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The Cs(7P) + H2-- CsH + H reaction is studied in a crossed-beam experiment with laser-induced
fluorescence detection of CsH products. The usual flux (50 mW/mm2) which is delivered by the C.W.
tunable dye laser used in the experiment is enough to saturate the absorption by CsH products. Then, by
crossing twice the laser beam through the collision volume (counterpropagating beams), one realizes the
conditions of saturated-absorption experiments: when the laser frequency is tuned to a resonance
frequency of CsH products, a defect to absorption occurs for these products which scatter in the collision
plane and a "saturation dip" appears at the center of the corresponding fluorescence profile. Application
of this technique to crossed-beam experiments can lead to the selection of product molecules which scatter
in any definite plane. A different geometry of the laser beams (bent beams) is proposed to select molecules
which scatter in any definite direction: it could be applied to detect an asymmetry in the scattering of the
products with respect to the collision axis, when a particular preparation of the reagents is realized.

KEY WORDS: Reactive collisions, crossed-beam experiments, laser-induced fluorescence, Doppler
technique, saturated-absorption, angular selection of products.

INTRODUCTION

It is now well established that the use of the laser-induced fluorescence (L.I.F.)
technique to detect reaction products in crossed-beam experiments offers a number
of advantages: experimental simplicity, high sensitivity and high resolution
essentially. First it allows for measurement of reactive cross sections for products in
definite rovibrational levels; second it allows, when C.W. lasers are used, for the
spectral analysis of fluorescence profiles, hence high resolution informations on the
velocity and the angular scattering probability of reaction products, directly in the
center of mass (Doppler technique).2-6 In cases where the laser intensity is large
enough to saturate the absorption by product molecules, the use of classical
saturated-absorption techniques increases the spectral resolution, allowing for
example the identification of hyperfine components in fluorescence signals.7’8 Here,
we present another application of saturated-absorption techniques to crossed-beam
experiments: the selection of reaction products which scatter in definite planes or in
definite directions.

In classical saturated-absorption experiments conducted in gas cells at low pres-
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sure,9’1 the aim is to eliminate the Doppler broadening which generally limits the
spectral resolution. In these experiments, a tunable laser beam at frequency v is used
to saturate the absorption of molecules (or atoms) whose velocity component along
the propagation direction of the beam, Vx, follows the Doppler relation:

v- vo voVx/c ( )
where v0 is the molecular resonance frequency and c the velocity of light. A
counterpropagating probe beam at the same frequency is absorbed by the molecules
whose velocity component is Vx. As the laser frequency is scanned, one observes at
v v0 a weaker absorption of the probe beam since the absorption by molecules
with Vx 0 is already saturated. The dip which appears has a Lorentzian shape, its
width is the natural width broadened by saturation.9-1 Usual experimental tech-
niques (modulation of the saturation beam and lock-in detection on the probe) allow
for separation and recording of the dip itself: saturation spectroscopy is thus a means
to perform high resolution Doppler-free measurements. Collisional studies can also
be performed.1’2

COUNTERPROPAGATING BEAM ARRANGEMENT IN
Cs* + H2-- CsH + H EXPERIMENTS

In the high resolution crossed-beam experiment devoted to the study of the
Cs(7P) + H2 CsH X E +(v’’ 0,J") + H photochemical reaction,6,13-16 a first
C.W. laser beam is used to excite Cs atoms to a given (7P1/2, F’) hyperfine level and a
second, tunable, C.W., collinear laser beam is used to detect CsH products, through
the L.I.F. technique. In the experimental results presented here, the two laser beams
are adjusted perpendicularly to the collision plane. A precise and slow scanning
(1MHz/s typically) of the second laser frequency over the absorption profile of a
given X 1E+(V" 0,J")---) m 1E+ (v’ 5,J’ J" + 1) transition ofCsH molecules
yields a fluorescence profile A(v), shown on Figure la for J" 6. Its area represents
the reactive cross section relative to J" and its shape gives information on the velocity
and the angular scattering probability of reaction products.6

In our experiment, we observed a saturation of the CsH absorption, the fluor-
escence signal being proportional to the square root of the laser flux, usually between
40 and 100 mW/mm2: the excitation of CsH products is performed in a coherent
saturation regimes and the CsH absorption is proportional to the Rabi frequency
fa, thus to the laser field. By sending the analysis laser beam back to the collision
volume (by a simple reflection on a mirror) we observed, as expected, a "saturation
dip" at the central frequency v0 of the fluorescence profile B(v): it is shown on
Figure lb.

In this reactive system, the reagent energy is well determined: thus, all CsH
molecules which are detected on a definite rotational level have the same kinetic
energy, thus the same modules w of the velocity in the center of mass.6’13-16 Figure 2
explains the formation of the dip. For v 4: v0, the molecules which absorb the
radiation are those which scatter with a velocity component w along the "primary"
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Figure 1 Fluorescence profiles of the X 1E (v" 0, Y’ 6) A 1E (v’ 5, J’ 7) line of CsH. Each
point of recorded profiles corresponds to integration of the fluorescence signal for one second. (a) A(v):
primary beam only. (b) B(v) (continuous line): "primary" and "secondary" beams on. Dots correspond to
2A(v). (c) Saturation dip S(v), obtained by subtracting the two profiles of Figure lb (i.e. S(v)
2a(v)- B(v)).
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Figure 2 Schematic diagram of the beam arrangement; the "secondary" laser beam is collinear with the
"primary" one (counterpropagating waves).

laser beam, according to expression (1); the molecules which absorb the radiation of
the "secondary" laser beam have a velocity component -wx. As products scatter
symmetrically with respect to the collision plane (C), the total signal B(v) is roughly
twice the signal A(v) relative to one single beam. For v v0, the molecules which
absorb the two counterpropagating beams correspond to wx 0, they scatter in the
collision plane: due to saturation, the magnitude of the signal is X/-A(vo) only and a
dip occurs in the fluorescence profile at the resonance frequency.

Figure lc shows the saturation dip S(v) 2A(v) B(v), extracted from the two
curves of Figure lb. It can be approximated by a Lorentzian, whose width
6v 20-25 MHz (F.W.H.M.) is mainly due to the natural width (F 14 MHz) of
the molecular transition broadened by saturation: in our coherent saturation regime.
the saturation width is equal to 6VR fx 22 MHz, where f 4.8 MHz17

and x 1.5 10-0 s is the mean transit time of CsH products in the laser field. The
jitter of the laser and the Doppler broadening associated with the angular divergence
of the laser beams being of the order of 5 MHz each, it appears that 6v and 6VR are in
good agreement.
The shape and width of the saturation dips that we recorded refer to molecules

which scatter around the collision plane, with a non-negligible velocity dispersion
along the laser axis. In the general case where two counterpropagating beams of
same energy and same frequency are used, the saturation dip has the same shape and
the same width as the interaction between molecules and one single laser beam.9’1

In our case (Figure 3), absorption occurs for two symmetrical bands of molecules
whose velocity dispersion is a Lorentzian of width 6w; saturation occurs when the
two bands overlap, in a central zone whose velocity dispersion is also a Lorentzian of
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Figure 3 Velocity sphere in the center of mass showing: (a) the two absorption bands (width diWx), for
v < Vo; (b) the saturation zone, for v Vo, when the two bands overlap around the collision plane.’ is
the velocity of molecules which absorb beam and beam II simultaneously.
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width 6Wx which is connected to the spectral width of the saturation dip by the
following relation"

 Wx/W (c/w) ( v/vo) 2( v/av)
where:

Av 2WVo/C (3)
is the full Doppler width. 6Wx/W represents the angular width (in radian) of the class
of molecules (around the collision plane) which absorb the two beams simul-
taneously.
For the Cs(7P) + H2 -- CsH + H photochemical reaction which is operated at

threshold,6’13-16 the kinetic energy available to CsH products is very small and so is
their velocity in the center of mass: for J" 6; w 28 m/s, the corresponding full
Doppler width is Av 100 MHz (3.3 10-3 cm-1). With 6v 25 MHz, the angular
width 6wx/w corresponds to an angle of +15, typically. Saturation dips were
observed for other J" values and led roughly to the same parameters.

Since the use of modulation techniques allows for recording of the dip itself, this
saturation technique offers a means to select molecules which scatter in the collision
plane. Any other scattering plane could be selected by a proper orientation of the
two counterpropagating laser beams.

BENT BEAM ARRANGEMENTS

In the particular case where the velocity in the center of mass, w, is unique for all
detected products, one has the possibility, also, to select some particular directions of
scattering, by use of a bent beam arrangement. Consider the case of Figure 4a: the
"primary" beam (beam I along OX1) and the "secondary" beam (beam II along
OX2) cross at the collision volume with an angle ,: they are in the plane (L).- fixed
by its angle/3 with respect to OZ and by the angle tr of its projection over (L) with
respect to OX1. We choose the particular case where the velocity of the center of
mass (along OZ) is perpendicular to (L). Figure 4b represents the velocity sphere in
the center of mass: products which absorb the radiation of beam I at the frequency v
scatter with- pointing on circle I and products which absorb the radiation of beam II
(at the same freq.uencypoint on circle II. Saturation occurs for molecules whose
velocity vectors-" and-’" point at the intersection of the two circles, i.e., those for
which the projections of- over the two laser axis, Wxl and Wx2, verify the Doppler
relation"

w Wx2 c(v- Vo)/Vo (4)
As W,l w sin/3 cos a and w2 w sin/6 cos (re ),), the relation (4) is verified

for one particular value of trequal to ,/2. Two distinct values of/3,/3’ and/3" t -/3’
are solutions of relation (4) with"

fl’(v) arcsin
[_Av cos (),/2)J

(5)
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Figure 4 Bent beam arrangement. (a) the two laser beams make an angle y and the velocity of the center
of mass is along OZ,’ is the velocity of products in the centre of mass. (b) velocity sphere in the center of
mass; molecules which absorb simultaneously the two beams point their velocity vectors’ and"on the
circle (S), bisector of the planes (ZOX1) and (ZOX2).
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Figure 5 Bent beam arrangement, with ’y 90. (a) the two absorption bands (width ($Wx, area and 8Oa)
intersect in two saturation zones (area (Sos). (b) saturation zones more on the velocity sphere when one
increases the laser frequency step by step, by the quantity
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Consequently, the choice of , defines the particular circle (S) on the velocity
sphere where saturation occurs ((S) is bisector of circles I and II). The angle/3 can be
chosen between 0 and 180 by adjusting the laser frequency according to expression
(5), between the limits:

Vo (Av/2) cos (/2) <-- v <-- Vo + (Av/2) cos (y/2). (6)

Outside these limits, circle I and circle II do not intersect and no saturation occurs.
At the limits of v indicated above, only one velocity is selected since/3’
(- is in the plane (L)).

In practice, due to the width of the interaction between molecules and radiation,
absorption occurs for two bands of same width diw 2w(6v/Av) and of same area
&ra 4w2(6v/Av): actually, to simplify calculations of the final angular
resolution, we will use in the following a constant interaction over the frequency
range 6v (in that case, the saturation dip S(v) would be triangular instead of
Lorentzian). Saturation occurs in two zones of the velocity sphere where the two
bands intersect (Figure 5a, in the particular case where the two laser beams are
perpendicular, ), 90). In the most general case, these two zones are diamond-
shaped, with two diagonal lengths w ditr and w di/3; their area is diets w2 dio: di/3/2. The
relative positions of these zones on the velocity sphere are indicated on Figure 5b for
various values of the laser frequency with respect to the resonance frequency.

In the case where div is small compared with Av:

6o: 2(6v/Av)/sin (]//2)
6 2(6v/Av)/(cos (y/2) cos/3)
dirts 4W2 (6v/Av)Z/(sin , cos/3) (7)

When/3 varies from 0 to 90, the area 6os selected on the velocity sphere increases,
hence the angular resolution decreases.

In the case where 6v is not small compared with Av, it is necessary to perform an
integration over the velocity sphere to obtain dirts; in the case of , 90, it reduces
to:

fx + ,x

6a 4 w2 (Orv)2 Jx- x dx xdY (1 x2 y2)-1/2 (8)

where x y w,i/w 2(v Vo)/Av and 6x (6v/Av).
The quantities dio:, 6/3 and diaa are quoted on Figures 6a and 6b, versus the laser

frequency and the corresponding angle/3, for three values of the ratio 6v/Av: 0.05,
0.15 and 0.25 (this last value corresponds to our experimental situation, for J" 6).
As expected, 6oremains constant with/3, 6/3 increases rapidly with/3: consequently,
the final angular resolution increases with fl, since dios follows approximately the
variation of 6/3. In the case of an isotropic scattering of products, the magnitude of
the saturation dip with respect to the absorption signal due to a single laser beam is
Q 2(1 1/’) (6affOaa). As (6as/Oaa) is proportional to 6v/Av, the saturation
signal is small when the angular resolution is high.
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Figure 6 Variations of dial, &/ (Fig. 6a) and &o,/&aa (Fig. 6b) versus the laser frequency and the
selected angle/ for three values of the spectral width div. The angular resolution is best at small/ values.
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DISCUSSION

Saturated-absorption using this bent arrangement could be of interest in crossed-
beam experiments, to determine reactive scattering differential cross sections from
the shape of fluorescence profiles. In the case where it is not possible to adjust the
analysis laser beam along the collision axis (the most general case), at least two
recordings of fluorescence profiles with two different orientations of the laser beam
are necessary to obtain the angular scattering probability without ambiguity (even if
the product velocity is unique).2-6 In saturated-absorption experiments using this
bent arrangement, one obtains directly, at a given frequency, the contribution of
only two scattering directions which reduce to one for fl 90. Another application
of this saturation technique is offered for experiments where it is essential to select
one particular direction of scattering: for example, for experiments on alignment/
orientation of reagents where it was shown that the scattering may not be symmetri-
cal with respect to the collision axis. 18

These experiments can be realized only if the fluorescence signal is large enough
because the saturation signal itself corresponds to a small fraction of the scattering
products. The saturation signal with a counterpropagating beam arrangement is
evidently larger than the saturation signal with a bent beam arrangement since the
former corresponds to all products which scatter in a given plane and the latter to
products which scatter in two directions only. The cross section of the
Cs(7P) + H2---) CsH + H reaction is small, 10-16 cm2 approximatively: 13-16 under
our experimental conditions, the fluorescence signal corresponds at best to a few
thousands counts/s only and the saturation signal is just a little larger than the
statistical noise (see Figure 1). For this reason, we did not try to perform polarization
experiments9 with this bent beam arrangement. Moreover, due to the small velocity
of CsH products in the center of mass, Doppler profiles are very narrow, only three
or four times broader than the "apparatus function" of the experiment whose width is
of the order of 6v typically: this limits the final angular resolution and restricts the
interest of the bent beam arrangement. Better conditions could be found in inelastic
scattering studies where cross sections and product velocities are much larger.
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