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. ABSTRACT

In liquid 02 and N, the threshold for stimulated Raman

2

emission is found to be much lower than for other unonlinear
ﬁ%ocesses. Thus i£ is possible.to make relisble meesurements of
the intensity of Raman emission over a largeﬁrange of incident
lase;-power by using a siuple lbngitudinal geometry. Seversal
Aistihct regions of emission were investigated, including normal

Rgman.scattering, exponential gain, onset of oscillation and

gsaturation. There is good agreement with theory.
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to be the rule rather than the exception. One iuportant con-

‘cardbon tetrachloridea. Bloembergen and Lallemand

INTRODUCTION

I£ is well-known'™3 that the comparison of theoretical
and experimental values of intensity and gain in stimulated Raman
emission is 1omp}icated by scversal qompeting processes such as
self-focusing, and Brillouin and Rayleigh scattering,'all of which
may have similar appearance thresholds. Thus, anomalous intensity

(

behaviour in many liquids and even in gasesh"6 end solids a&appears

sequence is that the pfemature onset of oscillation has precluded
the observation of the expected éxponential'gain in most materials
with thé exception of gaseous hfdrogen and liquid acetone and

3,6 have over-
come some of these difficulties by the use of a Remsn amplifier
and have demonstrated its importénce in obtaining reliable values
of the Ramgh gain. Other ﬁseful experimental arrangements in
such studies include, the transversc resonator of Dennis and
Tannenvaldg, the off-axis resonator of Jennings and Takuma

and the diffusely pumped amplifier of Bortfeld and Sooyll. More

recently, Shapiro, Giordmeine and Wecht12, Bret and Weberl3, and
Kaiser and Maierlh have shown that with picosecond and sub-
nenosecond leser pulses stimulated Raman scattering is the domin-

ant nonlincar scattering process in several liquids and thus

heve obtained good agreement with thcoretical intcnsities.




The present investigation of laser stimulated Raman

enission from 1:lgu:ld.02 and N2 arose from the results of
earlier studies of tﬁe spectré of the normal and stimﬁlated
scattering. 1In one, it was shown that the linewidth of ‘the
normal Raman scétfering was exceptionally narrow indicating a

15

larée Raman gain™“: in another, concerning the stimulated

Ramen emiss;oq, extremely sharplspectral lines were observed
(Fig.1) wiéhout any evidence of broadening16, thus indicating
S that.self-focusing and other scat.ering processes were not

"prominent. From these results wé.concluded that possibly the
threshold for stimulated Raman scat£ering is loﬁer than for the ;

competing precesses, in which case liquid 0, and N_, would be

2 2
ideal substances for experimental study. Indeed, the present
1n?est;gation has shown that liquid 02 and N2 are unique in this
respect and no self—focu;ing or stimulated Brillouin scattering
has been detected up to the highest incident laser power.

We wish to report our observations of the intensity of
Raman Stokes radiation corresponding to the vibrational frequencies

1552.0 cn” L and 2326.5 em~ ! of liquid 0, and K, respectively. A

simple longitudinal arrangement was used. The range of Raman

intensity measurements includes the normal emission vhich varies
lineariy with incident laser power, a region of exponential gain

over several orders of magnitude, the onset of oscillation with fesc2-
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back by Reyleigh scattering and finally a region of saturation
and depletion. The observed gain is in good agrcement with

that calculated from our experimentally determined cross-

.section for scattering.

APPARATUS AND EXPERIMENTAL PROCEDYRE

The exciting source was a giant-pulse ruby laser with a
rotating prism a£ one end and at the other a2 planc parallel
reflector (Nés% reflectivity) of Corning 2-58 glass which
cerved as a mode seleCtor16 and also as a filter. The radiation
was enitted in a single pulse of~30 ns duration and in a single
(or nearly single) axial mode. Good reprodu;ibility in the laser
pulse was obtained by firing thé laser at constant power near
thresﬁold, at regular (3 min.) intervals with the ruby at a
constant temperature (-10°c). This procedure also eliminated any
ségtial drift of the laser beam at the distant spectrometer slit.

The temporel behavi;ur of a typical laser pulsc is shown
in Fig. 2a. A study of the spatial intensity distribution of the
laser bcanm wes made at a magnification of 20X and by phqto—
graphing the bcam after attcnuation by neutral density filters.
This showed the presence of sevcral intensity maxima (Fig.3a)
vhich increased the effective intensity of the laser becam to
twice the average intensity. Also, the laser radiation was
found to be planc polarized to better than 2000:1.

The longitudinal arrangement shown in Tig.l was used for
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the measurements of Raman scattering intensity and state of
polarizetion, in thg‘forward direcéion. The sample container w;s
& sinple dewar of 1 iitre capacity with a Path length of 5.8 enm
betwvecn the two inner windows. It was positioned approx. 4 m
from the laser in order to reduce possible feedback of

scattered radiation to the laser. At each.filling of .the dewar
the liquid was ressed through a 5y nillipore filter to remove

eny dust particles. A short time aftir o £1lling, the liquid
became quiescent.

In order to increase the laser pover density incident on
the sanples, the bean diameter was reduced py é factor of abous
10 (to 0.6 mm) with a system of two lenses. The incident laser
povwer wes varied from 30 KW to 600 KW by inserting calibrated
neutral density filters of glass in the beam at the entrance
ﬂiaphragn D1 and lenlel. The laser pulse sas monitored with an
EG ¢ G photodiode (SGD-100) and displayed on a Tektronix 555
(or 519) oscilloscope. An essentially parallel laser beam was
incident on the sample. The radiation scattered ip the forwargd
direction was collected through the exit diaphragnm D2 angd
focused on the slit of the spectrometer. The laser light enter-
ing the spectrometer was attenuated with calivrated filters. A
greting spectrometer (Spex 1700) heving a dispersion of 10 R/#m

ves used with both entrance and exit slits open to 3 nmm. Measure-

ments of Stokes intensities were made with an RCA 7102 Photo-
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nultipler having a cooled photocathode (-10°C). The signal

vas amplified 4O times by a tvo-stage emitter follower and fed
into a type L preampl;fier of .the éscilloscope. The pulse.
heights from the oscilloscope traees gave an cffective measure-
ment of the intensity of Stokes emission during each laser pulse.
Brief studies of the laser and Stokes pulse envelopes were made
with a fast photodiode (ITT FW 11k4a) and aATcktronix 519

oscilloscope. Depolarization measurements were carried out with

& Nicol prism placed at the slit of the specctrometer.

Several preccautions were taken to reduce any stray light
and to minimize its effcet on the intensity measvrements,
especially of the low intensity normal Raman scattering. The
mein sourees of unwanted gtray light were found to be the laser
fleshlanp, end optical filters and lenses of glass along the
léscr bean whieh emitted relativély intense fluoreseence radiat-
ion. Thus,.all of the optics and sample dewar were enclosed in
8 light-tight box having 2 6 mm entrance aperture; diaphragms
were placéd along the lacser béam path in front of lenses; and
quartz.lenses were used instead of glass lenses to minimize the
fluorecscence. Fineally, the effeets of the broad bend
fluorescence were suppressed by the use of a high dispersion
spectrometer.

For cach liquid, the intensity measurements were carried

out in two stzges. In the low intensity region of the normal
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Raman scatliering, the light collecting cone was 1.45 x 10"3

2

vere inseirted in fréﬁt of the spectrometer slit to cover the

ster. for N2 and 5.80 x 10‘“ ster. for O.. Calibrated filters

intensity range. 1In the high intensity region of stimulated
Raman emission the light collecting coﬁe was smaller, beipg
1.30 x 207" ster. for beth N, and 0,. Again,.calibratgd |
filters were used to make intensity measurements over approx-
imately tén order; of magnitude. The laser pulse energy wsas

.. measured with a calibrated thernopile (TRG 100). The many
opticel filters nsed to attenuate the laser and Runman
radietion were calibrated spectrophotometrically (Beckman DU)
each to an accuracy of 3%. The transmission characteristics
of the spectrometér and the sensitivIity of the photomultiplier

1 vere ceesured over the required wavelength region (and for light

of perellel and perpen&icular polarization) using a NBS stendard

T T

lanp.

An estimate of the possidble errors in making ebsolute
intensity meésurements of the Raman scattering indicated an
eccuracy of #50%, the main source of error arising from the
meny filters used in attenuesting the laser radiétion. Hewever

the eccuracy of relative intensity measurements was considered

to be better than *+30%.
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Here, Is(l) is the intensity of the stimulated Stokes emission,

. for the one polarization.
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BRIEF RESUME OF THEORY
The theory of stimulated Raman scattering has been
developed by many authors, notadly, Hellwarth17, Bloembergen

19 20

1 .
end Shen 8, Townes and co-workers and Maker and Terhune .
They have shown that the stimulated Stokes emission grows

exponentially from noise according to the relation

1,(2) = 1 (0)e*FHo (1)

Is(O) is the intensity of the normal (spontaneous) Stckes
enission, Io is the incident laser power density, and £ is the
length of the amplifying medium. '"The gain g is given by

2
. XN .
2¢ do (2)

2 3
rhn Av(vo-vR) an

8:

fn general, and in thé péesent work, g represents the gain for
rediation folarized in the same planc as the incident plane-
polarized.IQSer radiation. In Eq. (2), ¢ is the veloéity of
light, h is ?lanck's constant, n the refractive index, N is the
effective number of molecules per cm3, Av is the normal Raman
linewidth, Vo~VR is the frequency of the Raman.line, end do/dQ

is the totai differential cross-section per molccule per ster.

The total differcntial cross-section, do/d? may bdbe

determined from absolute intensily measurements of the normal




- 10 -°

Raman sca*%ering. For plane polarizcd .ncident light, it is

defined as
a _ 2%4 7 4 d (“o-vR? 2 7 y'2
-— = =0 O K t ‘i‘
an ch 8n2y ] i l—exp(-th/kT) o' (1 L5 o2 ) (3)

R

according to the polarizability theory of Placzek21.

Here vR is the frequency of the Raman-active molecular vibration,

d is the dégree‘of degeneracy of the vidbration ( =1 for the

. totally symnetric vibrations), u is the reduce@ mass, k and T are
the Boltzmann constant and ab%solute temperature, and a' and y' ere,
respectively, the isotropic and ;nisotropic parts of the

derivative of the polarizabilify with respect to the internuclear
coordinate at the equilibrium position. The constant K is the

locel field correction given bye?

"
v
|

-

K (n°2+2)2/81 . (k)

Yhere n, end n, are the indicgs of refraction at the laser anad
Btokes frequencies, respectively. 1In order to evaluate y' and
a' it is necesseary to measure the depolarizatiop ratio p = IL/Ih
= 37'2/(h5a'2 + hy'e). Here I3 and I;; are the intensities
ef scatiered light poiarized) and ||, respectively, to the plénc-
polerized incidént light:
It may be mentionéd that Eq.(3) is valid only when

the frequency of the incident exciting light is for from the
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main ebsorption bands of Oé and N2 which occur in the vacuum

ultraviolet region.

‘ EXPERI&ENTAL RESULTS AND DISCUSSION

The observed intensity of first-order Stokes
radiation over & range of incident laser intensity is shown in
Fig. 5 for liquid 02 and in Fig. 6 for liquid N2.

liquids, it was possiblé to investigate the Raman intensity

For both

over a range of approx. 12 orders of magniiude, from the very

low intensity of normal :cattering through a region of

exponential amplification end oscillation to an intensity
appreoaching the incident intensity, and finaily saturation.
These results will be discussed below under the headings
(a) normal Raman scattering, (b) exponential gain, end

(c) oscillation and saturation.

(a) Normel Raman Sezttering.
The region of normal Ramen seattering is one of very

low inteansity. Our measuremenis for 02 and N, are given in

2
Fig. 7. Although the data shovw eonsiderable scatter, it is
seen thet there is a linear dependence of Raman intensity

on incident laser intensity, as expeeted from theory. The
slopes of the graphs of Fig. 7 were used to determine values

of the ¢ifferenticl seetiering eross-section.

As elready mentioned the errors in making these

~uh«0lliullilui}ﬂg



adbsolute inten;ity measurements are approx. iSOZ wvhereas the
accuracy of thé relative measurements is perhaps #30%. Thus
the present method of dete;mining the absolute Raman intensities
was checked by measuring the scattering for the 992cm™Y line of

" liquid benzene and comparing the resultant value of the total
differential scattering cross-section da/dQ with valugs méasured
by other experimenters. This cross-section is related to

experimentally measureable quantities by the equation

g0 Pr 1
aa Po N&Q

Here, PR is the Raman powef for the whole line scattered into
the €0lid angle Q and Po.is the corresponding laser power, N

is the density of molecules per cm3 in the scattering medium
end £ is the path length (2= 10 cm in our CeHg experiment).

Some of the recent values of do/d2, for benzene ere shown in
Table I along with our value of 6.6 + 3 x 10739 ¢p? per

molecule per ster. It is seen that the mos* accurate values

are thése obtained by Damen, Leite and Port023 with a He-MNe
laser and by Skinncr and Nilscn2h with an Ar+ laser, which after
correction for the vh frequency dependence, are in very good
agreenent. We have therefore tzken the value do/dQ = .50 x
10730 f fo- benzene {at X = 69438) as a basis for our evaluat-

ions and have measured the ralio of the Raman intensities of the
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2326 cn~Y line for N, and 1552 en™t 1ine for 0, relative to the

992 cm-l for 06H6.
The results of these intensity measurements are given in
Takle 11 elong with measurements of the depolarization ratio p for

liquid 02 and N2. (We have elso included values obtained for liquic

CS?ﬂ) The necasured values of ¢o/d ard of p were used to calculate

values of a' = da/dr, the rate o® change of polarizadbility with
nuclear displacement, from Eq. (3} after applying the local field

correction K (Eq. (L)) and L ese arc included in Table Il1. The

values a' = 1,6 x 10"16 en< and 1.35 x 30-16 em® for liquiad N, and

02, respectively, are the same aé the values ottained for gaseous

N2 and 02 by Stansbury, Crawford and Welshes. Our measured value of

p for liquid N2 agrees with that measured in the gas by Cabannes ani

26

Rousset™ ", but our value of p for 0, is considerably lower than thelrs.

_ 2
‘b) Eiponertial gain.

ﬁnder the presenf experimental conditions, the region of
normal Raman scattering eppears to hold up to incident laser powers
of ~TOKW. ‘At higher laser powers, both liquids exhibit regions of
exponential gein, as shown by the‘linear portions of the graphs
(plotted on semilog scales) in Figs. 5 and 6. For N, this region
extends over a range of three orders of magnitude and.for 02. four
orders of magnitude of Stokes amplification. These resulis rcgres-
8

vnt stable regions of gain up to factors of at least 06 and e for

liquid N, and 02 respectively.

2

Values of the gain, g (exp), were obtained from the slopes




of the linear éorfions of the intensity curves (Figs. 5 and 6).
These are given in Table III. Also listed for comparison are

calculated values of the gain, g(caic.). The calculated values
are based on the scattering cross-section do/d2 evaluated here
and on the linewidths 0.067 cm-l for N. and 0.117 cm"1 for 0

2
15 s
, making use of Eq. (2).

2
measured by Clements and Steicheff

It is seen that the values g(exp,) and g(calc) are in good agrco-
ment.
{(c) Oscillation and Saturation.

For both liquids, the regions of exponential gain are
abruptly terminated as shown by the diseontinuity in slopc of the
Stokes intensity eurves, ?igs.zs and 6. These sharp changes in
slope represent the onset of Ramen oscillation with a rapid rise
in'output pover. The oscillation threshold for N2 occurs at
;omewhat lovwer laser power -than for 62, 0.13 MW compared with
0.16 MW for 02. These values were not significantly affected by
tilting _he dewar with respect to the incident laser beam or by
the prescence of iee particlSS in the liquids (although in the
lattef case the experimental error was greatly inercascd). The
onset of oscillation is therefore not eonsidered Lo arise fron
reflection at the windows or from scattering by bubbles or dust
or ice partieles. Also, we have experimentally ruled out the
pogsibility that the rapid rise in output power is caused by

sclf-focusing. Near-field photographs of the laser and Stokes

'~

s X

=
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radiation at the exit window show no eviden;e of filament form-
ation and uniforn Stokes emission over the beam cross-sectién
(Fig:3b). No filameﬁts were observed up.to the highest laser
power used, 1 MW, where the self;focusing length is calculated

to be 5 em for O
27, 28

and 9cnm for N_. The critical power for self-

2 2
29

calculated from the known Kerr constants

focusing is 200KY

for 02 and 600KW for N2. The observed znset of oscillation occurs

at lower laser powers as mentioned above. Moreover, the ratio of

laser power at threshold of oscillation in O2 to that in N2 was

measured to be 1.20£0.006 as compared with the ratio of 0.3 for

the respective critical powers for self-focusing.

We believe that the most likely cause of oscillation is
feedback of Stokes radiation scattefed in the backward direction
by Reyleigh scattering. This is suggested by the high Raman gain
for these liquids and.by the ratio of 1.2 for the gain consténts
of 02 and h2’ which is tﬁe same value as the ratio of laser power
for oscillation. The Rayleigh scattering intensity determined by
Stensbury, Cravwford and Welsg? for gaseous 02 end N2 together with
the local field factor for the liquids leads to a feedback factor
of pdo/dn (Rayleigh) = 6.1 x 10-6 per cm per unit solid angle for
liquid ¥, and 6.6 x 10_6 units for 0,. For the effective solia
angle of our experiments Ovlo—h ster.) the fecdback factor is

approx. 10_9 per cm, which is sufficient to explain the onset of

oscillation.
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In the region of oscillation the rise in Stokes
intensity is very steep and represents an increase of five
orders of 2?ggétude for liéuid 02 and seven orders of magnitude
for }iquid H;. The uppermost pﬁrtions of the intensity curves
(Figs. 5 and 6) are similar ang indicate strong depletion of
laser radiation and conversion to Stokes radiation. The
oscilloscope trace in Fig. 2b shows a typical pulse of Stokes
radiation in this region with the corresponding leser pulse
severely distorted. This prgcess results in the flat tops of
the intensity curves and is the region of saturation. At stila
higher incident laser povers, the.first;order Stokes radiation
is converted to second-order Stokes (and anti-Stokes radiation)
vhich results in depletion of “he first-order Stokes intensity.
This_depletion is shown in the oscilloscope trgce of Fig. 2c.

A'bricf study of tpe }6nversion of laser radiation to
first-order Stokes radiatign for liquid N, wes carried out and
the results are presented in Fig. 8. Here is plotted the ratio

gou‘/pin’ normalized for the laser radiation. The general

behaviour of this ratio is in good agreement with the theory of

Shen and Bloembergenla. Fig. 8 shows high conversion of approx.

75% laser radiation to first-order Stokes radiation in the

saturation region.
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CONCLUSION

This experiment has shown that liquid N2 and.O2 arei
impoftant materials for thé study'of stimulated Ramen scattering.
Because of their high Raman gain the stimulated Raman effeet
emerges as the dominant nonlinear process in these liquids. Thus
it was possible to investigate the intensity characteristies and

build-up of Stokes radiation over a range of 12 orders of

magnitude, from the low intensity normal sesttering through

exponential amplification, oseillation and saturation end eventual

depletion. A detailed study of ﬁpe region of normal scattering
and exponential gain shows very good egreement with theory. The
regions of higher intensity also reveal the expeeted theoretical
behaviour and werrant closer study. Finelly, the high conversion
efficiency of laser to Raman Stokes radialion indieates that these
liquids are very uscful as new frequency sourees.

We are very grateful to Dr. Fujio Shimizu for many

helpful discussions.
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Table I

Values of the total differential Scattering cross-section for the

992 cm_l Raman radiation of liquid benzene.

Authors

Damen, Leite

Skinner and

McClung and

Bret et al

Yresent auth

& Caleuletead fron Ia(vwvv)h,

rediation,

) Celculated from Ia(v—vv)h/(va-v)z,

(do/an)x10~39 (ac/an)x10"30
cmzsr_l corrected for 6943R
, Porto®s 6.7+1.2 4.5%
(63253)
Nilsen2 37.51), k.95
(4880R)
Weinere? 5.943 5.9
(6943R)
9 9
(6943R)
ors 6.6 13 6.€
(69138)

sinee the frequenecy of the exciting

v, is far from principel absorption frequencies. The

Raman vibretionel Trequency is vy

since the frecquency of the

exciting radiation is near an ebsorption frcquenc
> ]

v
a

e
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Table II

Velues of the to*al differcntial cross-scction, derivative of the

polarizability end depolarizeation ratio.

. ‘ : 0o 16
(do/af) Liguid (do/dQ)x103 a'xl0
Liquid v - - 5
rl (do/an) Celle o S . e P
‘ cm ‘
0, 1552.0 0.056%0.017 0.25010.075 1.35 0.11:0.01
' (.18
N, é326.5 0.0k1#0.012 .6.185t0.055 ©1.60 0.10$0.01
' (1.6)°
a
C6H6 992.2 1.00 . h.s 2.8h -
c32 ' 655.6 2.03+0.60 9.212.7 2.91 0.17:0.02
&

Velue of Damen, lLeite, Porto23 corrected for 6943R radiation

Velues given by Stansbury, Crawford, Wc]she5 for gascous 02,N2
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Tadble  III.

Values of the Raman
8 .a
(pdo/an)io Av

~1 =1 -1

cm " sr cm
- 0.45:0.14 0.317
> 0.29+0.09 0.067
C6H5 3006 2015
52 T-55 0.50.

a

gain

g(calc)lo2

emMu™1

1.45+0.4
1.70%0.5

0.28

Values of linewidths measured by Clements and Stoicheff.

g(exp)loat
A

1.60+0.50

1.60£0.55

15



Fig. 1.

Fig. 2.

Fig.

Fig.

Fig.

3.

L.

5.

-2k -

Figure Captions

Stimulated Raman spectra of liquid 0, and N, showing

the first-order Stokes vibrational lines at 1552.0
and 2326.5 cm”t respectively. The resolving power
of the grating spectrograph is 10°.

(a) f&pical laser pulse monitored@ with an ITT FW11lhA

photodiode and displeyed on a Tektronix 519.

.oscilloscope. (b) Typical first-order Stokes pulse

obtained in the saturation region, and the corresponding
depleted laser pulse at the right. (c) Same as (b)

but ;ith the Stokes ;ﬁlge also showing some depletion

at higher laser power.

Near-field patterns showing the spatial intensity
distribution of the incident laser beam (a) and the
first Stokes emission (b), magnified 20X. Motiled

eppearance of S{okes picture caused by laser attenualing

.filtcrs.

Diagram of apperatus used for Raman intensity measure-
ments. Explanation of symbols D-diaphrem, A.F. -
attehuating filter, G.G.-ground glass, P.D. - E.G. & G
photodiode (SGD-100), L-lens, F-filter.

Experimental curve Jor liquid oxygen showing Raman Stokeos

pover as a functio~ of incident rudy laser power.




Fig. 6.

Fig. T.

L Fig. 8.

- 25 -

Experimental curve for liquid nitrogen showing Raman
Stokes output power as a function of incident rudy
laser power.

Experimental measurcment§ of normal Raman scattering
for liquids, benzene, oxygen and nitrogen.
(Experimental scatter results from very low light
levels used, necessitating a high amplifica£ion of
the photomultiplie: signal.)

Experimnental curves showing how the ratios of the
laser powver (PL) and the first Stokes povwer (Ps)

at the exit of the dewar, to the incident laser
power (PLO), vary witﬁ the incident laser power.
The dashed curve in the depleted laser region is
only wpproximate es thezlaser pulse wac severely

distorted.
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