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1. Foreword

A fundamental understanding of the intramolecular dynamics of highly excited molecules is

of central importance in molecular physics and has great chemical and physical implications:

Selectivity at high levels of excitation may eventually lead to the realization of laser-controlled

photochemistry, with broad applications in such diverse areas as laser-assisted chemical vapor

deposition, isotope separation, and photosynthesis. Equilibration of vibrational energy among the

molecular modes, which occurs in molecules that are excited above the dissociation threshold,.-

however, causes the course and rate of laser-induced unimolecular reactions to depend only on

total energy. This intramolecular flow of vibrational energy seriously impairs the prospect for

developing a novel 'mode-selective' or 'bond-specific' photochemistry, despite the high selectivity _

of infrared excitation.

Whereas the equilibration of energy for molecules excited close to or above the dissociation

threshold is well understood, there is no agreement in the community as to the validity of

theoretical models that presuppose equipartitioning of energy in the region below the dissociation s
threshold. Under ARO contract DAAG29-85-K-0060 our laboratory has obtained direct a

information on the intramolecular vibrational energy distributions of highly vibrationally excited N

molecules below the dissociation threshold. The experiments carried out under this contract,

which involve spontaneous Raman spectroscopy of infrared multiphoton excited molecules, for p

the first time clearly show that the present theoretical descriptions of infrared multiphoton excitation

are indeed not generally valid.

The results of this research are summarized in this final report. For a more detailed

description the reader is referred to the Appendices. The research findings were published in nine -i

publications in scientific journals, and presented at various international conferences. Two

Harvard graduate students will earn their Ph.D. degrees on work performed under this contract.

This year also, the National Science Foundation awarded a Presidential Young Investigator Award

to the principal investigator in recognition of the work done under the Army Research Office -

C. contract.
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4. Final Report

A. Statement of problems studied

The major objective of the present contract was to provide detailed information on the molecular U
excitation dynamics below the dissociation threshold by means of time-resolved spontaneous

q Raman scattering. Specifically, the following questions were addressed: o

- What is the intramolecular distribution of energy after infrared multiphoton excitation? N
.Are there differences in the distribution for different pulse duration?

• What is the fluence dependence?

• Is there a certain trend with molecular size?

• Are there certain molecules for which the intramolecular distribution is highly non-equilibrium? US
B. Summary of most important results

Under ARO sponsorship we have obtained detailed quantitative information on the intramolecular

vibrational energy distributions of highly vibrationally excited molecules below the dissociation

threshold by time-resolved Raman spectroscopy. We have collected a large number of data on

infrared multiphoton excited molecules ranging in size from 5 to 8 atoms. Most of these molecules
have more than one Raman active mode and thus allow direct observation of the intramolecular U
distribution of vibrational energy among these modes after the infrared multiphoton excitation.

Two significant new observations were made: (1) the final distribution of energy-i.e. after

excitation, but before collisional relaxation-does not necessarily correspond to an equilibrium

distribution, and apparently some form of localization of vibrational energy is possible even at high

excitation, and (2) direct transfer of energy to modes with a higher energy step than the pumped

mode is seen to occur. If part of the energy remains localized in a small set of modes it may be

possible to induce reactions that are not thermodynamically favored. Some of the more important

findings are summarized below.

1. The experimental setup was completely overhauled in the beginning of the contract period[l].

By repeating previously reported measurements on SF 6 [2], the reproducibility of the

measurements was confirmed. In addition we carried out more detailed measurements on SF6  II
Final Report DAAG29-85-K-0060 7
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[3], and we extended our study to other molecular systems (see below). Pi
2. For CF 2HCl preliminary tests in the old apparatus had shown that five Raman active modes of

widely different energy can be observed at densities low enough to ensure a collisionless

e, excitation. This molecule, however, absorbs on the edge of the C0 2-laser bandwidth at the 9.4

.tm R(32) line. At the maximum fluence we could achieve, photoacoustic measurements show
that the molecules absorb less than one photon per molecule. At those fluences and excitation

levels, no measurable change in the Raman spectrum could be observed [4-5].

3. For C2H4F2 we were able to cover the entire excitation range from the ground state up to the

dissociation limit. At high fluence, just below the dissociation threshold, one of the four

accessible Raman active modes shows a very small change, but it is clear that the

intramolecular vibrational energy distribution for this molecule is not in equilibrium (like

CF 2 C12 , unlike SF 6). Apparently the energy remains partly localized. This measurement

consituted the first indication that a 'statistical description' of the ensemble of modes in infrared
multiphoton excited molecules -wich has been proposed by several authors- is not justified

in general [6]. Unfortunately the pump mode (C-F stretch; for the cis-configuration of this

molecule this is a highly asymmetric vibration) is not accessible in our spontaneous Raman

spectroscopy apparatus.

4. Most of the measurements have centered around the five-atom CF 2C12 molecule 17-10]. This
molecule can be pumped on two infrared modes (v8 and V1), and it has four Raman active

modes--of which we have observed three after infrared multiphoton excitation. In contrast to

the well established equilibrium intramolecular vibrational energy distribution in molecules

excited above dissociation threshold), it was found that excitation of the v1 and v8 mode below

the dissociation threshold give rise to different, highly nonequilibrium vibrational energy
5-. distributions, which tend toward equilibrium when buffer gas is added. In both cases the

pumped mode reaches the highest excitation, while the energy of the v2 mode remains almost

an order of magnitude smaller. The measurements thus show a surprising amount of
'localization' of excitation energy up to levels of excitations (Eint > 21,000 cm- 1) quite close to

the dissociation threshold (Ediss = 27,000 cm-1). The data also show an asymmetry in the

intramolecular vibrational energy relaxation between the various modes.

After excitation of the v8 mode, it was found that this mode contains an excess of energy up to

at least 10,000 cm- 1 of excitation energy. Although this is at variance with observations made

","S
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in the Soviet Union, that claim complete equilibration above about 7,000 cm- 1, it agrees with

recent theoretical studies of the intramolecular dynamics of model systems, which shows that

for some molecules equilibration occurs only for energies close to the dissociation limit.

After excitation of the v1 mode, again a distinct nonequilibrium is observed, this time with an

excess of energy in the vj mode up to levels of excitation as high as 21,000 cm- 1 [10].

If N2 buffer gas is added, collisional relaxation of energy takes place, and a clear trend toward

equilibrium is observed. The behavior of the Raman signal intensities with increasing laser

fluence show that complete randomization of vibrational energy does not occur even at the

highest fluence at which Raman signals were measured.

5. At very high fluence both C2H4F2 and CF 2C' 2 dissociate and the Raman probe laser induces a

broadband fluorescence from the dissociation fragments. For CF2 CI2 we studied this

fluorescence in detail and found that (a) the dissociation fragments carry a considerable amount

of energy (up to 5000 cm- 1), and (b) the unimolecular dissociation rate of infrared multiphoton

excited CF2 C]2 must be much smaller than the excitation rate.

6. During the present contract we also received an award under ARO-URIP Grant No. DAAL03-

86-G-70098 for the purchase of equipment for coherent anti-Stokes Raman spectroscopy. We

have meanwhile completed the construction of a coherent anti-Stokes Raman spectrometer. The

-v-. new setup is capable of performing measurements at pressures below 1000 Pa. Preliminary

measurements of the depletion of the ground vibrational state of SF6 after infrared multiphoton

excitation have been performed. The first measurements will be presented at the International

.. Laser Spectroscopy Conference in Shanghai, China this summer.

7. A three-year renewal proposal to further extend the work started in the current contract period

has been submitted to the Army Research Office. In the proposed research we plan to work on

several fronts: First, the spontaneous Raman experiment will be replaced by the above

mentioned coherent anti-Stokes Raman spectroscopy, which is more sensitive and which has a

higher spectral resolution. During the transition period the time-resolved spontaneous Raman

work will be continued. Second, part of the proposed effort will be directed toward

developing new sources for picosecond infrared pulses, viz. a picosecond mode-locked CO2

laser, and possibly also a continuously tunable, transversely pumped high pressure CO 2 laser.

Finally, in the final stage of the proposed research, several new research possibilities (above

Final Report DAAG29-85-K-0060 9
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threshold dissociation of diatomic molecules; spectroscopy of the transition region below the e

quasicontinuum; determination of the onset of energy randomization) will be explored. These

0
~topics can then form the basis for futuro esearch.
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Computer-controlled Raman spectrometer for time-resolved
Smeasurements in low-pressure gaseous samples

Eric Mazur

Department of Physics and Division of Applied Sciences, Harvard University, Cambridge.
Massachusetts 02138

(Received 10 March 1986: accepted for publication 30 June 1986)

A spectrometer for measuring spontaneous Raman scattering in gaseous samples at pressures
below 100 Pa (0.75 Torr) with nanosecond time resolution is presented. The apparatus was
developed for studying intramolecular vibrational energy distributions in infrared multiphoton
excited molecules and makes it possible to study the anti-Stokes Raman scattering from
isolated molecules at pressures down to 14 Pa ( 110 mTorr). To achieve high sensitivity and
time resolution simultaneously, spectral resolution ( 1 nm) is sacrificed. Because of the low
level of the signals, the measurements are completely computer controlled. A detailed
description of the apparatus, including the multichannel data-acquisition hardware and

- computer interface, is given. -

INTRODUCTION Stokes Raman spectroscopy, which is proportional to the

Stsdensity squared. For certain research projects, such as theare extremely small, experiments on spontaneous Raman one discussed here, the research goal can be accomplishedscattering are normally performed at high pressure. There with a careful design of the scattering cell, and a convenient

are circumstances, however, under which a high pressure is and flexible multichannel data-acquisition system.
not desirable. One example is the study of coilisionless in- The design of the scattering cell may also be useful infrared multiphoton excitation. Since the aim of this study is other light scattering experiments that require maximum

to observe vibrational energy distributions in isolated mole- collection efficiency and minimum stray light. A detailed
cules, the observation time has to be several orders of magni- escriptio oests ien be and repre
tude smaller than the average time between molecular colli- experimental results obtained with the apparatus are pre-
sions, which puts an upper limit on the sample pressure. For sented.
times of the order of magnitude of nanoseconds this means a
pressure below 100 Pa (0.75 Torr), at least three orders of I. GENERAL LAYOUT
magnitude lower than usual for Raman spectroscopy. The design of the scattering cell is based on the following

This paper presents the details of an apparatus that has experimental approach. A sample of low-pressure gas (typi-
allowed measurements of spontaneous Raman scattering on cally 100 Pa or lower) is excited by an infrared pulse from a
a nanosecond time scale at pressures down to 14 Pa, i.e., high-power picosecond CO, laser (100 mJ in 500 ps or less).
from virtually isolated molecules. The apparatus has a large After a short controlled time delay the excited molecules are
collection efficiency and effectively reduces stray light, probed by an ultraviolet pulse (30 mJ in 18 ns) from a fre-
which forms the major obstacle when measuring Raman quency-doubled ruby laser.
scattering at low pressures. Because the signals are in the For a strong Stokes Raman transition at a sample pres- 0
photon counting regime and extensive averaging is required, sure of 100 Pa, one can expect a Raman signal of about 20
the measurements are completely automated. photons/sr per mJ input power of the probing pulse. For a .a

Apart from the detection method presented here, there fixed pressure the signal can only be increased by either in-
are several other possibilities for measuring Raman scatter- creasing the collection angle or the input power. At the same

• -" ing from isolated molecules. For example, one can use a mo- time one has to minimize the effect of unwanted, elastically
• lecular beam or jet,3 or one can resort to more sensitive spec- scattered light. The two main contributions to elastically

troscopy techniques, such as coherent anti-Stokes Raman scattered light are Rayleigh scattering and stray light scat-
spectroscopy. 4 Both methods, however, require additional tered from the windows and walls of the cell. Typically, the

equipment and may have certain disadvantages. The first Rayleigh scattering is about four orders of magnitude more
method requires a molecular beam apparatus and extensive intense than the Stokes Raman signal. Stray light, which is

., vacuum equipment. Moreover, measurements are carried independent of sample pressure, quickly becomes the domi-
out in a nonequilibrium situation. Coherent anti-Stokes Ra- nant source of scattered light at low pressures. A scattering
man spectroscopy, on the other hand, requires a much more of only one in 10' photons into the detection angle already
elaborate laser setup, but has a higher sensitivity and higher results in 1.6 x 10 ' photons/sr. per mJ of input power.

i spectral resolution. Moreover, at very low densities sponta- Therefore, to be able to measure Raman scattering at low
neous Raman scattering is more efficient than coherent anti- pressures, one has to optimize collection efficiency and mini-

- 2507 Rev. Scl. Instrum. 57 (10), October 1986 0034-6748186/102507-05S01.30 1986 American Institute of Physics 2507
-..
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mize stray light in the design of the scattering cell on one --

N " hand. and simultaneously maximize the rejection of unwant-
.\ ed signal in the detection.

A. Scattering cell

The cell, in which the exciting and probing laser beams
cross at right angles. is shown in Figs. 1 and 2. It consists of a
cube-shaped aluminum body with two pairs of arms of circu-
lar cross section. The arms for the exciting infrared beam are
0.15 m long, the ones for the probing ultraviolet beam 0.3 m.
In order to minimize stray light from the windows the long
arms have quartz windows at Brewster angle. In addition, FIG. 1. Top view of the low-pressure Raman cell. The CO.-laser beam

each of these arms contains six pairs of straight [see Fig. (pump) enters through the short arms, while the probing UN' beam enters

2(a), DI] and conical (D2) baffles. The straight baffles col- through the long arms, Scattered light exits through a collimating lens at the

limate and restrict the probe beam, while the conical baffles top.

trap any light scattered along the path of the beam.' The
baffles are made separately from the arms and are installed
by sliding them into the arms, so that they can be arranged in S
various configurations. The best results were obtained with To simplify the alignment of the laser beams, the cell is

apertures increasing from 2 mm nearest to the windows to 4 mounted on four tightly fitting posts (P) shown in Fig. 2 (b). _S,
mm nearest to the center of the cell. In the center part of the It can easily be removed and put back accurately by lifting a

cell a vertical stray-light jacket (J) of circular cross section black nylon shaft (S) through which the collimated scat- ,.e

9j. prevents any light scattered from the last baffle from reach- tered light reaches the detection. Alignment of the beams is

ing the detection aperture directly. It has two 6-mm holes for achieved as follows. First, a He-Ne laser beam is aligned S

the probe beam and two 15-mm holes for the infrared beam. through the probe arms. Then the cell is removed and two

Light scattered at the intersection of the two beams is col- diaphragms are centered on the beam, one in front of and one

lected over a solid angle of rf116 sr and collimated by a behind the cell. Finally, the pulsed probe beam is aligned

quartz lens (L) that serves as a window. The focus of this through the two diaphragms and subsequently optimized

lens coincides with the intersection of the two beams. All through the cell. To overlap the two beams, the cell is again

parts of the cell are vapor blasted and black anodized to removed after the alignment of the probe beam, and the in-

absorb as much stray light as possible. A gas inlet on the frared beam is adjusted until the two beams produce overlap-

bottom plate connects the cell to a gas-handling and vacuum ping burn spots on a piece of thermo-fax infrared copy paper.

i, system. Final adjustments are made by optimizing the signal.

::: :.:.. . : ~ ~ ~ ~ ~ ....... :: ::::. . .. ...::::::...: .:: _1

*w uv

F'G . Cross-sectional (a) and side •

,(a) view (b) of the Raman cell. ,
W = quartz window, DI,
D2 = straight and conical baffles.
I = stray light jacket, IR = position of
IR pump beam, UV = probing UV
beam. L = collimating lens. The cell is

------ .mounted on four posts. P, from which
it can easily be removed by lifting the
light shaft, S. through which the scat-

w DETECTION tered light reaches the detection hard-
S ware. The window holder in the upper

drawing has been rotated by 90" to
show the Brewster angle mounting.

2506 Rev. Sc1. Instrum., Vol. 57, No. 10, October 1986 Raman spectrometer 2508 0
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B. Detection II. HARDWARE DESCRIPTION

The scattered light is analyzed in a light-tight enclosure The general layout of the setup for measuring the Ra-
on a raised platform above the scattering cell [see Figs. 2(b) man scattering from infrared multiphoton excitation is
and 3 1. The scattered light that exits the cell consists of shown in Fig. 3. A description of the high-power picosecond

~ Stokes and anti-Stokes Raman signals, Rayleigh scattering, CO,-laser facility can be found in Ref. 6. The infrared pulse 0
and stray light. A dichroic mirror and a quartz lens image power is monitored by a pyroelectric detector (P2) and fo-
the scattering region onto the entrance slit ofa double mono- cused into the cell with a cylindrical ZnSe lens. The full
chromator. The imaging ratio of the detection lenses is 2 : 1, width at half-maximum (FWHM) beam size at the intersec-

% so that the 6 ,2-mm entrance slit of the monochromator tion of the two laser beams is 0.35x6 mm..The output of the
corresponds to a 3 .I mm area of the scattering region. Ad- Q-switched ruby laser (300 mJ in 20 ns) is monitored by a
ditional spatial filtering between the two monochromators fast silicon photodiode (FND) and frequency doubled with
further reduces stray light. Since high spectral resolution is a temperature tuned RDA crystal. The resulting ultraviolet
not a requirement for the present study, two small 0.25 m radiation at 347 nm is split off with a harmonic beam splitter,
f/3.5 monochromators were employed. Apart from their its polarization rotated in the plane of the two laser beams

.:N high throughput. small monochromators have a high rejec- with a half-wave plate, and focused into the cell. The
4'. tion ratio (typically 10'), which is needed to eliminate the FWHM beam waist at the focus is 180pm. The power of the

elastically scattered light. The total throughput of the two ultraviolet pulse (30mJin 18ns) is monitored with a Hama-
monochromators is about 4%. A photomultiplier is mount- matsu phototube. The scattered light is focused onto the en-
ed directly onto the exit slit of the monochromator in a ther- trance slit of a tandem Jarrel-Ash 0.25-m Ebert-type mono-
moelectrically cooled housing. chromator with 2400 grooves/mm gratings. The linear

dispersion of the system is 1.65 nm/mm. Most measure- ,%
ments were carried out at a resolution of 3 nm, enough to
prevent elastically scattered light from reaching the detec- ,

C. Specifications tor. The output of the monochromator is detected with a

The overall signal-to-noise ratio of cell and detection is Amperex XP2020Q photomultiplier tube (I -ns time resolu-
excellent: Even though single photons are registered for each tion, 1.5-kHz dark count rate, 25% quantum efficiency). A
laser pulse, the measurements can be performed in daylight mechanical shutter (S) protects the tube when the detection
or with room lights on. The amount of ambient light that box is opened.
reaches the photornultiplier after the spatial and spectral fil- Since the power of the CO. laser and the time delay
tering is well below the 1.5-kHz dark count rate of the photo- between the two laser pulses are fluctuating considerably,
multiplier tube and therefore entirely negligible. The and since the observed signals are in the photon counting
amount of stray light detected just behind the entrance slit of regime, many thousands of laser shots (typically 10) are
the monochromator after evacuating the cell is less than needed for a single experimental run. The data are sorted out
10- ' of the probe beam and around 10-6 at the position of after measurement, and the random fluctuations in power
the lens. The overall detection efficiency, including the (and to a certain degree those in timing) provide the vai-
quantum efficiency of the photomultiplier is 3 x I- . ation needed to obtain results as a function of these param-

.. 5

ps cqlaserFIG. 3. Setup for measuring the spontaneous, ]1PS Cq -laser %°

Double Raman scattering from infrared multiphoton
Monocromaiorr excited molecules at low densities. Molecules

if l PMT OS L D excited by a CO, laser are probed by the sec-
"" ond harmonic of a Ruby laser. BS = beam"MT 

splitter, SHG = second-harmonic genetator,
HBS = harmonic beam splitter, A /2 = half-
wave plate, FND = fast photodiode,
PT = phototube. Pl. P2 = pyroelectnc de-

P1 T-tector, M = mirror, DM = dichroic mirror,L = quartz lens. S = shutter, and
Raman D PMT = photomultiplier tube. The detection

HBS k /2 cell FND (monochromator. photomultiplier. etc.) is
located in a light-tight enclosure located di-

BS rectly above the Raman cell. Drawing not to
SHG scale.

, Rby aser'[_ " M
BS MP2
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I o. controller. The computer analyzes the output from the pho-
T., .- Ftomultiplier tube, corrects for the tail of darkcounts that

' ge digitized waveform, are transferred to a microcomputer b a

P. C l nevf' D ,r& occurred just before the probe pulse, displays the resulting
data, and stores them on a Winchester disk. Data analysis -.AL

_O- _ .0 C..,., and display can be done on line at any point during the mena-
Some. a-c P

5.C ,- + --g L R ' surement. The computer is connected to a local area network
_____--.... I of computing facilities for backups and further data han-

.... I dling.
,EEE -- The software is all written in C language. Up to 19 dif-

oPl 't ,,27 N ferent channels can be measured and analyzed. The mea- S

7 N, J._ surement program also allows manual input on one data

channel. This is particularly useful when a signal needs to be
CAMAC measured as a function of a parameter that cannot be con-

trolled or measured directly by computer. e.g., the alignment
FIG 4 Schematic view of the data-acquisition electronics, of certain optics, the optimization of the timing of the laser - -"-

amplifiers, or calibrations. This feature has proven to be of

eters. The long duration of the measurements and the large great help during the development of the setup. and effec-

amount of data collected made it necessary to automate the tively means that any measurement, even in the photon

data acquisition. Figure 4 shows a diagram of the data-ac- counting regime, can be carried out with the same data-ac-

(, quisition electronics. The CO, laser is located in a rf shielded quisition and analysis software.

room to prevent interference with the data-acquisition elec- The analysis programs allow the display of any combi-

tronics. Furthermore. all trigger connections with the two nation of the datachannels on two axes. The data can also be 0

lasers are opto-isolated to prevent any feedback of noise via calibrated, transformed, and averaged. Finally, theoretical
,,, the trigger cables. The electronics are mounted in NIM (nu- curves can be fitted to the points obtained.,V

clear instrumentation module) racks and a CAMAC (com-
,*" p uter automated measurement and control) crate.

A home-built master trigger module provides the trig- The apparatus is used to study the intramolecular vibra-
ger pulses for the ruby laser, Q switch. CO.-laser and laser tional distribution of energy in various infrared multiphoton
amplifiers, and the data acquisition. Even though the trigger excited molecules.' The scope of this research project is to

'0 pulses can be set with nanosecond accuracy, the inherent?,, determine whether the intramolecular vibrational energy '%.

jitter of the lasers prevents synchronization better than 100 distribution after multiphoton excitation corresponds to a %

ns. Therefore. the time delay between pump and probe is common equilibrium among the various vibrational degrees
m easured for each pair of laser pulses. A fast pyroelectric of freedom of the molecules. This can be determined by mea-
detector (Fig. 3, Pl) and a fast photodiode (FND), both suring the intensity of different Raman lines.
with subnanosecond resolution, provide the start and stop Figure 5 shows the Stokes and anti-Stokes signals from
pulses for an EG&G Ortec model 457 time to pulse-height the v, mode of SF, as a function of the time delay between
converter. A variable delay for the start pulse allows both the pump (tuned to the v mode of SF,) and probe pulses. A

, negative and positive time delays between the two pulses to clear increase in the signals can be seen immediately after the
be registered. To make the timing measurement independent multiphoton excitation at t 0. This measurement was car-
of the fluctuations in intensity, the two pulses are first pro-

-;. cessed by an EG&G Ortec model 934 constant fraction dis- 1 '"

criminator. The overall accuracy of the time-delay measure- 2.0 . . . . . . . . I

ment is better than l-ns. The overall time resolution of the SF"
measurements, however, is limited by the 18-ns duration of
the probe pulse. 0

The incoming data pulses (see Fig. 4) are integrated and Stokes

, sampled twice in each data-acquisition cycle, once 160 ms 1.0 0 e%

before and once immediately after the lasers fire. Thus one 
.

can correct for possible base-line drift during long measure- I. %_
ments. A Kinetic Systems model 3531 multiplexer sequen- anti tkes

tially scans the incoming pulses to a Kinetic Systems model 0 - * * - I
3553-ZIC 12-bit analog-to-digital converter. The output 20 .10o 0 100 200 s30

from the photomultiplier tube is recorded by a Gould Bio-
mation 8 00 transient waveform digitizer and then read out FIG. 5. Intensity of Stokes and anti-Stokes signals for SF, at a pressure of
to the CAMAC crate with a Standard Engineering model 133 Pa as a function of the time dela. between pump and probe pulses A
to tr w S d nnek;,itive delay means that the molecules are probed before they are excited %
GIO-8 I o input/output register and interface. All data, i.e., The signals are normalized to the thermal Stokes signals. The rise time in S

the base-line data and signals from the integrators and the the curves reflects the I ,-ns IWHM duration of the probe pulse.
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present setup and the feasibility of measuring spontaneous
SF H Raman scattering at these low pressures. There is no mea-

a~~ 0 o surable contribution of stray light at the position of the Ra- ,aiu o o 0 0 man lines-at a shift of about 2 times the resolution of the
05spectrometer.

IV. DISCUSSION

. ,The apparatus described above has been in use for well

, o over a year now and has proven to be a valuable tool in the
o0 1 0 100 200 30, study of intramolecular dynamics. This apparatus has made-200 - 100 0 100 200 ns300

.L-* ,it possible to carry out time-resolved spontaneous Ramanspectroscopy insamples at pressures down to 14 Pa. The

- FIG. 6 Normalized intensity of the anti-Stokes signals for SF,, at a pressure

of 14 Pa as a function of the time delay between pump and probe pulses. The main features of the apparatus are the reduction of stray
rise time in the curve reflects the 18-ns FWHM duration of the probe pulse. light, the high collection efficiency, the automated multi-

channel data acquisition, and integrated data handling, as'. well as proven reliability.

ried out at a cell pressure of 140 Pa. The data were accumu-
lated over a period of 10 h, or 6 x 10' laser pulses. Figure 6 ACKNOWLEDGMENTS
shows that even at a pressure of 14 Pa good data can be
obtained. The data in these two graphs have been averaged in I would like to thank Emil Sefner of the Gordon McKay
20-ns intervals. The same signal-to-noise ratio can be ob- Scientific Instrumentation Shop for his valuable advice in

* tained with 5-ns intervals. It should be recalled, however, designing and building the Raman cell. This research was
that in the present experimental setup the time resolution is supported by the U.S. Army Research Office and the Joint
limited by the 18-ns duration of the probe pulse. For full Services Electronics Program under Contracts No.
details of the measurements and a discussion of the results DAAG29-85-K-0600 and No. N00014-84-K-0465 with

,i'. the reader is referred to Ref. 7. Harvard University.
Figure 7 shows two spectra obtained with the present

apparatus at a cell pressure of 150 Pa. The spectral resolu-
tion, which is determined by the exit slit of the monochroma- 'G. Herzberg, Molecular Spectra and Molecular Structure (van Nostrand.tor. is 3 nm. These graphs clearly show the capabilities ofthe New York. 1950).

2
See, e.g.. W. Fuss and K. L. Kompa. Prog. Quantum Electron. 7, 117

i 0 _ _( 1981 ); D. S. King. in Dynamics ofthe Excited State edited by K. P. Law-

a I I ley (Wiley, New York. 1982): V. S. Lethokov.Nonlinear Laser Chemistry.S FChemical Physics Series, Vol. 22 (Springer, Berlin, 1983): V. N. Bagra-

0.5K I tashvili. V. S. Lethokov. A. A. Makarov. and E. A. Ryabov. Muliple Pho-
ton Infrared Laser Photophysics and Photochemistry (Harwood, New

laser York. 1984). and references therein.
____......._____________"_ _'___ 'See. e.g.. K. Bergmann, W. Demtrbder, and P. Hering, Appl. Phys. 8. 65330 340 350 360 (1975): D. H. Levy. L. Wharton, and R. E. Smalley. in Chemical and Bio-

rim" chemical Applications of Lasers, edited by C. Bradley Moore (Academic.
0,New York. 1977).%

a.u ' J J. W. Nibler and G. V. Knighten. in Raman Spectroscopy of Gases and
C; Liquids. edited by A. Weber tSpringer. Berlin. 197Q).

05 'The use of baffles is common practice in the design of scattering cells: see.
e.g.. K. D. van den Hout. P. W. Hermans. E. Mazur. and H. F. P. Knaap.7 Physica 104A. 509 (1980): D. NI. Brenner. J. Chem. Phys. 74.494 (1981).
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* FIG. 7 Raman spectra for SF, (top) and C:HF: (bottom) obtained at 150 'E. Mazur, I. Burak. and N. Bloembergen. Chem Phys. Lett. 105. 258
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%

*, 2511 Rev. Sci. Instrum., Vol. 57, No. 10, October 1986 Raman spectrometer 2511

- ,



PHYSICAL REVIEW A VOLUME 34, NUMBER 5 NOVEMBER 1986

Time-resolved spontaneous Raman spectroscopy of infrared-multiphoton-excited SF 6

Jyhpyng Wang, Kuei-Hsien Chen, and Eric Mazur U
Department of Physics and Division of Applied Sciences, Harvard University, Cambridge, Massachusetts 02138

(Received 22 May 1986)
Spontaneous Raman spectroscopy is used as a tool for studying the vibrational energy distribution

of collisionless infrared-multiphoton-excited SF. A collisionless increase in Stokes and anti-Stokes
signals from the strong Raman-active v, mode is observed after infrared-multiphoton excitation by a
high-power 500-ps C0 2-laser pulse tuned to the infrared active v3 mode. Results are presented over
a pressure range from 13 Pa (100 mTort) to 270 Pa (2 Torr). The pressure dependence clearly
proves that the increase does not depend on collisions. The effects are studied as a function of time
and of the infrared energy fluence, infrared wavelength, and infrared pulse duration. The experi-
mental data show that an intramolecular equilibrium of vibrational energy is established within the
20-ns time resolution of the experimental setup. The multiphoton excitation shows a red shift and
intensity broadening. A comparison with results from photoacoustic measurements is made.

1. INTRODUCTION ently complicated, even for a modest size molecule. More-
over, the lack of spectroscopic data of highly excited states

In 1973 it was discovered that isolated molecules in the renders a complete quantum mechanical treatment of the exci-
ground electronic state can be dissociated by a short, intense tation dynamics nearly impossible. So it is in general not 0
pulse from a CO2-laser.1 During the last decade the absorp- possible to determine the intramolecular distribution of ener-
tion of many monochromatic infrared photons by isolated gy in infrared multiphoton excited molecules a priori.
molecules, called infrared multiphoton excitation, has been A statistical description of the ensemble of modes with-
studied extensively by many groups. 2 It was found that this in a single molecule has therefore been proposed as an alter-
is a general property of polyatomic molecules that have an native. 17.18 Nonlinear dynamics studies have shown that
infrared active mode resonant with the laser field. The depend- energy can swing back and forth between two coupled oscilla- -
ence of multiphoton excitation on infrared intensity. fluence, tors in such a way that - in the sense of a time-average -

frequency and molecular size, as well as spectra of infrared energy is equipartitioned.19 This conclusion agrees with re-
multiphoton excited molecules have been reported. Techno- cent experiments, 20 where transfer of energy between two
logical applications of infrared multiphoton excitation have closely spaced. isolated, modes has been demonstrated by
also been developed: Examples are isotope separation,3-6  observing the beating fluorescence signal from these modes.
unimolecular reactions,7. 8 and molecular synthesis.9 At the For a system consisting of many coupled oscillators, such S
same time several theoretical approaches have been proposed as a highly vibrationally excited polyatomic molecule, there
to describe this phenomenon. 10- 15 Because the spectrum of are many channels for transferring excitation energy. Since
vibrational and rotational transitions between excited vibra- the period of Poincard cycles is an exponential function of
tional states is not well known, multiphoton excitation has the dimension of phase space,2 1 it exceeds the mean free
proven difficult to describe quantitatively. Although most of time between collisions even for a modest size molecule at
the conceptual ideas of the theory have been verified experi- pressures above 10 Pa. Therefore intramolecular vibrational
mentally. many open questions remain, energy transfer in a highly excited polyatomic molecule can

One question that has been receiving recent attention be considered irreversible for all practical purposes. A statis-
concerns the intramolecular distribution of energy in infrared tical description implies an intramolecular equilibrium distri- .%
multiphoton excited molecules.t 6 As is well-known. colli- bution of energy among the various modes of an infrared

sions with other molecules rapidly equilibrate vibrational multiphoton excited molecule on collisionless time scales. -

energywithgthe r molecul ees o frated rinl S.Th ofou ee rese o isio estises.
energy among the different molecular degrees of freedom. In The aim of our present research effort is to establish experi-
the absence of collisions, however, the energy distribution mentally whether such an approach is justified.
mechanisms in highly vibrationally excited molecules are Direct experimental information on both intramolecular
not vet well understood. At high excitation the spacing be- and intermolecular energy distribution after infrared multi-
tween vibrational levels becomes increasingly smaller and photon excitation has been obtained by spontaneous Raman
many quasi-isoenergetic combinations of states exist. In this spectroscopy 2-- and from infrared double resonance experi-
regime molecular excitation occurs mostly through incoher- ments. 2 -3() In this paper we elaborate on a previously
ent one-photon transitions between states that are defined by reported experiment. 3 I in which internal energy leakage from
total energ\ content. Since the number of states involved is an infrared active mode to a Raman active mode is observed
lare - and often not even known - the problem is inher- by monitoring the evolution of the anti-Stokes Raman
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,,igNlZaI. Both colh,,ional nILd colhli h', ,,CSS aspctsC , iil hC I = 2.rhvR . I e, I -ai 10"
discussed.

with a' and a the creation and annihilation operators for the
field. E the relative penuittivit. I the mode volume, and e;

II. THEORY a unit ,ector representing the polariz.ation of the light of
u,waeleruth .. The linear term in the interaction Harnilton-

In this section ve present a brief treatment of sponta- ian can therefore be Aritten in the tollov, ing tom.neou,, Raman ,calterhw. in order it) derive a simple expres-
sor o the total intensit, of the light scattered from a H in, LIEaa ) tail, a ,.; + a/"L h s eei(7

Raman active mode. Both radiation field and molecular Om q o+7
11s. ,.,,em are treated quantum mechanically. To describe the where the indices L. AS. S and R stand for laser. anti-Stoke,, ,..

mechanism of Raman scattering we consider the interaction StksadiicsLA.SanRsadfrlseni-oe.
et Stokes and Raman respectively. The first term in this expres-

)of the field with the induced polarization P of the molecule. sion annihilates a vibrational quantum and therefore corre-

sponds to the anti-Stokes branch. The second term corre-
P = up + x - E. (I) sponds to the Stokes branch. The transition probabilit\ from

an initial state I i ) to a final state If). is given by

where u,, is the permanent dipole moment of the molecule.
a a tensor representing the molecular polarizability. and cx-E 41,1 = I(.1 Hint I i 12 (8
the induced dipole moment. The physical system is described
b\ the Hamiltonian operator, which contains terms describ- For the eigenstates In) of the harmonic oscillator one has

, ing the molecular system and the electromagnetic radiation
field. and a term representing the interaction between the h- 1,) = (n + I)1/2 In + I ) . (.)

molecular polarization and the field. This last term. the inter-
action Hamiltonian Hint. is responsible for the light scatter- and
ing. In the electric-dipole approximation one has

h I n) =n / 2 I n - ). (10)
Hit =E.a* E. (2)

with n the vibrational quantum number corresponding to
Following Placzek 32 one expands the molecular polar- state In).

izabilitv a as a Taylor series of the generalized coordinate From eqs. (7) through (10) it can now immediately be
q of the molecular vibrational mode being considered seen that the transition probabilities for Stokes and anti-

Stokes transitions depend on n+l and n. respectively

.Lol + )1qo .). (3)
dc1 a q + q-o " + ... + ~,,+l, -,,. (II)

Hence the total intensity of the spontaneous Stokes and anti-
Substituting o into Hint we obtain. Stokes Raman signals (summed over all vibrational levels

of the particular vibrational mode consideredl. Is and .AS. are
given by

Hn q 0 / S - Vt' Nn - (n+ I ) N(n)
I " 3 I =0 I"--1=0

+-. E,( 2q) *Eq2+.... (4)
== 0 +X N(n). (12)

The first term represents the Rayleigh scattering, the
.r, remaining terms first and higher order Raman scattering. /AS- W N(o) - it Not).

Since higher order scattering is rejected in our experiment. It

%ke need onlN consider the term linear in q. In simple
harmonic approximation we have with N(n) the population of level it. Substituting

the average energy in the mode per molecule.
q = uh IXr-pVR) 2  1 h1 ' +hi (5 2E = h VR Y n Nbn). we find for the summations in

eq. (12)

where h" and h are the creation and annihilation operator for ER ER
the vibrational quanta respectively, and VR the frequency of /S . /I %--. (13)

the harmonic oscillator. The field is quantized similarly: htR hIR

Ilk, 0 %*%%%

_W, r _.L.., -o ,.
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It liportant to note that in the Iariloic appromimation L4

i t. result obtai ned does 1101 d pend on the ener..\ distri-
hution \(ul. hut onl\ on the aicr-,c energs ER.

Thus,. the intensit\ of a Raman active mode is a 0
measure for the avera-e energy content of the mode. This
can then be compared with the energy\ content of other
modes atind ith the total energ\ deposited into the sample. FIG. 2. Cross-sectionaliesw of the Raman cell. W = quart/
St.uth a edoparisont asill tell how the absorbed energy is window. D1. D2 = straight and conical battles. J = stra\ licht
distributed in the abste of collisions, jacket. IR = position of ir pump beam. L'V = probing u'

beam. L = collimating lens. The window holder has been•
rotated by 9W0 to show the Brewster angle mounting.

Ill. EXPERIMENTAL METHOD AND APPARATUS

A schematic view of the setup is shown in Fig. I. An long cavity of a hybrid CO-Iaser. with a 62 MHz longi-
% infrared exciting beam and an ultraviolet probing beam cross tudinal mode spacing. The cavity consists of a transversely

inside a scattering cel 33. The spontaneous Raman signal of excited atmospheric-pressure (TEA) section and a low pres-
the SF6 molecules is detected along the direction perpen- sure (500 Pa) continuous wave (CW) discharge cell. Since
~dicular to the incident beams. The scattering cell consists of the TEA section, a Taschisto Model 215 CO-,-laser head. has
two orthogonal arms, that contain a series of black anodized a bandwidth of 3.6 GHz. the laser can oscillate on many
baffles, arranged to trap scattered or diffracted light, see modes simultaneously. The low pressure section. which has
Fig. 2. Light scattered in the interaction region is collected a 55 MHz bandwidth, however, acts as an active filter and
over a solid angle of irt/16 sr. and focused onto the entrance allows only one longitudinal mode in the cavity. 34 To
slit of a double monochromator of 3 nm resolution. The out- prevent the laser from occasionally lasing on two adjacent 0
put from the monochromator is detected by a fast ultraviolet- modes. each laser pulse is monitored by a fast detector.
sensitive photomultiplier. Since the number of photons that When lasing on two modes occurs, the detector signal has a
reach the photomultiplier per laser pulse is less than ten. the beat frequency of 62 MHz. An electronic circuit then adjusts U
signal has to be averaged over a large number of shots, typ- the length of the laser cavity with a piezoelectric transducer
ically 10. to restore single mode operation.

The short-pulse CO-oscillator-amplifier system is The single mode output pulses from this hybrid laser.shown in Fig. 3. The laser pulse originates in the 241 cm which have a 100 ns full-width at half maximum duration.

are truncated by a self-triggered plasma shutter.35 .36 The
truncated pulses have a slow rise time - identical to the rise

5% time of the 100 ns pulses - and an ultra-short fall time of
about 10 ps. The pulses are further shortened by optical free
induction decay (OFID) in a 4 m long low-pressure CO,- 0
cell.37 The output pulse duration can be varied continuously

M01,o tor from 30 to 250 ps by adjusting the pressure in the cell from

[-T 30 kPa to 4 kPa. The peak power of the short pulse %.

J F So.I :4.BSS

M LUmoncs TEA 103 AWiMer -

FIG . 1 Setup for m easuring the spontaneous R am an scatter- . ._-- '

ing from infrared m ultiphoton excited m olecules at low densi- LUMMKS 200 o
ties. Molecules excited b) a CO-laser are probed by the sec- M Mar o-] An moe u, -
ond harmonic of a Rub laser. BS = beam splitter. SHG = sec- A mu

ond harmonic generator. HBS = harmonic beam splitter. ;U2 =

half-wave plate. FND = fast photodiode. PT photo-tube. Pl.__
P2 = pvroelectric detector. M = mirror. DM = dichroic mirror. FIG. 3. The short-pulse CO2-oscillator-amplifier system used ',,.0
L = quartz lens. S = shutter. PMT = photomultiplier tube. The for the infrared multiphoton excitation of the SF6 (see text
detection (monochromator. photomultiplier. etc.) is located in for explanation). G = grating. F = output coupler. S = beam
a light-tight enclosure located directls above the Raman cell. splitter. MB = mode-beat detector. PS = plasma shutter. M =

Drawing not to scale. mirror.
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11 'C r ted i Cqual Ito that ol th1c Opui pule. 1huC the total the nol u. tutuire. The ener,_ , ot 1mp aid lWAIC pulses,, 1L1

ener .~s ,is decreased b\ a factor that is the ratio of the dura- lleai.ed h\ a p roelectrie (kletctor and d photttuhc. reSpCL-
lion of output and input pulses. tirel\. To electrode,.. placed around the focal point of the

One Lumonucs model 103 laser amplifier operating at plasma shutter. alloyw monitoring of the plasma breakdown.
atmospheric presurc and tNo 1(0 aim Lurnonics model 28(0 A small electronic circuit can thus determine if the infrared
amplifier,- are used to boost the energ\ of the short laser pulse,, are truncated correctly. All signals are collected b\ a

pulse. The atmospheric pressure amplifier. which has the data-acquisition s\ystem that is controlled h, a Digital
ImallCt bandwidth. limit,, the pulse duration to 5(X) p. PRO 351) nicrocomputer.

VWith the high pressure amplifiers. which ha\e a much larger The 19-channel data-acquisition s\ stem is show n in
handv idth. pulses shorter than 50 ps can be amplified , ith- Fig. 4. It consists of home-made pulse sampling electron-
out significant stretching. The output beam is focused into ics. and a computer automated measurement and control
the sattering cell b\ a cN lindrical lens. Depending on the op- (CAMAC) crate. containing a multiplexer. analo-to-dicital

tical arrangement used. the beam waist is 2.2 x 0.18 mm converter, general input/output interface. and a general pur-
or 6 x 0.35 mm. The average output energN is I( ) mJ. pose interface bus (GPIB) crate controller. For ever\ laser

The probe beam is generated by a Raytheon model S- pulse. the pulse generator provides two trigger pulses to the
420 Q-switched rub, laser that is frequency-doubled with a data-acquisition system. one I( ) ms before and one immedi-
RDA-crvstal second harmonic generator. The second harmon- ately after the lasers fire. This makes it possible to correct
ic at 347.15 nm is verticall, polarized. i.e. in the direction for a baseline-offset each time the signals are sampled. All
of d n A h e pdata from the sample and hold circuits are converted to dipi-

, of* detection. A haltf-%ave plate rotates the polarization bN

90,' into the plane of the two laser beams to obtain a tal signals by the multiplexer and analog-to-digital convert-

maimum cross-section for Raman scattering. see Eq. (7. er. To correct for dark counts. the photomuiplier tube

The beam is focused into the scattering region. where it sienal is recorded by a Biomation model SN(X) transient
crosses the infrared laser beam. The beam waist at the focal waveform digitizer with 10 ns sampling inter\als. The crate
point is 500 mm. and the average probing pulse energy is controller provides the interface to the computer. which in

' 5mJ. addition to reading and storing data. also monitors the \alues

0.3 Hz pulse generator controls the timing of the and rejects invalid data. A more detailed description of the

lasers and the data-acquisition system. The trigger pulses are experimental setup can be found in Ref. 33.

opticall\ isolated to prevent feedback of radio-frequency For the measurements presented in this paper. the fol-

noise from the lasers. The synchronization of lasers and am- lowin sinal were recorded: Raman signal intensit\. input
plifiers is controlled electronically. The accuracy is limited energ- and time-dela of ultraviolet and infrared pulse,,. rub\
b\ the I0<) ns jitter of the lasers. Since this is inadequate for laser energy. and plasma breakdown. For ever\ measurement

. our measurements, the time-delay between infrared and ultra- the various signals are calibrated. The pyroelectric detector.

olet pulses is measured for each pair of pulses. Two fast which monitors the infrared pumping energ. is calibrated

detectors provide start and stop pulses for an EG&G model with a Scientech Joule meter. and the ultraviolet phototube.

457 time to pulse-height converter, which measures the time which monitors the ultraviolet probing pulse energy. with a

lay between the two laser pulses. Although the resolution Molectron pyroelectric detector. The photomultiplier signal

of the time to pulse-height converter is better than 100 ps. is calibrated by measuring the room temperature Stokes sig-

the time resolution of the setup is limited by the 18 ns

duration of the probe beam. which we plan to improve inU." 1 I i I I

IS F

P-. %To a",s

T Vaiub* 1
'-

330 340 350 (im) 360FIG. 5. Raman ,pectrum of SF+,. v.ith closed s\mhol, and< J - .11I

A'. ithout (open s,mhols) infrared nmuhiphoton e citation. Intra-
,AeAC red etcltation: 10.6 urn P20 line. (.5 ns pulse duration, and

FIG. 4. Schematic dia-rm ( ot the multichannel dtata-acquisi- as erage fluence ((. I'x J/m0. The small arro, htm , the

tion ,,\,Icl . rx sition of the laser radiation at 347.15 ilm.

0t

-Ae



T :%,

3896 JYHPYNG WANG, KUEI-HSIEN CHEN, AND ERIC MAZUR 34

n,1 v, s thout Ill rarcd 11t11.1ti1hoto.1i C\cit n.011 hencel orth re- 4

ferred to as 'thermal Stokes. as a reference. SF
As e are dealine ith small signak, se eral consisten- _4

c checks ere perorned to ensure that no sx stematic errors 3 ---

occur. It %a, \erified that there are no signals without ultra- - Stokes _

\olet probing pulse. or %xithout gas in the scatterin g cell. 14,

'nd no .nti-Stoke ,ignal for negati\e titne-dela\. Repro- 2 - ,

duc1hil it's of the Ineasurcment, \xas checked routinely durinLe
ea ch 11auln n and ront m1easuremlent o measurement. 0:

Data anal.si, start,, with a histogram of the infrared anti-Stokes

ener\ \alue,. Then. the datapoints v Jthin the optimal range 1 o-
of infrared enerex are further analyzed. The data are further
restricted to include onl,, valid data and subsequently calibrat- 0

-200 0 200 400 600
,, cd and plotted. All Raman signals are normalized with the t ins)
"/d ultra' ioler pumping intensit and the thermal Stokes signal FIG. 6. Intensity of Stokes closed synibol, and anti-Stokes

so that the results from different measurements can be corn-pared. Each individual measurement carried out at a fixed open symbols inal as a function o the time dela e-
pi mcatveen pump and probe pulses at a pres,,ure of 67 Pa. The data

*" pressure contains enough datapoints to obtain the time and
luenced are normalized to the thermal Stokes sgnal. Negate imedependence \,\as, obtained separate ban ing the pressure delay means that the signals are measured before the infrared

iyithin one expe ental pressure multiphoton excitation. The rise time in the curve, reflects
in e m rthe 18 ns FWHM duration of the probe pulse. Result, are

shown for two different durations. (1.5 ns (squares and 15 ns
(circles). Infrared excitation at the 10.6pm P(2(h line. ith %

.R LTan average fluence of 0.8 x 104 J/m2.

Experiments have been performed at room temperature
on SF, at sample pressures rangin g from 13 Pa to 270 Pa. The points shown in the figures are obtained by
The SF, gas. obtained commercially, had a purity of dividing the x-axis into a number of intervals (usually
'-.9995%1. Data were obtained for the CO,-laser frequencies twenty). and averaging the data that lie within each of the
between the P12) and P(28) lines of the 10.6/pm branch, intervals. Since our experiment is done in the photon

hich are resonant with the triplx degenerate infrared active counting regime. the standard deviation of the photo-
vi-mode (F,) of SF6. Two different pulse durations were multiplier signal is comparable to its average value. even

emplo. ed: short 1.5 ns and truncated 15 ns full-width at when the data is restricted to those data points where the
half-maximum pulses with fluences up to 7 x I04 J/m2. fluctuation in the pump laser intensity is no more than
The I5 ns truncated pulses are obtained with an optical free 20%. According to the central limit theorem, the standard

. induction decay cell pressure of 1.3 kPa. At these low deviation in average value for a certain interval is inversel\
pressures,. the pulses have an asymmetric shape. with a 10- proportional to the square root of the number of data within
L)()'( rise time of 10 ns and a short subnanosecond fall time. that interval. 39 Typically. at 100 Pa. about 2W0 laser pulses

V The Rarnan signals are obtained at a shift of 775 cm- 1 from are needed to obtain a 10% standard deviation. Since the
the frequenc, -doubled rub\ laser, corresponding to the totally experiment is carried out at a repetition rate of 0.3 Hz. the
,\mmetric breathing v,-mode 1,Aj .1 of SF(,. Results are stability of the alienment limits the total number of shots

Ii~k in Fiies. 5throuuh 12. The vibrational modes of to l0W for a snl experimental run. This means that there
SF, are gixen in Table I. s  is a trade-off between the number of points in one figure and

TABLE I. Vibrational modes of SF6. taken from Ref. 38 is = strong,. \= weak).

Mode k v symmetry degeneracy activity
(cm- I) (THz)

A 775 23.25 I Raman (s)

v, 644 19.32 E 2 Raman 1\k)
V' 965 28.95 F114  3 infrared
0 % 617 18.51 F114  3 infrared

.r % 524 15.72 F, 3 Raman (w)
363 10.89 Fil 3 inactive

VV6

,?N. , . .. , '.. .2 ."g-. .2.2'. '..g'.g-&&.- ., £ .". . ''- . . " , ' . ' , ' , '
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SF6  SF6  1%
au.) 0.5 ns

0.5 15 ns

/AS
0 0O

0 0.11ht 11
-10 0 10 20 30 0.1 1 101 0 " F 

( J m 
2 )

t ( s)
FIG. 7. Long time behavior of the anti-Stokes signal for two FIG. 9. Relative anti-Stokes signal as a function of the infra-

pressures: p = 70 Pa topen symbols) and p = 270 Pa red pumping fluence for various pressures and two infrared

iclosed symbolst. The signal is normalized to one pulse durations at the 10.6 pm P(20i line: 0.5 ns (open
Ssymbolsi and T s (closed vmho the

= 20 ns. Infrared excitation: 10.6 pm P(20) line. 0.5 ns "st. Thiangrapheshybolthe

pulse duration, and average fluence 104J/m 2. The decay of reproducibilit. of the data from measurement to measurement.

V the curves. which is due to diffusion of the excited molecules : 33 Pa: -: 67 Pa: & : 133 Pa:V :2(X) Pa:

out of the interaction region, scales with pressure (see text Q:267Pa. 0 133Pa.
for details).

metry. the' do not couple at low excitation. This figure.
the length of the error bars. In all measurements presented however. clearl% show s that under infrared multiphoton exci-
here the error bars are about 10% of the absolute value of the tation the energy distribution of the Raman active mode is '
data points, changed. It also shows that there is no contribution from

Fig. 5 shows the Raman spectrum of SFt, with and elastically scattered light at the position of the Raman lines.
'sithout infrared pumping. The central peak is due to elas- The remainder of the experimental results are obtained at
ticall, scattered light - mainly Rayleigh scattering. The fixed frequencies, 356.7 nm and 338 nm for the Stokes and
spectral resolution, which is determined by the slit of the anti-Stokes lines. respectively.
monochromator. is 3 nm. Without the infrared pumping Fig. 6 shows the increase of both Stokes and anti-
onh\ a Stokes shifted-peak is observed. This is because at Stokes signals as a function of the time delay between the
room temperature less than 3% of the molecules are in infrared pump and the probe pulse for two infrared pulse dura- -"

excited states of the Raman active mode. With infrared tions. 0.5 ns and 15 ns at a pressure of 67 Pa and an
pumping it is seen that both Stokes and anti-Stokes signals average infrared fluence of 0.8 x I0W J/m2. Negative time
increase. Since the v. and v, modes have opposite sym- delay. , < 0. means that the molecules are probed before the

10 3

SF6  SF 0

(au.)

2 Stok~es

St. ',

0
0.5

anti-Stokes 0

I S anti-Stokes
thermal Stokes

0 0
0 100 200 300 0 0.5 1

p (Pa) 10"F (JIm2.

F i Pre-sure dependence ot anti-Stoke, icloed .smhols Fl(". l. Relat .e Stoke, iopen \mholi and anti-Stoke,- "

.aiiv thermal Stoke, (open \,,mhols) ,ienal. [nlrared e\.,ation hcloed \mhol,i ,ittl ,a,, j un'tion oi the intrared punipine 1
for anti-Stoke, data. 101.6 pm P2(t0 line. 0.5 ns isquares) and 1LICh.'T at the Ifl. urn P2(tli inc tr 1i n, pulse, .ii i'o
I n, Icircles, pulse duration, and as crage tluence ditferent pre,,ures, / = 2- ' ,quaire, . itMd I = I "'P
2 l I J/11 2 . (circles).
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N.)I( SSI(I )NMICTiiiiCldia \ihi tioiial eirsdrbiii i~ttx

toile 1,11101Cioclar distrihution -ix not Ii equilibrinN \\ thin the 20wit time-rexolu1 loll ot thle eyseritiletit. Iln Apparernt. es en at loss i1tirrd ftLienCe J sInai~l set me~isur-
'~inxta11taaneoux ~o o Incx rteas~ie oft thle ani-stokeN silal able ftiatiiin of miolecules IN ex,.ited hich enoutth to shims a

o.alteritn cit. thle asw,, eraceire xtoied Ii the Raitnait- chianc In Raritan spectrumn. s hi Ic imost inoleCUfex remain
1,s1C Inode. 1x, 0xers ed. it 0hQ energ1y dit uiii;ttn ne\cited. Su~ch a1 bimo1dal distilbttoit. (utxx it omote

,0111110111s \Wsl ttl l tilhe enereQ InI thle Ramlanl atctis e mode, tent st th a recent iihxcrs aton ot ts o or thrtee photoni Ilan-
and .ornxequenltf Chatic thle Raman sign~al irnenlsit Since xitions Ii a pulse let itf SF1, at Intrared tiucucex helots
thle Ranxi sinaix remain contint st tnhin thle Itff' 2x IW (1 ' At hieher fIlees direct experimental
esperM)itIeti1talVJ iritfor I LIN after inf rated multiphoton evide _nce for a bimodal distribution xx ax, obtained from hith
ecitiiitn. ani intramiolecular tihratiotal enerLs equilibrium rexolutiont Raman experimlents.-

oustII be extabl xhed tkthin the t ine-rexofution of thle The fluence depetidence in Fig. 9 xhot that thle ratio
especrinielit. of' the anti -Stokex sienal x obtained for thle 0 .5 and I flx .

FurIther e\ udeCeIC of art intramolecular equilibrium Ix Pulsex decreaxes ax the fluence increases. Thtix obsert atitin.
obtaiiied b\ ornparin,. the prexetit resultx x \ith the resultx xs hich ix in aareemlent stith the photoa.couxueC rexults.,I4

% obintied t r iii pfii ioaCOI it tic tveaxu retntsx." Si ne thle xhoxs xthat Iii the I ott fi nence railge intensitty plas s a more
S Riaati xtna,i are pi uporional to the etiere\sxtored Ii the important role Ii the infrared multiphotoii ewcitatiin oft SF,

R.1man11 act is emoi de. the enerex can be obtained from the than in the hih fluence rance. At lots excitation hi eb, intien-

S relati s~ cr intw, 11)intt-Stoxex siia t\ ix needed to it er-comne the anharmiiric shift of theI
enera), letels.-I' In this recime the fraction of moleculex

tR C "' I C-1e Itt'RIAI*,,)l (14 f wte h enoug-h to shio%% a chanc-e in Ramansetu
depends more tin intensit\ than it does the in hich fluence

ss ereI xtferno heatii-toks ~rtl nd he range. Once the moilecules are e~ie oa recime s.shere the
- \er K.: ,tertoh"enteaniSoe inladte mn ititramolecular couplings. help ecai'.on[\ fluence -

ihcn~dSioc wma. 4theBol/.mnn actr. nd7', rooim play' s a role. Therefore the increase in anti-Stokes sienai.
temperattLire. nhix equiat ion is, obtained frtin Eq. it I1 and thie which is a direct consequence of' ititramiolecular couplings.
BOlt/matIn sa]le of the eneriet in the mode at room depends also stinesthat tin irttertit\ in the los tflutfnce

temperaturel". If line assumles intramotlecular equilibrium regzime.
anui til te different ibratitiral modes, the energy\ distri- In Fig. IfI the dependence of the anti-Stokes, signals on

S btuttin of tfie different modes xhiiuld corresponid to a the infra-red pumping ts at eletnth is shtits n for both f15 rtx
c i'tiioi temperature. The total inicrease in t ibrational and 0.5 ns multiphoton excitation. Because of the anhar-
encres ot the molecule cart thus be calculated from this monic shift tof the let elN at hivb excitation, the si-nals shif't

le~r11Lr.and compared to the tiota] absorbed energy. toward the red b\ about 5 cm- 1 from the center of' the one
obtamted frtim the photoacoustic measurements,. The result photon absorption hatid. The present data matches the absorp-
oIf thix comnparison ix shots n in Fic. 12. The average total finn profiles for SF, at a temperature of' 450 K.461 much
tnirc abxorbed per molecule in units of' pumping inufared loster than the 28(Xf K final temperature corresponding to

111)010t1tix xPhlotted ax aI funtiton of infrared fluence. The data the at erage absorption of' 25 infrared photons per molecule
rop'itt are Oibta ied fro fitlie current citperiments. ss bile the at 1 ($ J/rnl. The ts dth of the Fntltipholtn excitation pro-
,LIrs cx shot\ tile re,iltx of tile phofoactiuxtic measurements files also shots s sotme intensit\ bmadeninL.

t miii Ret 43The aereemnent bettseti the tsto m ieasurements The results, shots n in Fic. I a!cet ,ith the infraretf
ix rtiirk~ile.pro slig sritie e dece or a nira- multiphotort absorption prot-iie- atid the frequertc\ depen-

ttoletculair equtlibriutt. dence tof tile itnfrared niultiphotort dixxoeiation probabilit\ 4 ,

It shouild be p)ottIte Out that thle phittuactiuxtic for SlFf, reported in the literature. This implies that the anti-
rttmeastureitetit ttiutitir all molecules, absiurbine one or more Stokes Ranman signal is proportional to the total vibrational%
Infrared photoiis. ss bile the Raman measurements only energt stored in the molecule for all the COs-lines st thin 1
us ofte tfie fraction of tiiolecules absorbing enough photons the absorptiotn profile. and nott only for the center frequency.

ito reach tfie recioti sshere the infrared and Raman active Therefore a rapid intramnolecular \ ibrational energy equilibri-
miode couple to each iithier. a regiton frequentl\ referred ti as urn appears ti be established ftir ctullisiortless infrared multi-%
the quaicontinuum.'- Co)nsequently the curve for the photon excitation at all trequencie, that lie A ithin the absorp-
Raman experiment shtould fall off more rapidl\ for lost fion profile tol SF6.
fitiences than the tine for the photoacoustic experiment.
sintce the fraction of excited molecules is smaller. This is N I. U'O%CLSIO\S

intdeed obsert ed for Iluence% beloss I (H~ Jlm'.
Antither remarkable feature is that a etullisionless This paper presents detailed measurements, on collision-

increase in anti-Stokes sinal \st thin 20 ns can still be lesifadtiutpitnstedF(SotnosRmn
ob-sersed at infrared fluences as lost, as 3 x 10f I/m' spectrosctip ix usetd as a totol to t;i nitor the enerex in the
Ashere the aserage infrared absorption of SF6 is reported tto strong Raman active vi-mode. The pressure dependlence ofA

-. be belost% I photoin per molecule.- t At these luences the the obser-\ed signals clecarly proves that tine is dealing stith a
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1Ii' Ihra.iital, II'LIC1 IN aKIICC cilt bi thle 2)) IN~ time- NioniIC'in) r11aved ii)tllrlltvinI excite~d mle)C~cule. L~ en more

ie"1'1ntion ki te ei\perIIIcIeit. detaiil "..Ill he pril'. ded h. lPrriine111 picosecornd Lorher.nft
\% IWac "e h i I a rd 'hill and ntenll"n\ hroadenineI anti-Stokes Raman Npcetroscop\ e\perinlent\ on infrared

the p inn t eqtic ic> depe ne r~ice and e ILrini ned il~I heIC ie ce i u [)llph. )I. l e k.c ted mI eC1,uICe'
J~cpeitcn~e . l ica'e in kinan Nienal. The ohserx a-

11,11 J.ic.z ill c\,clleirt ateet:ciIeitI' %ithi thle te'uLt'I 0htained h\

olithii tciique'., 'Llci.'1J diS'OCIMtion anid phi trrICOuLISC Inea- C(K N \ %1,EI ON II) lF'%I S
.iitiiTh.iiese technique", ho.e'. er. monitor tile total ,i -

hrational enete'. in thle molecule,,. %k'herea, the present e\pe- The authors -naeul cnveg epful commentN
* iniiental techniqueC IN on \ N'enItt\ e to the etiere'. in one and Ntilnatine, di'.eus~ions \.'.th Prof . N. Bloemberi-en.

SHinele 1tit'de. This re'.earch '.'a' s.upported h%. the U.S. Arm'. Res.earch
For SF,, in the uaN phase, one i,, limited to probing one Office and the Joint Ser'. e, Electronic' Program under
roeRaman aecti'.e mode. EBperimienit' on molecule,, that contract,, no. DAAG29-X5-K-()6() and NIH)))14-S4-K-0465.

1.\e more ihan one acces'ihhe Ratman achi'.e mode are in re~peetivrel>. w..ith Har'.ard Unt'.er.it\.
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Raman spectroscopy of infrared multiphoton excited molecules
%'

Kuei-Hsien Chen, Jyhpyng Wang and Eric Mazur

Department of Physics and Division of Applied Sciences, Harvard University, Cambridge MA 02138 S

,. Anti-Stokes signals from various modes of isolated, infrared multiphoton excited SF 6 and C2 H4 F2 molecules are measured as

.N, a function of pressure, infrared fluence and wavelength. This allows to verify whether intramolecular equilibrium of
vibrational energy is established after infrared multiphoton excitation in isolated molecules.

A question in the field of infrared multiphoton After measuring the energy in the Raman modes, one
excitation on which much effort has been focusing can compare this energy with the energy in other Raman
recently is how, under collisionless conditions, active modes and with the total energy absorbed by the

"- vibrational energy is distributed among the different molecule as a whole (known from photoacoustic

modes of isolated infrared multiphoton excited measurements). 4 In Fig. 2 the energy in the Raman
molecules. 1 In recent experiments we have been using active mode of multiphoton excited SF6 is compared to
time-resolved spontaneous Raman spectroscopy in low the average energy (in units of infrared photons)
pressure samples as a tool to study the intramolecular absorbed per molecule, assuming equipartitioning of
vibrational energy distribution in isolated infrared energy among the different modes. The results show a
multiphoton excited molecules. Several authors have remarkable agreement. For C2H4F2, on the other hand,
proposed that the ensemble of modes in highly the energy stored in the various Raman active modes
vibrationally excited molecules can be described after the infrared multiphoton excitation does not
statistically. 2-3 A statistical description implies an correspond to a 'common temperature.' The energy in
equipartitioning of energy among the various molecular one mode (at a Raman shift of 3000 cm-1), namely, does
modes. The aim of our current research is to determine not change within the experimental accuracy, while the
experimentally whether such an approach is justified. other modes do exhibit changes. %

Measurements were carried out on SF6 and C2H4F2. In conclusion, we report here on detailed quantitative
In both cases it is observed that part of the excitation measurements of the intramolecular vibrational energy
energy is distributed to Raman active modes. The total
amount of energy in the Raman active mode can be h%

determined by measuring the intensity of the Raman 1oo
signals. Quantitative measurements of the Raman signals C2 H41=2
have been carried out as a function of time, gas pressure,

. infrared excitation energy, pulse duration and frequency. 10 22 J c0

.. Fig. 1 shows the increase in anti-Stokes Raman
intensity for one of the four accessible Raman active

.0 lines of C2 H4F2. Whithout excitation no anti-Stokes 13 "JA

signal could be observed. This is due to the fact that at 1.0

room temperature less than 2% of the molecules are in o.8,.±
excited states. After multiphoton excitation the energy in I o, Aw

the Raman mode is changed as can be seen from the 0.1 3 1
330 3334increase in anti-Stokes intensity. At a fluence of 1.5 "m

J/cm2 all of a sudden broadband fluorescence obscures
the Raman scattering. This broadband fluorescence is R&I. An-Stokm 8= foroe otheRan= autve 11D0 Of

due to electronic excitation by the probing ultraviolet CAitat sihift of f6cmr driffan trad e=,-,,o fluc.
pulse of either highly excited C 2H4 F2 or its dissociation TheinRremeethEty wtheightieto Ratetgh f ng. Above

fragments.
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distributions in infrared multiphoton excited molecules.
It is found that although intramolecular equilibrium is
reached in infrared multiphoton excited SF6 , this is not -.

necessarily true for infrared multiphoton excited
molecules in general. - *

010 0.0 r10Osm0.
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The interaction of infrared radiation with isolated molecules:

intramolecular nonequilibrium
°S

Eric Mazur, Kuei-Hsien Chen and Jyhpyng Wang

Department of Physics and Division of Applied Sciences, Harvard University, Cambridge, MA 01238 C

Anti-Stokes signals from various modes of isolated, infrared multiple photon excited molecules are measured to •
determine the intramolecular distribution of vibrational energy. This paper presents results for CF2HCI, CF2C02 , SF6
and 1,1-C 2 H4 F2 . All but CF2 HC1 exhibit collisionless changes in Raman spectrum after infrared multiphoton
excitation. This shows that the excitation modifies the population of these modes. Even though the symmetric SF6
molecule reaches an intramolecular equilibrium within the 20 ns time resolution of the experiment, the other
molecules exhibit a distinct nonequilibrium intramolecular distribution of vibrational excitation energy.

'dissipates' the energy to an intramolecular heat-bath formed
Introduction by other nonresonant modes of the molecule.

Immediately the question arises how the absorbed

The rather surprising discovery, that isolated polyatomic energy is distributed among the various modes during this
molecules in the ground electronic state can absorb a large process. Do all modes participate, or are some excluded from
number of photons from a resonant high-power infrared the process? This question has received much attention
laser,' has led to extensive experimental and theoretical because the excitation of only a few modes inside a molecule
studies of this phenomenon during the last decade.2 Since the might lead to interesting new techniques for controlling
vibrational modes of a molecule are generally anharmonic, 3  chemical reactions. The large, and often not even known,
one would expect the molecules to become out of resonance number of states renders the problem inherently complicated
with an initially resonant laser field after the absorption of from a theoretical point of view. Several authors have
one or two photons (see Fig. Ia). The nur,'- of photons

-- absorbed per molecule, however, can be as ;dge as 30, and
v the increase in internal energy comparable to electronic

excitation energies. Often the excitation results in dven "heat-bath"

collisionless dissociation of the molecules. Experiments mode
showed that the absorption is a stepwise process and not a

< simultaneous absorption of many photons. The list of
molecules that exhibit this behavior grows continuously,4

' , and infrared multiphoton excitation evidently is a general
property of all but the smallest polyatomic molecules.

Clearly, stepwise absorption of infrared laser photons
up a single anharmonic vibrational manifold is not possible. a. Diatomic molecule b. Polyatomic molecule

This precludes the infrared multiple photon excitation of
- diatomic molecules. For a polyatomic molecule, consisting Fig. 1. Infrared excitation in a diatomic molecule (a) and

of N atoms, however, 3N-6 coupled anharmonic vibrational multiple photon excitation in a polyatomic molecule (b). The

,: modes can participate in the process. In short the excitation diatomic molecule becomes out of resonance with the laser

mechanism can be explained as follows. At a certain level of field after the absorption of one or two photons, even for
excitation the density of states becomes very large and many very intense pulses when considerable power broadening

.. quasi-isoenergetic (combinations of) states exist. In this high occurs. Polyatomic molecules, however, have many
.4 density of states region molecular excitation occurs through vibrational modes which are coupled by cross-anharmonici-

incoherent one-photon transitions. The high density of states ties. Multiple photon excitation can then take place through
and the anharmonic coupling of molecular modes provide a stepwise incoherent excitation between combinations of
way for the molecules to continue to absorb photons. Fig. states. Because other modes participate in the process, energy
lb schematically shows the absorption of one photon in this slowly 'leaks' into these modes. The figure shows one
regime: a resonant mode absorbs a photon, and immediately possible intramolecular energy exchange.
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proposed a statistical description of the ensemble of modes (shown at the left). At room temperature the
modes, 5 6 suggesting an intramolecular equilibrium population of excited states of the Raman active modes is

distribution of vibrational energy among the various modes only a few percent, so that without infrared excitation only a
of an isolated infrared multiphoton excited molecule. Stokes signal is observed (Fig. 2, transition 1). If some high

Direct information on the intramolecular energy lying states of the Raman active mode participate in the
distribution in highly excited molecules was obtained excitation process they may become populated. Because of
experimentally with pump-probe type experiments, such as the anharmonicity of the Raman active mode, a shift in
infrared double resonance experlments 7- 9 and Stokes signal is then observed 13 (Fig. 2, transition 2), and
spontaneous 10 "- i 7 and coherentl 8 ,19 Raman experiments, an anti-Stokes signal appears (Fig. 2, transition 3).
Raman spectroscopy was first employd by Bagratashvili and Anti-Stokes scattering is a particularly sensitive probe for
coworkers 0 and later by our group 16 as a tool for studying the population of excited levels in the Raman active mode,
infrared multiple photon excitation. Fig. 2 schematically because of the absence of signal without excitation.
shows the general concept of these experiments. First, an In simple harmonic approximation one can readily show
intense infrared laser pulse, resonant with a particular infrared that the transition probabilities Wn...,+l and W for
active mode (shown at the right), excites an isolated Stokes and anti-Stokes transition respectively, are
molecule. The figure shows one possible excitation pathway: proportional to the quantum number n.- Therefore the
after the (coherent) absorption of a few photons at the intensity of the Stokes and anti-Stokes signals are
bottom of the resonant vibrational ladder, the molecule proportional to the average total energy in the mode, ER =

reaches the high density of states region known as the hvR I n N(n), with vR the frequency of the Raman active
quasicontinuum (shown in the figure as an overlap of the mode, and N(n) the population of level n.
various modes), and energy starts to 'leak' to other modes.

After the excitation a second laser pulse probes one
Raman-active mode from the intramolecular 'heat-bath' of R

IS ~Y W N(n) ~- (n+I) N(n) - + 1, (1)
n -O n0 hvR

Stokes anti-E
Stokes . N(n) n N(n)= . . (2)

nz -0n0hR
. g) ( i | =On=O hVR

From these equations it follows that if the infrared
multiphoton excitation alters the population of the levels in

A -. i A the Raman active mode, the Stokes and anti-Stokes signal". thermalStokes Wanti-t. laser (OStokes intensities will change. Thus, spontaneous Raman

0 spectroscopy allows one to determine experimentally the role
of various modes in the infrared multiple photon excitation

SO_--I _process.

'a ,Experimental setup

CCD The experimental setup, shown schematically in Fig. 3,
_____.0 _is discussed in detail in a previous paper.1 6' 17 Basically,

-I" __""-molecules excited by a pulse of either 0.5 or 15 ns duration
from a high power tunable CO 2 -laser are probed by

Raman active infrared active frequency-doubled ruby laser pulse of 20 ns duration. The
two laser beams cross in a low pressure cell and scattered

Fig. 2. Spontaneous Raman spectroscopy of infrared multiple light from the interaction region is detected in a direction
photon excited molecules. After irradiation with an intense perpendicular to the two beams. A low resolution
infrared pulse the molecules reach a region of high density of monochromator (1-2 nm) separates the Raman light from

states known as the 'quasicontinuum'. Molecules that remain elastically scattered light. Spectral resolution is sacrificed for
*. in the lower vibrational states (cold molecules) show only nanosecond time resolution and signal intensity (to enable

intelwrvbainlsaes(odmlcls hwol maueeta o est) 20FoeahpleteifrdStokes scattering (1), while the highly excited ones (hot measurement at low density). For each pulse the infrared
molecules) show both a shifted Stokes (2) and an anti-Stokes pulse energy and the time delay between the pump and the
signal (3). probe pulse is measured
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Fig. 3. Setup for the measurement of spontaneous Raman Fig. 4. Raman spectrum of SF6 , with (closed symbols) and

scattering from infrared multiphoton excited molecules at low without (open symbols) infrared multiphoton excitation.
densities. BS =beam splitter, SHG - second harmonic Infrared excitation: 10.6 jum P(20) line, 0.5 ns (squares) and

generator, HBS =harmonic beam splitter, /2 half-wave 15 ns (circles) pulse duration, both at an average fluence of

plate, FND fast photodiode, PT phototube, P, P2 - 0.6 x 104 J/m . The small arrow shows the position of the
pyroelectric detector, M -mirror, D0 dichroic mirror, L - laser radiation at 347.15 rm.

quartz lens, S - shutter, PMT -photomultiplier tube.

.S

" i To isolate intramolecular from (collisional) 1. SF6: Measurements on this symmetric molecule ,.

intermolecular effects the signals are measured at pressures have been reported in detail previoul.1 This molecule has
low enough to ensure that no significant collisional only one accessible Raman active mode, v , with 

a Raman n

relaxation of vibrational energy occurs on the time scale of shift of 775 cm b1. Data were obtained for Ce2-iaser

the experiment. Since the gas-kinetic mean-free 
time mf is frequencies between the P(2) and the P(28) lines 

of the 10.6

roughly given by prmf- 104 ns Pa, and the probe pulse 15 branch, which are resonant with the triply degenerate

plimits the time resolution of the experiment to 20 ns, 
one infrared active vs-mode (944 cm). Two different 

pulse

. has to work at pressures of 400 Pa (3 torr) or lower. The durations were employed: 0.5 and 15 ns full-width at

Raman signals then correspond to single photon counts, and half-maximum pulses.

therefore the data must be averaged over at least 04 pulses Fig. 4 shows the (low resolution) Raman spectrum
to obtain a satisfactory signal-to-noise ratio. At the end 

of a with and without infrared pumping. As et the

nemeasurement the data points are sorted out according to molecules show only a Stokes signal at room temperature.

infrared pump intensity and time-delay between pump and 
After excitation, however, an anti-Stokes signal appears, and

S reprobe, and averagedt at the same time the Stokes signal increases in accordance

S ttawith 
Eqs. (1) and (2). These changes o 2c n on time scales

rfdseveral 
orders of magnitude shorter than the average time

Experimental results and discussion between collisions.

S RssluFig. 
5 shows the increase in Stokes and anti-Stokes

therFour different molecules, CF2HC, CF22, 
SF and signals, measured at 356.7 and 338 nm respectively, 

as a

t baC2H4F2, varying in size from five 
to eight atom s, were function of th o i ed pupn g.e pum p and the probe

,, studied with the present apparatus. Figs. 3 through 9 show pulse for two infrared pulse durations. The signals for "

S somear the ental results. Table I presents some negative time delay (t < 0, room temperature equilibrium)

relevant molecular data as well as an overview of the serve as calibration for the Raman signals. At t = 0 infrared
inaexperimental results. All measurements were carried 

out at excitation takes place and the Raman signals inrease.

., room temperature, with gas pressures ranging from 14 to Within the experimental accuracy both Stokes ande..
., 500 Pa and with infrared fluences up to 8 x 104j/m

2. The anti-Stokes signal increase by the same amount, in

commercially obtained gases have a reported purity 
better accordance with Eqs. (1) and (2). The rise time of the 

signals

than 99.9%. 
is determined by the 20 ns pulse duration of the second

harmonic of the probe laser. However, even though not

resolved in these measurements, the increase 
in signal

p' soe f heexermeta rsuts Tbl Iprsetssoe egtie im dla ( <0,rom emertue qulirim

relvat mleulr dtaaswel a a ovrvewof he seve s albraio fr te amn sgnls Att 0infard,



4 I i i I I I I Interestingly enough the signals remain constant, even on a
SF6  time scale on which collisional vibrational energy relaxation

_ . . occurs. 2 1 For longer delay times (t > 2 ps), diffusion of the
3 IF excited molecules out of the probing region causes the

Stokes signals to revert to their original values. 17

The dependence of the anti-Stokes signal intensity on
2 eS the infrared laser fluence (energy per unit area) is shown in

E 4 Fig. 6 for different pressures and pulse durations. These
o o results were obtained in separate experimental runs, as

anti-Stokes indicated by the different symbols. The data obtained for the
S- - two pulse durations show that at low fluence the signals

Im Prel 1 , o depend on the exciting laser pulse intensity: a larger increase -
0 tin Raman signal occurs at the shorter, higher intensity,

-200 0 200 400 ns 600 pulses. At low excitation one needs a high intensity for
coherent multiphoton excitation through the lower part of
the vibrational ladder. At the higher fluences, once the

Fig. 5. Intensity of Stokes (closed symbols) and anti-Stokes molecules are highly excited, the curves for the 0.5 and 15 ns
(open symbols) signals of SF 6 as a function of the time delay pulse durations approach each other, and the dependence of
between pump and probe pulses at a pressure of 67 Pa. The the signal intensity on laser pulse intensity vanishes. This is
data are normalized to the thermal Stokes signal. Negative consistent with the concept of a quasicontinuum 5 at high

time delay means that the signals are measured before the excitation, and agrees with the behavior observed in
infrared multiphoton excitation. The rise time in the curves photoacoustic measurements, which determine the total
reflects the 20 ns FWHM duration of the probe pulse. These amount of energy absorbed per molecule. 22

results were obtained for 0.5 ns infrared excitation at the 10.6 The main purpose of this research is to obtain
- m P(20) line, with an average fluence of 0.8 x 10 JIm 2 . information on the role of nonresonant modes in the

multiphoton excitation of polyatomic molecules. The
observed collisionless changes in Raman signals provide
clear and direct evidence that some of the nonresonant modes

clearly occurs on a time-scale much shorter than the mean do indeed participate in the excitation process. Since the
free time between collisions (about 200 ns at a pressure of intensity of the signals is proportional to the average energy -
67 Pa). The pressure dependence of the signals, which is not in the mode, one can determine ER from the ratio of the
presented here, shows that the increase in signal is not due to anti-Stokes intensity to the thermal room temperature value
collisions, but is truly a collisionless phenomenon. 1 7  of the Stokes signal, 1s°. From Eqs. (1) and (2), one obtains

SS

Table 1. Overview of molecular data and experimental results.

Molecule Number Symmetric Pump mode C0 2 -line Raman lines Equilibrium
of atoms (cm 1) (cm " ) (cm - )

p_-p

CF2HCI 5 no 1108 9.4/pm R(32); 1086 587,2 800,2 1134,2 1325,2 3029 2 no?

CF 2 Cl2  5 no 919 10.6 Am P(32); 933 664,1 919,1 1082,1 11473 no

SF 6  7 yes 944 10.6 Am P(20); 944 7751 yes

C 2H4F2  8 no 942 10.6pm P(20); 944 870 1,1141,2 1457,2 29782 no

I Measured in this experiment: exhibits change in intensity after infrared excitation
2 Measured in this experiment: no measurable change in intensity
3 Not measured; very weak
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Fig. 6. Fluence dependence of anti-Stokes signal for SF6 . Fig. 7. Comparison with photoacoustic measurements for SF6.
Relative anti-Stokes signal as a function of the infrared pump The average number of infrared photons absorbed per molecule

' fluence for various pressures and two infrared pulse durations, is plotted as a function of infrared fluence. The data pointsat the 10.6 um P(20) line: 0.5 ns (open symbols) and 15 ns shown were obtained from the ones shown in Fig. 6,
(closed symbols). This graph shows the reproducibility of the assuming thermal equilibrium between all vibrational modes

. data from measurement to measurement. immediately after the infrared multiphoton excitation. The
0: 33 Pa; 0: 67 Pa; ti : 133 Pa;V : 200 Pa; solid lines show the average number of infrared photons
<: 267 Pa;*: 133 Pa. obtained from photoacoustic measurements. The results show a

* -. remarkable agreement.

IAS E RMre =_ (3)
rel 1 o hvR R equilibrium is achieved. In the absence of intramolecularIS ER equilibrium, one would expect E R , and consequently theI

signal intensities, to change on a much shorter time scale
S with because of a rearrangement of energy over the variousUnfortunately the lack of more than one accessible vibrational modes.
Raman active mode for SF 6 makes it impossible to compare
the energy in different modes. This limits us therefore to a 2. CF2HCh This molecule has five accessible Raman active

* comparison of ER with the average total energy absorbed per modes of widely different energy (600-3000 cm'1 ). The
. molecule, <E>, known from photoacoustic measurements, peak absorption of this molecule coincides with the 9.4 'm

One may also write R(32) CO 2 laser line at 1086 cm " 1. Even at the maximum

fluence at this line (2 x 104 j/m 2), none of the five Raman
<E> = <n> hVR, (4) lines show any detectable change in intensity. Photoacoustic

=n v( studies2 3 of the infrared multiphoton excitation of this
molecule have shown that at such a fluence the molecules

with <n> the average number of infrared photons absorbed absorb about ten infrared photons. The absence of
per molecule. If the intramolecular distribution of energy has anti-Stokes scattering from low lying levels, such as the
reached equilibrium, <E> may be obtained from ER and Raman active mode at 587 cm "1 , suggests that not all modes
compared to the value of <n> determined in photoacoustic participate in the excitation process. This leads to the
measurements. This is done in Fig. 7, which shows <n> as conclusion that the energy distribution for this molecule does
a function of fluence. The data points correspond to the data not equilibrate without collisions.
points in Fig. 6 (assuming intramolecular equilibrium), and

'4 the curves show the results obtained from photoacoustic 3. I,I-C 2H 4F2 : This asymmetric isomer has four accessible
~- measurement. The data agree remarkably well, suggesting Raman modes. Data were obtained for 0.5 ns long pulses at

that for SF6 the intramolecular energy distribution indeed the P(20) line of the 10.6 Am branch, which is resonant with
'S equilibrates. The absence of a decay of the Raman signals in the infrared active C-F stretch mode at 942 cm " 1. At

Fig. 4 further supports this suggestion. Even though the fluences above 1.5 x 104 J/m2 , an intense broadband
initially nonetuilibrium intermolecular distribution of energy fluorescence appears. At those fluences the molecules
equilibrates, 3 ER remains constant once intramolecular apparently dissociate, and the probe laser induces a
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Fig. 8. Intensity of anti-Stokes signal for the 870 cm"1 mode Fig. 9. Stokes spectrum of CF2 CI2 without infrared multiple
of 1,1-C 2H4F2 as a function of the time delay between pump photon excitation (open symbols) and anti-Stokes spectrum
and probe pulses at a pressure of 660 Pa. The data show a with infrared multiphoton excitation (closed symbols).

behavior distinctly different from the one for SF 6 . These Infrared excitation: 10.6 /pm P(32) line, and 15 ns pulse
results were obtained for 0.5 ns infrared excitation at the 10.6 duration. The arrows mark the positions of the laser radiation
utm P(20) line, with an average fluence of 1.5 x 104 Jim 2 . at 347.15 nm, and the pumped mode at 919 cm 1 . The ratio

of anti-Stokes to (corresponding) Stokes peak intensities 0V1% clearly show that the pump mode is the 'hotest' mode after Y-'

fluorescence from the dissociation fragments. This laser th e isrthetihottest'imodenafter
induced fluorescence extends far (at least 3000 cm-1) into the t r it t

anti-Stokes side of the spectrum, which indicates that the
dissociation fragments carry a considerable amount of surprising that almost no coupling to the (symmetric)
excitation energy. One can discriminate the fluorescence from Raman active modes takes place. Measurements on the other
Raman scattering either spectrally or temporally. The isomer, 1,2-C 2H4F 2, with a much more symmetric C-F
fluorescence has a broad continuous spectrum and a long stretch, might therefore lead to a better insight of the role of
decay (pus), while the spectrally discrete Raman signals (see symmetry in the coupling of vibrational modes.
Figs. 4 and 9) coincide with the 20 ns probe pulse. Since the
present measurements are carried out at fixed wavelengths, 4. CF2C12: This five atom molecule has four accessible
only temporal discrimination can be applied. A fast Raman active modes, three of which, at a shift of 664, 919,

electronic circuit therefore monitors the coincidence of the and 1082 cm" 1 respectively, were measured after infrared--

signals with the probe pulse, and flags the data point if any multiphoton excitation. The C-Cl stretch mode at 919
signal appears after the probe. The analysis is then limited cm -1 is both infrared and Raman active and can be pumped

, to either fluorescence or Raman signals. We restrict with the P(32) line of the 10.6 /m branch of the CO2 laser.
ourselves here to a discussion of the Raman signals. Up to This allows to directly observe the energy in the pump mode
the dissociation threshold, only one of the Raman active and compare it with the energy in other modes. The
lines, at 870 cm "1, shows a small but measurable amount of measurements presented here were all carried out at a gas 0
anti-Stokes signal after excitation. pressure of 400 Pa. For this molecule too, broadband laser

Fig. 8 shows the time-dependence of the anti-Stokes induced fluorescence appears at fluences above 1.8 x 104

signal for the mode at 870 cm 1l at a pressure of 660 Pa and a J/m2.25

fluence of 1.5 x 104 J/m 2 . Again a short collisionless Fig. 9 shows the Raman spectrum of CF2CI2 with andincrease in signal occurs. In contrast to SF 6 , however, the without infrared multiphoton excitation. At 400 Pa and room

anti-Stokes signal shows a decay on a time scale of the same temperature, the equilibrium anti-Stokes signal cannot be 0

order of magnitude as collisional vibrational relaxation. This, detected because of the small population of excited levels.

combined with the fact that no other Raman active mode The anti-Stokes part of the spectrum therefore shows the
exhibits any change up to the dissociation of the molecule, increase in energy in the four vibrational modes. The pump

indicates that for this particular molecule too, the vibrational mode, indicated in the graph with small arrows, clearly

energy does not reach equilibriumo contains the largest amount of energy (see the
The pumped CF stretch of II-C2H4F2 is a highly antin-StokesStokes intensity ratio) Surprisingly enough, asymmetric vibrational mode. It is consequently not the mode at 664 cm " 1 remains relatively 'cold'. Changes in
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Fig. 10. Intensity of normalized anti-Stokes signals for three Fig. 11. Comparison of the anti-Stokes to Stokes intensity
modes of CF 2 CI 2 as a function of the time delay between ratios for 3 modes of CF 2 CI 2 . The grey bars are calculated
pump and probe pulses at a pressure of 400 Pa. The data from the equilibrium intensities at 300 K and 3300 K. The
points for the mode at 664 cm" I are multiplied by 5. These black bars show ratios obtained after infrared multiple photon
results were obtained for 15 ns infrared excitation at the 10.6 excitation. For clarity the intensities for 300 K and 3300 K

I um P(32) line, with an average fluence of I x 104 J/m 2 . have been multiplied by 6.2 and 0.1, respectively.

energy of modes with a larger energy step than the energy of Conclusion
the infrared photons (1082 and 1147 vs. 933 cm "1 ) also

' occur. This paper presents the results of measurements of
In Fig. 10 the anti-Stokes signals of three modes, various collisionless infrared multiphoton excited molecules.

normalized with the corresponding room temperature Stokes The amount of energy in various modes of these molecules
signal, are plotted as a function of time. Again the signals is determined from the spontaneous Raman scattering of each

"\ rise in 20 ns and remain constant up to 600 ns. We can now of these modes. After infrared multiphoton excitation a
assess the distribution of energy over these three modes. collisionless change in energy distribution takes place within
From the ratio of anti-Stokes to room temperature Stokes the 20 ns time resolution. Whereas the distribution of
signal in Figs. 9 and 10 one can immediately deduce that the vibrational energy over the different modes is in equilibrium
distribution has not reached equilibrium. Fig. 11 compares for the symmetric SF6, the other (not symmetric) molecules
these ratios for the three modes in equilibrium at both 300 K show a distinct nonequilibrium distribution.
and 3300 K with the ratio obtained in the present
experiment. A temperature of 3300 K equals an increase in
internal vibrational energy corresponding to 19 infrared laser Acknowledgments
photons. The graph clearly shows that the intramolecular
distribution of energy of CF2 CI2 is not in equilibrium, and The research for this paper is supported by the Army
that the pump mode is much more highly excited than the Research Office and the Joint Services Electronics Program
other Raman active modes. under contracts with Harvard University.2 6
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Raman spectroscopy of infrared multiphoton excitedmolecules

Jyhpyng Wang, Kuei-Hsien Chen and Eric Mazur
Division of Applied Sciences and Department of Physics

Harvard University, Cambridge, MA 02138, USA'I

This paper presents an overview of data obtained on the intramolecular vibrational

energy distribution in infrared multiphoton excited CF2 HCl, CF2Cl 2, SF 6 and

CH 3 CHF 2 . All but CF 2HCI show collisionless changes in the intensity of the
spontaneous Raman signals after excitation, indicating that the excitation alters
the population in the Raman active modes. A comparison of the spectrally

integrated intensities of the Raman signals yields information on the distribution
of vibrational energy over the modes of the molecule. The results for CF 2CI2

show a nonthermal distribution of energy after the excitation.

1. Introduction

Most polyatomic molecules with a strong vibrational absorption band
can absorb many (10 to 40) infrared photons when irradiated with an ,
intense resonant infrared laser pulse. At high excitation many dissociate
without interacting with other molecules. The early work in this field was
motivated by the hope of driving chemical reactions in either a bond-specific H
or isotopically selective fashion.1 This could be achieved if some of the
initial energy deposition were 'localized' in a small subset of modes. In the 0
past decade much work2- 7 has been directed toward gaining a better
understanding of the infrared multiphoton excitation and dissociation of p .

polyatomic molecules and the intramolecular dynamics of highly vibra- J
tionally excited molecules in general.

Many experimental techniques have been applied to study infrared
multiphoton excitation. Photoacoustic measurements were applied to deter-
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Fig. 1. Spontaneous Raman spectroscopy of infrared multiphoton excited
molecules. Molecules that remain in the lower vibrational states (cold -'

I S

molecules) show only Stokes scattering (1), while the highly excited ones (hot
molecules) show both a shifted Stokes (2) and an anti-Stokes signal (3).

mine the energy absorbed by the molecules,8 and to study the excitation as a'- -
function of various parameters, such as pumping fluence, intensity, and :
wavelength, pressure, etc. Photoacoustic spectroscopy was also used at.,-
high intensities to study dissociation yields as a function of absorbed -"

,, ~~energy. More detailed information on infrared multiphoton dissociation, '°.-

' ~such as the species of the dissociation fragments, branching ratios of ""
different dissociation channels, and the translational energy distribution of

°.'- the fragments, was obtained by/mass and time-of-flight spectrometry.9 .
Pump-and-probe experiments have also provided more detailed knowledge

of the infrared multiphoton excit-.1ion and dissociation. For example, laser
. .induced fluorescence 10 ,11 was u,-ed to measure the vibrational energy dis-
,." tribution of the infrared multiphoton dissociation fragments. Infrared ""

double-resonance experiments 12- 14 were done to determine the rotational_-
--; ~relaxation rate and the population depletion of the vibrational ground state. - '
"" ~Spontaneous and coherent anti-Stokes Raman scattering were used to probe .,

the distribution of vibrational energy over the different modes of infrared ...
• "- multiphoton excited molecules. 15-21 ."

-a%,
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RAMAN SPECTROSCOPY OF IRMPE MOLECULES 3 -N-

' .'- In this paper we report on results obtained by time-resolved r,,

spontaneous Raman spectroscopy. The principle of the experiments, which
were pioneered in the Soviet Union, 15- 20 is illustrated in Fig. 1. First, the

" ' molecules are pumped into the high vibrational excitation region by a short, 'i
" intense C02 laser pulse resonant with a vibrational mode. Then the Raman W%?,
.- signals from the different Raman active modes accessible to the apparatus ..
.-7 ~are measured with a second, ultraviolet laser pulse. While unexcited '."

molecules show only a Stokes signal (Fig. 1, 1), highly excited ones show
_:. both a shifted Stokes signal (Fig. 1, 2) as well as an anti-Stokes (Fig. 1, 3) .%
i-- signal. Since the total, spectrally integrated signal from a Raman active -"

mode is a measure of the am ount of energy in the mode (see discussion),,..'
.-- . the intramolecular vibrational energy distribution after the excitation can be-.

determined by comparing the Raman signals from different modes. Time-
resolved information is obtained by varying the time delay between pump .

, ~and probe. '.,

~~~2. Experimental -.

The experimental procedure is described in detail in previous publica- "'.
- ~tions.22, 23 Briefly, molecules contained within a low pressure gas cell are -'
• " ~excited by an infrared laser pulse and probed by an ultraviolet laser pulse. .-

To isolate intramolecular from (collisional) intermolecular effects, the ?.:'
i ~signals are measured at pressures low enough to ensure that no significant, .

collisional relaxation of vibrational energy occurs on the time scale of the :
experiment.'--:

' - ~A schematic view of the setup is shown in Fig. 2. The infrared "-.
"". ~radiation is generated by a high power short-pulse tunable C02 laser with ..-

0.5 to 15 ns pulse duration and a maximum energy of 200 mJ. A 20 ns
• - ~frequency-doubled ruby laser pulse of 3 mJ serves as Raman probe. The ,..
' : ~infrared exciting beam and an ultraviolet probing beam are focused inside ....

the scattering cell 23 where they cross at right angles. The spontaneous "-'
. ~ ~~Raman signals from the interaction region are detected perpendicular to the '''

incident beams with a double moavchromator and a high gain fast photo- e

multiplier tube. The spectral resolution is 1.5 nm, which is high enough to .
" ~~resolve the different Raman active modes, and low enough to integrate the =.",
-" ~signals over the states within one mode. A complete description of the .'

experimental setup can be found in previous papers.22,23 ..- ';

• .. ."i

". Time resolution is obtained by varying the time delay between pump and ..
probe. The synchronization of 11asers, which is controlled electronically, is _

• J ¢t '

._ M'WI
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Fig. 2. Experimental setup. BS = beam splitter, SHG = second harmonic .

generator, HBS = harmonic beam splitter, ./2 = half-wave plate, FND = fast ,.

photodiode, PT = phototube, P1, P2 = pyroelectric detector, M = mirror, DM =

dichroic mirror, L = quartz lens, S = shutter, PMT = photomultiplier tube.

limited by the 100 ns trigger jitter of the lasers. To obtain time-resolved
data on a shorter time scale, the actual time delay between infrared and E
ultraviolet pulses is measured for each pair of laser pulses with two fast
detectors and a time-to-pulse-height converter. The time resolution of the 0
setup is thus determined by the duration of the laser pulses.

At high pumping intensity a fraction of the molecules dissociates, and
the probe laser can induce a fluorescence from the dissociation fragments.
This laser induced fluorescence is much more intense than the spontaneous %
Raman scattering. One can discriminate between fluorescence and Raman
scattering either spectrally or temporally. The fluorescence generally has a
broad continuous spectrum and a long decay, while the spectrally discrete
Raman signals coincide with the 20 ns probe pulse. Since the present
measurements are carried out with the monochromator at fixed wavelengths,
only temporal discrimination can be applied. The coincidence of the Raman
signals with the probe pulse is therefore monitored throughout the
experiment to ensure that no fluorescence contributes to the observed
signals. In addition, the infrared and ultraviolet laser energy, the time delay
between pump and probe, and the signal intensity are recorded for each
laser pulse. -" -t,

2,,:',: :- :" .€L- ".7..',"," ,',".'"".." ' -".."',".."".''"," ". -''-"' .. '"-".""" --'""-.-""."" -'--'% '--'""/'" .'.'"'"



RAMAN SPECTROSCOPY OF IRMPE MOLECULES 5

', Owing to the small Raman cross sections and the low sample pressure ,|
required to satisfy collisionless conditions, the signals are in the single

photon regime. Consequently, a large amount of data has to be collected
and averaged to obtain a satisfactory signal-to-noise ratio. A microcomputer .1

collects the data, sorts out the data points according to infrared pump
intensity and time delay between pump and probe and averages the data.

3. Results

Experiments were done at room temperature on SF6 , CF2HCl, CF2CI2
and CH 3CHF2 at pressures ranging from 33 Pa to 400 Pa. All gases were
obtained commercially and have a reported purity better than 99.99%.
Relevant spectroscopic data are given in Table I.

CF2 Cl2 . The infrared active vs-mode of CF2C12, which has been assigned
to the CC12 asymmetric stretch, was pumped with 15 ns full-width at half-
maximum pulses from the P(32) line of the 10.6 pm CO2 laser branch. The
15ns truncated pulses have a 10-90% rise time of 10ns and a short sub-
nanosecond fall time. Raman signals were obtained for the 1098 cm- 1 CF2
symmetric stretch vI-mode (A1), the 923 cm- 1 CC12 asymmetric stretch V8-
mode (B1), and the 667 cm -1 CC12 symmetric stretch V2-mode (A I). The
signals from all these modes change after infrared multiphoton excitation,
allowing one to compare the intensity ratio with the thermal one. Another
interesting feature of this molecule is that the v8 pump mode is both infrared
and Raman active, allowing a direct view of the excitation in the pump
mode. -

SF6 . Results on this molecule, which are presented here for comparison,
were published previously. 22 The data were obtained at CO2 laser frequen- N
cies between the P(12) and P(28) lines of the 10.6pm CO2 laser branch,
which are resonant with the triply degenerate infrared active v3-mode (Flu)
of SF6 . Two different pulse durations were employed: short 0.5 ns and
truncated 15 ns pulses with fluences up to 7 x 104 J/m 2. The Raman
signals were obtained at a shift of 775 cm- 1 from the frequency-doubled
ruby laser, corresponding to the totally symmetric breathing mode vl -mode
(A 1g) of SF6.

CF2HCI. The peak absorption of this molecule coincides with the 9.4 pm
R(32) C02 laser line at 1086cm- 1. Although five Raman active modes of
CF2HCl are accessible to our apparatus, none of them shows any change

g ' b J ; "2 Y ¢ " 2 :£ .2V" ;" '2 " ' .' '2 ,' -': '.' '? . .' ,'? ') .: '. .. . : ,. "ii ../.', ¢',"- q''.".¢?.',? °.'', I' q
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Molecule CO2 line Wavenumber Mode Activity Remarks

SF 6
2 5  v1 = 775 R (s) changes

v2 = 644  R (w) not probed
U10.6/m P(20) 944 v3 = 965 IR pumped

4 = 617 IR
v5 = 524 R (w) not probed
v6 = 363 inactive

CF 2C12
2 6 ,2 7  v1 = 1101 IR(s)

vj = 1098 R (m) changes
v-2 = 667 IR (s)

I= 667.2 R (s) changes
v 3= 457.5 R (s) not probed
v4 = 261.5 R (s) not probed
v5 = 322 R (w) not probed
v6 = 1159 IR (s)
v6 = 1167 R (w) notprobed 0
v7 = 446 IR (w) not probed

10.6jpm P(32) 933 v8 = 922 IR (vs) pumped

v8 = 923 R (w) changes
v9 = 437 IR (w)
v9 = 433 R (m) notprobed 0

CH 3CHF2  870 R changes

10.6 pm P(20) 944 IR pumped r",

1140 R no change
1460 R no change
2980 R no change

CF 2 HCI 590 R no change
800 R no change

9.4 pm R(32) 1086 IR pumped
1130 R no change

1330 R no change

3030 R no change

Table I. Spectroscopic data for the molecules studied in this paper. The
vibrational data for SF6 and CF2CI2 are from literature. All data are in cm- 1,
vs= very strong, s = strong, m = medium, and w = weak.
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after infrared multiphoton excitation with 0.5 ns pulses, even at fluences upUto 2 x 104 Jim2, when the average number of photons absorbed per
molecule is reported to be about ten.24

CH3 CHF2 . The largest of the molecules studied, CH 3CHF 2, has four
accessible Raman active modes. Only one of these modes, at 870 cm- 1,
shows a small anti-Stokes signal after infrared multiphoton excitation. The
molecules were pumped with 0.5 ns pulses at the P(20) line of the 10.6p.im

branch.

Some of the experimental results are shown in Figs. 3 through 13 and
listed in Tables I, II and liT. The results are arranged so as to emphasize the
similarities and the differences in behavior between the molecules. The
points shown in each of the figures are obtained by dividing the x-axis into. , ~a number of intervals (usually 10 to 20), and averaging the data that lie '.i

within each of the intervals. Since the signal fluctuations in the single
photon regime are large and since the error bars are inversely proportional to
the square root of the number of points, the average is taken over a large
number of data points. The low repetition rate of 0.3 Hz and the stability of
the alignment, however, limit the total number of pulses for a single experi-

',t mental run to 104. This means that there is a trade-off between the number

of points in each figure and the length of the error bars. In all measure-
ments presented here the error bars are about 10% of the absolute value of

p the data points for SF6 and, because of the smaller Raman cross-sections, •
20% for CF2C12 and CH 3CHF2.

The Raman spectra of infrared multiphoton excited SF6 and CF2C12 at a
pressure of 400 Pa are shown in Figs. 3 and 4. The large central peak in U

nkogthe spectrum corresponds to Rayleigh scattering at the probe laser wave-
length. Ile single Raman peak at each side of the Rayleigh peak in Fig. 3

31 corresponds to the vl-mode of SF6. At room temperature without infrared
-' excitation only Stokes signals are observable (open circles). If the

molecules are excited before the Raman probing (closed circles) anti-Stokes Z4
signals appear in the spectrum. Of the nine vibrational modes of CF2C12,
three, at 667 cm- 1, 923 cm- 1 and 1098 cm- 1 respectively, are visible in ,"4
the (low pressure, low resolution) spectrum in Fig. 4. Since the v3 mode at _
923 cm- 1 is both Raman and infrared active, CF2C12 allows direct moni-
toring of the pumped mode. Within the spectral resolution, the Raman e%
shifts of the anti-Stokes signals that appear after excitation correspond to the
ones reported in the literature. Note that for each of the detectable Raman
peaks a corresponding anti-Stokes peak appears after excitation, both at an •
energy smaller than the excitation energy (667 cm- 1) and also at higher en-

V. , - r"
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Fig. 3. Raman spectrum of SF6 , with (closed circles) and without (open circles)

infrared multiphoton excitation. Infrared excitation: 10.6 an P(20) line, 0.5 ns
pulse duration, and average fluence 0.6 x 104 J/m 2 . The small arrow marks the
position of the probe laser radiation at 347.15 nm.
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Fig. 4. Raman spectrum of CF2C12, with (closed circles) and without (open

circles) infrared multiphoton excitation. Infrared excitation with 15 ns pulses at
the 10.6 pnm P(32) line. The arrows mark the position of the probe laser and -

the infrared pump mode.
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Fig. 5. Anti-Stokes signal of the 870 cm- 1 mode of infrared multiphoton
excited CH3 CHF 2 at various fluences. Infrared excitation: 10.6 Pjm P(20) line,
0.5 ns pulse duration. At high fluencc laser induced fluorescence from the
dissociation fragments replaces the Raman signal.
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Fig. 6. Anti-Stokes signal of SF6 for excitations at different C0 2 -lines. Data %

for two different pulse durations at an average fluence of 104 J/m 2 are shown: %

0.5 ns (open circles) and 15 ns (closed circles). The curve shows the one
photon absorption cross section. 0
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ergy (1098 cm- 1). At fluences above 3 x 104 J/m 2 a broadband laser in- U
duced fluorescence gradually replaces the Raman spectrum. This fluores-
cence is induced by the probe laser in the fragments of infrared multiphoton

dissociated molecules.
Figure 5 shows the anti-Stokes signal of the 870cm- 1 mode of

CH 3CHF2 for different fluences. As the fluence is increased, the anti- I
Stokes peak is gradually replaced by a broadband laser induced fluorescence
just as for CF2C12.

Figure 6 shows the anti-Stokes signal of SF6 for excitation at different
C0 2-lines. Each point shown represents a separate experimental run in
which the anti-Stokes signal of infrared multiphoton excited SF6 was-U
measured for a particular C02-line. This graph shows the intensity of the
anti-Stokes signal at a fluence of 104 J/m2 for each of the C0 2-lines. As a
reference the low signal absorption cross-section for SF6 is also plotted. 6
Apart from a red shift of about 3 cm- 1 from the center of the one photon
absorption band, the absorption spectrum is not much different from the one
at low excitation. I,

Figure 7 shows the time dependence of the Raman signal intensities for
SF6 at 400 Pa for two infrared pulse durations, 0.5 ns and 15 ns. The
vertical axis shows the relative intensity, Irel, obtained by normalizing the
anti-Stokes signal after excitation with the room temperature equilibrium
Stokes signal. The horizontal axis shows the time delay between pump and
probe pulses. For negative time delay the molecules are probed before the
infrared multiphoton excitation (i.e. at room temperature equilibrium) and
only a Stokes signal, which serves as calibration for the intensity scale, is
detectable. The rise time of the signals reflects the 30 ns instrumental time
resolution, which in turn is determined by the temporal width of the laser N
pulses. Within the 30 ns time resolution a collisionless (see discussion)
increase of both Stokes and anti-Stokes signals is observed. The signal
remains constant up to 800 ns after the infrared excitation. The signals
revert to their original values only after a much longer time (10 jis) because
of a combination of collisional relaxation and diffusion of the excited
molecules out of the excitation region. 22

A different behavior is observed for the other two molecules that exhibit <eq
changes in Raman spectrum. Figure 8 shows the time dependence of the
three accessible Raman active modes of CF2C12 for infrared excitation with
15 ns pulses. Each of the anti-Stokes signals is normalized with its corre-
sponding Stokes signal at room temperature. Just as for SF6, anti-Stokes .1
signals appear for all three modes after excitation at t = 0, but the signals
decay much more rapidly, and although the time dependences are similar for 0
the various modes, the maximum relative intensities differ. As can be seen

;'° ?,...iU?'
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Fig. 7. Intensity of Stokes (closed symbols) and anti-Stokes (open symbols)
signal as a function of the time delay between pump and probe pulses at a
pressure of 67 Pa for SF6. Infrared excitation with 0.5 ns (squares) and 15 ns
(circles) pulses at the 10.6 gm P(20) line. Average fluence: 0.8 x 164 J/m2 .
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"

0
-200 0 200 400 ns 600

Fig. 8. Intensity of the anti-Stokes signals as a function of the time delay
between pump and probe pulse for CF2CI2 at 400 Pa. Infrared excitation: 10.6 L
pum P(32) line, 15 ns pulse with average fluence 1.8 x 104 J/m2 .
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y10
CH 3CHF2

0. 00

0.1 ii
40

-20 t 0 200 400 ns 6000

between pump and probe pulse for CH3 CHF2 at 660 Pa. Infrared excitation:

10.6 pim P(20) line, 0.5 ns pulse with average fluence 1.5 x 10 Im2.
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0.5 n0

0.1 ul I III11

0.1 1O74F 1 f210

e Fig. 10. Relative anti-Stokes signal of SF6 as a function of the infrared
Npumping fluence for various pressures. Excitation at the 10.6 jum P(20) line

with two pulse durations: 0.5 ns (open symbols) and 15 ns (closed symbols).U
a:33 Pa; o: 67 Pa; A: 133 Pa; V: 200 Pa; :267 Pa; * 133 Pa
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CH 3 CHF

00
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-200 t 0 200 400 ns 600

Fig. 9. Intensity of the anti-Stokes signals as a function of the time delay
between pump and probe pulse for CH3 CHF 2 at 660 Pa. Infrared excitation:
10.6 um P(20) line, 0.5 ns pulse with average fluence 1.5 x 104 J/m 2 .
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0.1
0.1 

1'F 1 j m 
10

Fig. 10. Relative anti-Stokes signal of SF6 as a function of the infrared
pumping fluence for various pressures. Excitation at the 10.6 pn P(20) line
with two pulse durations: 0.5 ns (open symbols) and 15 ns (closed symbols).
3 :33 Pa; o: 67 Pa; A: 133 Pa; V: 200 Pa; 0: 267 Pa; 0:133 Pa
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in Fig. 9, a similar behavior is observed for CH3CHF2 . Note that for this
molecule the change in Irel is ten times smaller than the one for the other two

*I molecules.
The dependence of the normalized anti-Stokes signals on the infrared

pumping fluence is shown in Figs. 10 and 11. The results for SF6, shown
in Fig. 10, were obtained in different measurements, each one calibrated

*. individually, at different pressures and pulse durations. The spread in data
therefore shows the absolute accuracy and the reproducibility of the exper-
imental data. As can be seen the dependence is nearly linear, except for
some saturation effects at high fluence for the shorter (more intense) pulses.
Also, the normalized anti-Stokes signals are independent of the sample gas
pressure, as one would expect for collisionless effects.

Again, the results for CF2C12 and CH3CHF2 show a different behavior.
Figure 11 shows the fluence dependence of the anti-Stokes signals for
CF2C12. The data were obtained in a single measurement by changing the
monochromator wavelength every two thousand laser shots (corresponds to
about two hours in time) and averaging the data in the 0 to 500 ns range. In
contrast to the linear fluence dependence of SF6 , all three modes have an
exponential fluence dependence. The graph also shows clearly that the rate
of increase is drastically different for the three modes. A similar exponential
fluence dependence was observed for CH 3CHF 2.

The normalized anti-Stokes signals of CF2C12 were also studied in the
presence of N2 buffer gas. Figure 12 shows the intensity ratio of the anti-
Stokes signals with and without buffer gas. Each of the anti-Stokes signals
rapidly decreases with increasing buffer gas pressure, while at the same
time the differences between them become smaller. No data are available
for the anti-Stokes signal at 923 cm- 1 at 26 kPa buffer gas pressure. Since
the Raman cross-section of the 923 cm- 1 Raman transition is much smaller
than that of the other two modes, this peak falls below the noise level at
high buffer gas pressure.

Figure 13 shows the spectrum of the laser induced fluorescence from
the infrared multiphoton dissociated CF2C12 at three different fluences
ranging from 4 to 6 x 104 J/m2. The fluorescence signal was recorded in
10 nm increments from 290 nm to 340 nm. Although the intensity increases
with increasing fluence, the spectral shape of the broadband emission does
not change. In addition it should be noted that the fluorescence extends into
the blue side of the incident laser field at 347.15 nm. The cut-off wave-
length of the fluorescence is about 290 nm, which means that the dissocia-
tion fragments carry as much as 5000cm- 1, or about 5 infrared photons, of
internal energy.
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10 _C I

CF2 Cl2

1 _~

0.1,., 0.1 •0 667 crn-' ,.

A 923 cm-'
/,,, -0 1098 cm~-1 I

~~~~~0.01 II . II1'0.5 1.0 1.5 2.0 2.5

10 F J/m

Fig. 11. Semilogarithmic plot of the fluence dependence of the anti-Stokes
signals of CF2Cl2 at 400 Pa. The dependence is exponential for all three
modes. Infrared excitation with 15 ns pulses at the 10.6 pm P(32) line. 0

CF2 CI2  667 cn- _
• 923 cm- 1 %v,
f 1098 c - '

4

3

2

0
46a b C

Fig. 12. Comparison of anti-Stokes intensities for CF2Cl2 at an average
fluence of 2.1 x 104 j/m2 and a pressure of 400 Pa, without buffer gas (a), and
with 13 kPa (b), and 26 kPa (c) of N2 buffer gas.
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%

CF2CI2 A 6 J/cm2  0
0 5 J/cm 2

'F'

.. 0
280 300 320 nm 340

Fig. 13. Laser induced fluorescence spectrum from the dissociation fragments of
CF2C12. Note that only the intensity of the fluorescence increases with .
inraigfluence; the spectral shape does not change.

%~S

4. Discussion.

The results in the previous sections show that infrared multiphoton •

. '

• ~excitation induces significant changes in the Raman signal intensities of the "
molecules. In this section we will analyze these changes and interpret the -,-

• ~results in terms of a simple picture. This will allow us to obtain information '-

-" ~on the distribution of energy among the various modes of the multiphoton .-.
excited molecules.

~~In the approximation that the vibrational mode is harmonic it can readily ,

be shown that the transition probabilities W of the Raman transitions depend .

Von the vibrational quantum number n. For Stokes and anti-Stokes transi- ''

. ~tions, respectively, one has2 2  .-.

.. 4

W_+ n+l, and W _ n..

The total intensity of the spontaneous Stokes and anti-Stokes Raman sig-

nals (summed over all vibrational levels of the vibrational mode consid-,,Q.

e ) I- -g

4.,.8.%. .- "., -'v 
-
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%%
I S - P(n) Wn-n+l 1 + P(n) n ,(2)

n=O n-o

00 00

/aS P(n) Wn - P(n) n , (3)
"7. n=o n=o

with P(n) the population of level n. Substituting the average energy in the
mode per molecule, ER = hvR XP(n)n, with vR the frequency of the
Raman active mode, one finds

ER A_Is - 1 + , (3)hVR

".. ER
/aS E (4)"-' hVR *'

Note that the result obtained does not depend on the energy distribution
P(n), but only on the average energy ER.

The proportionality constant between the intensities IS and 1aS, and
'' energy ER, is related to the Raman scattering cross-section and is mode

dependent. To eliminate this mode dependent quantity, the signals are
normalized with the corresponding Stokes signal at room temperature, IS0

00

/aS ERIrel - = n = ) - (5)
n=o hVR

% S

with b (n +1)Po(n), (6)

where Po(n) is the population distribution at room temperature. If at room
temperature hvR >> kT, then the Boltzmann factor e-hv/kT is small, and

" b = 1. Under these circumstances the relative intensity of each mode is a
direct measure of the average number of vibrational quanta, ( n) = ER/hVR,

in that mode. The intensity ratio of the different Raman signals will there-
fore reflect the distribution of energy among the modes.

Questions have been raised about the influence of possible Fermi
resonances on the interpretation of the Raman spectra of highly vibrationally

lie.
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v V k

I I
I 

Vk

I .

Vj+Vj Vk S

Fig. 14. The effect of a Fermi resonance on the molecular energy levels and
spectrum. The interaction between the vi+vj combination and the Vk
fundamental transitions shifts the energy levels and redistributes the spectral
intensity. The bottom spectrum is the expected one without Fermi resonance, ,-
the top one shows the actual spectrum.

excited molecules. 28 The interaction of a fundamental with an overtone or .'
with a combination mode may cause Fermi resonances when certain sym-
metry requirements are satisfied.2 9 Basically, if the frequency of an 0
overtone or a combination mode happens to lie close to the frequency of a
fundamental mode, and if the interaction between the two is strong enough,
the nature of the two processes mix and the energy levels are displaced. As
a result the vibrational spectrum can be misinterpreted. One well known
example is the mixing of the 1300 cm- 1 vibrational mode and the overtone
of the 667 cm- 1 vibrational mode of CO2, which causes two peaks, instead
of one single peak, to appear in the Raman spectrum of CO2 around
1300cm- 1. Since this problem is related to the interpretation of the anti-
Stokes signals of highly excited molecules in our experiment, the possible
effect of Fermi resonances on our experimental data must be examined.

Let us consider an anti-Stokes transition in the kth vibrational mode of a 0
certain molecule. For simplicity we assume that the initial state V'k corre-
sponds to the first excited state of the kth vibrational mode, and that the final
state of the Raman transition is the ground state yfo. We further assume that
the frequency vk of this Raman active vibrational mode lies close to the sum
of the frequencies of two other fundamental modes, vk = Vi + Vj, where i, j
represent the ith and jth vibrational modes respectively (see Fig. 14). In

A%"

V• .

N,,
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addition we assume that the interaction matrix element between the doubly

excited combination state yfij and V'k

Wij,k= f ij* W Ifk d 3x, (7)

with W the interaction operator, is nonzero. The actual energy levels U
E'= h v', with v'= V'i,, V'k, of these interacting states will then be .7
determined by the secular equation

v W k = 0. (8)
Wijk Vk- V •

The wavefunctions of the interacting states will be superpositions of the
original wavefunctions,

IV'ij=aVk +bWij (9)

.J.'k = Clfk + dfij, (10) a'
where the transformation matrix with coefficients a, b, c and d is unitary.
These two equations show the effect of Fermi resonances on the intensities 0
of the two transitions: the peak corresponding to the inherently weak com-
bination mode yfij grows considerably because it 'borrows' intensity from
the wavefunction of the fundamental mode Vk, while at the same time the
intensity of the fundamental is reduced. Clearly, in high resolution spec-
troscopy the displacement of the line positions and the redistribution of line •

,.'. intensities between interacting combination and fundamental modes can be ,,

'' misleading.
In the present experiment, however, the situation is quite different. To

accommodate the change in level spacing due to the anharmonicity of the
vibrational mode, the measurements are done at low spectral resolution.
Thus all Raman photons scattered from different excitation levels will be
collected and integrated. If the displacements due to Fermi resonances are
smaller than the resolution of the monochromator (1.5 nm) this means that
one measures the spectrally integrated signal,

1'

I.4 + Io 2+K' ~>I
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Ia*'(tg, I& Ili'o) + b*(Vpj j~kj IVO) F + IC*(Vk lI'klIVo) + d*(WVy I!&j IV0o) 121

l(Vp'k IVo) 12 + I(y Iz It'O) 12 I('k I& IVo) 12, (11)

with !&j and &R the combination mode and Raman scattering operators,
respectively, and where we have used the unitary properties of the transfor-
mation matrix. Equation (11) demonstrates that the spectrally integrated
signal is identical to the one without Fermi resonance. Therefore the
measured signal is the sum of the 'real' Raman signal KV'k I& Ivo) 1 plus a
much smaller quantity I(wy &j I'o> 12, whether or not Fermi resonances
occur. I

In addition to this general observation, a closer look at the available
spectroscopic data for SF6 and CF2C12 further reveals that there are no
Fermi resonances with the Raman modes studied here. The only candidate
for a Fermi resonance with the 775 cm-1 mode of SF6 is the overtone of the
363 cm- 1 vibrational mode. However the 363 cm- 1 vibrational mode is
spectroscopically inactive because of its F2u symmetry. For CF2 C12, the
only reported Fermi resonance is due to the combination mode v3+v9
(882 cm- 1), which is infrared, not Raman active.

Summarizing the above remarks, we may conclude that Fermi reso-
nances cannot affect our experimental data. In what follows the observed
anti-Stokes signals are therefore assumed to be correctly assigned and the N
intensity is used as a measure of the average number of vibrational quanta in
each of the modes.

Time dependence. The signal increase in Fig. 7 is consistent with the
result obtained in Eq. (3-4), i.e. for each pulse duration both Stokes and
anti-Stokes signal increase by the same amount. Surprisingly, after the
initial increase the signals remain constant, even on a time scale on which
collisional vibrational energy relaxation is known to play a role.30 Clearly,
collisions do not affect the total intensity of the anti-Stokes signal. Since the
intensity of the signal is determined by the average energy in the mode
only, intermolecular vibrational energy relaxation will not affect the Raman
signals once intramolecular equilibrium is reached. This suggests that
intramolecular equilibrium is reached on a time scale shorter than the time
resolution.

The time dependence of the Raman signals for CF2C12 shown in Fig. 8
is quite different. The signals do not remain constant as for SF6, especially I
for the two highly excited modes (923 cm - 1 and 1098 cm- 1). This decay is
most likely due to collisional transfer of energy to other, initially 'cold',

_,Y
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vibrational modes. Because of the limited sensitivity and spectral range,
however, this cannot be verified in the present experimental setup.

Pressure dependence. Although the increase in Raman signals takes S
place-on a time scale small compared to the mean free time of the sample ,
molecules, collisions cannot be completely eliminated. To verify the ab-
sence of collisional effects, the dependence of the Raman signal on sample

,.! gas pressure was measured. It was indeed found that the normalized
Raman signals do not depend on pressure. 2 2 This can also be seen in
Fig. 10 which shows that the normalized anti-Stokes signals are essentially

,.1 independent of the sample gas pressure. This confirms that collisions play
no role in the observed increase in Raman signal.

Fluence dependence. The intramolecular vibrational energy distribu-
tion after infrared multiphoton excitation depends on the excitation region,
which in turn is determined by the infrared pumping intensity. At low
fluence the energy is essentially confined to the pumping mode, just as in
ordinary one photon spectroscopy (region I). In this case the energy of
other modes does not change after excitation, and the Raman signals from

'these modes simply reflect the thermal population of these modes. At
higher fluences the molecule may absorb many infrared photons. In this
high excitation region the vibrational modes are strongly coupled, and the
nonresonant modes also acquire energy during the excitation (region II). At
even higher pumping fluence, dissociation of the molecules occurs (region
III). Dissociation fragments, which also contain information on the intra-

*molecular vibrational energy distribution, have been studied by many
groups. 11,31-3 3 Except for the fluorescence spectrum of infrared multi-
photon dissociated CF2C12 all the experiments discussed in this paper were

5..' done in region II.
Figure 10 shows the infrared fluence dependence of infrared multi-

photon excited SF6 for two pulse durations. Larger signals are obtained for
the shorter (higher intensity) pulses, in particular in the low fluence region.
At low excitation, a high intensity is needed to overcome the anharmonic
shifts, while in the high excitation region, when other nonresonant modes
participate in the excitation process, intensity effects become less

* pronounced. This is consistent with the observation of a 'bottleneck effect'
in other experiments. 18

In contrast to the nearly linear fluence dependence of SF6 , CF 2C12
shows an exponential dependence. As shown in Fig. 11, the excitation is a
steep function of the pumping fluence. Above 1 x 104 J/m 2, the signals
double roughly every 0.3 x 104 J/m 2 increment. Since CF2C12 is smaller
than SF6, fewer vibrational modes are available and one expects a stronger
bottleneck effect in CF2C12. The observed slow rise of the signals at low
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fluence, which is in sharp contrast with the linear fluence dependence of
SF6, indeed suggests that this is the case. Measurements of the Raman
signal for shorter pulses would provide a better understanding of the role of
intensity effects.

Raman intensities. We will now use the normalized anti-Stokes sig-
nals as a measure of the average number of quanta in the Raman active
modes, and evaluate the distribution of energy in the vibrational modes.
Clearly, the CF2C12 results provide the most detailed information, since the
anti-Stokes signals of three Raman active modes were measured. In V
equilibrium the intensities of the normalized signals are given by %V,

1
lrel = ehv/kT~l (12)

and the mode with lowest frequency will have the largest anti-Stokes signal. .
The results in Figs. 4, 8, and 11, which are tabulated in Table II, however,
show that the signal intensities after infrared multiphoton excitation cannot
be described by the above expression. Especially the normalized intensity
of the pumped vibrational mode at 923 cm- 1 is considerably higher than the
corresponding intensities of the other two modes: at all fluences most of the
energy remains in the pumped mode. In addition, as is clear from Fig. 11
the rate of increase is different for the three modes. From this figure and the
data in Table II, it appears that there is a stronger coupling of the pump
mode with the 1098 cm- 1 mode than with the less energetic 667 cm- 1

mode, notably at the high fluence end. Note also that although the inten-
sities of the anti-Stokes signals increase significantly between 1.5 and
2.4 x 104 J/m 2, the intensity ratio does not change much. This rules out
the possibility that the observed nonequilibrium distribution is a result of
averaging a 'hot' equilibrium ensemble and a 'cold' bottlenecked ensemble,
since the ratio would change as the fraction of molecules in the hot ensemble
becomes larger with increasing fluence. Adding up the energy content of the
three modes for CF2C12 from Table II, it appears that a complete random-
ization of energy only occurs above 10,000cm- 1 of excitation.

One expects collisions to relax the nonequilibrium energy distribution , ,
induced by the infrared multiphoton excitation. Even though the decay •
times of the anti-Stokes signals shown in Fig. 8 are unequal, it is not possi-
ble to draw any quantitative conclusions from these data because the signals
drop below the noise level before equilibrium is reached. When buffer gas
is added, the collision rate increases and the energy distribution should
reach equilibrium more quickly. The intensity ratios shown in Fig. 12
indeed tend toward equilibrium with increasing buffer gas pressure.
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F PN2  Irel ratio E667 E923 E1098 0
(104 J/m2 ) (kPa) (cm- 1) (cm- 1) (cm-1 )

0 - 3.4: 1 :0.45 28 11 6

1.2 - 0.21: 1 :0.23 70 480 130
1.5 - 0.15: 1 : 0.41 120 1140 560
1.8 - 0.12: 1 0.48 180 2160 1240
2.1 - 0.10: 1: 0.48 280 3800 2190
2.4 - 0.10: 1: 0.48 440 6300 3620

2.1 13 0.20:1: 1 130 920 1100
2.1 26 0.17:-: 0.15 110 < 450 160

TABLE II. Average vibrational energy and relative intensity ratio for three~Raman active modes at 667, 923 and 1098 cm - 1 for CH2C12 after infrared
multiphoton excitation. The top line gives the (calculated) room temperature

equilibrium values. At a N2 buffer gas pressure of 26 kPa the anti-Stokes signal
of the 923 cm- 1 mode drops below the noise level.

At a buffer gas pressure of 13 kPa the relative intensities of the 923 cm- 1
~and the 1098 cm -1 mode become nearly identical. At 26 kPa, equilibrium is

established between the 667 cm- 1 and the 1098 cm- 1 modes. At this

pressure, however, the overall signal has decreased so much because of
vibration-translation relaxation that the anti-Stokes signal from the pump
mode becomes too small to be detected.

Since SF6 has only one Raman active mode, it is not possible to com-
pare the energy content of different modes as for CF2C12. One can
nonetheless obtain qualitative information from a comparison of the anti-
Stokes Raman intensity with the result of photoacoustic experiments, which 1.
measure the total energy absorbed per molecule. 8 The comparison is done %
as follows. First the energy content of the Raman active mode is deter- 1,
mined from the magnitude of the normalized anti-Stokes signals. Next the .
total energy content of all the modes is determined assuming all vibrational

. modes of SF6 are in equilibrium. As can be seen in Fig. 15 and Table III,
the results thus obtained closely match the values obtained from photoa- U
coustic measurements. In other words, the Raman signal corresponds to
what one would expect after equipartitioning the absorbed energy among all

J* -
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F Irel E775 Etotal EPA
P (104 J/m 2 ) (cm- 1) (cm- 1) (cm- 1)

0 - 28 11 6 II
0.5 1.1 850 13000 15000

. 1.0 2.0 1600 23000 23000
2.0 3.3 2700 39000 39000
4.0 5.0 3900 57000 57000
7.0 6.8 5300 78000 78000

0.5 0.44 340 5000 -
1.0 0.9 700 10300. 2.0 1.8 1400 20600 -

, 4.0 3.6 2800 41300 -
oo

TABLE III. Relative intensity and vibrational energy of the 775 cm - 1

vibrational mode of SF6 after infrared multiphoton excitation with 0.5 ns (top)
and 15 ns (bottom) pulses. The total vibrational energy of the molecules,
calculated assuming intramolecular energy, is compared with the result obtained
from photoacoustic measurement (EpA).

~~vibrational modes. This suggest that for SF6 the intramolecular vibrational ,

energy distribution after collisionless infrared multiphoton excitation is in
equilibrium. For a more detailed discussion the reader is referred to a pre-
viously published paper.22  I'

The other two molecules studied, CF2C12 and CH3CHF2, show no or
almost no changes in Raman spectrum, even though they absorb a •
significant amount of energy. This indicates that the excitation energy
remains mostly in the modes that were not probed, most likely in the
pumped mode, just as for the CF2C12.. I

Fluorescence. As can be seen in Fig. 13, the laser induced fluores-
cence from the dissociation fragments of infrared multiphoton dissociated
CF2C12 extends far into the blue side of the Raman probe. This indicates
that the dissociation fragments carry up to 5000 cm- 1 of excitation energy,
corresponding to five infrared photons. It should also be noted that the .,1
shape of the spectrum does not change with increasing fluence. This,..
implies that an increase in fluence does not change the energy distribution of
the dissociation fragments, but only increases the number of dissociated.

4,'%
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100

0 "

10 0.5 ns po

-• 1multimode

0.1 10-F 1 10 0

Fig. 15. Average number of infrared photons absorbed per molecule as a
function of infrared fluence. The data points shown were obtained from the ones
shown in Fig. 10, assuming thermal equilibrium between all vibrational modes
immediately after the infrared multiphoton excitation. The solid lines are the
average number of infrared photons obtained from photoacoustic measurements.

molecules. Therefore the unimolecular dissociation rate of infrared multi-
photon excited CF2CI2 must be much smaller than the excitation rate.

5. Conclusion

This paper presents time-resolved Raman spectra of infrared multi-
photon excited molecules. After excitation, collisionless changes in signal
intensities are observed for SF6, CF2 Cl2 and CH3CHF2. Information on w
the intramolecular distribution of energy after infrared multiphoton exci-
tation is obtained by using the anti-Stokes Raman intensities as a measure of U
the energy content of the Raman active vibrational modes. For the
molecules studied here, both equilibrium and nonequilibrium energy
distributions were observed. Since the signals are averaged over the ;
ensemble of all molecules in the interaction volume, whether highly excited
or not, the results presented here are a convolution of the behavior at high
excitation with that at low excitation. Still, for CF 2Cl 2 the anti-Stokes
intensity ratio does not change as the fraction of highly excited molecules is
enlarged by increasing the pumping fluence. This leads to the conclusion 0
that even at high excitation the intramolecular vibrational distribution is still

I.A
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nonequilibrium, with an excess of energy in the pumped mode. It should
be emphasized, however, that these conclusions hold for molecules in
region II, and not for dissociating molecules since the signal from those 0
molecules is rejected. Therefore the above conclusions do not contradict the
observation1 1 that the infrared multiphoton dissociation of molecules is d.
consistent with RRKM theory.34
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w Highly Nonthermal Intramolecular Energy Distribution in Isolated
Infrared Multiphoton Excited CF2C12 Moleculesp ,
Eric Mazur, Kuei-Hsien Chen and Jyhpyng Wang %

Department of Physics and Division of Applied Sciences, Harvard University, Cambridge, MA 02138, USA

When a polyatomic molecule with a strong vibrational absorption band is irradiated with an in-
tense resonant infrared laser pulse it can absorb many (10 to 40) infrared photons. 1 If some
initial energy deposition is 'localized'-preferably in one vibrational mode or in a subset of
modes-it may become possible to induce 'mode-selective' reactions by infrared multiphoton
excitation. The intramolecular dynamics of infrared multiphoton excited molecules has been
studied by a variety of spectroscopic techniques.2 One of these techniques is spontaneous
Raman spectroscopy. In the past five years this technique has been successfully applied to ,
monitor the vibrational energy in infrared multiphoton excited molecules.3 ,

In this work we present experimental results of recent time-resolved spontaneous Ra- V
man experiments on collisionless infrared multiphoton excited CF2C12 molecules. The experi- Wk

ments show that the intramolecular energy distribution is highly nonthermal, and that a large
part of the vibrational energy remains localized in the pump mode for a period of time long
compared to the mean free time of the molecules.

w., The experimental procedure is described in detail in previous papers. 5 Briefly, a 15 ns
C02-laser pulse excites the 919 cm-1 band of the CF2C12 molecules. After a short time delay a

* second 20 ns laser pulse from a frequency-doubled ruby laser probes the excited molecules.
Raman scattered light is analyzed with a double monochromator and a high-gain photomultipli-
er. The time delay between the two laser pulses can be varied from 10 ns to 10/4s. The pre-
sent measurements were carried out at a pressure of 400 Pa.

Fig. I shows the anti-Stokes spec- 1.0
trum of the multiphoton excited CF2C2. CF0CI2  a

SSignals from three Raman active modes, at
664, 919 and 1082 cm- 1 are visible. The %
room temperature Stokes side of the Raman
spectrum is shown in the same graph. At 05
room temperature the intensity of the anti-
Stokes peaks is too small to be measured at a
pressure of 400 Pa. The intensity of the Ra- I
man peaks is a measure of the vibrational
energy in each of the Raman-active modes.4  330 A 340 350 360

Therefore, by measuring the time dependence 0
of the anti-Stokes intensity, one can study the Fig. 1. Raman spectrum of infrared multi-
evolution of the vibrational energy distribu- photon excited CF 2CI2 at 400 Pa. The
tion in multiphoton excited molecules. arrows show the position of the pump line.
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Fig. 2. Intensity of the normalized anti- Fig. 3. Normalized anti-Stokes intensites for
Stokes signals as a function of the time delay 3 modes of CF2C12 at 2 J/cm2 for different
between pump and probe pulse for CF2C12. N2 buffer gas pressures.

The time dependence of the anti-Stokes Raman signals is shown in Fig. 2. The signals U
are normalized with their corresponding room temperature Stokes counterparts to correct for
the different Raman cross sections. The rise time of the signals corresponds to the pulse
duration of the laser pulses. The decay of the signals is due to a combination of collisional
vibrational relaxation and diffusion of the excited molecules out of the excitation region. By
comparing the intensity of the signals one can determine the distribution of energy in the
vibrational modes. Fig. 3 shows the normalized intensity disbution 00 ns after excitation.
From this graph it is clear that most of the excitation energy remains in the pump mode at .
919 cm - I for collisionless excitation without buffer gas. As an increasing amount of N2-£

buffer gas is added the distribution tends toward thermal equilibrium, but the overall signal
strengths decrease because of vibration-translation relaxation.

Summarizing, we present here time-resolved spontaneous Raman scattering measure-

ments of infrared multiphoton excited CF2CI2 at low pressure. The results show a highly

nonthermal energy distribution among different modes, which persists even on time scales long
compared to the mean free time of the molecules. A more detailed discussion of these results
will be published elsewhere. 6 This work was supported by the Army Research Office and the
Joint Services Electronics Program under contracts with Harvard University. 7
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Nonthermal Intramolecular Vibrational Energy Distribution in
Infrared-Multiphoton-Excited CF2CI2

Kuei-Hsien Chen, Jyhpyng Wang, and Eric Mazur
Department of Physics and Division of Applied Sciences. Harvard Unicersity, Cambridge. Massachusetts 02138

(Received 24 August 1987)

The intramolecular vibrational energy distribution of infrared-multiphoton-excited CF2CI2 molecules
is studied with time-resolved spontaneous Raman scattering. The time evolution of the signals from
three vibrational modes is studied up to 600 ns after excitation, and in the presence of N2 buffer gas.
Following collisionless infrared multiphoton excitation a nonthermal distribution of vibrational energy is
observed. This nonequilibrium distribution persists up to high levels of vibrational excitation, with at
least 10000 cm -'in three out of the nine vibrational modes.

PACS numbers: 33.80.-b, 33.20.Fb. 82.50.Jy - ".

In 1973 it was discovered that isolated molecules in gy in that mode, (Etotai). This follows from the fact that
the ground electronic state can be dissociated by a short, the transition probability is proportional to the vibration-
intense pulse from a CO 2 laser. 1 Since then, the absorp- al quantum number n. 18 For an anti-Stokes transition
tion of large numbers of monochromatic infrared pho- n-. n-I, with transition probability W,, , one
tons by single molecules has been studied extensively.2-7 therefore obtains for the total anti-Stokes Raman signal
Because of the selectivity of vibrational excita'tion, in- intensity
frared multiphoton excitation has received much atten- - -
tion. Initially it was hoped that a "bond-selective" or total- P"W_-1 -a Pan, (1)
"mode-selective" photochemistry based on infrared mul- ,0 n-0
tiphoton excitation could be developed. 8  where P, is the population of vibrational state n, and a a 4

Information on the intramolecular vibrational energy mode-dependent quantity related to the Raman-scatter-
distribution in infrared-multiphoton-excited molecules ing cross section. To eliminate the proportionality con-
has been obtained experimentally in a number of stant a, the anti-Stokes signal is normalized with the cor- 'e.5
ways. 9- 6 It was shown that the infrared-multiphoton- responding Stokes signal at room temperature, I&. The
dissociation branching ratios and the energy distributions resulting normalized anti-Stokes signal, Inorm, is there- %of the dissociation fragments are consistent5"6 with fore proportional to the average energy in that mode, N
Rice-Ramsberger-Kassel-Marcus theory. 7 This means
that when molecules are excited above or close to the dis- 'total (Etota) (
sociation threshold, equilibration of the intramolecular 'nor-- I "b 1 - hv (2)
vibrational energy distribution occurs. Whether this

holds true for highly excited molecules below the dissoci- Nation threshold remains an open question. Spontaneous "

Raman scattering was used to study various infrared- b M P(n + 1), (3)
multiphoton-excited molecules, and the results provided -o
information on the vibrational energy distribution after where PO, is the population distribution at room tempera-
excitation. '"2.14. 18 This paper presents time-resolved ture, h Planck's constant, and v the frequency of the

Raman-scattering measurements on infrared-multipho- mode. If, as usually e tha te energy of virational
ton-excited CF22, a molecule which allows direct com- quanta is much larger than kT at room temperature, the
parison of the Raman signal intensities of different Boltzmann factor e - rkT is small, and b - 1. Under
modes after excitation. Since the Raman signal intensity these conditions non, is a direct measure of the average
is directly proportional to the energy in the mode, the re- number, (n) (Etotl)/hv, of vibrational quanta in each . .
suits provide direct information on the intramolecular vi- vibrational mode. This allows one to compare the aver-
brational energy distribution of CF 2CI 2 at various levels age energy from mode to mode after excitation of the
of excitation. The present experimental data fill the gap molecules and determine the vibrational energy distribu-
in the transition regime between the well-known low- tion. 18.19

,- excitation (single vibrational mode) and high-excitation The experimental setup' 8" 9 consists of a low-pressure
(dissociation) regions. gas cell, an infrared pump laser, and an ultraviolet probe

In simple harmonic approximation, the total, spectral- laser. To isolate intramolecular from (collisional) inter-
, ly integrated, intensity of the Raman signal of a particu- molecular effects, the signals are measured at pressures

.. lar vibrational mode is proportional to the average ener- low enough to ensure that no significant collisional relax-
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FIG. I. Raman spectrum of CF2 CI, with (filled circles) and FIG, 2. Normalized anti-Stokes signals as functions of the
without (open circles) infrared multiphoton excitation. time delay between pump and probe pulse.

ation of vibrational energy occurs on the time scale of graph, as in Eq. (2). From such a simple comparison, it
the excitation. The infrared radiation is generated by a becomes immediately clear that the pump mode is much
high-power, short-pulse, tunable CO 2 laser.20 2' The in- more highly excited than the other modes.
frared pulses of 15 ns duration have a maximum energy Figure 2 shows the normalized anti-Stokes signal from
of 200 mJ at the P(32) line of the 10.6-pm branch. A Eq. (2), enorm, versus the time delay between pump and
30-ns frequency-doubled ruby laser pulse of 3 mJ serves probe pulses at an average fluence of 2.x 10 Jim2 . For -"

as Raman probe. The Raman signals are detected with t < 0, the molecules are probed before the excitation, i.e.,
a low-resolution (.5 nm) double monochromator and a at room temperature. The rise time of all three vibra- .

high-gain fast photomultiplier tube. A complete descrip- tional modes is limited by the 30-ns instrumental time S

tion of the experimental setup can be found in previous resolution, which in turn is determined by the temporal
papers. S width of the laser pulses. The decay of the signals is

The experimental results on CF 2CI2 presented here most likely due to the collisional transfer of energy to ,

were obtained at a pressure of 400 Pa (3 Torr). The re- other initially "cold" vibrational modes. Such a col- -'

ported purity of the commercially obtained gas is bet- lisional relaxation should result in a growth of energy
ter than 99.995%. Of the nine vibrational modes of content of the initially unexcited modes. Because it is
CF2 C 2, 22.23 three, at 667, 923, and 1098 cm-, are ac- not possible to observe all nine vibrational modes, howev-
cessible to our apparatus. The CC12 asymmetric stretch er, this could not be verified.
mode at 923 cm is resonant with the 10.6-pm P(32) For an equilibrium distribution of energy among the , ,

line of the CO2 laser. Since this mode is both Raman
and infrared active, one can directly monitor the excita-
tion in the pumped mode.

The Raman spectrum of CF 2CI2, obtained with and .. ...............

without infrared multiphoton excitation, is shown in Fig.
I. The large central peak in the spectrum corresponds to .. ........ ...... ...

Rayleigh scattering. Because of the low population of 4 . ............

excited levels at room temperature, only Stokes signals ..............

can be detected in the absence of infrared pumping. . .. ........ .

These room-temperature data are shown in the right- 2

hand side of the graph- the corresponding anti-Stokes _ad
side of the spectrum has been omitted. After the excita- 0 2.4,
tion, large anti-Stokes signals appear. The Stokes and 66 .. ' ".

anti-Stokes peaks at 356.5 and 336 nm (see arrows) cor- 923 ....... 6 12

respond to the 923-cm - pump mode. One can obtain Wavenumber 1098 0 IR Fluence

P an indication of the average excitation in each mode by

comparing the intensities of the anti-Stokes peaks with FIG. 3. Infrared fluence dependence of the normalized
the intensities of the corresponding Stokes peaks in this anti-Stokes signals for CF2CI2 at 400 Pa.
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%N vibrational modes, the intensities of the normalized sig- kcal/mol) thermal dissociation energy of CF 2CI 2. At the %
nals are given by highest fluence used, two of the probed modes contain

I-norm - (eh./kT 1. (4) about twice the energy that would result from a statisti- .cal distribution of the 24000-cm dissociation energy.,

Figure 2, however, shows that after excitation the signal over all the modes. One must therefore conclude that re-
intensities cannot be described by Eq. (4) for any tern- ported equilibration of vibrational energy occurs only at
perature T. The normalized intensity of the pumped vi- still higher fluences, when the energy in the pumped
brational mode at 923 cm - is considerably higher than mode is well above its thermal-dissociation value. It is
the corresponding intensities of the other two modes, not possible, however, to probe the molecules at higher

Figure 3 shows the normalized anti-Stokes signals as excitation because of laser-induced fluorescence from S

functions of infrared fluence. The normalized intensity dissociation fragments,
ratios as well as values of (E..a) for each mode obtained Collisions relax the nonequilibrium intramolecular vi-
from Eq. (2) are displayed in Table I. The normalized brational energy distribution of the excited molecules, , -%
anti-Stokes intensities of all three modes increase ex- and the normalized anti-Stokes signals should therefore ,.
ponentially with increasing fluence, with the pumped approach their thermal equilibrium values as collisions
mode at 923 cm containing the largest amount of en- occur. Unfortunately it is not possible to draw any quan-
ergy for all infrared fluences. The ratios of normalized titative conclusions from the decay of the anti-Stokes
anti-Stokes signals clearly indicate a nonequilibrium in- signals in Fig. 2, because the signals drop below the noise
tramolecular vibrational energy distribution among the level before equilibrium is reached. The relaxation ratethree observed vibrational modes. As the fluence is in- was therefore increased by addition of N2 buffer gas. , "

creased from (1.8 to 2.4)x104 J/m 2, the energy in the Figure 4 shows the normalized anti-Stokes signals at
pumped mode triples and the total vibrational energy in various buffer-gas pressures. The same graph also shows
the three probed modes is at least 10000 cm-', yet the the equilibrium values of the Raman signals, calculated
nonequilibrium ratio of intensities remains unchanged. under the assumption of the same amount of total inter-
This implies that the observed nonequilibrium distribu- nal energy in the three modes as in the left graph. The
tion cannot be the result of averaging a "hot" equilibri- observed signals decrease quickly with increasing buffer-
um ensemble and a "cold" bottlenecked 2 ensemble. If gas pressure, but at the same time the differences be-
that were the case, the intensity ratios in Table I would tween them become smaller. Within the experimental
change as the fraction of molecules in the hot ensemble accuracy, equilibrium is reached between the 923- and .
increases with increasing fluence. Since more than one 1098-cm modes at 13 kPa buffer-gas pressure. At 26
mode is highly excited, the behavior is distinctly different kPa, equilibrium between the 667- and 1098-tm
from the low-excitation behavior. On the other hand, modes is also established. Because of the small Raman
the nonthermal distribution at this relatively high excita-
tion contrasts with the well established equilibrium dis-
tribution of vibrational energy in the infrared multipho- , I I I I I I , I ,

ton dissociation of CF 2C12 molecules. 5" 6 It is therefore %
interesting to compare the 10000 cm - of internal ener-
gy in the t.ree probed modes with the 24000-cm (74

I \0 ',

TABLE 1. Average vibrational energy and relative intensity /
ratio for three Raman-active modes of CF 2CI2, at 667, 923, 2 /
and 1098 cm , after infrared multiphoton excitation. The top /
row gives the (calculated) room-temperature equilibrium /

values.-r-- ----

(10' J/m2) (kPa) /,j ratio (cm-') (cm-') (cm-) 0 .".-.I
0 3.4:1:0.45 28 I1 6 k cm 1200 600 k 9 cm-1 1200

1.2 0.21:1:0.23 70 480 130 I
1.5 ... 0.15:1:0.41 120 1140 560 FIG. 4. Comparison of the observed normalized anti-Stokes
1.8 0.12:1:0.48 180 2160 1240 signals with calculated equilibrium values. On the left, signals

2.1 0.10:1:0.48 280 3800 2190 after infrared multiphoton excitation for three different N2
2.4 0.10:1:0.48 440 6300 3620 buffer-gas pressures: 0 Pa (squares), 13 kPa (circles), and 26 0

2.1 13 0.20:1:1 130 920 1100 kPa (triangles). On the right, calculated equilibrium values at
2.1 26 0.17:... :0.15 110 <450 160 three different temperatures: 3900 K (squares), 1500 K (cir-

Scles), and 600 K (triangles).
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THE INTERACTION OF INTENSE PICOSECOND INFRARED PULSES WITH

ISOLATED MOLECULES

Eric Mazur
p..,,'

Division of Applied Sciences and Department of Physics
Harvard University

Cambridge, MA 02138, USA

V Introduction

In the past decade there has been much interest in the dynamics of highly vibrationally
excited and dissociating molecules. Selectivity at high levels of excitation may eventually
lead to the realization of laser-controlled photochemistry, with broad applications in such
diverse areas as laser-assisted chemical vapor deposition, isotope separation, and
photosynthesis. Polyatomic molecules in the ground electronic state can reach levels of NA.
excitation up to the dissociation threshold by absorbing a large number of photons from a
resonant high-power infrared laser. Despite the selectivity of infrared excitation at low
energy, however, at high excitation the excitation energy is no longer confined to one

. 'mode'. It has been shown experimentally that for molecules excited close to or above the
dissociation threshold equilibration of energy occurs, in agreement with theoretical
predictions. There is no agreement, however, as to the validity of theoretical models that
presuppose equipartitioning of energy in the region below the dissociation threshold. Recent
spontaneous Raman spectroscopy experiments on infrared multiphoton excited molecules in
our laboratory provide information on the intramolecular vibrational energy distributions of
highly vibrationally excited molecules in this region. The experimental results show that an
excess of energy can remain in the pumped mode up to levels of excitation close to the
dissociation threshold. This paper provides a review of the results that were obtained in the
past three years, part of which were published previously. ,-

Background

-.: In 1973 it was discovered that isolated molecules in the ground electronic state can be
"" dissociated by a short, intense pulse from a CO2 laser.1 Since then the absorption of large

numbers of monochromatic infrared photons by isolated molecules has been studied
extensively.2" The early work in this field was motivated by the hope of driving chemical ,.
reactions in either a bond-specific or isotopically selective fashion by 'localized' deposition of
energy in a small subset of modes.
frared In the past ten years many experimental techniques have been applied to study in-
frared multiphoton excitation. Photoacoustic measurements were applied to determine the
energy absorbed by the molecules,9 and to study the excitation as a function of various pa-
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rameters, such as pumping fluence, intensity, and wavelength, pressure, etc. Photoacoustic
spectroscopy was also used at high intensities to study dissociation yields as a function of,..-!

absorbed energy. More detailed information on infrared multiphoton dissociation, such as
the species of the dissociation fragments, branching ratios of different dissociation channels,
and the translational energy distribution of the fragments, was obtained by mass and time-of-
flight spectrometry.10 Pump-and-probe experiments have also provided more detailed
knowledge of the infrared multiphoton excitation and dissociation. For example, laser in-
duced fluorescence 11,12 was used to measure the vibrational energy distribution of the in-
frared multiphoton dissociation fragments. Infrared double-resonance experiments 13- 15 were
done to determine the rotational relaxation rate and the population depletion of the vibrational
ground state. Spontaneous and coherent anti-Stokes Raman scattering were used to probe the
distribution of vibrational energy over the different modes of infrared multiphoton excited
molecules. 16- 24

The following qualitative picture has emerged from the experimental results. Basi-
cally, one can distinguish between three different regions in the molecular vibrational spec-
trum depending on the level of excitation. At low excitation the energy is essentially confined
to the pumping mode, just as in ordinary one-photon spectroscopy: the first few photons
absorbed by a 'cold' molecule produce transitions between separate discrete vibrational states
located in the resonant mode (region I). At higher levels of excitation, the spacing between
individual vibrational states becomes increasingly smaller due to molecular anharmonicities,
and other nonresonant modes also acquire energy during the excitation (region II, often IS
referred to as the 'quasicontinuum'). Molecular excitation in this region is thought to occur
through stepwise incoherent transitions between homogeneously broadened states that are
superpositions of various normal mode states. Once in region II, many polyatomic molecules
easily absorb large numbers of infrared photons and reach the continuum above the
dissociation threshold (region III). Clearly the excitation process is very different in each of
these three regions, and experimental results often reflect a combination of the spectroscopies
of different regions.

Most of the experiments carried out to date have centered around characterizing the
gross features of infrared multiphoton excitation by relatively large molecules. The
parameters that have been measured, such as average number of photons absorbed per -
molecule, dissociation rates and branching ratios, are the product of a number of mechanical
and kinetic processes and, hence, are incapable of probing the detailed dynamics of the
excitation process. It has been established, however, that the infrared multiphoton
dissociation branching ratios and the energy distributions of the dissociation fragments are ,1
generally consistent with statistical theories, such as the RRKM theory. This means that

when molecules are excited into region III, equilibration of the intramolecular vibrational
energy distribution occurs, and dissociation takes place along a thermodynamically favored .-
path, resulting in a loss of the initial 'selectivity'. Whether equilibration occurs for highly
excited molecules below the dissociation threshold (region H) remains an open question. .?o

Direct information on the intramolecular energy distribution in highly excited %
molecules was obtained experimentally with pump-probe type experiments, in particular by
Raman probing. Raman spectroscopy was first employed by Bagratashvili and coworkers 16  _ •
and later by our group 19 as a tool for studying infrared multiple photon excitation. In the
Raman experiments, the population in various vibrational modes is probed after excitation of
the molecules into region H with an intense infrared pulse. Since the Raman signal intensities
are a measure for the amount of energy in each mode, 19 this type of experiment provides
direct experimental information on the intramolecular energy distribution.
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Fig. 1. Intensity of Stokes (closed symbols) and Fig. 2. Relative anti-Stokes signal of SF 6 as a
anti-Stokes (open symbols) signal as a function of function of the infrared pumping fluence for
the time delay between pump and probe pulses at a various pressures. Excitation at the 10.6 Am
pressure of 67 Pa for SF6. Infrared excitation with P(20) line with two pulse durations: 0.5 ns (open
0.5 ns (squares) and 15 ns (circles) pulses at the symbols) and 15 ns (closed symbols). Data from
10.6 gm P(20) line. Average fluence: 0.8 x 104  Ref. 20.
J/m2.Data from Ref. 20.

: 33 Pa; o: 67 Pa; A: 133 Pa; V: 200 Pa;
O: 267 Pa; e:133 Pa

Intramolecular energy distributions

The experimental technique and apparatus have been described previously. 20 21 Four

different molecules, CF2HCl, CF2Cl2, SF 6 and CH3CHF 2, varying in size from five to eight
atoms, were studied with the present apparatus. 2 0 ,2 2 - 2 4  An overview of
experimental results is presented in Table I. All measurements were carried out at room
temperature, with gas pressures ranging from 14 to 500 Pa and with infrared fluences up to 8
x 104 J/m2. The commercially obtained gases have a reported purity better than 99.99%.

The first molecule studied, SF 6, has only one accessible Raman active mode, vI, with
q a Raman shift of 775 crn-1. Data were obtained for CO2-1aser fr-equencies between the P(12).- -'

and the P(28) lines of the w0.6eW branch, which are resonant with the triply degenerate employed
infrared active v3-mode (944 cm-l). Two different infrared pulse durations were employed: '-

0.5 and 15 ns full-width at half-maximum pulses. .
Fig. 1 shows the increase in Stokes and anti-Stokes signals, measured at 356.7 and

338 nm respectively, as a function of the time delay between the pump and the probe pulse
for two infrared pulse durations. The signals are .normalized with the room temperature
Stokes signal (for t < 0, room temperature equilibrium data are automatically obtained). At
t = 0 infrared excitation takes place and both Stokes and anti-Stokes signals increase. The rise 0

time of the signals is determined by the 20 ns pulse duration of the second harmonic of the
probe laser. However, although not resolved in these measurements, the increase in signal
clearly occurs on a time-scale that is much shorter than the mean free time between collisions
(about 200 ns at a pressure of 67 Pa). The pressure dependence of the signals further shows

that the increase in signal is not due to collisions, but is truly a collisionless phenomenon. 20

Interestingly enough the signals remain constant, even on a time scale on which collisional
vibrational energy relaxation occurs. 20 For longer delay times (t > 2 As), diffusion of the
excited molecules out of the probing region causes the signals to revert to their original
values.20
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MoleuleC02 line Waveaumber Mode Activity Remarks2 , -2 -'"

SF625 Vl = 775 R (s) changes after excitation _".

v2 = 644 R (w) not probed ...

10.6,un P(20) 944 vS = 965 IR pumped " '
v4 = 617 IR

v5 = 524 R (w) not probed %
v6 = 363 inactive 1%

CF2C1227 V1 = I I01 IR(s)

Vj = 1098 R (m) changes after excitation ".
v,2 = 667 IR (s)
2' = 667.2 R (s) changes after excitation

vS = 457.5 R (s) not probed

v4 = 261.5 R (s) not probed

v5 = 322 R (w) not probed

v6 = 1159 IR (s)

v6 = 1167 R (w) not probed xa

v7= 446 IR (w) not probed i:[
10.6 jm P(32) 933 vg = 922 IR (vs) pumped

vj = 923 R (w) changes after excitation "

"' = 437 IR (w) notprbe

v 2 = 433 R (m) not probed

CH3CHF 2  870 R changes after excitation . .
10.6 An P(20) 944 IR pumped I

1140 R no change

1460 R no change

2980 R no change tecao

CF2HCI 590 R no change %

800 R no change treiao

9.4 pm R(32) 1086 IR pumped

1130 R no change
1330 R no change lo

3030 R no change

0

Table I. Spectroscopic data for the molecules studied in this paper. The vibrational data for SF 6 and .-

CF 2C12 are from literature. All data are in cm- 1, vs = very strong, s = strong, m = medium, and w = weak. ,.

The dependence of the anti-Stokes signal intensity on the infrared laser fluence _-
(energy per unit area) is shown in Fig. 2 for different pressures and pulse durations. The data
obtained for the two pulse durations show that at low fluence the signals depend on the
exciting laser pulse intensity: a larger increase in Raman signal occurs at the shorter, higher
intensity, pulses. At low excitation one needs a high intensity for coherent multiphoton
excitation through the lower part of the vibrational ladder. At the higher fluences, once the
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Fig. 3. Intensity of the anti-Stokes signals versus time delay between
pump and probe pulse for CH3CHF2 at 660 Pa. Infrared exccitatign: 10.6
jin P(20) line, 0.5 ns pulse with average fluence 1.5 x 1 04 J/mL. Data
from Ref. 22.

molecules are highly excited, the curves for the 0.5 and 15 ns pulse durations approach each
other, and the dependence of the signal intensity on laser pulse intensity vanishes in
agreement with the behavior observed in photoacoustic measurements. 9

The observed collisionless changes in Raman signals provide clear and direct
evidence that some of the nonresonant modes do indeed participate in the excitation process.
The main purpose of this research is to obtain information on the role of nonresonant modes
in the multiphoton excitation of polyatomic molecules. Since the intensity of the signals is
proportional to the average energy in the mode, ER, one can determine ER from the ratio of
the anti-Stokes intensity to the thermal room temperature value of the Stokes signal, Ire,.
Unfortunately SF6 has only one accessible Ramnan active mode, so that it is not possible to
compare the values of ER for different Raman active modes. This limits us therefore to a
comparison of energy in the vi mode with the average total energy absorbed per molecule,
(E), known from photoacoustic measurements. If one assumes an equilibrium distribution of

ptheeexcitation energy (E), the amount of energy in the v1 mode agrees remarkably well with
the value for ER that one obtains from the Raman measurements, 19 -20 suggesting that for
SF6 the intramolecular energy distribution indeed equilibrates. The absence of a decay of the 'P

Raman signals in Fig. I further supports this suggestion. Even though the initially
nonequilibrium intermolecular distribution of energy equilibrates, 18 ER remains constant
once intramolecular equilibrium is achieved. In the absence of intramolecular equilibrium, one

7 would expect ER, and consequently the signal intensities, to change on a much shorter time
scale because of a rearrangement of energy over the various vibrational modes.

The asymmetric CF2HCl molecule has five accessible Raman active modes of widely
different energy (600-3000 cm- 1). The peak absorption of this molecule coincides with the -.

9.4 Wm R(32) CO2 laser line at 1086 cm-1. Even at the maximum fluence at this line (2 x10
jim2), none of the five Raman lines show a detectable change in intensity.22 Photoacoustic
studies23 of the infrared multiphoton excitation of this molecule have shown that at such a
flueinee the molecules absorb about ten infrared photons (10,000 cm-1). The absence of anti-
Stokes scattering from low lying levels, such as the Raman active mode at 587 cm-1,

I~. suggests that not all modes participate in the excitation process, and that the energy
distribution for this molecule does not equilibrate without collisions.

The asymmetric isomer CH3CHF2 has four accessible Raman modes. Data were
obtained for 0.5 ns long pulses at the P(20) line of the 10.6gm branch, which is resonant e.
with the infrared active C-F stretch mode at 942 cm- 1. Only one of the Raman active -modes, at 870 cm- 1, shows an increase in signal after excitation. 22 Fig. 3 shows the time-0--. W .'
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Fig. 10F_Fig. 4. Intensity of the anti-Stokes signals as a Fig. 5. Semilogarithmic plot of the fluence de- .'. NV
1

function of the time delay between pump and pendence of the anti-Stokes signals of CF2C12 at -
probe pulse for CF2C12 at 400 Pa. Infrared exci- 400 Pa. The dependence is exponential for all
tation: 10.6 m P(32) line t15 ns pulse with av- three modes. Excitation with 15 ns pulses at the
erage fluence 1.8 x 164 J/m .Data from Ref. 23. 10.6 pon P(32) line. Data from Ref. 23.

dependence of this signal at a pressure of 660 Pa and a fluence of 1.5 x 10 Jim2 . gi - -,

short collisionless increase in signal occurs, but in contrast to SF6 the signal now decays on athat no
time scale of the order of collisional relaxation times. This, combined with the fact that no, ._:

other Raman active mode exhibits any change, leads to the conclusion that for this particular
molecule too, the excitation energy does not equilibrate.

The most complete set of data was obtained for CF2C12.23,24 This five atom molecule
has four accessible Raman active modes, three of which (at 667, 923, and 1098cm- 1  6'.

respectively) were measured after infrared multiphoton excitation. The C-Cl stretch mode at
923 cm- I is both infrared and Raman active and can be pumped with the P(32) line of the
10.6 ].m branch of the CO2 laser. This allows one to directly observe the energy in the pump
mode and compare it with the energy in other modes. The measurements presented here were
all carried out at a gas pressure of 400 Pa.

Fig. 4 shows the time-dependence of the anti-Stokes signals, each normalized with its
corresponding room temperature Stokes signals. The signals rise in 20 ns and show a clear "W
decay, especially for the two highly excited modes (923 cm-1 and 1098 cm-l). This decay is
most likely attributed to collisional transfer of energy to other, initially 'cold' vibrational
modes. The fluence dependence of the anti-Stokes signals of CF2C12 is nearly exponential

(Fig. 5): above 1 x 104 J/m 2 , the signals double roughly every 0.3 x 104 J/m 2 increment.
Since CF 2C12 is smaller than SF6, fewer vibrational modes are available and one expects a
stronger bottleneck effect in CF2C12. The observed slow rise of the signals at low fluence,
which is in sharp contrast with the linear fluence dependence of SF6 (cf. Figs. 2 and 5),
indeed suggests that this is the case. Measurements of the Raman signal with shorter infrared
pulses would provide a better understanding of the role of intensity effects.

Since more than one Raman active mode was measured for this molecule, one can
directly compare the intensities from the various modes. In equilibrium, the intensities of the
normalized signals are given by a Maxwell-Boltzmann distribution. The results in Figs. 4,
and 5, however, show that the signal intensities after infrared multiphoton excitation cannot
be described by such a distribution. Especially the normalized intensity of the pumped
vibrational mode at 923 cm- 1 is considerably higher than the corresponding intensities of the
other two modes: at all fluences most of the energy remains in the pumped mode. In
addition, as is clear from Fig. 5 the rate of increase is different for the three modes. It
appears that there is a stronger coupling of the pump mode with the 1098 cm- 1 mode than
with the less energetic 667 cm- 1 mode, notably at the high fluence end. Note also that



although the intensities of the anti-Stokes signals increase significantly between 1.5 and
2.4 x 104 J/m 2, the intensity ratio does not change much. This rules out the possibility that
the observed nonequilibrium distribution is a result of averaging a 'hot' equilibrium ensemble

N" and a 'cold' bottlenecked ensemble, since the ratio would change as the fraction of molecules
in the hot ensemble becomes larger with increasing fluence. Adding up the energy content of
the three modes for CF2Cl2 calculated from the signal intensities in Fig. 5, it follows that a
complete equilibration of energy does not occur below 10,000 cm- 1 of excitation. Prelimi-
nary measurements show that after pumping the 1098 cm- 1 mode an excess of energy is
found in both the 923 and the 1089 cm- 1 cm mode.

Conclusion 6

This paper presents an overview of the results of measurements on various .e." collisionless infrared multiphoton excited molecules ranging in size from 5 to 8 atoms. The ¢
amount of energy in various modes of these molecules is determined from the spontaneous

Raman scattering signals from each of these modes. Most of these molecules have more than
one Raman active mode and thus allow direct observation of the intramolecular distribution A
of vibrational energy among these modes after the infrared multiphoton excitation. The
experiments unambiguously show: (1) that collisionless intramolecular transfer of energy to 4 Ak

, Raman active modes takes place within the 20 ns time resolution, and (2) that for highly %
excited molecules below the dissociation threshold the final distribution of energy-after
excitation, before collisional relaxation-is not necessarily in equilibrium. For CF2CI2 in .,i
particular it was found that the pumped mode contains an excess of energy up to at least
10,000 cm- 1 of excitation energy. This implies a certain degree of 'localization' of excitation -
energy in the pump mode up to fairly high levels of excitation. Although this is at variance
with observations made in the Soviet Union, that claim complete equilibration at about
7,000 cm- 1, it agrees with recent theoretical studies of the intramolecular dynamics of model
systems, that show that for some molecules equilibration occurs only for energies very close
to the dissociation limit.25 To the best of our knowledge this is the first direct experimental
evidence that region U may indeed extend quite close to the dissociation threshold. II
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Introduction

Since the discovery of infrared multiphoton excitation in 1973,1 there has been much interest in
the dynamics of highly vibrational excited and dissociating molecules. Selectivity at high levels of
excitation may eventually lead to the realization of laser-controlled photochemistry. In 1980 time-

resolved Raman spectroscopy was used to obtain mode-specific information of infrared multiphoton

excited molecules. 2 During the past five years we have employed this technique to study the
4, intramolecular vibrational energy distribution of several collisionless infrared multiphoton excited

molecules.3,4 In this paper new results on highly excited CF2C12 molecules are reported. In contrast to
the well established equilibrium intramolecular vibrational energy distribution in molecules excited
above dissociation threshold,5,6 we found that excitation of the vj and v8 mode of CF2C12 below the 4.,
dissociation threshold give rise to different, highly non-equilibrium vibrational energy distributions.

% Results 
.

A complete description of the experimental setup can be found in previous papers. 3,4 The
Raman signals from the vl, v2, and v8 mode (V1 = 1098, v2 = 667, and v8 = 923 cm- 1) of CF2 C12

were measured after multiphoton excitation of either the vl or the v8 mode, which are both Raman and
' ! infrared active, and are resonant with C02 laser lines.

It can be shown that the average number of vibrational quanta in the Raman mode, (n), is
proportional to the spectrally integrated anti-Stokes Raman signal, /aS, -

Inor (n),(1
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Fig. 1. Infrared fluence dependence of the normalized Fig. 2. Infrared fluence dependence of the normalized

anti-Stokes signals after vj excitation. anti-Stokes signals after v8 excitation.

with f the room temperature Stokes signal.3 The total vibrational energy of the Raman mode is then

signal.

3

%

ER = hVR Inom, (2)

with h Plank's constant, and VR the Raman shift.

Figs. 1 and 2 show the normalized Raman signals, defined in Eq. (1), as a function of infrared

V. fluence, after excitation of the v, and v8 mode, respectively. The energy of all the probed Raman

modes increases exponentially with increasing fluence.
For both excitation of the v1 and v8 mode, the vibrational energy distribution is distinctly

different from an equilibrium, Boltzmann distribution, -

lnorm = (ehv/kT -11-1 (3)

In both cases too, the pumped mode reaches the highest excitation, while the energy of v2 mode is ,

almost an order of magnitude smaller. The nonequilibrium nature of the vibrational energy distribution t%. -.

is visible more clearly in Figs. 3 and 4, which compare the measured energy distributions with

calculated equilibrium distributions. %

Note also, that although the intensities of the anti-Stokes signals increase by more than a factor

ten when the infrared fluence is increased, the intensity ratios do not change considerably. This rules

out the possibility that the observed nonequilibrium distribution is a result of averaging a 'hot' equilib-

rium ensemble and a 'cold' bottlenecked ensemble. If this were so, the ratios would tend toward equi-

librium as the fraction of molecules in the hot ensemble becomes larger when the fluence is increased.
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Fig. 3. Comparison of the observed normalized anti- Fig. 4. Comparison of the observed normalized anti- -. 1

Stokes signals with calculated equilibrium values after Stokes signals with calculated equilibrium values after

WWI after vj excitation. vt excitation. The lower data points show the effect of -

L' collisional relaxation N2 buffer gas pressure: 13 kPa -

(circles), and 26 kPa (triangles).

From Eq. (2) one obtains that the total energy content of the three modes for CF2CI2 at the highest

fluence is 21,000cm- 1, so that for the molecule as a whole Einternal > 21,000cm- 1. The observed '.'N
nonequilibrium distributions therefore imply that complete equilibration only occurs above this level of

excitation.

Collisions relax the nonequilibrium intramolecular vibrational energy distribution of the excited I
molecules, and the normalized anti-Stokes signals should therefore approach their thermal equilibrium

values as collisions occur. Fig. 4 shows the effect of collisional relaxation of the non-equilibrium
vibrational energy distribution, induced by adding N2 buffer gas. Because of the collisional relaxation,
the observed signals decrease quickly with increasing buffer gas pressure, but at the same time the

differences in signal intensity become smaller. Within the experimental accuracy, equilibrium is
reached between the v1 and v8 modes at a 13 kPa buffer gas pressure. At 26kPa, equilibrium is also 0

established between the vz and v2 modes. Because of the small Raman cross section of the v8 mode,
data are not available for this mode at 26kPa. At this buffer gas pressure the anti-Stokes signal of the
v8 mode drops below the noise level. A comparison with the calculated equilibrium distributions on the
other side of the graph shows indeed, that, as the buffer gas pressure is increased, the intramolecular 0

vibrational energy distribution tends towards equilibrium.
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Conclusion-a
0

We have employed time-resolved spontaneous Raman scattering to measure the intramolecular V,1

vibrational energy distribution of infrared multiphoton excited CF 2C12. The results show a distinct
nonequilibrium energy distribution among the observed Raman active modes even at excitations as "

high as 21,000 cm- 1. The nonequilibrium vibrational energy distribution tends toward equilibrium as
410an increasing amount of buffer gas is added. The measurements also show that excitation of the Vl and.

the v8 mode give rise to different energy distributions.
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