1

NS,0.1
S DGs11DGs2

2 D5vTas,m-S8 , ~4!

where NS,1 is the density of theS-~1!-octanol molecules
corresponding to a 1 torr pressure at room temperature. Sim
larly, the asymmetric component of the excess press
broadening coefficient is given as

bs,m-S
~a! 5

NS,1

NS,0.1
S DGs12DGs2

2 D5vTbs,m-S8 . ~5!

Using the data from the experiment the asymmetric par
the pressure coefficient of broadening is given bybs,m-S

(a)
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5vTbs,m-S8 527.567.9 MHz/torr @see Eq.~5!#. Because the
narrowing and broadening were not observed to be equa
s1- ands2-polarized probe beams, there was determined
be a small homogenous part—an additional homogene
broadening coefficient, i.e., bs,m-S

(s) 5vTas,m-S8 513
62 MHz/torr.

In the calculations described above, the independenc
the a and b coefficients of thes polarization state of the
probe beam was assumed:

as6,m-S
8 5as,m-S8 ,

bs6,m-S
8 5bs,m-S8 . ~6!

E. Line shift in methanol–S-octanol collisions for circularly
polarized probe

Using a procedure similar to that outlined in Sec. III D
the shift of the line caused by collisions with the buffer g
molecules was calculated using the experimental data.
was the case for the broadening coefficient, the coefficien
the line shift was also determined to be predominantly asy
metric with respect tos1 ands2 polarizations and also to
contain a small symmetric contribution. The asymmetric p
was measured to begs,m-S

(a) 5vTbm-S9 512.261 MHz/torr.
The symmetric component of the pressure coefficient of
line shift was measured asgs,m-S

(s) 5vTas,m-S9 510.4
60.25 MHz/torr.

F. Line broadening and shift in methanol–S-„¿…-octanol
collisions for linearly polarized probe

Using a linearly polarized probe we measured t
pressure-broadening coefficient determined by the collisi
of the methanol molecules withS-~1!-octanol molecules. In
this case only symmetric broadening was observed.
measured value wasbp,m-S5vTap,m-S8 51862 MHz/torr.
This value is much higher than that for symmetric broad
ing (bs,m-S

(s) ) seen with a circularly polarized probe. Th
pressure coefficient of the shift of the line caused by co
sions of the methanol molecules with theS-~1!-octanol mol-
ecules was measured asbp,m-S5vTap,m-S8 512
60.2 MHz/torr.

IV. SUMMARY

We have measured the pressure broadening and line
of the 119-mm gain line of optically pumped methyl alcoho
molecules caused by the addition of a buffer gas of ch
S-octanol molecules to a methanol vapor. Referring to
theory of Baranova and Zel’dovich, resonant optical activ
was expected in the left-right symmetric methanol molecu
as the result of collisions with the chiral molecules. Th
transferred dichroism is predicted to appear as an asymm
7-4
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in the pressure-broadening behavior with respect tos1 and
s2 polarization of the gain of the symmetric~i.e., nonchiral!
methanol molecules. Consistent with the theory, we obser
a broadening and shift of the gain line of the symmet
methanol molecules that is asymmetric with respect to
right or left handedness of a circularly polarized probe.
01250
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