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STIMULATED RAMAN SCATTERING IN HYDROGEN USING CAPILARY CELL
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H. Bryant, K. Sentrayan, and V. Kushawaha
Laser Physics Laboratory, Department of Physics

Howard University, Washington, D.C. 20059

ABSTRACT

Stimulated Raman Scattering processes have been studied and intense Stokes
and anti—Stokes laser lines have been observed in a capillary Raman cell filled with
molecular hydrogen and pumped by the third harmonic of the Nd:YAG laser at wavelength
) = 355 nm. Various parametric studies have been performed to establish an optimum
condition for the best operation of the Raman laser. The observation of higher—order
Stokes and anti—Stokes has been explained on the basis of four~wave mixing and/or

cascade energy transfer processes.

Introduction

The Stimulated Raman Scattering (SRS) is an attractive technique for the
generation of highly coherent new laser lines in a Raman gain medium pumped by a high
energy pulsed laser beam. This technique has been extensively used in gaseous media such
as Hy, Dy, and CHy, etc. pumped by either a single laser line such as Nd:YAG
(fundamental and its harmonics) and excimer lasers or tunable dye lasers and Raman laser

lines (Stokes and anti—Stokes lines) at different wavelengths have been observed by many
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investigators in the past [1—6]. The SRS is a non—linear two—photon process and requires
very high power input laser beam. At high power density (in GW/cm? range), the gaseous
breakdown of the molecular species and the Brillouin scattering are the major problems
and may be responsible for low conversion efficiency of the Raman laser lines. The
Brillouin scattering may be avoided by using a pump laser of short pulse duration whereas
the gaseous breakdown may be avoided by using a longer Raman cell (> 1 meter). Most of
the previous studies have used long Raman cells of wider ( >1" diameter) to study the
SRS—processes. The diameter of the laser beam used by most of the investigators in the
past range from 5 to 6 mm and therefore all the molecules in the Raman cell of diameter 1"
or more do not interact with the laser beam and thus do not participate in the
SRS-processes. Some experiments have been performed by using multiple—pass (78]
Raman cell which increases the interaction of the pump laser photons and molecules within
the cell and thereby increasing the efficiency of the Raman laser lines. However, the whole
device becomes too complicated and bulky in this configuration and therefore of less
practical use.

In this communication, we report our observations on the formation of the
Stokes frequency at (I/Sn= vp —n vr) and anti—Stokes frequency (uasn= vp + n ) in Hy
gas in a capillary Raman cell pumped by the third harmonic of the N&:YAG lasér at
wavelength A = 355 nm. Here Vs, and Vas_are the Stokes and anti—Stokes frequencies, v
and vy are the laser pump and Raman transition frequencies, respectively, and n is an
integer. For H; molecule, »r = 4155 cm-L In addition to our main objective of studying the
SRS—processes in a capillary tubing, the first and second Stokes lines at A = 416 and 503
nm, respectively, may be used for laser submarine communication {9) and the first
anti—-Stokes line at A = 274 nm may be used for measuring the atmospheric O3
concentration [10-13] using LIDAR (LIght Detection And Ranging) techniques. The

experimental details and the results obtained will be described below.
Experimental Details

The experimental set—up used to study the Raman scattering processes is

shown in Fig. 1. It consists of 2 Raman cell, pulsed laser, and optical detection
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Fig.1 Schematic diagram of the experimental set—up used to study the

SRS—processes in Hy—gas. The notations Py, Sy, Sz, S3 and AS; are the pump,

first, second, third, and first anti—Stokes, respectively. B.S = Beam splitter

and PMT = Photomultiplier tube.

system. The Raman cell was made of stainless steel, 40 cm long and 0.635 c¢m in

diameter. For better handling and ease of operation of this cell, the 0.635 cm

diameter tubing was welded with another stainless tubing of 2.54 ¢cm diameter and

40 c¢m in length. Two additional tubings 0.635 cm in diameter and about 15 cm long

were also attached to the larger diameter tubing only in a direction perpendicular to the

optical axis of the Raman cell. One of these tubings, located on one end of the Raman

cell was connected to the H, gas tank with a single stage gas regulator and a valve for

controlled delivery of Hy—gas into the Raman cell. The other tubing, located

on the other end of the Raman cell, was used to measure the gas—pressure inside the

Raman cell. The pressure gauge was calibrated and capable of reading gas pressure in
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the range of 0 — 1000 PSI ( 14.7 PSI = 1 Atmosphere ). The two ends of the Raman cell
were shielded with 0.635 thick and 2.54 cm diameter quartz windows. It is to be noted
here that a window of this thickness was necessary to sustain the high gas pressure
inside the Raman cell. These two windows were supported by a pair of Viton O-rtings.
For the ease of operation, the entire Raman cell assembly was put in a set of two
annular metal rings with adjustable screws. The H gas used in the present study was of
high purity (99.999%), purchased from Air—Products, and was used without further
purification.

The Raman Scattering processes were studied by pumping the H; gas using
the third harmonic of the Nd:YAG laser at wavelength A = 355 nm (Lumonics model
HY-500). The laser beam was directed into the Raman cell by using a set of steering
mirrors coated for high reflectivity (99.5%) and high damage threshold (10
GW/cm?) at the pump wavelength A = 355 nm. The directed beam was then focused
into the Raman cell by means of a quartz lens of 50 cm focal length. The focal point
inside the Raman cell was adjusted to be at the center of the cell.

The output beam from the Raman cell consisted of the main beam, i.e., the
pump laser beam {355 nm) and other Raman components, i.e., Stokes and anti—Stokes
laser lines due to Raman scattering in H; gas. The output beam in the forward direction
was collimated by another lens of 40 c¢m focal length. The collimated beam was then
split—off by a quartz plate which reflected about 4% of the total beam energy. The
reflected beam was dispersed by a 0.2m scanning monochromator (McPherson model
275 and stepping motor controller model 789) and detected by a photomultiplier tube
(PMT) (EMI~Gen Com model-9863QB/5) at room temperature. The spectrum was
scanned in the wavelength range of 300644 nm and the output from the PMT was
amplified and sent to a multichannel analyzer (MCA) (Norland corporation model—480).
The output from the MCA was plotted on an X—Y chart recorder for future use. The
rest of the 96% of the forward collimated beam was dispersed by a set of two
Pellin—Broca prisms made of BK7 glass. A white target at about 20—feet was used to
display the dispersed laser beams, pump as well as the Raman components (Stokes and

anti—Stokes). The energy of the pump laser beam and the Raman components was
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measured by a calibrated energy meter (Sci. 1tech model 362). For the energy
measurement of the depleted pump beam, i ., 355 nm laser beam and the Raman
components, i.e., Stokes and anti—Stokes beams, it was necessary to use 2 wedge to
isolate the unwanted components and pass only the a particular component of interest,

A parametric study on the generation of the Raman components was done by
varying the Ho—gas pressure in the range of 200—500 PSI, laser beam energy in the range
of 1-60 mJ and focal point of the focusing Jens inside the Raman cell. The results

obtained will be described below.
Results and Discussions

As noted above, the gaseous breakdown is a major problem at very high
intensity of the pump laser beam in gaseous Raman gain media. For the non—linear
SRS—processes to occur, a high laser beam intensity is required. To study the Raman
processes and avoid the gaseous breakdown at the same time, most of the previous
studies have used longer than or at least 1—meter long Raman cell(s) with internal
diameter of 1-inch or more. We decided to decrease the length of the Raman cell to 40
cm keeping the internal diameter to 1-inch and studied the Raman processes at a
reasonably high Hy—gas pressure and laser beam intensity of about 30 mJ. Under these
conditions, we were unable to observe any scattered laser light. An attempt to observe
these colors, we placed another identical Raman cell in tandem configuration and
pumped both the cells with the same 355 nm laser beam at about 30 mJ. However, there
was no success in observing the expected scattered laser beams. It is to be noted here
that the diameter of the collimated laser beam used here is about 5—6 mm. This means
that the laser beam is interacting only with those molecules which are in the laser beam
cylinder and rest of the Hy molecules are not being utilized in the scattering processes.
Because of this reason, we decided to change the configuration of the Raman cell by
narrowing the Raman cell diameter and to make it act like a waveguide. For this
purpose, we fabricated a Raman cell of 40 cm in length and 0.635 cm (= 1/4") in

internal diameter forming a laser cylinder of volume {(#72L =3.14x(0.635/2)2x40} cm3.



03:53 30 January 2011

Downl oaded At:

1392 BRYANT, SENTRAYAN, AND KUSHAWAHA

In this configuration the number density of the H, molecules would be 16 times more as
compared to {3.14x(2.54/2)2x40} cm? with 1" internal diameter. When the newly
designed Raman cell was pressurized to a pressure of & 350 PSI of H, gas and pumped by
the laser beam of wavelength A = 355 nm and ® 30 mJ of energy focused to a

beam diameter of ¥ 1mm, bright colors of violet, green, and red were observed.

The results obtained at different experimental conditions using the capillary Raman cell

will be described below.
A: Laser Beam Energy Dependence on the SRS—Processes

The laser beam intensity dependence on the forward SRS—processes was
studied in the energy range of 1-60 mJ (pulse duration 8 nsec) and at a constant Hy—gas
pressure of 500 PSI at room temperature. The focal spot size of the laser beam inside the
Raman cell was about 1 mm leading to the power density of ¥ (16—955)x108 W/cm2.

The initial sign of the SRS—processes was realized when the laser beam intensity was ¥ 1
mJ. This was evident due to the weak appearance of a blue spot on the screen located at
about 20’ away from the Raman cell. This observation is consistent with the energy
threshold observed by Komine et al [14]. When the laser beam energy was slightly
increased to about 3 mJ, the violet (A = 416 nm, first Stokes) became in}g_nse, the green
(A = 503 nm, second Stokes) was intermittent and the red (A = 636 nm,.thjrd Stokes)
was absent. At pulsed energy of about 13 mJ, the violet and green colors became very
bright and the red color was intermittent which became bright when the pulsed energy
was increased to 20 mJ. As mentioned earlier that part of the collimated beam was sent
to the scanning monochromator and detected by a room temperature PMT and rest

of the scattered beam was dispersed by a BK—7 glass Pellin—Broca prism. Because of the
absorbing nature of the glass for radiation shorter than © 300 nm, it was not possible to
observe the shorter wavelengths, anti—Stokes laser lines, even if they were being
generated inside the Raman cell due to the SRS—processes. However, indirect evidence is
available to show that the high order anti—Stokes lines were produced at higher energies

of the pump laser beam. In Fig. 2, we display the wavelength scan with relative
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Fig. 2 Wavelength scan of the Raman components with pump laser beam energies

at Ho—gas pressure = 500 PSI and focal point = 20 cm. The spectra are not

corrected for the spectral response of the optical detection system. A: 50 mJ,

B: 13 mJ, C: 10 mJ, D: 3.6 mJ. The notations are the same as in Fig. 1.
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intensity of the Raman components at a few selected input energies in the wavelength
range of 300—664 nm. It is clear from this figure that the second—order of the first,
second, and third anti—Stokes Raman lines are present at higher laser beam energies
indicating that the first—order anti—-Stokes lines at A = 309 nm, 274 nm, and 246 nm are
being generated in the SRS—processes in the {; gas. In addition to the generation of the
first, second, and third Stokes and anti—Stokes laser lines, it is possible that the fourth
Stokes and anti—Stokes line may have been present at high laser energies but could not
be recorded mainly due to the limitation imposed by the optical detection systeni in the
present study. The efficiency of the PMT used to detect these emission lines is very poor
beyond the wavelength range of 300—700 nm. The fourth Stokes and anti—Stokes lines
are expected to appear at A = 864 nm and A = 223 nm, respectively. It is to be noted
here that if the fourth anti—Stokes line (A=223 nm) was being produced at higher laser
energy (60 mJ is the highest energy used in the present study), the second—order should
have been observed at A = 446 nm. A close inspection of Fig. 2 indicates that indeed
there is a trace of this line at around 446 nm. Because of the weak nature of this line,
the 60 mJ may be regarded as the threshold for the observation of the fourth
anti—Stokes line and its intensity is expected to grow as the laser beam energy is further
increased beyond 60 mJ. Based on this observation, it may be concluded that the fourth
Stokes line is also being produced at higher energies (¥ 60 mJ or more) but could not be
recorded in the present study. It is also to be noted here that the intensity of the Stokes
lines are always higher than the anti—Stoke lines and therefore the intensity of the
fourth Stokes lines is expected to be much higher than the fourth anti—Stokes line. In
Fig. 3, we have plotted the variation of intensity of the various Raman components, S,
(A =416 nm), S () = 503 nm) S3 () = 636 nm), and AS, () = 309 nm) at different
input laser beam energies used in the present study. It is clear from the Fig. 3 that the
intensity of the S, and AS, is increasing while the intensity of the pump beam is
depleting in just about the same proportion. However, the rate of growth of the S; wave
is much higher than that of the AS; wave. The observation of AS, is most likely due to
the four—wave mixing processes. Beyond 50 mJ of the pump energy, the intensity of the

S;—wave is growing strongly whereas the intensity of the §, and S; waves is decreasing.
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Fig. 3 The graph showing the variation of i‘ntensity of the Raman components
observed in the forward direction at various input laser beam energies. The

H,—gas pressure, focal point, and the notations are the same as in Fig. 2.

The growth of the S§; wave is consistent with the depletion of the pump laser beam
intensity, which depletes drastically after 50 mJ. This observation suggests that the S is
being generated by the SRS—processes. The observation of higher order Raman
components may be due to the four—wave mixing rather than the cascade energy
transfer processes. I the cascade energy transfer processes are responsible, then one
would expect formation of the S;—wave first and then the S;—wave and the intensity of
the Sy—~wave is expected to deplete while S;—wave is growing. A close inspection of the

behavior of the S; and S; Stokes lines at 13 mJ in Fig. 3 shows that the intensity of the
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S5 live is higher than that of the intensity of the S; line. At about 36 mJ, the intensity
of the S; line is higher than the S3 line and keeps going up. At about 60 mJ, the two

iniensities are almost equal.

B. Hy,—Pressure Dependence on the SRS—pro =sses

It is worth noting here that the energy of the pump photon, i.e., 356 nm, is ©
3.5 eV. The lowest allowed electronic level of the Ho molecule is at ¥ 11.4 eV, i.e., the
first electronically excited state [15] B'S. Thus the Raman processes will be highly
non—resonant (16] which implies a small Stimulated Raman cross—section. Therefore a
large number density of the H;—gas is required to achieve a reasonable Raman gain in
the medium. In the present study, we have used the capillary tubing Raman cell to
establish the pressure threshold for the observation of the first Stokes line which is
germane to the formation of the high order Stokes and anti—Stokes lines. At a constant
laser beam energy of 13 mJ focused to a diameter of approximately lmm at the center of
the Raman cell, 20 cm from the entrance window of the cell, the Ho—pressure threshold
was determined to be about 125 PSI for the observation of the first Stokes line at A =
416 nm. When the Hy—pressure was increased slightly, the green color appeared at A =
503 nm. At any pressures higher than & 150 PSI, these colors were observed to be very
strong. The red color corresponding to the third Stokes line at A = 636 nm was not
observed at any Ho—pressures used here. By using the procedures described in the
experimental section of this paper, we scanned and recorded the spectrum in the
wavelength range of 300—644 nm at various Hy—pressures in the range of 200500 PSI.
The results are shown in Fig. 4 for a set of selected Ho—pressures at room temperature
and laser pump energy of 13 mJ. The variation of intensity of the Stokes and
anti—Stokes lines are given in Fig. 5 for all the Ho—pressures used in the present study.
1t is clear from the Fig. 4 that the first and second Stokes lines ( A = 416 nm and A =
503 nm) and the first, second, and third anti—Stokes lines ( A = 309 nm, 274 nm, and
246 nm, respectively) were generated at the Ho—pressures used in the present study. The

presence of the second order AS;, AS;, and AS;—waves is the clear indication of
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Fig. 4

generation of these lines in the first order. However, there no trace of the formation of

the third Stokes line at A = 636 nm (Fig. 4). The generation of higher order
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Wavelength scan of the Raman components at various Ho—gas pressures at

laser pump energy = 13 mJ and focal point = 20 ¢m. The notations are the

same as in Fig. 1. The spectra are not corrected for the spectral response of

the optical detection system. A:500 PSI, B:350 PSI, C:200 PSI

components of the anti~Stokes than the Stoke lines indicates that the four—wave mixing

may be the dominant mechanism for the observation of the anti—Stokes lines. From Fig.

5, it is clear that the intensity of the first Stokes, Sy, is increasing steadily and after
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reaching a maximum at the Hy—pressure of 350 SPI, it keeps decreasing as the pressure
is increased. The intensity of the first anti—Stokes, AS;, keeps decreasing with the
increase in Hy—pressure. In relation to the intensities of S; and ASj, the intensities of the
second Stokes, Sy, keeps increasing with pressure at a slower rate. The formation of the

S» may be related to the cascade energy transfer processes involving the S, wave.
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C: Focal Length Effect on the SRS—processes:

Most of the previous studies have used long and wide bore diameter Raman
celi(s) and have used a focusing lens to focus the input laser beam at the center of the
cell. In the present study, using a capillary Raman cell, we have used different
configurations of the focusing lens and have observed significantly different
results, quite different than focusing the laser beam at the center of the cell. All the
experiments were performed at Ho—gas density of 500 PSI and laser beam energy of 13
mJ. The focal length of the focusing lens, made of quartz, used here was either 50 ¢cm or
25 cm. When the 50 cm focal length lens was placed at 2.5 ¢cm in front of the Raman
cell, the focal point was beyond the cell by 7.5 cm and no Raman scattered laser lines
were observed; only the pump laser beam was evident. When the lens was moved to a
distance of 13.5 cm in front of the cell, the focal point was at 36.5 cm inside the cell. In
this configuration Raman lines along with the pump laser beam were observed. When
the 25 cm focal length lens was placed at 5 cm in front of the Raman cell, the focal point
was 20 cm inside the cell, the colors violet, green, and red were observed. At 20 feet
away from the dispersing prism, the spot size of these colors were of equal size and the
divergence was much less than when the focal point was at 36.5 cm.

A wavelength scan indicated that the intensity of Stokes and anti—Stokes
lines observed at 36.5 cm focal length was much stronger than at any other focal length
configuations. At the same time, the number of Raman components observed in this
configuartion were more than in any other configuarations. The enhancement in the
intensity and number of higher order components may be explained based on the
spontaneous Raman scattering photons, which are known to act like "seed" for the
generation of the first Stokes and subsequent higher order Raman components. When
the focal point is at 36.5 cm from the entrance window, the laser beam is generating
more spontaneous Raman photons than when it is travelling only 5.5 cm or 20 cm inside
the cell. Because of the large number of "seed" photons, one would expect the formation
of an intense first Stokes line. The first Stokes will lead to the formation of other Raman

components either due to the four—wave mixing or cascade energy transfer processes. It
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The notations are the same as in Fig. 1. The spectra are not corrected for the

spectral response of the optical detection system. A: 36.5 ¢cm, B: 20 ¢cm, C:

5.5 cm. The focal lengths are measured from the entrance window of the cell.

may be worth noting here that a similar observation will be expected by using a Raman

cell of 2x36.5 cm, if the focal point is set at the center of the cell under the present

experimental conditions. These results clearly indicate that a capiliary Raman cell of 40

cm or slightly less is as good as a Raman cell of 80 cm or close to 1 meter, which has
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traditionally been used in the past by many investigators. In Fig. 6, we display the
wavelength scan with intensity of the Raman components at various focal points inside

the Raman cell at a constant pump energy (13 mJ) and Ho—gas pressure (500 PSI).

Conclusions

In conclusion, we have studied the Stimulated Raman Scattering (SRS)
processes (SRS) in Hy gas using pulsed laser beam at wavelength A = 355 nm. The
SRS-processes were studied in a capillary Raman cell of 0.635 cm internal diameter and
40 cm long. The capillary Raman cell was found to be more efficient in generating the
Raman components than a wide bore tubing of the same length. A parametric study
was performed to establish the best operating condition for the Raman laser by
varying the H; gas pressure, pump laser energy, and the focal point inside the capillary

Raman cell.
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