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We describe an infrared molecular beam specirosetes which uses a semiconductor diode lascr and has been
used to study the rotational relaxation of CO molecules in the free jet expansion of pure CO and a 90%
He-i0% €O mixture. The data for the mixture are ar alyzed by means of a kinematical method based on the
use of the master equation and empirically scaled state to state rate constants, Information of the He-CO
rotationally inelastic rate constanis are obtained. The possibility of using free jet expansion to study rotational

inetastic collisions is discussed.

INTRODUCTION

Free jet expansions of pure and mixed gases are the
established source for high intensity molecular beams
and therefore have been subjected to extensive experi-
mental and thearetical studies. "’ Moreover the free
jet itmell repregenta an interesting problem that has
attracted continuing attention from people interested
ln aerodynamics and its applications. :

The study of the rotational relaxation of a polyatomic
raolecule in tree jets is of interest on two counts. First,
one would like, given the source conditions, to be able
to predict the populations of individual rotational leveis
once the expansion is terminated and the molecular
beam has been sampled. Second, there i8 the hope that
a better understanding of both, jets and the mechanism
of rotational relaxation, may emerge from these stud-
igs. For instance, the jet itself represents a unique
environment because of the presence, in it, of very low
energy collislons which ean be duplicated only with
great difficulty in equilibrium experiments but are of
substanttal importance in unusual physical conditions
as those prevailing in interstellar gas clouds.' Several
experimental techniques have been used so far to study
rotational relaxation in free jets. The list includes
electron beam induced fluorescence, * velocity distribu-
tion measurements followed by energy balance,® impact-
presgure measurements, T molecular beam laser induced
fluoreacence, ! molecular beam maser techniques, *
Raman spectroscopy, !¢ infrared abaorption spectros~
copy, ' molecular beam electric and magnetic reso-
nance spectroscopy, '? and, finally, electrostatic, state
selective, beam focusing measurements, !?

The merits and shortcomings of this plethora of tech-
nigues are too numerous to be discussed here in detail.
Wwe will, instead, follow the lnverse procedurs and will
list all the qualities that the measuring technique ghould
posseas in order to produce useful results, One should
be able, in principle, to probe, with good signal to
neise ratios and good apatial resolution, as many states
as possible, at amall and large distances {rom the noz-
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zle, in a wide range of pressures, for a range of mole-
cules with substantially different moments of Inertia.
Moat of these requirements stem from the fact that
several (but not all} of the previous Investigators have
detected interesting deviations from Bollzmann-like
distributions (especially for the sparsely populated
nigh J levels) which, in principle, contain considerable
information on both rotational relaxation and free jet
expansions. In our opinion only molecular beam laser
induced f{luorescence has most of the qualities in-
dicated above and has indeed provided us with some of
the beat sets of experimental results,? Nevertheless,
laaer induced fluot e, in ab e of easily avail-
able tunable UV lasers, can be applied only to mole-
cules with a visible spectrum, while most bulk re-
laxation siudies and theoretical investigations, on
both potentials and inelastic collisions, have been
conducted on “simpler” molecules like N;, CO, HF, H,,
ete.

Racently, substantial progress has been made in the
sensitivity and resolution with which infrared spectro-
scopy can be carried out with molecular beam samples
by the use of cw tunable lasers and bolometric detec-
tion of the excitation of the molecules in the beam, '
This technique has also been applied to the study of the
rotational relaxation of He-HF mixtures using a color
center laser as the source of tunable radiation.®* Dur-
ing the tourae of this work Gough and Miller have also
developed a kinetic method to model the free jet expan-
sion based on the use of the master equation and ampiri-
cally acaled state to state rate constants, 't

In the present paper we wilt describe an infrared
molecular beam spectrometer which uses a semicon.
ductor diode lasera and has been used to atudy the rota-
Honal ralaxation of CO molecules in the free jet expan-
sion of pure CO and 2 90% He-10% CO mixturs. The
method of Gough and Miller is ussd to analyze the data
{for the mixture only) and, through it, information 1s
obtained on He—-CO rotationally inelastie rate conatants.

There are several reasons why He-CO mixtures de-
serve to be singled out for this type of studies: (1}
Atom—diatom collisions are much better underatood
than distom-diatom collisions and almost exact methods
ars avallable for the calculation of inelastic cross sec-
tions and thelr energy dependence.' (2) The He-CO
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potential has been extensively studied and the sensitiv-
ity of the inelastic cross sectlons to changes in the po-
tential has been checked. ' (3) He—CO collisions at
very low relative energles, as available in the free

Jet expansion, are of interest for the calculation of
cooling rates in lnterstellar gas clouds.® (4) The bulk
relaxation of CO and He-CO mixtur+s has been the
subject of several experimental and theoretical papers.
(6} Finally, the total ditferantial'® and the integral®®
scattering eross section for He scat:ered by CO have
been measured while state resclved, rotationally in-
elastic, differential crosa section measurements are
underway. %

L]

In the next acction we will describe the apparatus
and experimental procedures while the resulta will be
presented, analyzed and discuased in the third and
fourth part of the paper, )

EXPERIMENTAL

The experimental setup, shown schematically in

Pig. 1, is a modified version of the apparatus of Ref.
14 and congists of a three chamber molecular beam
machine with an IR laser spectrometer set up next to
tt. In the first chamber, pumped by-a 5300 157 dif-
tusion pump, we tind the supersonic free jet expansion
produced through a room temperature x y 2 movable
nozzle N of 40+3x10™ em dlameter. With typical
source pressurea between i and 5 atm the pregsure

in the first chamber is of the order of 10°* Torr, The
molecular beam is sampled, at 1.5 em downstrean
from the nozzle, by a conical collimator X with a

4x 10" ¢m diameter opening on its tip. Through this
collimator the beam enters the second chamber where,
with a pamp of 2000 I 5°, pressures of the order of
2x10°" Torr are normally matntained. In the second
chamber the beam can be interrupted with the shutter

8, modulated with the chopper C1 and detected with the
-liquid He cooled, doped St, bolometer B located at a 40
cm distance from the nozzle. The bolometer’s static
responsivity is 1.3 x10° Vv W*! while ita rms noise under
operating conditions is about 400 nV -+ Hz*'/%, The bolo-
maeter can be rotated away out of the beam path so that
the beam molecuiles may proceed to the third chamber
where a quadrupolar mass spectrometer QM 18 [ocated
which measures beam composition and time of flight
spectra. The vacuum in this chamber 18 about 107"
Torr and 1a obtained by means of a turbomolecular
pump TP ¢oupled, by means of a differential arrange-
ment (see Fig. 1), with the chemical getter pump GP.
The laser DL is asemiconductor (PbS,, Se,) dlode laser
from Laser Analytice (now Spectraphyeics). The power
of the emitted radlation is of the order of 1 mW tunable
in a range of about 50 cm™! around the CO centerband.
The radiation is emitted within several modes separated
by about 1.5 em™! with normally one mode dominating on
the others. The linewidth of each mode was about 20
MHz. The laser beam is focused by a coupls of 1 in.
diam antireflection coated Ge lenses (L1: f=1, 13:
S=5) and is split and chopped by the mirror chopper G2.
During half of the time the beam crosses the molecular
beam at right anglea and ia thereafter monltored with
the pyroelectric detector D2, During the other half is

b @

FIG. 1. Schemati view of the apparatus {see i.ifx,t).

defleeted at right angles by CZ and is sent through a
ras cell AC to detector D1 or to.the Beckmann (model
4220) IR spectrommeter for frequency identification.
When the laser light is tuned exactly at the frequency of
% transition the internal energy of the molecules in the
beam la periodically increased and the bolometer will
detect a gignal which is proportional to the population
of the molecules in the gtate where the transition starts
and to the power present in the laser mode which pumps
the transition. . The sources of error are basically two.
For the high J states, which at high source pressuares
are sparsely populated, the low signal level is the limit-
Ing tactor. For the low J statea (where signal to noise
ratios are in excess of 100) the limiting factor is the
precislon with which the power present in the pumping
mode 18 measured, To increase thia pracision another
cell D1 (also shown in the figure) containing enough CO
(to abmorb totally the radiation at resonance) was lo-
cated between the laser and detector D2. The change

in gignal level in D2 when the relevaat lagser mode was
absorbed In the cell provided an adequate measure of
the quantity in question.

RESULTS AND ANALYSIS

The rotaticnal relaxation resulta relative to the free
jet expansion of pure CO and of the 10% CO-60% He
mixture are shown in Table I. The N'(J) quantities
reported are the populations of the different J levels,
relative to the J =0 level, corrected for degenerazy,
laser power, and transition dipole strengths, The in~
tenaity of 2 R, transition is

LNl
where N (J) is the population of the lower state and iy
is the transition dipole matrix element which is propor-
tional to (S +1) (27 + 1)L,
Neglecting saturation effects, the bolometer signal
is given by

SN T+ @+ DT Wi, 1y

where W(J} i the power of the laser mode pumping the
transition. The degeneracy corrected, relative popula-
tiona are then

N =N N 2T+ 1y, 2

Bassi, Boschetti, Marchetti, Scoles, and Zen: Rotational refaxation of CO

TABLE [ Degeneracy corcectin] rotational populations §7 (J)
relative Lo the J = 0 state in molecular beams sampled from
free jets of pure QO uod 104 CO-%0') He mixtures al different
stugnation source pressures.

Pure Co)

4 l.dawm 2 atm 3 atm 4 atm 5 atm
o 1xlu] 1 s 1 1
1 0570 10 U.54 0. 30 0, 43 0,41
2 0,27+ 15% u.25 0,19 0.125 0.104
3 U, 116 ¢ 208, U, 078 0, 044 033 0.025
4 0,025 +20% u. 015 0. U0y 0.0064  0,0039
50,0045+t 25% U, 0U44 1, 0024 0. 0012 Q.0008

1'% CO-U0'%, He mixture
J 1.3 atm 2 atm 3 atm 4 atm
TS e 1 1 1
1 0.496:15% 0,398 0, Jug 0.240
2 0,188+ 20% 0.117 0. 062 0, 037
3 0.057+25% 0. 025 0. Qug2 0, 0055

or, using Ed. (l'),
N =81 S0P W w (o) W+ 1)t @

which are the quantities reported in Table I. In an at-
tempt to define a rotatlonal temperature the population
data can be plotted in a InN'{J) vs J (J +1) type of plot
where, in the case the data would follow a straight line,
the stope of the line would give the wanted temperature.

Such plots are shown in Fig. 2. In the figure the
population data corresponding to different presaures
have been multiplied by arbitrary constant factors for
sake of clarity. From the plots it is guite apparent
that the data do not follow atralght lines and that a rota-
tional temperature cannot be defined. We have also

measured, with the TOF spectrometer, the velocity
distributions of both He and CQ in the expanding pure
CO and He=CO mixture and the results are reported in
Table II. The entries in this table are derived through
fits to the experimental TOF distributions assuming

that tae signal of the density sensitive mass spectrom-
eter is given by S{z)=r?. axp{-[a*Yr —u)?)} where u ts
the st.-eam velocity, and v the random veloclty superimposed
to it., This function convoluted with the trapezoidal
opening function of the chopper allows for the measure-
ment »f the stream velacity « with a precision of about
1% ani of the width of the distribution @ with an error of
5%. "he last column in Table II liats the translational
temperatures derived from the TOF data and from the
relationship T,.za’m/ZK* where K is Boltzmann’s con-
stant and m 1s the mass of the corresponding atom {or
motecule). We have algo measured the veloclty distri-
button of a jet of pure He (actually the stream velocity of
beams from high pressure He jets did serve as a ealt-
bration for all other velocify measurements), From a
comparison of the pure He data with the He data of the
mixture we have concluded that the asymptotic terminal
velocl y spread was, In the latter case, about 15% larger

_ than in the former.

Fraon Table II it is apparent that the jets of pure CO
gener:te measurable quantities of CO dimers which
have a small velocity slip with respect to the monomer
but ea:ientially the same translational temperature,
Dimers were also present, in large relative quantities
and equaivalent absolute quantities, in the CO seeded
beams. The data analyzed were data for which the
dimer mass spectrometer signal was no more than 1%
of the nonomer signal which excludes all data taken at
stagnaiion pressures grester than 2280 Torr {3 atm),
Since z large fraction of the dimers 18 fragmented in
the mass apectrometer lon source the 1% limit Imposed
above provides us only with a lower limit to the actual

&
¥

in N'¢J)

FIG, 2, Experimental yota-
tional atate populations (relative
to the J=10 level) of CO sampled
from the free jet expansion of
pure CO and 10% Ho mixtures.
The results obtained for differ-~
ent stagnation BOUTCe pressures
are linked by solid linea and are
shown shifted on the vertical
scale for sake of clarity,

T T T %
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- TABLE 0. Velcelty distributions of molaculzs
beams sampled from fres expanding jets at diiferent
stagnaticn source pressures,

P (Torr) u {ma*l) a meh Tk
€O from the expansion of pure CO
gau 758+ 1% B7%5% 12+ 10%
1520 TE1 a1 11
2280 764 Th 10
3040 766 m 8.5
3800 770 &4 7
4350 3 ob 5. 8
5320 773 55 to6.2
G080 772 34 5
6840 772 “ a4 5
{CO), from the expansion of pure CO
3800 " 133 38 5
5320 740 38 L]
6840 747 k] 3

CO from the expansion of the He—CO mlxture

280 1090 186 68
400 1192 153 40
560 1270 . 137 32
470 1310 118 23
950 1344 N 14
1140 1366 ki 19
1520 1405 86 7.2
2250 1411 8 5.7
3040 1425 55 5.1
3800 1426 50 4.2
4560 1490 S0 4.3
5320 1433 46 - 3.6
G080 1433 49 3.5

He from the expansion of the He—-CO mixture

280 1158 430 28
400 1229 272 18
560 1313 252 15
870 1350 2ie 11
950 1386 i74 7.3
1140 1380 182 8.3
1520 1434 150 5.4
2280 1482 120 A5
3040 1487 106 2,7
3800 1489 o8 2.3
4560 1492 91 Z
5320 1483 88 .8
8690 1494 84 1.7

dimer concentration In the beam. The actual concentra-
tion of (CO), in the bear when the dimer/monomer ra-
tio in the masa spectrometer is 1% could be as high as
5%. In order to analyze rotational relaxation data ob-
tained from beam sampling of free jet expansion several
methods have been followed in the past which differ
widely In complication ard aceuracy. These methods
can be divided basically into two categories, In the
first -we find those which postulate the existance of a
rotational temperature 7y *» 8% 5@ which may be frozen
at valnes far from those required by equillbrium with
the tranglational temperature but always leads to
Boltzmann-like state distributions, In the second cate-
gory we find the methods that combine a thermodynamie

modelling of the expansion with a kinetic deseription of
the relaxation that makes use of the master eguation
and of state to state rate constant. "®*» ¥ To the second
categery belongs the method of Gough and Miller, 151
which, ir 2 way quité similar to that of Ref, 23(a}, al-
tows r the calculation of the population of individual
levels. The resulting distrlbution ddes not need to, and
in general does not, follow a Boltzmann-type statistical
distribution. Therefore in agreement with Refs. 23(a),
15, and 16 we (a) mode! the expansion using the results
of Ashkenas and Sherman® {adopting, of course, for ¥
the value appropriate to our mixture, i.e., 1.64), (b}
use the master equation to calculate the population
evolution of the individual rotational levels, and (¢) use
numerical integration to obtain the terminal rotational
distribaticn starting at a point X in the expansion where
it is reasonable to assume that the rotational and trans-
lational temperatures are stitl in mutual equilibrinm,
Of course, we choose to work with ¥ values as large

a8 possible in order to save computer time. Stability
of the results with respect to the choice of X has been
found to be excellent. The value of X adopted in all
caleulation was equal to one nozzle diameter, If n(.J)

ts the population in level J at ¥ and ky, the rate con-
stants for rotatienal relaxation, we have

w' (Y =nlh) +nat { Z [Bys n(K)—k,gﬂ(J)]} , (B
) xoJ
which can be used to calculate the new distribution at a
small {ime Af later. During this time the stream veloe-
ity will'earry a representative sample downstream so
that the next calculation will be performed at a slightly
larger X and hence at a lower T,. Iteration umtil teri-
minal conditions will produce the terminal distribution
over the rotational states. Stability of the results, with
reapect to the length of the elementary step size A/,
and the way in which terminal translational conditions
are determined, has alsc been thoroughly checked. The
terminal rotational distribution depends sensitivity on
the temperature profile along the jet center line in the
initial and intermediate region only, while what happens
in the final stages of the expansicn 18 relevant merely
to the translational properties of the jet because colli-
slona there are just a few and are, therefore, not suf-
ficlent to alter appreciably the rotational distribation.

To determine tranalational terminal conditions we
have used tha regults of Refs. 25-and 26, Typically for
stagnation conditions T =300 K, P=2 atm the terminat
width of the He velocity distribution calculated by our
program is 138 ms™ to be compared with 150 ms™* as
derived from Table II. We could, without appreciably
affecting the distribution over the rotational states,
bring the above-guoted numbers in exact coincidence
by changing the input value for the effective atomic
diameter (l.e., changing the mean free path at the noz-
zole), but this would serve no useful purpose, and would
also be unjustified without taking into account all the
complication due to the fact that the expanding gas is a
(albett dilute) mixture. Y Therefore we have chosen
an effective He diameter ot 2.7 A’ and, after verification
that our results did not critically depend on this choice,
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we have kept thls value constant throughout cur caleula-
tions.

Finally, in agreement with the majority of the previous
papers dealing with free jots (see, for example, Ref, 3),
we have not used in the caicylations the measured nozzle
diameter, but an "effective” nozzle diameter which is
12% smaller? than the nominal one.

DISCUSSION

With respect to the rate constants for the inelastic
transitions we have used those calculated by Green and
Chapman (GC), ' extrapolating the rates missing in
their tables by making use of the inverse power scaling
law In[% ;42K + 197 | = Inkg + In{aE™"), introduced recently
by Pritchard and co-workers.* Since GC carried out
their calculations at a finite set of temperatures between
10 and 100 K, we have interpolated the other needed val-
ues by means of quadratic (its to the values of the power
low parameters k, and = obtained at the available tem~
peratures. For even AJ we have found &, = exp(18,9773
—-0.0381 T+ 2X10™ T and n=1.9463 - §3.54%107°T
+8,42x10° T, For the odd A/ transitions &,
=exp(15.1161 -6.5X 10 T+ 2.9x10° 7% and n=1.08
~6.9%x107 T+ 3.8x 107" T*. No data above 100 K are
needed because the detailed calculaticn of the popuia-
tion in the jet always started {see previoua section) when
the temperature was below this value. The results ch-
tained with 2 atm in the source, using the GC rate con-
stants are shown as curve a in Fig. 3. The predicted
populations appear to be in good agreement with experi-
ment and the deviations from the Boltzmann distribu-
tions are clearly reproduced. Unti this peint, Erom the
point of view of the rate constant, we have considered
the 10% CO in He mixture as a infinitely dilute mixture
considering identical the probabilities for inelastic
transitions in CO-CO and CO~He collisions, This ia
clearly wrong and a correction is called for. Unfor-
tunately inelastic rate copstants for CO-CQ collisions
are not available Ln the literature and one has to resopt
to estimates based on sound absorption® or Senftleban—
Beenakker effect™ measurements. Using sound abserp-
tion measurements® one can see that for both O;—He
anrd Nj—He mixtures He—molecule collisions are about
ag eifective 48 molecule-molacule collisions in relax-
ing rotational energy. Data on He-COQ mixtures are
misging but since CO-CO collisions are somewhat more
effective than N;—N, collisions'®'®’ we can conclude,
from this point of view, that the He=CO rotational re-
laxation rates are in average a maximum of two times
as small as the corresponding CO~CO rates. On the
other hand it is well known, from molecular beam scat-
tering differential ¢cross section measurements, 3! that
the nonsphericity of the N;—N, potential affects the scat-
tering pattern® (in the form of quenching the rainbow
oscillation} while this is hardly the case for the diffrac-
tion oscillations present in He~N, collisions.® Al-
though this could be a purely elastic effect it, neverthe-
less, seepms to indicate that the factor of 2 ratio dis-
cussed above may indeed be too smalt. Considerations -
based on ratios between cross sections retevant to
Senftleben~Beenakker measurements® coupled to data
on the viscomagnetic effect on pure diatomic gases®®

04

-1

in N'L3)
4

4
1

-3

T T

[ 12
JOJ+ 1)

FIG, 3. Comparison batwesn experimental and calculated ro-
tational state populations (relative to the J=10 level) of CO sam-
pled from the free |et expansion of 8 16% CO-90% He mixture
with stagnation pressure of 2 atm. The experlmental points (§)
refer to the same experimental conditiong, but are shown shifted
on the vertical scale to avoid overlap between calculated lines.
Solid line 2: Green and Chapman rate constants, no CO-CO/
CO~He correction. Line & GC rate constants, correction
fagtor=2, Line ¢: GC rate constaats, correction factor=7,
Line d; Thomas ef af.** rate conatants, correction factors= 2.
Line ¢: Thomas & al. ™ rate conatants, correction factor=7.

and their mixtures with noble gases™ suggest that rota-

. tion relaxes seven times [aster in pure N; as in N,-He

mixtures. This value seems quite high and will be taken
as an upper limit for our cerrection which concerns
He—-CO mixtures.

We have then recalculated the rotational distributions
with the correction included and the results are shown
in Fig. 3 as curve b and ¢ (CO~-CO rates equal 10 2 and
? limes the CO=He rates, respectively). The agree-
ment with experiment is of course worsened, the popu-
lation of the J =3 level (relative to tha J2 0 populgtion)
being about a factor of 2 smaller than the measured one.

Nevertheleas it should be noted that the first few cross
sections pertinent to rotational energy change in He-CO
collisions have been recalculated recently by Thomas,
Kraemer, and Dierksen™ starting from an interaction
potential calculated using a configuration interaction
algorithm which is, by a substantial amount, more re-
liable {and also more expensive) than the electron gas
model used by Green and Thaddeus in their calculation
of this interaction.* Unfortunately the cress sections
caleulated in Ref, 34 are just a few and they have not
been integrated to yield rate constants. Nevertheless
the comparison between the results of Refs. 4 and 34
carried out in the latter paper revealsa systematic devia-
tions with all odd cross saetions being 30% largerandall

J. Chem. Phys., Val. 74, No_ 4, 15 February 1981
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In N'(}

0 2 6 12
203

FiG, 4. Coemparison betwoen axperimental and calculated ro-
tational state poputatlons {relative to the J=10 level} of CO sam-
pled Irom the free }et expanaion of a 10% CO--90% He mixture
al several values of the siagnation pressure. # Expsrimental
points, Upper and lower solid lipes are calculated with the
rate congtants of Thomas et of.™ and the CO—CO/C G -He cor-
rection factor equal to 2 and 7. respactivaly,

evan cross sections 140, smaller in the second paper
with reapect to the first. Moreover this diflerence is
not a strong function of the energy of the coll.sion if one
excludes the very low energles where due to the presence
of resonances, an accurate comparison isg difficult any-
how. In view of the sbove we have considered useful to
recalculate our distributions over the states, transfer-
ring to all rate constanis the corrections which are valid
for the first four cross sections of the collision matrix.
The results are shown in Fig. 3 as curves d and e (cor-
responding to the two extreme values of the correcting
factor that allows for CO-CO collisions).  The agree=-
ment with experiment remains substantially unchanged
although the best results aré now obtained fot a cor-
vecting factor equal to 7 while before the best value was
2. In Fig. 4 we compare experimental distributions
over states with those caleulated using the rate com-
stants of Ref. 34 at all pressures for which condensa-
tion free data have been cbtained. The agreement be-
tween experiment and theory ig satistactory but in view
of the many approximations and corrections involved in
the calculations and the experimental uncertainties (both
random and systematic) we feel that more diluted He-
CO mixtures should be measured (our attempts in this
direction have been thwarted by the premature death

of our diode laser} and similar data should be chtained
for other manatomie-diatomic gas combinations for
which good potentials and rate constanis can be or have
been calculated (He~H,C0O, He—(CO, among others} be-
fore the conclusion is drawn that free jel expansions can

be systematically used to obtain detailed and reliable in-
formation at low energy rotationally inelastic collisions.
However, we believe that it has been shown here that,

in the case examined, there is a good match between
theoretical and experimental uncertainties and that it
would be worthwhile to go a few ateps forward in both
directions because there is good information to be gained
witheut having to recur te difficult crossed beam experi-
ments. This is the more true the lewer is the collision
energy considered, because it is quite possible that, for
instance, in measurements with high expansion ratics

of light—heavy mass mixtures, the contribution to the
total relaxation of resonant seattering could be mea-
sured. To this end a dilute parahydrogen CO, mixture
appears to be one of the most promising candidates.
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Abstract, The laser-bolometric infrared spectroscopy is an efficient method for measuring
the internal energy distributions of molecular beams, Additional informations about the
kinetic energy distribution of moiecules in a selected internal state can be obtained from
time resolved experiments. A fast superconducting bolometer and a pulsed infrared CO,
laser have been used lor testing the use of this technique as a universal too! for molecular
beam diagnostics. Experimental results are presented and anatyzed for pure SF, and helium
seeded with 5% SF, beams. The efficiency of fast superconducting bolometers, used for
molecular beam time-of-flight measurements, is discussed. A comparison is made between
time resolved iaser-bolometvic technique and alternative molecular beam diagnostic

methods,

PACS; 34.50L, 33.20E, 3580

Molecular beam collision experiments are a primary
source of information about inelastic and reactive
molecular interactions in the thermal energy range [1].
A complete characterization of these phenomena re-
quires a knowledge of detailed energy balance, with the
contribution of kinetic and internal energy distri-
butions, A chemical analysis is also needed when
reactive collisions take place. The measurement of all
these quantities, in a single experiment, 13 a very
difficult task and it is possible to restrict the in-
vestigation (o a limited set of parameters only in a few
cases. The experimentation of new, efficient and ver-
satile molecular beam detectors would be of great help
in the development of this fictd. Among the detectors
available now, the most popular is the electron bom-
bardment ionizer, followed by a mass spectrometer
(usually an electric quadrupole). The principle of oper-
ation and the main characteristics of this detector are
well known [2]: it is mass selective and is fast enough
to measure the kinetic energy distribution of the beam
by means of the time-of-flight [3] (T.O.F.} technigue.
Unfortunately, ionizing detectors éannot be used to

analyze internal energy distributions: a dependence of
the jonization efficiency from the vibrational state of
molecules has been observed, but is not selective
enocugh to allow a quantitative analysis [4]. When
mass selection is not needed, cryogenic bolometers are
an efficient alternative to ionization detectors [5]. A
bolometer works like a microcalorimeter converting
the energy released by the beam on its surface to a
resistance change. Commercially available bolometers
are based on semiconductor crysials (doped silicon or
germanium) and have been developed primarily for
infrared radiation detection. The typical response time
of semiconductor bolometers is in the millisecond
range and is too leng to perform T.O.F. measurements.
A significant improvement in the molecular beam
bolometer has been achieved by Gallinaro and cowor-
kers [6, 7], using a thin film of superconducting ma-
terial as 4 sensitive element. Their detector reaches a
response time around 107 %s, with a noise equivalent
power in the 10~ '? W Hz ™ 2 range. Cryogenic bolom-
eters can be used to analyze internal energy distri-
butions by means of the so called laser-bolometric

co,
LASER

Fig. 1. Experimental set-up (N: supersonic nozzle source: §: skim-
mer; C mechanical chopper; &: NuCl lens: B: fasi superconducting
polomeler : W optical window)

technique, introduced in 1977 by Gough et al. [8a]. It
consists of measuring the energy absorbed by a mole-
culur heam from a cw tunable infrared laser, as a
fun<tion of the laser frequency. The ahsorbed energy is
carried by the molecutar beam on the surface of a
bolometric detector. Radiative losses ¢n the beam path
are negligible because infrared decay times are typi-
cally jonger than malecular flight times. A bolometric
signal is observed whenever the infrared laser is tuned
on a mokecular ro-vibratienal transition. This signal is
proportional to the concentration of molecules oc-
cupying the state involved in the transition.

The laser bolometric technigue has been applied, up to
now, to several different measurements including sub-
doppler infrared spectroscopy [8b, L0, vibrational
predissociation of van der Waals molecules [8c, 10]
and rotational distribution analysis [9, 10]. In most of
these experiments the bolometer is coupled to a mass
spectrometer for obtaining, respectively. information
aboult internal states and kinetic energy distributions
(TO.F). We note that this choice leads to complex
experimental apparatus, with maltiple differenvially
pumped vacuum stages, where the main feature of
mass spectrometers (i.e. the mass discrimination) may
be unnecessary. Indeed the bolometer, when coupled
to a tunable infrared laser, becomes by itself a selective
device for chemical species [8a). Starting from this
consideration we decided to use the fast superconduct-
ing bolometer developed by Gallinaro and coworkers
to extend the laser bolometric technique to kinetic
energy analysis, by means of pulsed laser sources. Our
uim was to demonstrate that time resolved laser-

D. Bass et al.

bolometric spectroscopy van be used like a universal
tool for molecular beam diagnostics,

Fxperimental Set-Up and Results

The experimental set-up {shown schematically in
Fig. 1} is a modified version of the apparatus described
in [9), to which the reader is referred for a detailed
description. The present configuration has been ar-
ranged for studying the multiphoton absorption and
dissociation of $F, molecules. Nevertheless this paper
will be devoted only to the description and characteri-
zation of the bolometric detection system.

The molecular beam is produced by means of a
conventional supersonic nozzle source (nominal diam-
eter: 30pm) and is skimmed before entering the de-
tector chamber. The apparatus can be operated with
two different methods for modulating the beam: a) a
mechanical chopper, placed 41.5cm away from the
detector, which operates up to a frequency of 450 Hz
with a duty cycle | to 80; b) irradiating the beam with
a pulsed laser when the rotating chopper is stopped in
the open position. The light source is 2 tunable pulsed
CO, laser (Lumonics TEA 820) which produces in-
frared radiation with an energy up to 3 pulses at a
maximum raie of 20 Hz. The pulse duration is about
107%s but the main part of the energy is released
during a time interval of about 2-10"7s. The laser
beam is focused on the molecular beam by means of a
movable NaCl Jens which is used to vary the irra-
diation conditions. The distance from the lens axis to
the detector is 33.5cm. The superconducting bolom-
eter is made by evaporating a thin film of tin
(dimensions 1.7 x 7mm?) on a Al,O, substrate, follow-
ing the procedure illustrated in [5 and 6]. The film has
a room temperature resistance of 20€L When operated
around the middle of the superconducting transition
temperature (about 3.7 K) the bolometer has a voliage
responsivity of [ 50V W™, a noise equivalent power of
5.107 12 W Hz~ %2 and a response lime of about 0~ %5
electronically measured. The electronic circuit used for
signal detection is shown in Fig. 2. The bolometer is
fed by an ultra-stable current source (set at 200pA)
and the signal produced by the resistance change of the
bolometer is amplified { x 100} by means of a wideband
transformer (Geoformer (5.4}, A general purpose dil-
ferential preamplifier (Tektronix AM 502} is used to
increase further the signal leve! before averaging.

The bolometer holder is made of copper and is in pour
thermal contact with the bottom of a liquid helium
cryostale. A suitable system of copper shields is used 1o
reduce the infrared background radiation. The liquid
helium bath is pumped below the He i-point {10 about
1.7K) to increase its temperature stability. The low
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[requency component of the botometric signal is used
as & measurement of the holder temperature. A feed
back system between this emperature reading and a
heater, wound around the holder, is used to provide
the temperature stabilization needed for operating the
bolometer.

An example of experimental data is presented in Fig. 3.
The upper curve (Fig. 3a) corresponds 10 a time-of-
flight spectrum, taken in the usual way by means of
mechanical chopper modulation. Figure 3b shows the
T.O.F. spectrum of the same molecular beam, obtained
by pulsed laser irradiation [P{20) ling]. In this second
case a continuous beam impinges on the bolometer
and a fraction of it is irradiated by a short laser pulse.
The bunch of irradiated molecules has an initial length
of about 0.5¢cm. The energy absorbed by the molecules
is carried to the bolometer, atter a time depending on
the velocity distribution. We assume that the change of
internal energy, induced by laser irradiation, has no
effect on the velocity distribution of molecules. Indeed
the momentum transfer due to photon absorption is
negligible and the ¥ — T relaxation cannot take place
in the collision free regime of our molecular beam. Our
conditions are completely different [rom those de-
scribed in a recent paper by Bernstein and coworkers
[12]. They have observed the change in the velocity
distribution induced by laser irradiation near to the
nozzle region, where the density is high enough to
allow V- T relaxation. Data in Fig. 3 corresponds, in
principle. to two different physical conditions: Fig. 3a
gives the TO.F. spectrom: of all the molecules while
Fig. 3b give the TOF. spectrum for those molecules
absorbing the laser line. This measurement could be
repeated at different wavelengths to analyze, in details,
the velocity distribution of molecules in different in-
ternal states. A suitable choice of excitation frequen-
cies can lead to a complete characterization of the
beam properties. Figure 3b shows also the presence of
a peak at a time near to zero, due to detection of
diffused laser radiation. The width of this signal is
much longer than the bolometer response time and is
actually limited by the transformer band pass. It could
be drastically reduced by means of suitable collimators
and by blackening the surfaces of the vacuum cham-
ber. Nevertheless, it is a geod practice to detect a small
fraction of laser light to have a simple and efficient
reference for the time scale.

Discussion

Time-qf—ﬂight experimental data have been analyzed
assuming a velocity distribution- given by [2]

Slohoev® exp{—{{o/u)in]?}, W
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Fig. 2. Electronic ctreuit for signal derection {CS: current source; H:
heating element for temperature slabslization ; $: sensitive surface of
the bolometer; T: wideband transformer; A: dilferential pream-
plifier) The signal to trigger the averager is taken by a lamp-
photodiode system from the mechanical chopper-or, alternatively,
from the laser trigger
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Fig 34 and b. Experimental time-of-fight spectra of SF, (sousce
stagnaticn pressure 12bar) taken bv 2 mechanical chopper (a) and

137; ;\ pulsed €O, laser (b). The flight paths are respectively 41.5 and
Sem

where the two parameters u and a are related re-
spectively to the mean fiow velocity and to the velocity
spread. Equation (1} has been convoluted with the pate
function [3] of the mecharnical chopper to [fit data
shown in Fig. 4a, while for optical modulation data no
correction is needed because the dimension of the laser
spot is negligible compared to the distance between the
lens axis and the bolometer. A further convolution
would be needed 10 analyze T.O.F. spectra obtained by
means of ionizing detectors, to take into account the
distribution of arrival times which are related to the
extension of the ionization region. This is not the case

g /
20 #

i

-

TIME (msec)
I'ig 42 d Experimental time-of-Mght spectra of SF, (ponts) Laken
by u mechanicat chopper (a) or by o pulsed 0, faser, wned on the
P1203 line (b, ¢, and d). The calcututed spectra are shown by full lines,
Expenimental conditions and best fit parameters are the following:
al pure SF, at 12a1m., u=3%0m/s. x=45m/fs:
b) pure SF, at 2atm, p=338m/s, a =60m/s;
¢) pure SF, at (2atm, u=390m/s, a=45m/s.
dy 5%8§F, in He at [.5atm., u=878m/s, x=91m/s,
Calculated curves have been normalized 1o M the maximum of
expenimental data

for bolometric detectors, because all molecules are
detected at the same distance from the starting point
las far as the bolometer surface is placed perpendi-
cularly to the molecular beam axis). A few examples of
caleulated time-ol-flight spectra are shown in Fig. 4 by
full lines, superimposed on the corresponding experi-
mental data. A résumé of experimental conditions and
best fit parameters for each curve is reporsed in the
figure caption. We remark that data for pure SFg
beams are probably affected by a systematic error due
to the presence of dimers and higher order clusters in
the molecular beam. These species have a velocity
distribution which may be slightly different from the
nmonomer. We note that the same problem is present
also with other detectors like the ionization one, where
cluster fragmentation can affect pure monomer
measurement. The best fit parameiers obtained [rom
pure SF, measurcments have to be considered like
average vabues and a more accurate study at different
wavelengths and laser fluence is needed to obtain more
detailed information. The curve in Fig. 4d corresponds
to a helum beam seeded with 3% SF, at a source
pressure of 1.5bar. In this condition the dimer contni-
bution to the bolometric signal is negligible [13] and
best fit parameters are not affected by this kind of
systernatic errors.

A comment is necessary about the efficiency of bolom-
eters when used for time-of-flight measurements.
Assuining that the stiking cocfficient of molecules on

the bolometer surface is one, we can distinguish three
contributions to the energy E. detected by the bolom-
eter, for each impinging molecule [5b]

E=E,+E+mi2, [wal

where E, is the adsorption energy, E, is the internal ro-
vibrational energy and mv?/2 is the kinetic term. This
last contribution is, in mest cases, the bigger one and,
of course, it depends on the velocity. For this reason (1)
should he corrected Lo take into account the vatiation
of detection efficiency with velocity. -A rough esti-
mation can be obtained assuming that E; is due
essentially to the vibrational energy. 1n general this is
slightly modified during the beam expansion. The
calculation of E, requires a detailed knowledge of the
surface composition. [n the case of highly condensable
species E, can be derived from the heat of vaperization
of the solid at 3.7 K. [n addition, a detailed evaluation
is very difficult to carry out because the assumption ol
unitary stiking coefficient may not be true in some
cases. The use of pulsed laser modulation eliminates
this problem of velocity dependence of sensitivity. In
fact, in this case a continuous flux of molecules impings
on the bolometer and the signal depends only on the
internal energy E, with time. As soon before the change
of internal energy induced by the faser irradiation has
no effect on the other terms of (2). Kinetic and
adsorption encrgies contribule to a de level which i
not detected.

Conclueding Remarks

We have demonstrated the feasibility of time resolved
laser-bolometric spectroscopy for measuring kinetic
energy distributions of melecules in a selected internal
state. This method may find wide application for beam
diagnostics when the fast superconducting bolometer
is coupled 10 u suitable pulsed infrared laser. [n our
opinion an optical parametric oscillator {117 {0POy
pumped by a Nd: YAG laser is a geod choice for this
application. It gives a typical line width up to 0.1em” !
in the spectral range from about 1 to 20pm. Although
the frequency resolution is quite poor when compared
to other tunable infrared sources, its {requency resolu-
tion is sufficient to resolve individual ro-vibruticnal
(ransitions of simple molecules. In the case of complex
molecules only a band contour can be resoived. On the
other hand, if complex molecules are studied, an
increase in resolution leads to a drastic reduction of the
signal, due to statistical distribution of the molecules in
the different states. Nevertheless the measurement of
unresolved band contours is sufficient for evaluating
the internal energy distribution. The power level of
ORO lasers varies depending on the frequency. but is



generally higher than tkW, and therefore, well over
the limit to saturate the molecular beam absorption.
Consequently, laser-bolometric measurements do not
require power level correction and data analysis is
drastically simphified.

It is now worth to compare time resolved laser-

belometric techniques with other diagnostic methods
based on laser induced Ruorescence (L.ILF) [n the
latter experiments the Auorescence spectrum is mea-
sured after a laser induced electronic excitation of the
molecule [14]. The L.LF. technigue is very promising
atthough its general application so far has been limited
by the need of suitable uv laser sources. Informations
ahout kinetic cnergy distribution of molecules can be
obtained by time resotved L.EF. [17]. The T.O.F. be-
tween the region where the beam is optically pumped
and that where it is state unulyzed gives the kinetic
energy. The kinetic energy distribution can be also
oblained from detuning measurements when the cross-
ing angle between the laser and the molecular beam is
different from 90° {§5). The same effect has been
applied 1o conventional laser-belemetric measurement
to achieve velocity resolution { 10]. The main advan-
tage of Doppler detuning is the possibility of perfos-
ming point unalysis of velogity distribution and there-
fore to avoid the losses due to long Night paths.
Moreover, all the molecules with a selected vetocity
contribute to the signal. On the contrary, a very poor
duty cycte is obtained when the time resobved tech-
niques are used. Where it is practicable the use of a
pulsed molecular beam source [16], would avoid such
4 problem. The disadvantages of Doppler detuning
metheds are the critical dependence of velocity calibra-
tion on geometrical factors and the need of tunable
lasers with narrow and stable lines. As observed before
an increase in the resolution of the laser leads to a
decrease in the signal when the molecules are distri-
buted over a high density level spectrum,
When the goal of the experiment is diagnestics and not
spectroscopy, the increase in resolution is o disadvan-
tage. From Lhe above considerations we may conglude
that time tesolved laser-bolometric techniques scems
10 be a convenient choice for molecular beam diagnos-
tics, expecially when complex meolecules are under
investigation.
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SUPERSONIC BEAM SPECTROSCOPY OF LOW ] TRANSITIONS .-
OF THE »; BAND OF $F,: RABI OSCILLATIONS

AND ADIABATIC RAPID PASSAGE WITH A CW LASER *
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‘The Pt3) and Pt4) manifolds of the »y band of SFg have been observed in a supersonic beam with a bolometric detec-
tion. The influence of the laser beam divergence on the-excitation etfickency hus been studied. Rabl uscHlitions aiv obseived
when the wavetront s tlat in the interaction region whereas only adiabatic rapid passage occurs when the mofecules see a

curved wavettont,

We have applied the ¢ryogenic bolometer method
of detection of vibrationally excited molecules in
supersonic beams [1} to the spectroscopy of 8Fg in
the 10 um spectral region. The P(3) and P{4) manifolds
of the »3 band which are in good coincidence respec-
tively with the R(10) line of the N,O laser and the
P16} line of the CQ4 luser {2] appeared to us as the
most suitable choice for such an experiment, given
the low rotational temperature in a supersonic beam.
Fig. 1 is the schematic diagram of the cxperiinent and
fig. 2 shows the bolometer signal corresponding to the
Ay and Fy components of the P(3) manitold when a
hetium beam: seeded with 7% of 8F is illuminated by
the Ny O laser. The comparison with a room tempera-
ture saturation spectrum confirms the assignment of
these low J tramsitions. Rccently we have obtained
similar results with a waveguide CO, luser for the A |,
Fy and E components of the P{4) manifuld respec-

* Work supported in part by B.R.E.T.

* Permanent address: Physics and Chemistry Lepartment,
University of Waterloo, Waterloo, Ontario, Canuda, N2L
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tively at 228.154, 245.080 and 257.116 MHz from
Q(38)E" [2].

We have used the P(3) A, line to perform a detailed
quantitative study of the influence of the interaction
geametry on the linewidth and excitation efficiency.
The laser beam divergence has been varied by turing
the position of the second lens of a telescope. Fig. 3
shows the bolometer signal as a function of this posi-
tion for three laser intensities. For these experiments
the laser trequency was locked to the center of the
line using saturation spectroscopy in ar auxiliary cell.
Because of the Doppler detuning only a fraction of
the molecular beam velocity distribution along the
uptical axis interacts with the light. The signal is pro-
purtional to the width of the hole burnt in this distri-
butien. This width is dominated by transit effects
(including amplitude and phase modulation in a curved
gaussian beam), The signal is thus minimum for mini-
mum transit broadening, that is when the 1elescope
tucusing is perfectly adjusted and it reaches a maxi-
mum when the molecular bear and laser beamn diver-
gences are matched.

To account for the experimental data of (ig. 3 we
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Fig. 1, Schematic diagram of the experiment. The molecular
beam machine consists of two separate chambers each with
its awn diffusion pump. Gases ure expanded through the 90
um diameter nozzle (N} followed by 4 0.5 mm diameter skim-
mer (S} into the second chamber equipped with a liquid-Ny
trap {Combined pumping speed of 1200 I/s). The operating
pressures in the two chambers are respectively a few 1074
Totr and a few 107® Torr. A beam flag and a choppet (C3)
are used for full beam intensity measurements. The bolo-
meter (B) located 50 or from the nozzle is mounted in con
tact with the cold surface of a liquid He Dewar, Its respon-
sivity is 7 X 1072 VW™ and the RMS noise at 4.2K is

100 nV Hz ' 2, The cw N3O laser (L} is a conventional low
pressure laser, Saturaled abscrption in an auxilliary cell (3C)
is used to control the frequency tuning or to lock this fre-
quency to the center of any observed resonance. The taser
beam chepped by C; at a frequency acound 30 Hz is expanded
with a telescope {T)&nd spatially filtered with a pinhole {C}

found it necessary 1o use a nen-perturbative calcula-

tion of the interaction between the molecules and the
gaussian laser beam based on the equations of refer-

before its interaction with the molecular beam, The focal
length of the 1we lenses of the telescope (L) and L) are re-
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ence {4]. This theory shows that, in the sirong field spectively Fy = L0 cm and 73 = 33 em.

regime, the transition probability averaged over the
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Fig, 2. 8F¢ spectra obtained with the RO10) N, O line; {a) supersonic beam (7% SF4 in helium, source stagnation pressure 1.8 bar),
(b) saturation spectrum in a room temperature cell. Frequencies are in MHz from the N2 O line center (2]. The absolute frequency
of Q(37) F] 1s 28414593720 kHz [3].
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Fig. 3. {a) Excitation efficiency as a function of the laser focusing (positicn of the second lens of the telescope in units of fosal
length F; = 33 cm with respect ta focal pesition) for laser powers respectively equal to 1.8, 6. and 19.4 mW. The only adjustabie
parameter of the set of calculated curves (solid lines} has been the signal amplitude for the point indicated by the arrow.

(b} Gaussian laser beam 1/e radius wg as a function of the laser fecusing,

velogity distribution undergoes Rabi osciflations only
when the laser field has minimum curvature in the
interaction region for reasons to be discussed helow.

To demonstrate these oscitlations with a good
enough signal-to-noise ratio we had to increase the
number of interacting molecules without introducing
cugvature that is when the telescope is afocal and for
this we modified the telescope to reduce the beam
waist radius 10 3 mun when located on the molecukar
beam {in fig. 1, the focal length F, was changed to
6.7 cm).

In fig. 4a we give experimental evidence that such
oscillations do occur when the ¢.w. faser field strength
is varied. The oscillations disappear for highest fields
owing to the transverse field distribution and 10 the
existence of three different Clebsch-Gordan coeffi-

cients in the dipole moment and are well represented
by the theory.

When the laser beam waist is slightly offset from
the molecolzr beam, i.e. when the molecubss see curved
wave-fronts, the Rabi oscillations disappear as illustra-
ted in fig. 4b. The reason is that, as they travel across
2 curved gaussian beam, molecules see a linear sweep
of the instantaneous frequency which induces a rapid
adiabatic passage [5] if the field is strong enough.

This rapid adiabatic passage inverts the mediom with.
out possibility for a complete Rabi precession as illustra-
trated on the pseudo-spin [6] trajectories given in fig.

5. This doubles the available signal from the case where
populations would be simply equalized. A detailed de-
scription of the coherent interaction between a gaus-
sian laser beam and a supersonic molecular beam will

be presented in a further paper.



 OPTICS COMMUNICATIONS

: (a) : (1)

x Y J
E SRR -
H . AR ‘L\ﬂ i .
ERE ﬂ”_m\\ rv,- ¥ i H A o
i ; El o - -
r . r v
H fl "\—-ﬂ\.mf"‘ﬁ i 4'_‘0
i f H
P cd [ -
H i _

3
H H
= 2 B
o . R
2 -
s 15

=2 J

8 kAL o .1y 2 s
{Lasen powen )" et “ v U o

" e : {Lasen powen]™ Chwary wa

h%. ;4h (z:) ‘Rabi uscil]a-lion of the hnlon'!cler signal as a function of the laser field. The laser is locked to the P(3) A; line center
?g} | e ﬁ.!rr buam waist {wy = 3 mm.) is accurately set on the molecular beam. The horizontal scale is roughly in (Watt) /2.
ame as () but the laser beam waist is slightly oftset from the moleculas beam (the second lens of the teiescope was moved

by 0.5 man with respect to (a).

P INCREASING
CURVATURE

INCREASING  FIELD

:‘15‘ lf‘;;s;udf-spin trajectories in 4 gaussian laser bear calculated from the equations of ref, |4] with a predictor-corrector

17 Ppy — Pm'.zR2 = 2Re oy and R =2lm Py For (a), (b) and {c) the radius of curvature in units of half conf
parameter 2R/b = 355 atid w?/wi = 11.48. F = % i o of
it e ot 3 (oo ! r;pecli;eh; l%r:d)(ar;d (:),(3&1’3.!14—[4.25 and w*/wj = 1.06. The Rabi frequency in units of reduced
! 4 1 .8 for (a) an ), 3.4 for (b) and {e) and 39 for (c), For {d) and (e} the cuvat,
is small enough for Rabi precession to cccur. For (a), (b) and (c} adiabatic rapid passage inverting the populations takes ;:cl:e

the only effect of a field increase is to complexify the trajectory between the two poles.
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A quantitative understanding of the excitation ef-
tciency should be useful 1o most physical chemistry
studies combining molecular beams and lasers. Fur-
thermore the possivility to produce vibrationally ex-
cited SFy in states of well-defined symmetry should
be specifically of interest to reactive scattering studies

with this mofecule.
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Ch. J. Bordé, $. Avriilier, A. Van Lerberghe, Ch. Salomon, D, Bassi (**)
and G. Scolea (*¥) (+)

Ldboratoire de Physique des lasvrs (Assocts au CONGRLS., LA 282),
Untversitd Parie=-Nord, Avemue J. 8. Clément, 33430 Villetaneusze, France

(** Istituto per lu Ricerca Soientifica e feenologiea and Unatd CNR-GNSH,
ipartimento di Fivica, miversitd d7 Trenio, 38085 Pove (TN}, [talia.

Abstract : We ruport a first observation of optical Ramsey fringes in the
10 um spectrul region uaing a qupersonic seeded beam of 72 SFﬁ in He, 1llu-

ninated by a C02 laser in spatially-separated field zones. We have used either

three standing waves or four travelling waves and chtained highly contrasted
fringea with a 2% kHz half-width corresponding to a 5 mm distance between
zonesa.,

Laser excitation of the vibrational energy of molecules in a beam can be con-
venlently detected with a cryogenic bolometer [1] and a demonstration of this tech-
nique in the cage of the v, mode of SF6 excited by CG2 or NZO lasers has been re-

cently givem [2] . With thig equipment the spatial analog of coherent transient
effects such as the Rabi oscillations of the transition probability and the adlaba-
tic rapid passage were shown to occur respectively with plane and curved wavefronts.
In an attempt to investipate the potential use of this method for very high resolu-
tion spectroscopy and optical frequency standards we have made a preliminary experi-
ment to detect the Ramsey fringes asscclated with saturation spectroscopy In an in-
teraction gecmetry compriaing three or four fileld zones [3-147.

For thia experiment we used rhe P{4) F’1 and £ components of the V_ band of SF

3 6
which can be veached with a waveguide Cﬂ2 laser oscillating on the P(16) CO2 line
quency of this laser we locked it, with a tunable
to a conventional reference laser locked to the QC45) F; SF6 line.
The beam from the waweguide laser was spatially filtered and magnified to have a walst

of w, = 6 mm. In the case of {llumination by this single beam the resulting width

at 10.55 um. To control the fre
frequency offset,

(FWHM)} of the observed line was a combination of transit broadening and residual
first-order Doppler effect along the optical axis and amounted to 300 kHz .We used
the Rabi oscillation to set the laser beam walst precisely on the molecular beam [2].
Four oscillsticns of the signal could be abserved with a 40 contrast with succes-
sive minima obtatned for a total power of "1,4,9 apd 16 mW.

To obrain fringes,part of the laser beam was intercepted before the interac-
tion region by a screen which transmitted the light only through | mm wide slits.
Two different geomeiries were used in these experiments. In the first one, three
equidistant standing waves were generated by three equidistant slits of 5 rm sepa~
ratlon together with a corner cube placed on the other side of the molecular beam to

(")Mork supported in part by D.R.E,T,

(*)Permanent address : Physics and Chemisrry Departmenr, University of Waterloo,
Waterloo, Ontario, Canada, N2L 3GI.

back through the slits. In the second geometry, only two of

retroreflect the light between the center of the slits and

d., An offset

i:: E:ﬁ:::u:fst;;sczssir1iizzi;:;2rated two counter-propagating se;s ofht:ZZEI;;:g
waves with a 5 mm distance between adjacent co-propagating :Tva:oﬁmne;: this.experi_

between the two sets can be arbitrary and was actuaily S e
spacinﬁu_ih econtras:ed fringes have been obtained in both cases and a nex
T::téiguie :1aplays the signal correspnndiniizelc&:miz;rf;iszziltzg ::::sgugzg;:ea

a

ot :E purilzi:r:¥ei£;:§e:::§s[:Es?ﬁg?izn;pue have here a first demons;ra::?n oihe
Eﬂi: eozgibility together with the Ca beam experiment of Helmcki i;o:déging ;1dth
broadppedestal has a width ~l.4 Miz corresponding to the tr?::ht(HWHM) e
across a single zone. The fringes themselves have a 23 Kz w

with a "930 m/sec peak velocity of the SF6 molecules [15].

Fipure 1. :
Ramsey pattern obtained for P(4)F, SFg line with four .
travelling waves (interaction geometry illustrated by the
inset). The horizontal scale is linear in frequency and
one fringe period corresponds to 92.3% lHz. The total lzs:r
power hefore the slits was 18 wd. The signal was recorde
in a aingle one minute sweep with a 0.1 second time constant
and a 30 Hz modulation freguency of the lager amplicude.



We have the choice between various mathematical tools for the theoretical descrip-
tion of these expertments. The approaches which have been used in the past are ei-
ther perturbative calculationa using density matrix diazgrams or numerical treat-
ment3 of the density matrix equations tn the strong field casel 4,51, Another po-
werfil togl is the 2x2 matrix formalism praseénted at this conference [16] . Since it

applies very well to the present experlment it is worth giving here a brief outline
of this theory.

The evolution operator for the two-component o 1nnt(: 4 ib -
aysten 1y roiutlor PO P ) escribing a two-level

T T
Y, -l%p;f LEO R N
t

a

E, 0O Y, O

where = b b

+ V(t) and [ = are easily expanded on the
o E, 0o Ya

basis ¢f the Paull matrices 1,3.

The time-ordering operator.gcan be ignored either in the case of travelling
waves with conatant fielda in each zone or in the case of standing wavees with arbi-
trary transverse dependence of the fields.

In the first case the interaction hamiltonian ¥(t) 1s time-ind endent a
&P in
rotating frame {if we make the rofating wave approximation) :

uE a exp(tikz+1iy)

exp{Fikz-1y) 4]
The evelution operator reduces to a simple 2x2 matrix :
+ikz
e

A B V[ rem v, Qe-t ) 3.3 Qlt-t )
ez = exp i (-1 —=.b_ ﬂ)(t—t YL cos —— 2 4+ - gin ———2
Ce D 2K 2 b 2 Q 2

E - _1
where @ = “ﬁ— cos(ke+qd, & “E sin{kz+y), Qo s kvz + I(Yb—Y )/Z)
a
is the effedtive field vector and with

LR AR V- TR R I

o

With four travelling waves and molecules initially in state a, we obtain the final
two-component spiner by simple multiplication of matrices :

= AW -
A, Bye Ltk )1/2 A B thz [ fevy (e-1)
ke -1 +kv -
ce v, 0 . (), +kv,)T/2 C}Qikz , o oY, (t-T)
s, Bzeikz. At PV L VR, A Bleikz o
~tkz -4, - -
cye », 0 e 1(okv, }T/2 ¢y 1k, n, |

where T 18 the time of Flight between the first two and last two f1leld zones. For
the sake of gimplicity we have taken Vg * Y and we have ignored the time of flight

between the two central zones but we have writtem explicitly the change of rotating
frame between these two counter-propagating fields.

@

The part of the final upper level population representing the fringe pattern

is simply :
24 T 240 T
% *, %, ok % o * ok, k% [}
bt _-(AAB.,‘A3C3A252B1D1e + A45453D3C2nzalnle + C.l:.)exp( szaT)

The Doppler phase cancels cut because it reverses iIn the second dark zonae.
(It 1s easy to follow the corresponding trajectery of the pseudo-spin and this will
be 1llustrated in another paper}. The factors multiplying the oscillating terms
expt21Q T have to be numerically integrated over the v_ distribution to obtain the
exact agape of the fringes envelcpe. Let us finally polnt out that when the field
phases cancel out {which 1s the case in ocur experiment) the central fringe corres-
ponds to a negative contribution.

In the case of standing-waves we cannot completely remove the time dependence
of the interaction hamilronlan which 1s written {in the rotating frame at w and in
the molecular frame)

d -
Vom -ME coslkz + kv t + @) Ulr + vt) O
where U(;) is the transverse dependence of the field in each zone.
The only pessibility to reduce the total hamiltonian to an operator commuting with
itaelf at different times im to neglect the o, tern during the interaction with
the field. The evclution operater is then simply @

I cos® + ia, sin®
E
with ¢ = ;Lvl;._:]- U(t)cos(kvzt+ ke + @)dt
-0

The time evcolution of the two-component spinor is again described by the pro-
duct of matrices corresponding to the five zones and the final result for the
oscillating part of bb* has the following form already derived by Dubetrsky [6]
with a different approach :

1
oy — -
bb n exp( ZVbET} cos ZQDT sin 2@3 cos 2@2 ain 2¢l
This formula displays the oscillation character but, unfortunately, does not have
the gimplicity of the travelling wave case since further integratfon on both z and

v, sre required to obtaln the signal.

A detailed comparison ¢f the obaserved line profiles with calculated ones iz
presently under way. The predicted apparent splitting of the fringe pattern in a
strong field has been observed in the three-slit experiment and is also being in-
veatigated.

We expect now to be able ro increase significantly the resolving power with
Gauselan zones separated by much larger disrances using the corner cube technigues
deacribed in [17} . Let us finally point out that a major advantage of supersonic
beams for an optical frequency standard is the good monechromaticity im velocity
space yielding a well-defined second-order Doppler shift.
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The infrared multiple photon excitanon ot g in a supersonic molecular beam has been investigated by means of the
luser — bolometric technigue, In this experiment molecules are irradiated bejow dissociation threshold in a true collisionless
regime. The absorbed energy is detected by means ol a Tast superconducting bolometer. The molecular beam is obtained by
expanding pure SI'g and SFg seeded in helium or argun at different pressures. The multiple photon excitation specira are
very sensitive to the molecular beam conditions. Spectra become narrower as the pressure is increased. This effect has been
attributed mainly to the rotational couling which occurs during beam formation.

1. Introduction

Interest in laser setective chemistry und isotupe
separation has, in recent years, spurred extensive ex-
perimental and theoretical investigations of infrared
multiple photon excitation (MPE) and dissociation of
polyatomic molecules {see, for example, ref. {IT). It
is difficult 1o summarize in a few words the main re-
sults obtained in this fast growing research field. [n
general we can say that a complete quantitative de-
seription of MPE is not yet available, but some inipor-
tant points are now well established. The rcason tor
that is 10 be found in the complexity of the energy
level schemes of the melecules involved i the st
few MEPL processes. 11 konown that the 1ust vibia
tional tevels play the main role o detenmmne the eaci-
tation sefectivity, The experimental obsesvation of
narrow resonances in the MPE spectrum [2] together
with a better theoretical description of the rovibra-
tional tadder [3] can contnibute to further clarify this

* Pesmanent address: Departinent ol Chemistry, University
* of Waterloo, Waterloo, Ontariu, Canada N2L 3G 1.

point. The relationship between peak laser power,
fluence and excitation has been studied in detail else-
where [4]. It has recently been demonstrated that the
generally accepted energy fluence scaling law fails when
the peak power is larger than =200 MW cm~2 [4b].
New experimental methods have recently been intro-
duced to improve the accuracy of MPE measurements
[5.6]. One of the aims of these new techniques is to
clearly separate the collisionless excitation from colli-
sion effects. Collisions are the source of specific effects
in cell experiments especially when long laser pulses
are used [7]. Other errors can originate from photon
absorption From malecular Fragiments sl by sell-
Teresamg ol vadtatinn aleng dee cell path |81

o well haown that these eltects ae il presenl
in melecular beswn experiments and, indeed, this tech-
nique, together with mass spectrometry, has been suc-
cessfully used to study the multiple photon dissocia-
tion of polyatomic molecules [9]. To extend molecu-
lar beam studies below the dissociation threshold laser
induced fluorescence has been proposed and tested
[ 10}. This technique can give detailed information
about the first steps of the excitation, Unfortunateiy,



“its wade applicition ds iied by the need tor suitable

UY tunuble lasers. The mcasurement of energy Jepusi-
tion is, in the inlrared region of the spectrum. the log-
wal altermalve 1o the Ruorescence excitation merthad.,

With this in mnd we decided to investigate e ex-
tensiut ol (he laser bolometrig technigue 111 1o
pulsed luser excitation and apply it to the measnre-
mental S MPE spectia. Up 1o now this techniyue
tas Tound several applications in infrared spectioscopy
t12- 15) and, in particwlar. it has been used 1o study
the low J transitions ot the #y hand of SFg {14}, The
hasic idea in faser holometne experimenls, is to nica-
sure the energy absorbed by @ molecubar beam by
meuns ol o cryogenic bulometer. The result of e
measuremnenty is essentially the average number o)
photons absorbed by vne molecute, Thus the 1esulls
are directly comparable to the data obtained in cell
experpnents. Fhere s a strong analogy betweon Liser
bolenetric and opto-acoustic techniques [16], Boih
of thew are bused on the measurement of the eergy
abscrbed by the sumple instead ot the laser bean at-
tenuatien. Towever, in the beam the cooling of e
wirernat degrees ol tfreedom assuciated with the super-
seniv expansion can be utilized to vary the initial ener-
gy distribution of the moleceles amd 1o study ity eftect
ot MPE efticiency.

2. Experimental

The experimental apparaitus, shuwn sehematically
i fig 1, is amaditied version of the woleculn heam
intrared spectrometer described in ref, [15]. In the
present configuration the IR source is a Lumonics
TEA 820 tunable €Oy laser. 1t produces multimode
2 I puises, operating al 4 maximum repetitivn rate of
20 pps. About 50% of the energy is released during
thee first 100 ns of the puise, followed by the usual
abtrogen tail. The laser beam is focused on the molec-
wiar bean by means of a cylindrical lens ¢focal length
30 ¢m). The ireadiated region is 1.6 cm long. The
energy density can be varied by changing the leny po-
sition without affecting the length of the irradianed
region. A variable attenuator is inserted between the
laser and the lens o equalize the intensity of different
taser lines.

The molecular beam is obtained by supersonic ¢x-
pansion of pure SF¢ and SF¢ seeded in helium or ar-
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Fies Lo bsperimental apparatus: ¢ 100 TEA (O3 Leser, (20 sari-
able attenuator 03k cylindtical fens (45 Liser detectisr or spe
truire anby2er: €537 supersonic beam source; (b) skinuner: 17
chopper: (8 aptical Battle: (9) helometer, 110 mss spee-
Tromeler,

gon, througlh a ronm temperature nozze of (30 ¢ 3)
X1 * em diameter. The densiry ul SEy moelecules
i the hean can be momtored by aveans of a2 quadri-
pule mass spectiameler.

The moleculur beam detecror is a fast superconduct-
ing bolometer [17].The detection system is desciibed
indetailin ref. 18] The detector has # rectunguiar
shape 4 12 4 mm Y amd iy located 33.5 e dowinsticam
ot the center ol the vradiation region. We take advan-
Lage G (e [ast response time of the superconducting
bolomeler tu separate the spurious signal due 10 elec-
tronnagnetic interlerences and dittused tntrared radia-
tiom feom the signal due to vibrationally excited mole-
cules. The spurious signal is synchronous with the laser
puise while the molecular one has a delay conrespond-
ing to the time ol Might o) the excited molecules from
the excitation region to the derector, In x typical mea-
surement we resalve the time dependence of the Bolo-
metric signal &) (23 by means of electronic averaying
the contribution et 100 successive putses, The grey
under the signal is propuortional te the energy absarbed
by the molecular beam. We lave measured the inlegral
holometric signal as a functivn of laser {requency und
sauree pressure. The bolumeter and the guadrupole
mass speclrometer are bolll used 1o obtain the calibra- -
tun ul the average numbes ol photons absorbed hy
one molecule. The first step consists in measuring the
intensity of a mechanically chopped pure SFg beam
hy means of the holonxter, The signal 8 is given by

Sy = agR(EL +E4). (2.1}

where & is a geometric paramcter, $ is the molecular
beam ux and R is the bolometer responsivity. The
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energy £+ F s the sam on £ the wotel eneney pu
heam muolecude. and £, the adsoption eovigy ol SE
on the bolumeter swifuce. The value of &7+ 8 has
been chosen equal to S.6 X 107 2 Finagreement with
the cvaluation of ret. [23]. After this measienment

tre mechutieal chopper i stopped nits open position.
[he besm s ieradiuted by the pulsed Taser amd tie sig-
nal 85 ) iy measured, We can write

2

= _fx, (0 = apRENY B L) . I

where £, 15 the length on the illuminated region aud ()
i the averape velocity ot SFe motecules. The geometric
parameter @ inegs. (21 and (2.2) 18 the sume because
the dimension ol the laser spotan the rrahation rexion
is krger than the mulecular beary dinmeter. The valu
i is vbtained by analysis of the ime dependence of
Sy 0oy [16]. The product agl /o) gives the number ol
molecules inpinging o the bolameter aiter betng ex-
pused to the faser pulye, OF course we assaine that
there bs nooss of miolecules due te photodissociation
elfects. This condition 1s saristied it the laser tlaenee

i set below the muliple photon dissocation thieshol]
angd i1 dimers o higher clusters are absent from the
beam. The latter condition will Turther he discussed

in more detail. The energy £, which appeurs in eq.
2.2y is the energy ot une 1006 gy photon, The aver-
age number ol photons absarbed by one molecule (V)
is then ubtained ay

THEA 1w
(J‘V):fr' A g v

This calibration cannot be applied directly 10 seeded
heams hecause in this case we do not know in detail
the concentration of heavy molecules in the beanyamd
the energy distribution among SEg and the carrier gas
126]. To overcome this probiem we have used o rela-
tive calibration. The seeded melecular beam is mechan-
ically chopped and its intensity is meusured by means
of the mass specirometer instead ot the bolometer,
The mass spectrometer is tuned on the Sl"g [IEREWIIN
gives a signal S5 propurtional to the SF, densty in
the beam

S, x pflu) (2.4
The ratio I/8 is proportional 1 (A

We et
(N = KISy . (2.5)

The preportionslity constant K is idependent of the
bewnt vebocity e and i the seme for all tvpes o SF
mixttires, The actuat value of A is determined by
mcitts o 3 puie SFg beam whach has been indepen-
dentdy calibriced by means ot eq. (2.3, under the
same laser conditions, When the source operates with
seaded mixtuies e maxinm eperating pressire is
limited by condensation eilects, Dimers und higher-
ordet clusters may he produced during the expansion.
Atter Taser irradition these species undergo vibrationat
predissociation [19], As a consequenge the bolometric
stgial 1y decreased by the neganive contobution of the
tragmiems Teaving the beam. This ellect hus been pre-
vinusly used with ew fisers to measure the vibratonat
predissociution spectiim of N and €0, dimers
1131 A example of such behavionr s shownn g, 2
AU higle pressures (hige Zud wnegistive stpoal s mea-
sured when the Taser s tuned at the PEOYCO, line,
This Dequency o tar fronn the range detioned by the
MPL spectonm [T but s near a peak o the broad
whrtons] predissocation spectimm ot §E diners
and clusters [19]. When the presstue is redoeed the
nepative signal disappears (G, 2o We con conclide
that the signal of Tig. Yoy snomdication of the presence
ol polymeric species m the beann, 1 the faser is tined
wt the PO €O Tine, neai the masximnm of the MPE
spectrim, u ditferent belaviour is observed. The high
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Fig, 20 Fimeiosalved balometiic signal Tar 107 81 seedvd
ire helium, G Source pressare T, PO COq Laser line,
() Souree pressure O, POERY COg laser line, 100 Source
pressure 28 atm, PEHECOy Bser line, (d) Soutee prosare

L5 i PURY €Oy Laser line.




D, Bassi er al./infrared multiple photan excitation of SFg

pressure signal (fig. 2b) becomes the sum of two oppo-
site contributions. In the example shown the vibra-
tional predissociation is dominant and the net signal

is negative. When the sgurce pressure is reduced (fig.
2d) and the concentration of pelymeric species be-
comes negligible a positive MPE signal is observed.

To avoid any interference from the dissociation of
dimers and higher ¢lusters in MPE measurements we
have limited our investigation to source pressures
where the negative vibrational predissociation P{10)
signal shown in fig. 2a is not detectuble within our ex-
perimental error.

3. Results and discussion

[n fig. 3 we show a few examples of MPE spectra
tuken with pure 8Fg and SF¢ seeded in helium or
argon heamns. During all these measurements the stag-
nation pressure of the molecular beum sourve was 2.5
atm and the laser fluence was set ot 1 Jem - 2. This
value was chasen well below the dissociation thresh-
uld [9] to avoid loss of signal due to fragments leaving
the beam., We have observed a strong dependence ot
the MPE spectra from both the mixture used to pro-
duce the heam and from the source pressure. We have
chosen the full width at half maximuom (fwhm) as the
parameter which sumsmarizes, in a straight forward
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Fig. 3. Average number ol phowms absorbed (6% as a Tung-
tion ol CQy Bser Irequency for pute SFg and S seeded in
helivm er argon beams, The molecular beam source operates
at 2.5 atm. The laser fluence is 1 em™2, The areow indicates
e value obtained in a toom wmpesature cell experineant
under siomiluar laser conditions {4u).
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Fig. & Full width at balt maximum (fwhm) of MPE specta

a8 @ lunctisn of the melecular beam souree pressure for dilte-
renl midtures: & pure Skg; e 10% SFg inargon; m 10% Sty

i helium. The arrow on the Jelt part of the ligure corresponds
o thie value obtained in g roons temperature cel experiment

wnder similar aser condizions [ 16}, The laser fluence is 1 J em2.

way. the modifications ol the spectrum as a function
of the source pressure. The corresponding results are
shuwn in fig. 4. The arrow on the lef1 part of this
figure indicales the result abtained in a room tempera-
ture cell experiment under similar laser conditions
[16]. The deperdence of the average number of pho-
tons ahsorbed by one molecule as a function of the
source pressare is shown in fig, 5 fora 10% SF -He
seeded beam, at 1wo different €O, laser lines.

The dependence uf our experimental data on the
muleculur beamn source conditions can be explained
by taking into uccount the relaxation of the internal
degrees o freedum during the supersonic expansion
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Fig. 5. Average number o phutans absarbed fur 1077 Sl in
helium st ditterent sousee prosuees, The CO4 laser bas been
tned on the PO and PE26) Tines,
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[20]. Both rotational and vibrational temperatures
will be reduced. The cooling efficiency depends un
the energy gap involved in the process and from the
number of collisions experienced by the molecule.
This number is, in first approximation, propurtionai
to the product of the source pressure with the nozzle
diameter. In general vibrational relaxation occurs with
difficwlty. The relaxation of vibrationally excited SF,
has been studied in detail in ref. {2t]. The main re-
sults of this work are the following:

(a) About 1500 coliisions are necessary to relax
one ¥4 quantum in pure SF,. The vibrational encrgy
is quickly redistributed ameng all vibrational modes.
The relaxation of excited vibrational levels is limited
by the vihrational - translational relaxation of the
lowest level {vg at 347 cm™1);

(b} The relative deactivation efficiency for collisions
between 5F and heliwim or argon compared to pure
SFy is respectively 1.83 and 0.37.

We have calculated the average number of collisions
for a pure SF, beam. The molecular beam expansion
has been described by means of the isoentropic madel
[20]. The collision frequency varies along the jet cen-
ter-line and can be expressed in terms of the local
Mach numbér. We have used the model of ref. [24]
to calculate the Mach number in the region 0 < x/D*
=2, where x is the distance from the nozzie throut
and D* is the effective nozzle diameter. For x/D* 2 3
the Ashkenas and Sherman approximalion has been
used [27]. A linear interpolation has been used to cal-
culate the Mach number in the range 2 <x/D* < 3.
The calculation has been performied using the fullow-
ing parameters: SF, hard-sphere diameter 5.4 A [25],
specific heat ratio y = L0935 [26], source tempersture
293 K, source stagnation pressure 2.5 atm. Under
these cenditions we have found a total number of col-
lisions near 800. To evaluate the vibrational tempera-
ture of SFg molecules, we have ussumed (hat vibra-
tional retaxation is proportional to the dilference he-
tween vibrational Ty and translational 7pp tempera-
tures [28]. The tollowing rate equation can be written

dTyfdx = -(vuk}(Ty  Tog). (3.1}

where v is the collision trequency, u is the bulk velocity
and K = 1500 is the relaxation efticiency [21]. In this
way we have estimated a final vibrational temperature
of =270 K. From this result we have concluded that
the vibrational distribution ol 8F¢ molecules is nol

significantly modified during the béam formation. A’
simitar result has been obtained for seeded beams. In
spite of the uncertainties in the vibrational tempera-
ture so determined the spectra narrowing shown in
fig. 4 cannot be explained in terms of vibrational re-
laxation only. This is because we observe that beams
seeded in helium or argon show spectra that have mure
or less the same fwhm as.a function of pressure while
helium is about five times more efficient with respect
to argon for relaxing SFy vibrations. If the vibrational
temperature of SF is reduced from 300 to 270 K the
fraciion of molecules in the ground vibrationat state
increases from about 30 to 39%. A small fraction of
molecules eccupies the {irst excited vy level. This frac-
tion is always less thun 1%. The other molecules are
distributed over the remaining vibrational states and
can contribute to the 10 gm absorbtion band by
means of the “so-called™ hot-hands. Most populated
hat-bands are red-shif'ted with respect to the 0 = | v
frequency of less than 2 e ! [29]. The presence uf
hot bunds is expected to influence the multiple pho-
ton excitation spectruin because it increases the prob-
ability ol the first vibrational excitation at frequencies
lower than 948 cm~ L. Huwever we know that excita-
tion up to the quasicontinuum is allowed by the an-
harmonic splitting v! the w4 states and that the rota-
lional structure provides a fine tuning for multiple
photon resonanges {3], Thus the modifications of the
MPE spectrum as a function ol the molecular beam
conditions are, in our opinion, mainly due to rotational
cooling. This resuit 15 not surprising becuuse the mul-
tiplicity ol rovibrational levels increases strongly with
the rotational quantum number J. However, in our
true collision-free regime rotational retifling cannut
oceur. Assuming that high J rotational levels coniri-
bute mainly tu the red tail of the MPE spectrum, when
rotativnal cooling depletes these high J states the spegc-
trum becomes nacrower. The redection of (A evenon
the maximun of the MPE spectrum {figs. 3 and 5)
can e explained in terms of the reduced number of
multiple phaton pathways which are accessible to low
J molecules. Of course we cannot exclude the presence
of MPE resonances at some requencies in between
thuse aceessible 10 our laser source.

1t would be interesting to compare our experimental
data with recently published model calculations based
on thermaily averaged rotational populations §3b]f
since this work shows significant effects when the to-



tationul temperature is varied from | to 10 K. Unfor-
tunately, the number of levels included in the calcula-
tien is limited and & comparison with experimental
data is not yet possible.

4, Conclusions

The present work demonstrates the feasibility of
investigating quantitatively, with the kaser bolometric
technique, the multiple photon excitation ol mole-
cules under a true coilisionless regime. We have shown
that 5K MPE spectra are very sensitive to the molec-
ular beam source conditions. The ohserved spectra nar-
rowing has been attributed mainly to the rotational
cooling which vecurs during heam formation. The line-
width reduction is sccompanied by o decrease of MPE
cificiency. This effect is probubly due to the limited
number of MPE resonances which are aceessible to
low J molecules. When rotational couling is used 1o
improve Lhe selectivity of MPE fur isotupe separation
applications, the relative reduction of MPE cilficiency
should be taken into account. To further clarily this
point an improvement in molecular beam diagnostics
is necessary, We plun to do experiments in this direc-
tion with a variasble temperature molecular beam source
coupled with direct measurements of rutational distri-
butivas by means of a diode taser [15]. Another im-
purtant contribution could come from the extension
of Raman experiments [22}. In our vpinien molecular
beam experiments could, in the future, fead to signifi-
cant improvements in our knowledges of MPE phenom-
ema. I particulay the use of fully characterized molec-
ular beams together with continuously tunable high
power lasers will be very usefud for the detailed study
of the role played by the inttial energy distribution in
the laser excitation process.
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