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Abstract. Supersonic molecular beams of methane are investigated in the expansion region 
using coherent anti-Stokes Raman scattering (CARS). Raman spectra of the v3 vibration 
with resolved rotational structure at low temperatures are reported. Comparison with 
calculated CARS spectra shows that the rotational distribution in the beam may be well 
described by a Boltzmann distribution. Temperatures are the same for all three nuclear spin 
modifications within the experimental error. 

PACS: 42.65, 33.20.Fb, 34.50.Ez 

In recent years, coherent anti-Stokes Raman spec- 
troscopy (CARS) has been shown to be an excellent 
and very versatile technique for spectroscopic studies 
in the expansion region of supersonic molecular 
beams. It has been successfully applied to the study of 
rotational relaxation processes for N2, 02, H2, D2, 
and C2H 4 by Huber-W/ilchli and Nibler (1) and 
for C2H2, C2H4, and CH4 by Byer and coworkers 
[-2-4]. Very recently we have studied the v3 vibration 
of NH3 in a supersonic jet [5]. As an interesting result 
we found that the two nuclear spin modifications of 
ammonia relax at different rates. 

The most thoroughly studied molecule using 
coherent Raman techniques is probably CH,.  Meth- 
ane has four fundamental vibrations which are all 
Raman active and thus accessible to CARS spec- 
troscopy. If, however, standard CARS techniques are 
employed the C-H stretching vibrations vl and v 3 are 
most conveniently investigated because of their large 
Raman shifts. Especially the vl mode with its large 
Raman cross section has attracted much interest, but 
very high resolution lasers are needed to resolve 
individual rotational lines in the Q branch. In equilib- 
rium cells such high resolution investigations have 
been reported by several authors using CARS [6-8] or 
other coherent Raman techniques like stimulated 
Raman gain [-9] or inverse Raman [-10] spectroscopy. 
The only studies involving molecular beams have been 

published by Byer and co-workers [3, 4] and Valentini 
et al. [11]. 

Much less work, especially in molecular beams, has 
been done as far as the v 3 mode of methane is 
concerned. For this vibration the Raman cross section 
is a factor of two smaller [12] but, on the other hand, 
this mode has the advantage that commercially avail- 
able lasers with moderate resolution can be used. 
There is one early CARS study of the v3 mode in a 
static cell by Nibler and Knighten [13] and one 
molecular beam investigation by Reuss and co- 
workers [14] employing conventional spontaneous 
Raman spectroscopy but no molecular beam CARS 
study has been published so far. 

We have built a CARS spectrometer combined 
with a molecular beam machine. In this paper we give a 
first detailed description of the apparatus and report 
our results on the investigation of the v3 band of CH4 
in the expansion region of a supersonic jet at various 
distances. Finally, the measured CARS spectra are 
compared with calculations allowing us to determine 
rotational temperatures in the beam. 

Experimental 
A schematic view of the experimental setup is shown in 
Fig. 1. The CARS spectrometer consists of a frequency- 
doubled Nd :YAG laser (Quantel YG 481) delivering 
up to 400 mJ at 532 rim. Its output is split into two 
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Fig. 1. Schematic view of the experimental setup 

parts by means of a 12% reflecting beam splitter (M2). 
The transmitted beam is used to pump with 350 mJ a 
tunable dye laser (Quantel TDL IV). The other part 
provides the pump beam (cop) for the CARS process. 
After being time-delayed and attenuated to an ade- 
quate power level, it is reduced in diameter by a 
telescope (T) and combined with the output of the dye 
laser by means of a long wave pass dichroie mirror 
(M5; CVI LWP 5800). The dye laser is operated with 
Rhodamin 640 and provides the Stokes photons with 
frequency cox. Its output is also attenuated by means 
of neutral density filters. Typical pulse energies and 
bandwidths are 12 mJ and 0.12 era-1 for cop and 6 mJ 
and 0.8 cm- 1 for co s. The repetition rate is 10 Hz. Both 
laser beams are carefully aligned for optimum spatial 
overlap and enter the molecular beam machine 
through a quartz window. 

The molecular beam machine consists of a cylindri- 
cal vacuum chamber 65 cm long and 30 cm in diam- 
eter. It is pumped by a 60001/s oil diffusion pump 
(Leybold Heraeus DI 6000), a 350m3/h roots pump 
(Alcatel RSV 350) and a 65 m3/h rotary pump (A1- 
cate12063). Since the vacuum obtained with the roots 
pump was good enough for our purpose the measure- 

merits reported here were carried out without operat- 
ing diffusion pump. The pulsed molecular beam is 
formed by expanding the gas through the 1 mm 
diameter nozzle of a slightly modified automobile fuel 
injector (Bosch, model 0280150035) kept at room 
temperature. The main modifications are as follows: 1) 
In order to provide a better leak tight seat the tip of the 
hardened metal plunger was replaced by a similarly 
shaped piece of teflon but without the small I mm 
diameter needle. 2) The front of the nozzle was ground 
off to a thickness of less than 0.2 mm at the 1 mm 
diameter hole. 3) The wire of the solenoid was replaced 
by a wire twice as thick as the original one in order to 
allow the solenoid to be operated at higher currents. 4) 
Finally the spring was replaced by a stronger one. The 
last two modifications serve to reduce both the open- 
ing and closing time. Similar pulsed nozzles based on 
conventional automobile fuel injection valves have 
been used previously [15-17]. 

The molecular beam source is mounted on a xyz  
translation stage and can be positioned during oper- 
ation relative to the fixed laser beams. It is syn- 
chronized with the laser system and supplies gas pulses 
which can be adjusted in duration between 0.2 and 
2 ms. Inlet pressures are varied between I and 8 atm. A 
miniature microphone (Knowles, model BT 1759) is 
used to monitor the pulsed molecular beam intensity 
and to optimize the timing between nozzle and laser. 

The laser beams are focused onto the molecular 
beam axis by a f =  100 mm quartz lens (L1). Thus the 
probed volume is estimated to be a cylinder 1 mm long 
and less than 0.05 mm in diameter oriented per- 
pendicular to the molecular beam axis. A yellow filter 
(F1; Schott GG475) blocks any non-resonant blue 
light generated in air and the optical components or 
originating from the flashlamps of the Nd :YAG laser. 
Another lens (L2) with the same focal length as LI is 
used to collect the blue anti-Stokes photons which, in 
the case of resonance, are generated by the nonlinear 
interaction of the lasers with the molecular beam. A 
filter (F2; Schott BG 3), a dichroic mirror (M6; CVI 
LWP4900) and a bandpass filter (F3; Corion 
P10-460) separate the blue light from the generating 
laser beams. The anti-Stokes beam is then sent through 
a 0.3m monochromator (McPherson, model 218) 
which serves as an additional filter and is finally 
detected by a photomultiplier (EMI, model 9813 B). 

The CARS signal is processed by a minicomputer 
controlled boxcar integrator incorporated into a 
CAMAC [18] crate. Its heart is a gated integrator 
board (Evans Ass., model 4130) which has been built 
into a CAMAC module. The appropriate delay and 
gate are provided by a programmable CAMAC dual 
preset counter (Borer, model 1008) triggered by the 
laser. Since we chose an input resistor of 100 kD for the 



CARS of the v 3 Band of Methane in Supersonic Molecular Beams 175 

gated integrator a gate of 60 gs was suitable. Another 
preset scaler of the same type is used to measure the 
integration time by counting the laser pulses. The 
output of the gated integrator, i.e. the integrated signal, 
is fed to a CAMAC analog to digital converter (Kinetic 
Systems, model3553) and then transferred to the 
minicomputer (DEC Micro/PDP-11). The computer 
also controls the scanning of the dye laser via an 
appropriate interface (Quantel, ASC-2) and thus al- 
lows the automatic recording of CARS spectra. TypP 
cally, the signal is collected for 50 laser shots which 
corresponds to 5 s. During that time the dye laser is 
scanned quasi-continuously via a step motor with a 
speed of 0.002 nm/s. Therefore each data point in the 
measured spectra represents a signal integrated over 
0.01 nm or 0.25 cm- ~, respectively. Although lowering 
the overall resolution this procedure has the advantage 
that very sharp peaks in the spectrum cannot be 
missed. 

Results and Discussion 

Figure 2 shows our CARS spectra of the v 3 vibration as 
measured in the expansion region of a pulsed super- 
sonic molecular beam of pure methane. The source has 
been kept at room temperature and the stagnation 
pressure was 1.5 atm at a 1 mm diameter nozzle. The 
distance between probing volume and nozzle exit has 
been varied between x = 0.5 mm (upper spectrum) and 
x=10 mm (lowest spectrum). The various lines, as 
indicated in the upper spectrum, are assigned accord- 
ing to Berger [19]. Besides the v3 and 2v z Q branches 
with unresolved rotational structure the R + and S + 
branches as well as the less intense R ~ and S o branches 
of the v 3 vibration could be resolved. It is readily seen 
that the spectra become more and more simple as the 
distance is increased. Due to rotational relaxation the 
peaks corresponding to low rotational states gain in 
intensity at the expense of the higher states. At 
x = 10 mm only the lowest three rotational states j = 0 
to j = 2 can be observed proving that the rotational 
relaxation is very efficient in CH4. 

In order to get quantitative information about the 
rotational temperatures in the jet we have performed 
computer calculations. The theory of CARS has been 
covered in a number of excellent review articles [13, 20, 
21]. They derive for the power #,~ of the generated 
CARS beam 

~as = ' 2 ~,(3) 2 2 C (Das /~CARS ~ p ~ s  ( 1 )  

where ~p and ~s are the power of the pump and Stokes 
beams with frequencies e)p and co s. co=s = 2c% - to~ is the 
frequency of the anti-Stokes beam and c'is a frequency 
independent constant. The third order suspectibility 
X~A)RS consists of a nonresonant term X,r and a resonant 
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Fig. 2. Measured CARS spectra of the v 3 vibration o f C H  4 a s  a 
function of distance from the nozzle 

contribution which is determined by the characteristic 
properties of the molecule 

Nc4(d6) l 
X~CaA)RS(e)s)=X,r+ ~--mm4 ~ ~oo_(o)p_e~s)_iF/2. (2) 

In this formula the Raman transition is characterized 
by its frequency co o, its full width at half maximum 
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(FWHM) F and its differential cross section da/dco. 
Normally N is the difference in population between 
lower and upper states but since in our molecular beam 
the upper vibrational state is not populated N is just 
the number of molecules in the lower state. 

If several transitions are very close they may 
contribute to the CARS signal altogether and (2) has to 
be replaced by a sum where the summation is taken 
over all participating states. We assume that due to the 
vacuum environment and low density in the molecular 
beam the nonresonant term Z~r is small and can be 
neglected compared to the resonant contribution. 
Moreover we take into account the specific properties 
of the v3 Raman band of methane and thus we obtain 

(3) ,, -4 PT(J) fl(A, J, T) 
ZCARS ((Ds) ~ o~ s - ov + c~ iF~2" = c  c0~ (3) 

J T A  

Here T designates the nuclear spin modification of 
CH4(T=A, E or F) and the index A characterizes the 
branch which is regarded (e.g., S +, S ~ S-, R +, R ~ 
R-,  ...). Pr(J) is the probability of finding the mole- 
cule as species T in the rotational state J. If we assume 
that the rotational distribution in the beam can always 
be described by a Boltzmann distribution and if we 
further assume that collision induced transitions be- 
tween the different nuclear spin modifications A, E and 
F are not allowed PT(J) can be written as a function of 
the rotational temperature T~o t 

gT(J) (2J + 1) exp [-- hc Fo(J)/kT~ot] 
PT(J) = aT ~ gr( j ,  ) (2J '+ 1) exp [ -  hc Fo(J')/kT~o,]" 

s' (4) 

Here ar is the natural abundance of the modification T 
at 300K (at=5/16, 2/16, 9/16 for T=A,  E, F) and 
gT(2J + 1) the statistical weight of the rotational level 
as tabulated in Herzberg's Table 7 [22]. 

In (3) the Raman cross sections have been replaced 
by Raman coefficients fl (A, J, T). They are calculated 
for the v3 band of methane by Herranz and Stoicheff 
[23]. As a consequence of centrifugal distortion each 
rotational state splits into 2J + 1 sublevels each desig- 
nated by the index z = nT. Since we cannot resolve this 
splitting our fl(A, J, T) is obtained by summing over all 
final and averaging over all initial states, i.e. 

fl(A, J, T)= f(A, J) N2 ~ • (bj(A)),T,,,T, (5) 
n n  t 

where (bs(A)),r,,,T are the coefficients and f(A,  J) the 
functions as tabulated in [Ref. 23, Tables 2 and 3]. N, 
is the number of levels of species T in the vibrational 
ground state. The averaging over the initial states is 
necessary if the statistical weights of Herzberg [22] are 
used. Thus our Raman coefficients are identical to 
those of Reuss and co-workers [14]. 

Combining (1 and 3) and taking into account that 
the power of the laser beams has been kept constant 
during the experiment we finally obtain for the power 
of the CARS signal 

,,, 2 -8 J~T~ PT(J) fi(A, J, T) 2, 
~as(~o~) = C ~OasCO s O~A,j__OOp+COs__iF/2 (6) 

where c "  is another constant. 
In order to compute the complete CARS spectrum 

we proceed as follows: According to (6) we calculate 
the CARS signal in the range between 3000 and 
3150em -1 taking into account the four branches 
A=S +, R +, S ~ and R ~ and rotations from J = 0  to 
J = 9 .  The line positions coa, s are taken from [19]. 
Although the true width is around 0.01 cm-1 [8], for 
the sake of faster computation, F is chosen to be 
0.1 cm -1. This value is not critical since, in order to 
account for the limited resolution of the laser system, 
the whole spectrum is finally convoluted with a Gauss 
function of full width at half maximum y. Best results 
are obtained with y =0.9 cm-1. This value compares 
favourable with the overall resolution that we calculate 
from the laser specifications and scan parameters to be 
approximately V~.I 22 + 0.82 + 0.25 z = 0.85 cm- 1. 

The rotational temperature T~o t which determines 
the rotational state distribution PT(J) according to (4) 
is varied until best agreement with the measured 
spectra is obtained. Figure 3 shows a comparison 
between the measurement at x =  3 mm and the cal- 
culation based on a rotational temperature T~o t = 45 K. 
Aside from the v3 and 2v2 Q branches which have not 
been considered in the calculation because of their 
unresolved rotations the agreement is quite good. It 
should be noted, however, that the ratio of the S + to 
R + branch peaks given by the theory did not agree 
with the measurement. In order to get a satisfactory fit 
we had to multiply all CARS intensities of the R + 
branch by a factor of 1.25. 

The good agreement within a single branch proves 
that the rotational distribution in the beam is thermal 
and can be very well described by a Boltzmann 
distribution. These findings are in contrast to the 
results of some authors [24, 25] who found athermal 
distributions in molecular beams of N2 and HF. In the 
calculation, we have also admitted different rotational 
temperatures for the different modifications A, E, and 
F but, within the experimental error, we obtained 
satisfactory results if we assumed a unique temperature 
for all three species. This again is in contrast to our 
findings with ammonia [5] where we found a signifi- 
cant lower temperature for the A modification and also 
to the results of Reuss and co-workers [14] who found, 
although not very significantly, slightly different tem- 
peratures for the A and F modifications of C H  4. 
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Fig. 3. Comparison between measured and calculated CARS 
spectra 

In the same way we have fitted all measured spectra 
presented in Fig. 2. Thus we can assign a rotational 
temperature T~o t to each measured distance. For 
x = 1 0 m m  we determine a rotational temperature 
T~o t = 25 K. At this position almost all molecules have 
relaxed into their respective ground states J = 0 for the 
A, J = 1 for the F and J = 2 for the E modification. For 
complete relaxation one would expect a ratio of 
100:59.6:1.6 for the CARS intensities of the lines Sg, 
S~, and S]. 

The dependence of the rotational temperature on 
the distance from the nozzle is displayed in Fig. 4. Here 
the logarithm of T~ot/T o (To:nozzle temperature: 300 K) 
is plotted against the reduced distance x/D (D:nozzle 
diameter: 1 mm).The solid curve represents the calcula- 
tion for an ideal isentropic expansion [26] of CH4. As 
a striking and unexpected feature we notice that our 
rotational temperatures which are represented by full 
circles are significantly lower than calculated for an 
ideal expansion. This behaviour can be explained by 
assuming that the expansion starts already a few nozzle 
diameters before the nozzle exit. As a result our x/D 
values should be corrected and shifted towards larger 
values. But it is also very likely that the specific 
geometry of the source is responsible for the observed 
fast cooling. It is possible that the metal plunger inside 
the nozzle is not sufficiently drawn back and that a 
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Fig. 4. The rotational temperature T~o t versus x/D. The solid 
curve crorresponds to the isentropic expansion. Full circles are 
obtained with the pulsed nozzle, the triangle is the results of a 
measurement in a continuous molecular beam 

small channel is formed. This would cause a pre- 
cooling of the gas so that the temperature T O is lower 
than 300 K at the nozzle exit. The consideration of this 
effect would yield higher reduced temperatures T~o]T o. 

In order to prove that our determination of the 
rotational temperatures is not responsible for the 
observed discrepancies we have also investigated a 
continuous molecular beam of methane. The nozzle 
diameter in this experiment was 45 gm and the backing 
pressure 50 atm. At a distance of 2 mm from the nozzle, 
i.e. x/D = 44.4, we determine a rotational temperature 
of 14+3K.  This value is plotted in Fig. 4 with a 
triangle and lies slightly above the isentropic curve. It 
indicates that the rotational temperature is slightly 
higher than the translational temperature calculated 
for an ideal expansion as is expected and reasonable. 

Conclusion 

Our results demonstrate that CARS is a valuable tool 
for studying rotational relaxation processes in the 
expansion region of molecular beams. We have shown 
that already moderate resolution lasers are very well 
suited to obtain rotationally resolved information 
about the relaxation of methane in a supersonic jet. By 
fitting theoretical spectra to the measurements ro- 
tational temperatures could be assigned to various 
positions in the jet. Our results indicate that the 
rotational distribution can be well described by a 
Boltzmann distribution and that the temperatures are 
the same for all three modifications of CH4. That the 
rotational temperatures are lower than expected for an 
ideal expansion is attributed to the specific geometry of 
the pulsed nozzle. 

Our measurements further demonstrate that, due 
to rotational cooling, molecular beams can be success- 
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fully employed to significantly simplify complicated 
spectra. Another exciting application of CARS com- 
bined with molecular beams is the study of van der 
Waals complexes as they are formed in the expansion 
region of supersonic jets. First studies on C2H4Ar 
clusters [27] as well as HCN [28] and C O  2 E29] 
complexes have already been reported and very re- 
cently we have measured CARS spectra of NH 3 
clusters which will be published shortly [30]. 
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