VoLuUME 28, NUMBER 11

PHYSICAL REVIEW LETTERS

13 MARcH 1972

sentation become
dy,/dt =[2(1+8%)] 1y,
xexp{-i(8/2) [ [(1+12) (e + ) 2at},
dyy/dt=—[2(1+*)]"
xexpl+i(8/2) [ [(1+2) (e +t)2at} .

This representation is less convenient for ana-
lytical work because of the complicated integral
in the exponent, but it is quite convenient for
numerical work for strong g and small €.

We wish to emphasize the necessity of abandon-
ing the linear approximation for #(s) if a valid
model for close crossings is to result. This is
particularly important in view of the preoccupa-
tion with Weber’s equation and its asymptotic
properties which has dominated past studies of
this problem.?%"® In Ref. 1 we show that the re-
duction to Weber’s equation depends upon assum-
ing the effective linearity of #(s). Equations (6)
also show quite clearly why this is not a good
idea. If #(s) is taken to be linear, Egs. (6) are
modified to a form which is the same except that
the integrand in the exponent is replaced by
To(1+#2)12, with T,=p/2Ve. It is evident that if
significant coupling occurs near the turning point,

(6)

the linear approximation is inadequate.

We have computed solutions for a complete
grid of parameters (3, €). In Ref. 1 these results
are presented in detail and compared with vari-
ous analytical formulas.
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Linewidth of Tunable Stimulated Raman Scattering
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We report direct measurements of the tunable spin-flip Raman (SFR) laser linewidth,
obtained by heterodyning the SFR laser output with the output from a cw gas laser, The
measured linewidth for the cw SFR laser operating near 5.3 pm is < 1 kHz and is limited
by the spectrum analyzer resolution. The measured linewidth of < 1 kHz is the narrow-
est known for any tunable source of coherent radiation in the infrared.

A recent report of tunable stimulated Raman
scattering® from the spin flip of conduction elec-
trons in InSb (i.e., the spin-flip Raman laser) has
evoked considerable interest in its use in the in-
vestigation of numerous physical phenomena.

The tunability of the spin-flip Raman (SFR) laser
now covers'"® a wavelength range from about 9

to 14.6 um and from 5.2 to 6.2 um and has been
used in high-resolution infrared spectroscopy,”’
transient infrared spectroscopy,® pollution detec-
tion,® and nonlinear optics.’® A very important
parameter of a tunable laser source is the line-
width of its radiation output. Heretofore, only in-

direct measurement of the linewidth of the SFR
laser was available with a quoted number’ of
~900 MHz. In this paper we report direct mea-
surements of the SFR laser linewidth by hetero-
dyning the SFR laser output with power output
from a cw gas laser. We measure a linewidth of
S 1 kHz for the spin-flip Raman laser pumped at
5.3 um. The linewidth is limited by spectrum
analyzer resolution. The SFR laser linewidth
calculated from consideration of the amplitude
and phase fluctuations in the laser is ~1 Hz. The
contribution of the SFR laser linewidth arising
from the fluctuations in the magnetic field which
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determines the SFR laser frequency is judged to
be small compared to 1 kHz. The SFR laser fre-
quency w, is given by

W =w,— gupB, 1)

where w, is the pump frequency, g is the effec-
tive g value of the electrons in InSb, uj is the
Bohr magneton, and B is the magnetic field.
Even with the present measured linewidth, the
SFR laser is the narrowest-linewidth tunable
source of coherent radiation in the infrared.

The linewidth of a laser source is determined
by the amplitude and the phase fluctuations in the
radiation phenomenon which leads to the stimulat-
ed emission. The laser linewidth is given by the
Schawlow-Townes expression'?

Avy =8mhv [Av, Avg,/(Avg+ Avsp)]zP'l, (2)

where Av; is the laser linewidth far above laser
threshold, % is Planck’s constant, v, is the laser
frequency, P is the laser power output, Ay, is
laser cavity linewidth,'? and A, is the sponta-
neous emission linewidth for the radiation pro-
cess. For typical operating conditions of the
SFR laser in the 5-15 pm range, Eq. (2) pre-
dicts a laser linewidth of ~1-100 Hz. (The exact
numbers applicable to the present experimental
conditions will be given later.) To measure such
narrow linewidths, conventional spectrometers
are clearly unsuitable, Earlier attempts to esti-
mate the SFR laser linewidth by monitoring a
molecular absorption” line led to an upper limit
of ~900 MHz. It was not appreciated at that time
that to measure the extremely narrow linewidth
a very precise control on the magnetic field is
necessary if the magnetic field is being swept in
monitoring the molecular absorption. This fol-
lows from the enormously large tuning rate for
the SFR lasers arising from the effective g value
of — 50 for electrons in InSh.’® Such a large g
value gives an experimentally observed tuning
‘rate!"® of ~70 MHz/G. For molecular absorption
lines in the infrared, typical Doppler widths are
of the order of ~70-100 MHz, which implies that
a proper estimate of the SFR laser linewidth by
measuring molecular absorption will require a
precision control of the magnetic field of the or-
der of a small fraction of a gauss. SFR lasers
heretofore were limited to a minimum magnetic
field of ~14 kG for their operation because of the
quantum-limit considerations.? Such fields re-
quire the use of superconducting solenoids where
control of magnetic field to a fraction of a gauss
at Bz 10 kG is difficult if not impossible. The
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ideal way of measuring a laser linewidth is by
heterodyning its power output with another laser
whose linewidth is either-known or is expected to
be much narrower than the linewidth of the laser
to be measured. Here again, to bring the beat
frequency within measurement range of present
infrared detectors requires the same precise
control of the magnetic field mentioned above.
In addition, the field is also required to remain
constant. Because of these reasons, no really
good measurements of SFR laser linewidth were
available to date.

The situation has changed considerably with the
operation of the SFR laser at magnetic fields as
low as 400 G,'* where a conventional electromag-
net with its inherent stability and precision con-
trol of the field can now be utilized to measure
the linewidth of the SFR laser. We have directly
measured the SFR laser linewidth by heterodyn-
ing the low-field SFR laser operating at B~1713
G with a cw CO laser line. The experimental set-
up used is shown in Fig. 1. The cw CO laser
with a grating inside the cavity is made to simul-
taneously oscillate on two transitions of CO:
P,_4(12) at 1888.32 cm™ and P,.,(13) at 1884.35
cm™!, The grating is adjusted such that the pow-
er output on the P,_,(12) transition is about 10
times that on the P,._4,(13) transition. The entire
power output of ~6.0 W was focused with a 10-
cm BaF, lens onto an InSb sample having an elec-
tron concentration of 1x10'® cm ™3, The sample,
2 mmXxX2 mmXx9.24 mm long was immersed in
liquid He at 1.4-1.6 K. The CO laser polariza-
tion was parallel to the magnetic field. The 2
mmXx2 mm faces, which are parallel to the mag-
netic field, serve to form the SFR laser cavity.
The CO pump radiation enters the InSb sample
through one of the 2 mm X2 mm faces as shown
in Fig. 1. The P,_4(12) transition of the CO laser
acts as the pump for the SFR laser. The magnet-
ic field is supplied by either a small permanent
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FIG. 1. Experimental setup for measuring the SFR
laser linewidth by a heterodyne technique.
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FIG. 2. Low-field output spectrum of the SFR laser
at B~ 1141 G. The magnetic field is provided by a per-
manent magnet. The input pump power on the Py.4(12)
transition is ~ 2.5 W, Notice that for the purposes of
this analysis the CO laser was oscillating only on the
Pgy.4(12) transition,

magnet or a 4-in. Varian electromagnet. Sizable
Raman conversion efficiencies are obtained even
at these low magnetic fields as seen in Fig. 2.
Here a fixed magnetic field of ~1141 G was pro-
vided by a permanent magnet, and the CO laser
was made to oscillate only on the P,_,(12) transi-
tion.

For the heterodyne experiment, the magnetic
field, now provided by the electromagnet, is ad-
justed such that the I Stokes SFR laser frequency
nearly coincides with the P,_,(13) transition of
the CO laser emerging simultaneously from the
InSb sample. The SFR laser polarization is nor-
mal to the magnetic field'*'!5> and normal to the
polarization of the P,_,(13) transition. To obtain
heterodyne signals, a polarizer at 45° is inserted
in the beam to give parallel components of elec-
tric field polarizations for the SFR laser output
and P,_4,(13) transition. The low-resolution spec-
trometer precedes a fast Cu:Ge photoconductive
detector (4.2 K) in order to remove all power out-
put but that at wavelengths near the P,_,(13) tran-
sition. The SFR laser power output is ~1 W and
the P,_4,(13) CO transition power is ~200 mW.
The output from the photodetector is analyzed for
its rf content by using a Tektronix 1L20 spectrum
analyzer.

Figure 3 shows the best frequency near ~82
MHz obtained between the P,_,(13) transition of
the CO laser and the SFR laser at B=~1713 G.

The rf sweep rate of 20 kHz/cm with a 1,0-kHz
resolution gives us an effective beat frequency
width of ~1 kHz. From this we estimate a SFR
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FIG. 3. Spectrum analyzer display of the rf beat be-
tween the Py ¢(13) transition of the CO laser and the
SFR laser pumped with the Py4(12) transition of the CO
laser at B~ 1713 G. Beat frequency is 82 MHz. Sweep
width is 20 kHz/cm with a resolution of 1.0 kHz, Sweep
rate is 0.005 sec/cm. Exposure time is 0.1 sec.

laser linewidth of <1 kHz which is limited by the
spectrum analyzer resolution. It was seen that
there was a considerable jitter in the position of
the beat frequency from one spectrum analyzer
sweep to the next. The jitter was ~40 kHz over
a time range of few seconds. This jitter is as-
cribed to the magnetic field fluctuations. Howev-
er, from sweep to sweep, the width of the beat
note remained at <1 kHz.

For our laser cavity length of 9.24 mm, Ay,
can be calculated'? to be ~0.04 cm ™. Inserting
the Av,, measured v;, Av,,=1 cm™, and power
output (~1 W) into Eq. (2), we obtain Av; <1 Hz
for the SFR laser. Thus the measured linewidth
of <1 kHz is considerably larger than the calcu-
lated value and improved rf beat-frequency mea-
surements are warranted. From the known cur-
rent stability of the magnet power supply and the
magnet parameters, we believe that the contribu-
tion of the fluctuation in the magnetic field to the
SFR laser frequency is <1 kHz. However, it is
felt that in order to improve upon the present
measurements for obtaining a better comparison
between calculated and measured SFR laser line-
width, we will have to use a permanent magnet of
appropriate field strength. This is being planned.

It should be pointed out that because we are us-
ing the P,_4(12) and the P,_4,(13) CO transitions
from the same laser, the variation in the pump
frequency arising from mechanical vibrations
etc. of the CO laser make little contribution to
the measured width of the beat frequency between
the P,_,(13) transition and the SFR laser. Thus
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FIG. 4. Absorption spectrum of the 18.85.24—-cm"1 line
of H,O vapor in air at (a) P =30 Torr, (b) P, =760
Torr,

the measured SFR laser linewidth does not in-
clude a contribution from the pump frequency
fluctuations. In a practical situation where ab-
solute frequency stability is required, the CO
pump laser frequency will need to be well stabil-

ized.
As a further check on the usefulness of the low-

field SFR laser in spectroscopy, we show in Fig.
4 the absorption spectrum of the H,0 vapor line'®
at ~1885.24 cm ™! measured with the low-field
SFR laser spectrometer at P,;,=30 and 760 Torr.
At P,;, =30 Torr, a linewidth of 0.0065 cm™*

(195 MHz) is measured, all of which may be ac-
counted for by the pressure broadening and the
Doppler width. At 760 Torr, we see an increase
in the linewidth to 0.087 cm™ due to pressure
broadening. Incidentally, the measured pressure
broadening of this H,O line is in reasonable agree-
ment with the calculations’® which yield a line-
width of 0.109 cm ™,

In conclusion, we have directly measured the
linewidth of a cw SFR laser by heterodyning its
output with a cw gas-laser output. The measure-
ments give an upper limit of 1 kHz for the SFR
laser linewidth. This linewidth is determined not
by phase fluctuations due to spontaneous emission
.but by the rf spectrum analyzer resolution. The
present measured linewidth is the narrowest line-
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width of any source of tunable coherent radia-
tion,'” and lays to rest any doubts'® about the true
laser nature of the SFR lasers.
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FIG. 3. Spectrum analyzer display of the rf beat be-
tween the Pg.4(13) transition of the CO laser and the
SFR laser pumped with the Pg.4(12) transition of the CO
laser at B~ 1713 G. Beat frequency is 82 MHz, Sweep
width is 20 kHz/ecm with a resolution of 1.0 kHz, Sweep
rate is 0,005 sec/cm. Exposure time is 0.1 sec.



