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The results of numerical calculations of the transient stimulated Raman scattering reported
previously have been verified experimentally under conditions where both linear dispersion
and self-focusing effects were negligible. The existence of a delay between maxima of the
laser and Stokes pulses is experimentally demonstrated for the first time, while the pulse
shortening in time via Raman scattering is established more firmly than in previous work.
The incident-laser-pulse duration, generated-Stokes-pulse duration, and delay between in-
tensity maxima for the laser and Stokes pulses were measured with the two-photon absorp-
tion-fluorescence technique. The effective phonon-dephasing time is determined via sponta-
neous Ramanscattering. By using these measured quantities, inferences are made as to the
magnitude of the transient gain and the shape of the exciting picosecond laser pulse.

I. INTRODUCTION

Stimulated Raman scattering (SRS) induced by
picosecond-duration light pulses has been discussed
by many authors from both an experimental and
theoretical '3 point of view. Realistic numerical
calculations in this transient regime recently per-

formed took into account practical laser-pulse
shapes in predicting the Stokes-pulse duration, the
SRS gain, and the delay between the peak ampli-
tudes of the Stokes and laser light pulses. ' Earlier
experimental work suggested that in the case of
picosecond-duration light pulses generated by a
mode-locked ruby laser, the Stokes pulses were
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certainly no longer in duration than the pump
pulses. Three serious limitations to this earlier
work were the presence of strong self-focusing in
the CC14, the lack of control in the gain leading to
a high probability of saturation and laser depletion,
and the presence of significant linear dispersion,
the deleterious effects of which were indicated in

, previous work. 3

In this paper, we will present data on a system
with negligible dispersion which verify many fea-
tures of the numerical results under conditions
where seLf-focusing and laser depletion can be ne-
glected. In addition, the data add further support
to the notion that the pulse should have a time dis-
tribution which is close to Gaussian. ' In Sec. II,
the method of selection of the sample medium is
discussed. The discussion includes estimates of
the transient vibrational SRS gain coefficient, of
the effects of rotational SRS, and of the amount of
linear dispersion between the laser and Stokes fre-
quencies, all of which are important factors in
the evaluation of possible sample gases. Checks
for the unimportance of self-focusing under the
required operating conditions are also discussed.
Sec. III is devoted to the experimental technique
and the presentation and discussion of data. Section
IV summarizes the significance of this work and
indicates some future extensions.

II. SAMPLE SELECTION

Of vital importance to a earful study of transient
SRS is the absence of the effects of both linear dis-
persion and self-focusing. As a result, much ef-
fort was expended in selecting a material which
would minimize both. Linear dispersion tends to
cause the Stokes wave packet to either speed ahead
(normal dispersion) or lag behind (anomalous dis-
persion) the laser wave packet. Since the transi-
ency introduces a delay of the Stokes-amplitude
peak with respect to the laser-amplitude peak, dis-
persion will either improve or degrade the synchro-
nism of the two wave packets, or, more important-
ly-, of their phases. The net result is an alteration
of the parameters associated with the Stokes pulse,
including the magnitude and dependence of the gain
coeff icient. The criter ion for determining the im-
portance of dispersion was presented in earlier
work. 3 For dispersive effects to be negligible, the
phase synchronism length determined by dispersion
must be much greater than the length required for
the gain to restore the constant phase difference
between the laser and Stokes field. This is the
case if

jr 26v
[(sk/»), —(su/s ~), ] cav g„I

where hv is the laser pump linewidth in the medi-
um, e~»' is the steady-state SBS gain for the same

iritensity, and I' is the molecular vibrational line-
width, all expressed in units of cm . Thus, the
quantity to be minimized is

It is clear from Eq. (I) that it is unwise to use
a laser the bandwidth of which is much larger than
is required to cause a transient response if dis-
persive effects are to be made small. At this point,
it is convenient to define the ratio of the velocity
of light in vacuum and the group velocity of the
wave packet in the medium n„which is basically
the analog of the index of refraction n in the case
of thephase velocity, or

Bk Bn
n —= c—=n —A—

8$ (2)

where ~ is the wavelength of the light in vacuum.
Restating Eq. (I), in terms of the group index dif-
ference an, =

l (n, )z, —(n, ), I, we find

4n~ «vg„l'/2(hk)

In Table I, both n and n, are given for the number
of gases at atmospheric pressure and 0 C. For
purposes of comparison, a few liquids are also
included. The values of ~, indicated for the gases
are those obtained by scaling up linearly to the
typical operating pressure at which vibrational SRS
would be observed. When the operating pressure
is close to the liquification pressure at room tem-
perature, one should scale with the density, as was
done for SF6 in Table I, instead of with pressure.
In the other materials operated close to liquifica-
tion, an, in Table I is too low by the ratio p„/
(p„, &). Even at the very high required pressure,
gases are more than an order of magnitude less disper-
sive than are liquids.

The gases listed in Table I represent relatively
high Raman-gain materials which are available at
reasonably high pressure and whose stimulated
Raman shifted components have been observed.
In addition to the vibrational SRS component, the
rotational analog has also been observed with pico-
second pulse excitation for the cases of N20, CO~,
and 02. In Table II, estimates of the transient vi-
brational SRS gain and the rotational Raman y are
given, where y is the anisotropic part of the molec-
ular- polar izability tensor. The rotational SRS
cross section is proportional to y . It is clear
from Table II that both ethylene and chlorine gas
should also have stimulated rotational Raman bands.
The existence of rotational SHS is important be-
cause it represents a competing mode of operation
and because it effectively increases the line width
hv of the pump causing dispersion to be more im-
portant for the vibrational SRS. Therefore, all
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Material Vp

TABLE I. Dispersion data.

Gases
Z(p) 10 (n —1) (lo') —x—

BA.
106(n —1) P(atm) 10

SF, 775 cm 211400" 279.39" 0.6943
0.7338

762. 3
761.7

11.4
10.2

773.7
771.9 C

N2

NO

N20

02

CO2

CO

233O cm-'

3339 cm

18VV cm-'

1285 cm '

1555 cm

1388 cm

2145 cm

55 939

32 953

39 122

37 744

69 049

187.94

90.392

135.73

126.84

142.27

156.63

123.60

0.6943
0.8284

0.6943
0.9035

0.6943
0.7984

0.6943
0.7624

0.6943
0.7784

0.6943
0.7684

0.6943
0.8157

297. 8

296. 8

373.1
369.6

292. 7
291.6

504. 8
503.4

269. 2
268. 4

446. 8
445. 7

332.9
331~ 3

6.6
4.6

17.5
10.2

9.1
6. 8

16.8
13.8

8.0
6.3

12.0
9.7

11.4
8.2

304.4
301.4

390.6
379.8

301.8
298.4

521.6
517.2

277. 2
274. 7

458. 8
455. 4

344. 3
339.5

100

86

34

50

100

100

300

93

120

220

250

200~

480

CH4 2914 cm 55 739" 129.15" 0.6943
0.8705

438. 6
436. 1

14.3
9.0

452. 9
445. 1

100
780

C2H4 1342 cm

C3H6 2924 cm ~

59 ee5'

e67esb

s6.vo4"

94.925b

0.6943
0.7657

0.6943
0.8712

708. 9
705. 9

1042. 5
1034.1

34. 8
28. 4

46. 6
29.1

743. 7
734.3

1089.1
1063.2

55
520

H2

HCl

HBr

C12

4160 cm ~

2886 cm

2558 cm ~

556 cm

18 800

51 583

57 162

81 257

137.88

118.49

96.316

106.993

0.6943
0.9763

0.6943
0.8683

0.6943
0.8941

0.6943
0.7222

Liquids

138.4
137.4

433. 1
440. 3

606. 6
601.3

774. 5
773.3

4. 2

2. 1

15.8
10.0

26. 7
15.8

30.6
28. 2

142.6
137.5

458. 9
450. 3

633.3
617.1

805. 1
801.5

100

42

22

6.6

510

360

360

Material g2 e
p

d' ng (10')he

CS2
(T =ls 'c)

656 cm ~ 2.51516 0.041695 0.0473193 0.0003 0.6943 1.615 84
O. 7274 1.612 93

0.065 91 1.681 75
0.059 02 1.671 95 9 800

C,H,
(T=20 C)

991 cm ~ 2.194

3064 cm ~

0.02409 0.017 14 0.6943 l.498 60
0.7456 l.496 23
0.8819 1.491 87

0.035 85 1.534 45
0.030 83 1.527 06 7 400
0.021 71 1.513 58 21 000

H20 3651 cm 1.761 48 0.006 543 8 0.013 252 61 0.013 414 0.6943 1.330 03
(T=20 'C) 0.9301 l.325 73

0.01565 1.345 68
0.01464 1.340 37 5 300

~(n-1)76p 10 'P'/(g -y ); values taken from International Critical Table I (McGraw-Hill, New York, 1930), p. 11.
calculated from data in Landolt-Bornstein, Zahlenverte und Eunktionen aus Physik, Chemi, Astromie, Geophysik,

und Technik (Springer, Berlin, 1957), Vol. 6, p. 881.
Known density change from 1 atm to Pwas used to linearly extrapolate.
Owing to P being close to the liquification point, linear extrapolation yields this lower limit.
n =a+b/(y —Ap) y d; values taken from ref. a, pp. 12-16.

five of the gases N20, CO» 0» Cl» and C2H~ must
be eliminated as sample candidates.

Of the remaining ten gases in Table I, SF8 is the

least dispersive by a factor between 2 and 45.
Although values of so./BR and R are not available
for SF~, the very low threshold for transient vibra-
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TABLE II. Raman-gain data.

Gas Vibration. ".1 Rotational

(V/C) vfb (V/C) Stoltes gvib/(pS' Z) i/2 c Gvfb/(gr Z) Rd ~p c
Qp

(cm ') (cm-') (10 cm ) (atm J/cm) '/ (J/cm) '/2
depol.
ratio (10 cm ) (10 cm ) (10 cm )

SF0
N2

NH3

NO

N20
02
CO2
co
CH4

C2H4

C3H0

H2

HC1
HBr
C12

775
2330

334
1877
1285
1555
1388
2145
2914
1342
2924
4160
2886
2558

556

13 625
12 072
11066
12 525
13117
12 845
13012
12 255
11486
13 060
11478
10 242
11514
11842
13 846

6.602
1.250 5
0.771 40
1.230 2

l. 977 5

1.428 96
1.976 93
1.2500
0.716 82
l. 260 46
1.9149
0.089 88
1.639 11
3.644 2

3.214

1.69
1.00

1.43
l. 83
1.44
1.04

1.00
1.20

1.67xlp 2

1.01 xlp

l.67 x 10-2

1.94 x lp 2

1.50 x 10
1 19 xlp-2

p. 76 x]0-2
0.67 x 10"2

1.67xlp l

0.30 xlp

1.67x 10
1.48xlp lf

1.50 x 10
1.19xlp

P. 45 xlp-"
0 ~ 30 xlp

0.036
0.011

0.125
0.065
0.097
0.015
0.013
0.029

0.026
0.007

0.042

4. 58
l. 80
2. 21
l.73
2. 99
1.59
2. 65
1.97
2. 60
4. 20
6.17
0.820
2. 62

4. 59

1.36
0.90

4.49
1.64
3.43
1.04
1.16
2. 83

0.599
0.850

3.75

1.85
0.81

20.16
2. 69

11.76
1.08
l.35
8.01

0.269
0.723

14.06

p= density obtained from Handbook of Chemistry and Physics (Chemical Rubber Publishing Co. , Cleveland, 1964).
E. R. Lippincott and G. Nagarajan, Bull. Soc. Chim. Belges 74, 551 (1965).

'(gr)" = [(Wnz)32z iV (v/c) st,qes(ee.'/W. ) /Pp ~ zn(v/c), abc zo)', where Wz, is the laser intensity, P is the pressure in
atomspheres and 80'/ex is the Raman polarizability derivative.

G. Placzek, Handbuch dew Radiologic, edited by Erich Marx (Akademische Zerlagsgesellschaft, Leipzig, 1934),
p. 209-374 (URCL Transl. No. 526).

'P=o.ot45B/3 —4RJ, where &p =n 1/2F¹
As in Table I (near liquification pressures) the scaling should be with density from standard conditions, not with

pressure. Therefore, these numbers are approximate.

tional SRS as well as the very high conversion ef-
ficiencies (up to VO/~) observed experimentally' in-
dicate a large vibrational Raman cross section.
In addition, we have never observed rotational SRS
in SF6 under any conditions.

The remaining question of the importance of self-
focusing effects at our required operating conditions
was then investigated for SF6. A mode-locked ruby
laser was used which produced approximately 10-
15 mJ per pulse within a 0. 5&&1.0 cm elliptical
cross section at a divergence angle of between 0. 5
and 1 mr ad. ' The output intensity profile was locally
unif orm over at least 2 mm. Near-f ield photographs
of the coQimated beam passing through a 50-cm
cell were indistinguishable with and without gas.
Also, investigations were made of both the laser
and Stokes beam spatial profile in the case of fo-
cusing the pump with a 50-cm lens. Again no spa-
tial effects were attributable to self-focusing. Fi-
nally, using the measured self-focusing threshold
in liquid SF6, and extrapolating to gas density in-
dicates that much higher field strengths would be
required for self-focusing to be important than
are needed for SRS.

III. EXPERIMENTAL RESULTS

The experiments were performed with the mode-
locked ruby laser described in Sec. II at output en-
ergies of between 5 and 10 mJ per pulse. The beam
was focused with a l-m focallength lens into the 50-

cm-long cell of SF6. The SF6 operating pressure
was 18atm. The diagnostics are illustrated in Fig.
1. Both incident and transmitted laser energies
per pulse were monitored by photodiode 1, and data
were taken only when both signals were the same
height to within 5% for each pulse. At such a low
conversion efficiency, over-all laser depletion is
not important. In the absence of self-focusing lo-
cal laser depletion effects are avoided as well. A
second fast-risetime photodiode (2) monitored the
Stokes energy generated per pulse. Figure 2 shows
corresponding laser and Stokes pulse trains under
strong conversion conditions. Typical laser deple-
tion oscillograms are shown in Figs. 3(a) and 3(b)
under acceptable conditions. Figure 3(c) shows the
result of either raising the laser output or chang-
ing to a 50-cm focal length lens at the cell input.

The two-photon absorption fluorescence setup,
illustrated in Fig. 1, was isolated from the experi-
ment by Filter 3, which had a factor of 100 attenua-
tion per pass at the laser frequency. Filter 3 also
had the property of making the laser and Stokes in-
tensities comparable under the operating conditions
described above. A cylindrical lens was used to in-
tensify the overlap region and had the additional
advantage of r educing the depth of field r equir ements
of the camera lens. Filters 5 and 6 were of equal
optical path length, and were used in the following
three modes in conjunction with Filter 4: (l) Fil-
ters 5 and 6 were removed completely and Filter
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MODE-LOCKED RUBY LASER
lm F.L.

1 W h ~

V

1m F.L.

n

PHOTODIODE NO. 2

Q3 FILTER NO. 2

NO. 1 25cm F.L.
C YLI ND RICAL
LENS

PHOTODIODE NO. 1

FILTER

3 FILTER NO. 3
3 FILTER NO. 4

50% BEAN SPLITTER

3 FILTER NO. 6

FIG. 1. Illustration of experimental setup.

4 was an ir cutoff filter transmitting just the laser
beam. This resulted in a laser pulse duration mea-
surement. (2) Filters 5 and 6 were removed com-
pletely and Filter 4 was a uv cutoff filter transmit-
ting just the Stokes beam. This resulted in a Stokes-
pulse duration measurement. (3) Filter 4 was ab-
sent, and Filter 5 was a uv cutoff filter while Fil-
ter 6 was an ir cutoff filter. This resulted in run-
ning the forward directed laser beam against the
beam-split Stokes beam. This display should have
been undisplaced from that of conditions (1) and

(2) if no delay existed and the pulse duration mea-
sured in (3) should be that of the longer pulse dura-
tion. For good contrast in the two photon absorp-
tion-fluorescence photographs, the Stokes and la-
ser intensities in the overlap region must be nearly
equal. Because we require operation, which avoids
saturation and laser depletion, small fluctuations
in the laser output intensity results in large varia-
tions in the relative Raman cell output beam inten-
sities. As a result a large number of laser firings
were required to obtain useable data.

In order to avoid errors due to a systematic
change in the operation of the laser, data were tak-
en in cycles, where each cycle involved going
through the above modes sequentially. Using about
2. 5-psec-duration laser pulses, the Stokes dura-
tion t, was consistently about a third shorter than
the laser duration g~. This is in contrast to the
CC14 work, where I,, & tl. as well as t, & tJ. was en-
countered. A typical output display for the 2. 5-
psec-duration excitation is shown in Fig. 4.

Using these short pulses, it would be very dif-
ficult to determine quantitatively the size of any
delay between the laser and Stokes pulse peaks since

the delay would be expected to be less than one-laser-
pulse duration. ' Consequently, the laser-pulse
duration was lengthened to 7.~ = 15 psec. The time-
bandwidth product remained at unity. '

In Fig. 5 we shorn two traces of the spontaneous
Raman linewidth F of the 775-cm mode in SF6,
which indicate that the response will still be tran-
sient with the longer pulses. Trace (a) was taken
using a Spex double grating monochromator in con-
junction with an argon laser operating on the 5145-
A line. The measured width was 2. 75 cm for the
Stokes plus slit function, while the laser line mea-
sured 1. 1 cm ' (pure slit function), corresponding

FIG. 2. Oscillograms of pulse trains demonstrating
high Raman conversion: (a) interleafed incident and trans-
mitted laser pulses; (b) generated Stokes-pulse train.
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cence data under conditions of 2.5-psec-duration exci-
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pulse s.

in conjunction with a multichannel analyzer and the
same argon laser. While 90-min integration times
were required with a 1-sec scan time, the very
weak signal was sufficiently large after filtering

(a)
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FIG. 3. Oscillograms of interleafed incidence and
transmitted laser-pulse trains. (a) Typical oscillogram
under conditions where the laser depletion was small
enough to be acceptable; (b) marginal laser depletion;
(c) example of unacceptably large laser depletion. 5 cm

to an actual line width for the SF, VV5-cm ' mode
of I'=-1. 65 cot '. Trace (bj was taken using a piezo-
electrically scanned Fabry- Perot interf erometer

FIG. 5. Spectrograms showing spontaneous Haman
linewidths of the 775-cm mode in SF6 taken at 18 atm
and with (a) double Spex grating monochrometer, and

(b) piezoelectrically scanned Fabry Perot interferometer.
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RAMAN STOKES PULSEWIDTH AND DELAY SF6
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information is the laser-pulse shape which is now
determined since all other parameters have been
measured. Figure 7 is for a Gaussian temporal
distribution for the laser, and it shows that for t,/
t~=0. 6, we have atransient gain e~~, where t', =9.
Reading vertically, we then find that t~/tl, =0.42,
which is in good agreement with the experimental
value. Finally, the corresponding steady-state
gain would be e», where G„=25. There are no
adjustable parameters in this calculation.

Since all the two photon absorption fluorescence
data were not taken simultaneously, one cannot
state with certainly that the ruby-laser pulse shape
is Gaussian, However, if the time variation of the
laser electric field envelope is assumed to be of the
form E~~ e ",the multiple-shot data described
above indicate that n must be in the range 1. 5 & n & 3,
where m=2 is the Gaussian, as seen from Fig. 7.
Assumed laser-pulse shapes other than exponential
ar e in very poor agreement with the present results. '

IV. DISCUSSION
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LASER —STOKES

These experiments confirm enough of the details
of the transient SRS theory to provide a reasonable
confidence in its validity. However, a lack of lin-
ear dispersion is the exception in the historically
important Raman-active materials, as well as in
long-range atmospheric pressure gas paths. Be-
cause of the difficulty of the numerical calculations

FIG. 6. Typical two-photon absorption fluorescence
data taken using approximately a 15-psec-duration laser
pulse. Note that the laser Stokes pattern is displaced,
demonstrating a delay between the Stokes and Laser
intensity maxima.
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out the laser line to yield a line width of 1.4+ 0. 2
cm '. The two methods were in good agreement,
and a pulse duration of 15 psec was, therefore, justi-
fiable since the condition for transiency is that
I"«G„av, where e» is the steady-state gain as-
suming the same incident intensity. Since signif-
icant conversion requires G„&10, this relation-
ship is satisfied.

The results of experiments carried out with the
15-psec-duration excitation are shown in Fig. 6.
The relevant quantities are for a laser-pulse dura-
tion tl = 15 psec, the Stokes-pulse duration t, = 9
psec, and the delay between intensity maxima tD
= 6 psec. This represents the first experimental
verification of the delay as well as the first clear
demonstration of the pulse shortening.

In Fig. 7, we have recalculated some of the nu-
merical results' which are relevant to these experi-
ments. An important parameter is the product of
1 and tz = 1/av, and for the 15-psec-duration laser
pulses, I'tl = 1. The second important piece of
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FIG. 7. Calculated parameters for stimulated Raman
scattering with I't~ =1. G~ is the steady-state gain co-
efficient, tz the delay, t~ the Stokes-pulse duration, and
Gz the transient gain coefficient.
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which include linear dispersive effects, experimen-
tal confirmation of the present theory under excep-
tionally clean and simple conditions is very impor-
tant. These experiments provide that confirmation.
In addition, calculations on self-induced transpar-
ency and other coherent effects associated with the
stimulated Raman process require a complete under-
standing and description of the low-field effects.
Finally, an understanding of the competition between
various nonlinear processes such as rotational SRS
with vibrational SRS, frequency broadening with SRS,
self-focusing with various inelastic stimulated scat-
tering processes, etc. , depends on how well we can
model the independent processes.

From an experimental point of view, the feasi-
bility of determining approximate laser-pulse shapes
using SRS has been demonstrated for the simple
case of a pulse of time-bandwidth product unity.
In the more complicated cases of the mode-locked
Nd: glass laser or mode-locked organic-dye lasers,
one may hope to learn something about the repro-

ducibility of any temporal structure, as well as the
effective rate of rise and fall of the envelope of any
temporal structure. However, the wider-laser-
pulse bandwidth and large time-bandwidth product
f~Dv implies that dispersive effects will play a more
important role. In order to do an experiment similar
to the one reported here, higher intensities and
shorter cell lengths would have to be employed.
The condition on the intensity can be obtained di-
rectly from Eq. 3, namely,

2(av)'an,
ass ~~

Therefore, for the same magnitude of Apg and de-
gree of satisfaction of the inequality, the laser in-
tensity must scale quadratically with the bandwidth.
This implies that, for the same transient gain, the
interaction length z would scale inversely with ap-
proximately the laser bandwidth squared times the
laser- pulse duration.
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