Lawrence Berkeley National Laboratory
Recent Work

Title
POLARIZATION-SENSITIVE COHERENT ANTI-STOKES RAMAN SPECTROSCOPY

Permalink
https://escholarship.org/uc/item/7dn5b781

Author
Oudar, J-L.

Publication Date
1979-02-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/7dn5b78r
https://escholarship.org
http://www.cdlib.org/

Submitted to Applied Physics Letters LBL-8749 @ /)\/
‘ Preprint

POLARIZATION-SENSITIVE COHERENT ANTI-STOKES RAMAN SPECTROSCOPY

Jean-Louis Oudar, Robert W. Smith, and Y. R. Shen

RECEﬁVED :
LAWRENCE
RERK&EYLABORATORY February 1979

MAR 2 3 1979

LIBRARY AND
DOCUMENTS SECTION

Prebared for the u. s. Department of Energy
under Contract W-7405-ENG-48

~
( TWO-WEEK LOAN COPY

- This is a Library Cir_culating Copy
which may be borrowed for two weeks.
For a personal retention copy, call
LTc—zch. Info. Division, Ext. 6782 y

Lo bbLg ~very



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
~ California, nor any of their employees, makes any warranty, express or implied, or-
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, ot otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. '



-

Submitted to Applied Physics Letters _ o LBL-8749
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" and
Materials and Molecular Research Division
Lawrence Berkeley Laboratory
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ABSTRACT

We show that by using polarization coherent antiStokes
Raman spectrostoﬁy, the detection sensitivity of weak Raman
modés is greatly enhanced. The spectra of the real part, the
imaginary part, and the absolute magniéude of the»resoﬁant
nonlinear susceptibility can be separately measured; Raman
modes with cross-sections as low as 2 X 10—4.times that of
the 992 qul mode of bgnzéne-are déteCtable with leéé ;han 10

kW peak power lasers.

* .
On leave from Centre National D'Etudes des Telecommunications, Depart-
ment RPM, 196, rue de Paris, 92220 Bagneux, France. '
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A number of coherent nonlinear optical spectroscopic techniques have

L . R
been developed in recent years, ’

- which have clear advantages over spon-
‘tageous'scattering techniques when high resolﬁtioﬁ is required, and/or
when fluoréscence or'thermalsfédiative emission is étroﬁg. Howéver, these
coherent techniques have a rather Timited sensitivity in detgcting weak
resonaﬁces, due to the strong béckground'ﬁrom:fhe ﬁOnresonanf‘ nonlinear
contribution. ‘The major source of néise then comés f;om fluctuagions in
thevpower or the mode étrucfure of the-inpuf lasers. In the case of co-
herent antiStokes Raman spegtroscopy (CARS>; variations of the basic
scheme have Been pfoposed to suppress this background,3’4 but they ﬁake
use of a third input beam so that three lasers are needed. |

Recently, Akhamanov et él.s have shown that ellipsometric measure-
ments of the antiStokes beam.in a CARS experiment can yield infofmation'
on the dispersion of the nonlineér susceptibility with.a high accurécy.
Such é:SCheme is attractive since polarization cﬁaracteristics.are'inde—
pendent of the iaser intensity fluctuations. However it is a tedious pro-
cess if the ellipsométric measurementuis’to be performed over the entire
-spettrum, as waé done in Ref. 5. |

In this letter, we show that with simple polarization arrangement
in CARS, we can 6btain a direct, continuously scanned épectrum which elim-
inates the noﬁresonanfvbackground and iﬁprovés consi&erably'the detection
limit 6f weak Raman resonances.‘vIn addition, by admixing the resonant
céntribqtion with a controlled (an& properly phase-shifted) propoftion of
the nopresonant part, we can obtain spectra which are linear in either
the reél or the_imaginar& part of the resonant susceptibiiity. This, of

course, can be viewed as an optical heterodyne detection of the resonance,.
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the local oscillator being provided by the nonresonant.susceptibility..
Consider two input beams of frequencies Wy, and w, pr0pagating in an

isotropic medium along the % axis. -The wy béam_is polarized along X and

beam along;a direction at an angle ¢ with %x. The nonlinear polar-

the Wy
ization at frequency wy = Zwl - w, is given by
I NR R, 2 %
P = 3eosoligpa ¥ X111 151y . B e
e NR . R 2 % A
Py = 3sinelxyp01 *+ X121 1518 (1b)

NR . NS ' . . . -
If is real, then the direction of the nonlinear polarization arising

from the nonresonant term XNR makes an angle

_ -1, NR , NR '
agg = tan T[(xgpp /Xgqqp ) tane] 2)

with the x axis. Let X and ¥ be the axes parallel and perpendicular to
the nohresonant part of the ndnlinear polarization. Then, by using
aﬁ(aﬁalyzer albngv§ to detect the wq sighal, we can effectively'suppress
vthe'nopfesoﬁant contribution., |

The nonlinear polarization componentS'alongAi and Y are

_ J4. NR R 2
P, = {3X1111 cos¢/cosaNR + 3X1111 cosé CosaNR(l + p tand tanaNR)}ElE2
(3a)

. - R . ) _ | : V2. % . .
-PY-_v{lelll cos¢‘51naNR[l p(Fan¢/tanaNR?]}ElE2 ‘ k : (3b)

R R | - , - .
where p = X1221/X1111’ In éany cases,_the Klglnman symmgtry is obeyed by
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the nonresonant susceptibility, x??ll'% 3X§§21;l We then.haVe 3tanaNR

tan$ and Eq. (3) can be simplified. We note immediately from Eq. (3)
that the output wg signal is elliptiCally5pblarized—because-xR is complex. .
' : o R NRy R i ‘ -
For a weak resonance with |y |‘< | x | so that the x term in Eq. (3a)

can be neglected, we can write

6 =06"+ ieh =_EX;5._§llll sin2c,. [1 - p(tan¢/tana__)]. - (4)
Py . , MR ‘NR NR
X1111

Then 6", proportional tp}Im(xR), gives the ellipticity, and 8', propor-
tional to Re(xR), gives the rotation of themajor ellipse axis from X due
to XR.

1f we detect the w, signal through an analyzer parallel to ?,’we ob-

3
tain

02 R 2 -
L) = [By|® = Ixqqqp ™ | (5)

’

‘with the nonresonant background completely eliminated. We can however
also set the analyzer at a small angle‘eo‘away from Y. 'The odtput is

then giﬁen by
I(w,) = [P, sins - P cosb ]2 = IPi c.0s8 lzltanG‘ + 6|2' (6)

If Itaneol >>|e|, the output normalized against the component rejected

by the analyzer becomes

) 2 :
= +.20" .
I“/Il tan 60. 26" tan6 . o (7
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Aside from the tan260 texrm, the spéctrum is now dominated by the in-
terference term which is proportiona; to 8' and hence to Re(xR). We can
also obtain the spectrum of Im(xR) with a slightly different arrangement;
Using a quarter wave piaté wi£h axes along % and ?, we can shift the phase
of PX relative to PY by 90°. Thé normalizgd output ié then given by
]i'tanao +‘elz with the interference term proportional to 8" « Im(xR).
Note that the signal-to-noise ratio can be optimized by adjusting 60, in
a way similar to that discussed in Ref. 6,

The order of magnitude of these effects can be feadily estimated
from Eq. (4). Consider a resonance line with p = 0 and choose « = 45°,

NR
R, NR
/x

A weak resonance with-|x | = 0.03 will lead to a 19] = 0.9°, which is

more easily de;ectable than the corresponding 32 variatiﬁﬁ-of signal
above the nonreébpant background in the conventionai CARS.

To illustrate these possibilities ﬁé'have performed a CARS experiment
with dilute mixtures of benzene in carbon tetrach;oride. The experiméntal-
set-up is shown in Fig. 1. Two flashlamp-pumped dye lasers7 wefe used to

provide the two input beams at frequencies Wy and Wy - One of them was set’

at a fixed,wavelength‘ll = 5950 A with an intracavity interference filter
and an etalon to reduce the linewidth to .2 cmul. The other was tuned with

a telescope-grating combination, and its linewidth was less than .2 cm_l.

For the bulk of the experiments the output powers of these lasers were

7 kW at 0y and 3 kW at W, The polarization of the w, beam could be ro-

tated with respect to that of w, by a half-wave Fresnel rhomb, followed

1

by a Glan-Thomson prism. The angle ¢ was adjusted so that a__ = 45°, in

NR
order to maximize |@| in Eq. (4). The two beams were then focused at a

small angle into the 1liquid cell and the antiStokes output was separated °

from the input beams by means of an iris and a monochromator, as usually
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done iﬁ CARS experiments.

To obtain the spectrum of Ilez, we should detect only the ¥ polari-~
zation component of the antiStékes output. A Glan;Thoﬁson polarizer was
‘put between ﬁhe sampie and the monochromator, and was adjusted to null

the signal when w was off-resonance. Compensation for residual

1~ %2
birefringence df'the optics and the céli windows was achieved by means
of a quarter-wave plate (A/4) just in front of the polarizer. The back~
ground intensity due to xNR could be reduced By'moré than 104, so that
very weak XR resonances were detectable, A.typical spectrum is shown in
Fig. 2a. |

To obtain the spectra of Re(xR)_and Im(xR), we - should rotate the
analyzer slightly away from fhe null position and measure the ratio of
the intensities of the fiansmitged qu rejected output beams. In the ac-
tual setup, the analyzer was placed after the monochromator, aS’depiéted
in Fig. 1. Then, the two ofthogonal components, transmitted and reflected
by the Glan prism, could be detectedrseparately by two phopomultipliers.
A half-wave plate (A/25 was put in_front-of the monochrométor, and was
rotated for adjusting Bo' The ratio of the two photomultiplier signals
was recorded as w, was varied, and the result was insensitive to pulse-
to?pulse laser fluétuatidns.. Depending on ;he ﬁresence or absence of
the quarter wave ‘plate after the sample, th-e' final signal output was pro-
portional to [i fanBo + 8!2 or‘|tan60 + 6]2. Two spectra obtained with
this method afe shown in Figs. 2b and 2c, which gives a display of Im(xR)
and Re(xR) respectively, through the interference terms. The 1ineshape'

in Fig. 2b is close to that of Fig. 2a, because the line is'nearly a Lor-

entzian. It was also verified that the signal variation was inverted
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with inversion of 60, which is .a clear indication of the interference
_effect. The three spectra in Fig. 2 were obtained with the same mixture"

of 0.1% of benzene (by volume) in carboh_tetrachloride. The absolute sig-.

nal variations were in good agreement with Eq. (4), leading to lelmax =

= 45°,

1.1° (* 15%). Knowing p = 0 for this Raman mode of benzene and NR

we found 'Xleax‘= 3.8-x 10—2 XNR. Taking into agcount'the conCentfatibn
of benzene, this value agrees within ékperimental_érro: witb a ﬁrevious'
dete;mination of XR(C6H6)/XNR(CCZA> by‘Levenson'.'8

Another applicatiqn ofthiqularization CARS techniQue is illustrated
in Fig.~3, which shows two ééect?a of 0.4M C6H6‘in CCQ4 in the vicinity
of .the 992 émflVRaman mode. With the conventional unpolarized CARS (Fig.
3a) the isotopic line. at 983‘cm—1 appears‘only as a small peak (< 10%)
above the strong wing §f the main 992 cm--1 line. This is the'cage even
. at higher benzene coﬁééhtra;ion, because the strong bagkgrouhd comes
mainly from the real part bf x(3)~due to the sfrong 992 cmfl line of Ben—
zene. To obtain the spectrquof Fig. 3b; the intensity was firét nulled
at 975 cm—l and then the polarizer waé slightly_uncrossed (by ~ 2°) to
allow for the optical heterodyning of weak resonances. The result is
that the isotopic line.apﬁears.very cleariy'énd that even the second sa-
‘tellite line at 979 cm_l is now. distinctly visible. |

In>coné1usion, these spectra.blearly demonstrate'the.sensitivity of |
pqlariéation “CARS'for>the &etection of'weak Raman modes. With our
setup,.the deteétion limit of‘benzéne.coﬁcentration in CC!L4 was 2 X 10.—4
using the 992 cm—1 Raman mode, which is at least one order of magnitude

6,9

improvement compared to other coherent Raman techniques. With the

use of more powerful lasers, such as YAG pumped dye‘lasers in the 100 kW -~
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1 MW range, the detéctionvlimit should be less than 10-5, that is, one .

could detect. concentrations as low.as 10 ppm for molecules with scatter-

ing cross-sections similar to that of benzene. This technique should also

be very useful in the case of gaseous media where the monresonant back-
ground nonlinearity also constitutes a major obstacle to the detection of

. . . 2,10
small concentrations of a given species. ’ :
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ment of Energy under contract No. W-7405-ENG-48 and partially by a N.A.T.O.
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Figure Captions

Schematic of‘the,expefimental set-up; F-P is a half-wave Fresmnel
rhomb followed By,a polarizér,‘éfviS'a Glaﬁ;Thom;on prism. fMl'
and 2 are ﬁhotomultipliéfs.‘ - |
Polarizatioﬁ.CARS spectra of .011 M Eenzene in cgrbon tetrachlor-
ide (a) background suppression; (b).and (c) intérference.bé£ween‘

a small fractioﬂ of the coherent background and the imaginary (b)

or the real part (c) of the Raman contribdtion.

CARS spectra of .4 M benzene in carbon tetrachloride in the vicin-

ity of the strong 992 cm_.l Raman mode (a) unpolarized detection
(b) transmitted signal through a quarter-wave plate and a slightly

uncrossed polarizer — arbitrary scale between (a) and (b).

3
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