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ly would not be expected to result in preferential
production of low-energy bremsstrahlung photons.
The appearance of the low-enex'gy bremsstrah-
lung structure in the region of alignment of the
beam with the periodic structure of the crystal
suggests the possibility of coherent bremsstrah-
lung effects. Such an enhancement of the low-
energy part of the photon spectrum was predict-
ed by Dyson and Uberall, ' and discussed in

more detail by Uberall. ' A relativistic electron
(or positron) of energy E interacts coherently
with a low-enex gy bremsstrahlung photon of
wavelength A. over a path length I.= X(E/mac ),
and for an aligned particle the photon intensity
is expected to be enhanced by a factor N, equal
to the number of crystal atoms contained in the
coherence length I.. If d is the lattice spacing,
then %=1/d. Since matrix elements for brems-
strahlung production axe small for impact pa-
rameters largex than the Thomas-Fermi screen-
ing radius a, these enhancement effects should
occur for 8& a/l. . Accordingly, for incident par-
ticles in the energy range of our experiment, X
becomes greater than unity fox photon energies
less than a few MeV, and enhancement should
occur for 0& 30 mrad. The effect should be
about twice as strong for 28-MeV particles as
for the 20-MeV case, and should occur in rough-
ly half the angular range. Our low-energy pho-
ton observations are quite consistent with these
predictions. These coherence effects occur in
addition to any channeling effects, and it should

be noted that the above predictions are fox parti-
cle trajectories not inQuenced by the channeling
me chanl sm.
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We investigate the use of a tunable spin-flip Raman laser in infrared absorption spec-
troscopy. The Baman laser is tunable from 10.9 to 13.0 pm with linearity and resettabil-
1ty of tuning betteI' than 4 A Rt 12.0 pm. This limit 1s set by the pI'esent xneRsurexnent
capability. A study of the absorption spectrum of NH3 in the 12.0-p, m region shows that
the spin-flip Haman laser is superior to a conventional grating spectrometer in attainable
resolution.

The recent report of a tunable spin-flip Raman
laser' in InSb is of considerable significance for
infrared spectroscopy. The spin-flip Raman la-
ser in InSb is continuously tunable from 10.9
to 13.0 p, m ' (when pumped at 10.6 pm) by varying
the dc magnetic field. If sufficiently narrow and
stable, such a source might be quite important
in infrared spectroscopy. In this paper we re-

port measurements of linearity and resettability
of the spin-flip Raman-laser frequency which
were made in order to evaluate its suitability for
this purpose. At present, linearity and resetta-
bility are better than 1:3X10' corresponding to
-4 A at -12.0 p, m, i.e., -800 MHz at 830 em
and axe limited by our measurement capability.
The emission linewidth is estimated to be 0.03
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cm ', which is also limited by the measurement
techniques. The linewidth, tuning characteris-
tics, and high power output indicate that the spin-
flip Raman laser is an excellent source of tun-
able coherent radiation and should be ideal for
infrared-absorption spectroscopy within its spec-
tral range. An absorption spectrum of NH, ob-
tained with the spin-flip Raman laser shows that
the spin-flip Raman laser is super'ior to the con-
ventional grating spectrometers i.n infrared spec-
troscopy in terms of ultimate resolution and

spec cI.

In Ref. 1 we 1 eported the tunablllty of the spln-
flip Rarnan laser in a n, =3 &10'6-cm 3 InSb sam-
ple to be from -11.V to 13.0 p. m when pumped at
10.6 pm. With the use of the low-concentration
samples, ' the overall tuning range of the spin-
flip Raman laser has been extended from -10.9
to -13.0 p.m, as seen in Fig. 1. The reason for
the extension of the tuning range with lower elec-
tron concentration has its origin in the factor
which limits the low-magnetic-field operation of
the SpiQ-flip Raman lRser RQd w'ill be discussed
elsewhere. ' The peak spin-flip Raman-laseI
power was -30-100 W for an input power of 1.5
kW obtained from a Q-switched Co, laser having
a pulse repetition rate of 120 Hz. For spectro-
scopic applications, it is of great interest to in-
vestigRte how the fiQe tuning of the spin-flip RR-
man laser behaves, especially over frequency
shifts of the order of R few Raman cavity modes.
These experiments were carried out on a 1.3
x10"-cm ' InSb sample. ' The sample length
was -5 mm and the Raman-laser cavity dimen-
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FIG. 1 Tuning characteristics of the spin-flip
HRIQRn laser pumped with R C02 lRser Rt 10o6 pIQ.
(The frequency ~, of the spin-flip Haman laser is
given by ~~=~o-gp, BB, where ~0 is the pump-laser
frequency, g is the effective g value of the electrons,
ps is the Bohr magneton, and 8 is the magnetic field.}

sion E (see Fig. 3 of Ref. 1) was 2.01 mm. This
corresponds to R cavity-mode separation of
-0.624 cm '. The InSb surfaces forming the Ra-
man-laser cavity had no high-ref lectivity coat-
ings and thus had a ref lectivity of -36$c deter-
mined by the specular reflection. When we in-
clude R calculated free-carrier absorption of
-0.1 Np per pass in the cavity (see Ref. 2), cor-
responding to the present carrier' concentration
and magnetic fields, we obtain a Raman-cavity
finesse' of -2.5. When the magnetic field was
tuned from -30 to -40 ko, the spin-flip Raman-
laser output power showed a 10$ modulation as
a function of the magnetic field. The separation
between the peaks was -0.631 cm ', confirming
that the output-power fluctuations are caused by
the spin-flip Raman emission line sweeping past
the cavity resonances. In order to measure the
fine tuning of the spin-flip Raman laser and to
see if the output frequency was changing gradual-
ly or if it was jumping from one cavity mode to
the next, the wavelength of the spin-flip Raman
output was accurately measured with a —,

' -m grat-
ing spectrometer equipped with a I5-groove/mm,
102-mm ~ 102-mm grating. The spectrometer
slits were set to give a resolution of -0.15 cm
which is Rbout the limit of the pI'eseQt gI'RtiQg.
The measured spin-flip Raman-laser linewidth
was seen to be -0.16 cm ' and no evidence of
simultaneous oscillation on two cavity modes was
found. (The emission linewidth of the spin-flip
Raman laser can be estimated to be &0.03 cm '.)
In addition, the output wavelength was found to
tune linearly with the magnetic field and showed
no signs of hopping from one cavity mode to the
next. The maximum periodic nonlinearity of the
output wavelength was measured to be -4 A (at
-12.0), corresponding to -0.026 cm ' at 830
cm ', Even this nonlinearity was not due to the
spin-flip Raman-laser frequency being pulled
and pushed' by the cavity modes but could be
shown to arise from the periodic error in the
spectrometer dI'ive screw with a periodicity of
-1.5 cm '. Thus the frequency pulling and push-
ing, if present, is much smaller than the 0.026
cm ' quoted above. This is a surprisingly small
number, but it may not be entirely unreasonable
since in absence of any high-ref lectivity coatings
on the InSb Raman cavity, as mentioned earlier,
the cavity Q is rather low and the cavity finesse'
is only -2.5. Thus, with a linewidth of less than
0 03 cm and R llneRl lty of tunablllty Rnd I'e-

settability far exceeding 1:3x10' (i.e., ~0.026
cm ' at 860 cm ') the spin-flip Raman laser
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FIG. 2. Experimental setup for using the tunable
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should be far superior to conventional grating
spectrometers in use in infrared spectroscopy.

The measurements of spin-flip Raman-laser
linewidth described above are clearly limited by
the spectrometer resolution. In order to con-
firm and/or improve our estimate of (0.03 cm
for the linewidth, and to evaluate the capability
of the tunable spin-flip Raman laser as an in-
frared spectrometer, we have measured the ab-
sorption of NH, in the range' 800-900 cm ', us-
ing the spin-flip Raman laser as the source.
Figure 2 shows an outline of the experimental
setup used. The spin-flip Raman laser employed
an n, = 1.3 & 10"-cm ' Insb sample. The rest of
the setup is self-explanatory. The output gave
the NH, absorption versus B. The magnetic fieM
values were converted to frequency using the tun-
ability curve in Fig. 1. Figure 3(a) shows a. por-
tion of the absorption spectrum of NH, (ammonia
pressure -10 Torr and absorption length =15 cm)
as a function of frequency in the range 846-855
cm '. It should be pointed out that absolute cal-
ibration of frequency from the magnetic field is
limited to -0.1 cm ', but the relative calibration
is better than 0.03 cm '. The numbers on the

peaks identify the transitions. The interesting
point is that the sP(6, 1) and sP(6, 2) are resolved
in our trace. The spacing is seen to be -0.05
cm '. This confirms our earlier estimate of a
spin-flip Raman-laser linewidth of (0.03 cm
Unfortunately, now we are limited to a certain
extent by the Doppler broadening and pressure
broadening of the NH, absorption line. To im-
prove on the absorption spectrum further, we
need to use longer absorption paths together with
lower NH, pressures and lower temperatures.
The trace in Fig. 3(a) should be compared with
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that in Fig. 3(b) taken with a. conventional spec-
trometer having a 15-cm grating. This is re-
produced from Fig. 1(a) of Mould, Price, and
Wilkinson, ' where the claimed resolution is -0.1-
0.2 cm ', and appears to be nearly the best that
has been done heretofore using a conventional
spectrometer. ' The comparison between Figs.
3(a) and 3(b) leaves no doubt about the superior
resolution of the spin-flip Raman-laser spec-
trometer. The sP(6, 1) and sP(6, 2) are not re-
solved in Fig. 3(b). In addition, the spin-flip
Raman-laser spectrometer is extremely fast
(because of the relatively high, tunable mono-
chromatic power output); the trace in Fig. 3(a)
can be taken in (1 min. The frequency stability
of the spin-flip Raman-laser output was checked
by adjusting the magnetic field so that we were
at the peak of an absorption line such as aP(4, 3),
and by monitoring the absorption at a low NH3

pressure of -1 Torr for a period of 30 min.
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FIG. 3. (a) Absorption spectrom of NH3 at a pressure
of 10 Torr taken with the spin-flip Raman-laser spec-
trometer shown in Fig. 2. The identification of the
transitions is as follows: (1}aP (4, 0), (2) aP (4, 1},
(2) aP (4, 2), (4) aP (4, 2), (6) sP (6, 1), (6) sP (6, 2),
(7) sP(6, 3), (8) sP(6, 4), and (9) sP(6, 5). (For iden-
tification, see Ref. 6.) (b) Absorption spectrum taken
with a conventional grating spectrometer, reproduced
from Ref. 7.
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There was no measurable change in the absorp-
tion, indicating that the frequency stability of the
spin-flip Raman laser is at least as good as the
estimated linewidth of Raman- laser emission,
i.e., 0.03 cm ' or -1:3x10'. The ultimate reso-
lution possible with the spin-flip Raman-laser
spectrometer is expected to be much better than
what we have shown so far. This is so because
the emission linewidth of a quantum oscillator
such as the spin-flip Raman laser is expected to
be significantly narrower than the present upper
limit of 0.03 cm ' arrived at in the present pa-
per. '

An additional advantage of the present spin-
flip Raman-laser spectrometer lies in the fact
that the output occurs in the form of -30-nsec-
wide pulses in normal operation (or -3-nsec-
wide pulses in mode-locked operation). ' This
should allow time-resolved spectroscopy in the
10-14-p. m range which heretofore has not been
possible with high resolution. The spin-flip Ra-
man laser has the drawback of a limited tuning
range. However, this disadvantage could be easi-
ly overcome by using different pump lasers,
higher magnetic fields, and other narrower band-
gap semiconductors (in place of InSb), such as
Pb, „Sn„Te or Hgy Cd„Te where the g value of
the conduction electrons is larger than that in
InSb.

In conclusion, the linewidth and fine-tuning
measurements both indicate the superiority of
the spin-flip Raman laser as the source in in-
frared spectroscopy as compared with conven-
tional grating spectrometers. Further improve-
ments in the measurement of the linewidth will
require heterodyne spectroscopy to pin down the

exact spectral width of the spin-flip Raman-la-
ser output. We have experimentally shown the
superiority of the spin-flip Raman laser as a
source in absorption spectroscopy as compared
with the conventional techniques. It is clear that
the immediate applications of the spin-flip Ra-
man laser in infrared spectroscopy and as a lo-
cal oscillator in heterodyne spectroscopy are
eminently reasonable. Further improvements in
the characteristics of the spin-flip Raman laser
will accrue from its cw operation. '
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the manuscript, and A. Albert for skillful crys-
tal polishing.
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The formation and propagation of ion-acoustic solitons are observed experimentally.
The character of a solitary pulse is observed to follow the predictions of the Korteweg-
de Vries equation with respect to the shape and velocity of the soliton. The interaction
between two solitons is modified significantly by dissipation. However, the nonlinear
nature of the interactions is confirmed for solitons moving in the same direction. Soli-
tons moving in the opposite direction and colliding have very little effect on each other.

The formation and propagation of solitons is
one of the most interesting results of the nonlin-
ear analysis of dispersive waves in many media.
Kennel and Sagdeev' showed that the formation of
solitons is closely related to the wave structure

of a laminar collisionless shock front. Sagdeev'
showed, using the fluid equations, that in a plas-
ma of hot isothermal electrons and cold ions, a
single pulse (soliton), traveling slightly faster
than the ion sound speed, can propagate without


