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laser pumps a scintillation dye (PBD) to
provide a background absorption con-
tinuum from 330 to 440 nm of 15-ns dura-
tion coincident with the pump to within
1 ns. Passing both beams through a mag-
nesium oven (10*5-10%¢ atoms e¢m—3) pro-
duces an absorption spectrum for the
measurement of the peak absorption from
the ‘P level (A = 375 nm). By employing
a split dye laser cavity with two indepen-
dent tuning elements, to produce simul-
taneously and colinearly the exciting and
probing frequencies, the narrow-band res-
onance (A = 2973 nm) can be photo-
electrically measured.

Comparison of experimental and com-
puted results will be given.

M.4 The Radiation Pressure of Laser
Light (Invited), A. Ashkin, Bell Tele-
phone Laboratories Inc., Holmdel, N. J.
077133,

Recent, experiments on the radiation pres-
sure of laser light will be reviewed. It will
be shown that radiation pressure can exert
forces sufficient to move small particles
about freely in various media, Applica-
tions of these forces to particle separation,
optical levitation, the micromanipulation
of small particles, and isotope separation
will be discussed. A short movie will be
gshown.

M.5 Precision Speed of Light Determi-
nation by Means of Stimultaneous
Absolute Frequency and Wavelength
Measurements in the Infrared: A
Progress Report of the Activities at
M.LT. (Inuvited), A. Javan, Department
of Physics, Muassachusetts Institute of
Technology, Cambridge, Mass.

WEDNESDAY MORNING 577
BACKGROUND
CONT.
SCINTILLATOR SPECTROGRAPH
DYE CELL
Mg OVEN
26504 8
2
‘3,,(
ADP
xal
FH ot
Nd
53004
$ L ADP xal
SHof DVE
ApPp xal
SH. of Nd -
HALF WAYE —— e
PLATE
p RHEG
53008 in ETHANOL
AMPLIFIER ROD HALF
SPHERO gﬁ%
PLATE
CYLINDRICAL ADP = ] TELESCOPE
LENS xal <)
S.H.
{ FABRY PEROT 1
l FPR2
100 %
RHEG MIRROR
Fig. 1. (M. 3)
Beginning early in 1966, a long-term wavelengths of the centers of narrow

project was undertaken at MIT. with
two separate but related ultimaie ob-
jectives, The first was to devise the
necessary technologies to extend the

‘methods of microwave frequency syn-

thesis and harmonic frequency mixing
into the far infrared, infrared, and optical
region, so that widely differing laser fre-
quencies can be compared with a pre-
cision limited by their ultimate frequency
stability. The second aim consisted of
applying a long-arm scanning Michelson
interferometer, together with an on-line
computer, to compare the wavelengths
of two lasers oscillating at widely differ-
ent regions of the spectrum with an ac-
curacy mainly limited by diffraction cor-
rections. The emphasis was placed on the
comparison of a stable wvisible helium-
neon laser wavelength with that of lasers
in the infrared or far infrared. (The latter
projeet began most actively in early 1967
with the continued collaboration of F.
Zernike, Perkin-Elmer Corporation.)

The major motivations in developing
these technologies at M.IT. have been
their important potential spectroscopic
applications utilizing narrow nonlinear
infrared and optical resonances obtain-
able in a variety of ways. The speed of
light determination is merely one by-
product, important only in relating the
units of time and length.

By now, the harmonie frequency syn-
thesis and hence, absolute measurements
can be done routinely at wavelengths as
short as at least the near infrared. (See
also discussions by K. Evenson at this
conference.) Since the summer of 1970
when absolute frequency determination
was done at MIT. in the five-micron
region using a carbon monoxide laser,
we have shifted emphasis back to the
ten-micron range to obtain improved ac-
curacy. Attempts are now made to de-
termine precisely the frequencies and

saturation resonances, obtained with the
aid of 2 recent method, in the individual
P and R branch transitions of carbon
dioxide at a low gas pressure. At present,
our methods appear to allow wavelength
comparison to within one or two paris in
one hundred million and frequency mesa-
surements (using a previously described
phase-locked chain), to within an ac-
curacy limited by the basic stability of
the standard elock. The talk will sum-
marize these activities and will give the
latest results. A list of the students and
colleagues who have made this work pos-
sible will also be presented.

M.6 The Speed of Light: Progress in
the Measurement of the Frequency and
Wavelength of the Methane-Stabilized
He-Ne Laser at 3.39 um ([nvited),
R. L. Barger, J. D. Cupp, B. L. Daniel-
son, G. W, Day, K. M. Evenson, J. L.
Hall, D. G. MeDonald, L. O. Mullen,
F. R. Petersen, A, S, Risley, and J. 3.
Wells, Undversity of Colorado and NBS
Boulder, Colo.

The synthesis of infrared frequencies to
88 THz has recently been accomplished.!
The frequency of a CW helium-neon
laser tuned to the methane absorption
was measured at the National Bureau of
Standards and found to be 88.376245(55)
THz. A second round of experiments to
increase the accuracy of this measurement
is now well under way. The experimental
part: of the measurement of the wave-
length has been completed, and contin-
uing analysis of systematic - errors is

1EK. M, Evenson, G. W, Day, J. S. Wells, and
L. O. Mullen, Appl. Phys. Letf., Feh, 1, 1972
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TABLE I
pe{TIz) Az (m) Lager 1 1 m vz n vkly
0.890760 337 HCN 0 0 12 0.0742
10.718073 28 H,0 12 0.8908 0 1 0.0289
32.176083 9.3 CO(IR10) B 10,7181 0 -1 0.0199
29 447187  10.2 CO(R30) 1 32,1761 —3 0.8908 1 0.0195
88.376245 3.39 He-Ne 3 20,4472 0 -1

G.0487

being made now. The aceuracy of the
frequency measurement should be goed to
a few parts of 109 and the wavelength
measurement should be good to the limits
of the present lemgth standard (zbout 1
part in 108), Thus the value of ¢ obtained
from these measurements will be a defini-
tive value.

To compare an unknown laser fre-
quency, »., with harmonics of one or two
other lasers, one needs to satisfy the fol-
lowing :

ve = lvy + mwy + e 2= Voears

The quantities » and ». are basis laser
frequencies, and 1, m, and n are har-
monic numbers where m and n may be
either positive or negative. Once »s is
determined, it serves as a basis laser fre-
quency for the measurement of the next
higher frequency laser. A chain of such
lasers and klystrons extending down to a
frequency standard gives an absolute
value to the frequency of each laser. The
lasers used in the first experiments were
free running lasers, and each one was
tuned to the top of its gain curve. The
klystron frequency vay was measured on a
calibrated wave meter and ppes: Wwas read
on a spectrum analyzer. Improvements of
over 2 orders of magnitude in accuracy of
the measurement will be realized mainly
with the use of stabilized lasers. The har-
monic generation and mixing take place
on a single diode irradiated simultan-
erously with rz, », re, and wmay. The beat
frequency is amplified and detected with
a spectrum analyzer. The diodes used in
the experiments will be conventional
tungsten on silicon for the 1-THz range,
and most likely tungsten on nickel at the
higher frequencies. There is also the pos-
gibility that the Josephson junction may
be used at 10 THz. The measurement
scheme is summarized in Table 1.

The He-Ne laser is locked to the
methane absorption using the technique
devised by Barger and Hallz Two CO.
lasers stabilized with the Freed and
Javan® technique will be used in this
scheme. The water vapor laser may be
locked to the stabilized R10 line of the
C0O; laser, The HCN laser is phase locked
to a quartz controlled reference chain.
The wavelength comparison was done
direcily with a krypton standard in a
specially constructed Fabry-Perot inter-
ferometer.t

2R, L. Barger, and J. L. Hall, Phys. Rev. Lett,,
vol. 22, no, 4, 1965,

2, Freed and A. Javan, Appl. Phys. Lett,
wvol. 17, p. 53, 1970. .

+R, L. Barger and J. L. Hall, in preparation.

Progress in this series of measurements
will be described and, hopefully a defini-
tive wvalue of the speed if light will be
announced.

M.7 Anisotropy in the Dicke Narrow-
ing of Rotational Raman Lines, A. D.
May, B. K. Gupta, and 8. Hess, Depart-
ment of Physies, University of Toronio,
Toronto, Ont.,, Canada.

Dicke narrowing and collisional broaden-
ing of spectral lines has been studied by
a number of authors (cf. Cooper el al.
1968). For Raman scattering from gases
at densities p such that the produet of
the mean free path ! and the momen-
tum transfer ¢ is much less than one,
the lines have a Lorentzian profile with
a hali-width Awye given by

Apd:‘ + AI]"'c:,r.t'i]

2

q Do)
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where Ds and B are the diffusion constant
at 1 amagat and the broadening coeffi-
cient, respectively. The decrease of Avas
with increasing density reflects the effect
of collisions in damping the translational
motion of the molecules. The increase in
Aveor1 with density reflects the increas-
ingly rapid perturbation of the internal
molecular motion with increasing collision
frequency. Due to their different depen-
dence on density these two effectz of
molecular collisions may be separated.

The experimental apparatus consisted

AV“‘z =

Il

of a 250-mW He-Ne laser, a high-pressure
scattering cell, a Fabry—Perot interferom-
eter which could be scanned by small
pressure steps and photon counting elee-
tronics. The polarization of the laser beam
was in the vertical direction, and all ob-
gervations were made horizontally at a
seattering angle of 90°. The line shape of
the So(1) line was measured over a range
of densities from 2.5 to 58 amagat with a
polaroid set to select the vertically po-
larized light, This was followed by a simi-
lar set of measurements with the polaroid
rotated 90° to observe only the horizon-
tally, polarized component of the seattered
light.

Fig. 1 shows the observed profile of the
8¢(1) Raman line of My, for the two polariza-
tions at about 2.5 and 46 amagat units of
density. At the highest density the two
curves have the same width. Thus we con-
clude from (1) that the broadening coeffi-
cient is the same for hoth polarizations. The
low density profiles are below the minimum
in the width wversus density eurve (ef.
Cooper ef al. 1968) where Awg; makes the
largest confribution to the total width. As
the instrumental width was about 1.6 GHz
we see that the small difference in the
widths, apparent in the figure actually cor-
responds to a significant difference in Awgy.
The experimental curves were compared
with theoretical curves computed by con-
voluting the Ingfrumental funetion F(w),
the translational function G.(q, ) given
by Nelkin and Ghatak (1964), and s pres-
sure broadened Lorentzian line L(w). A
least square fit of all the profiles yields for
each polarization only two constants, D
and B. For the I, spectrum we find D; and
B equal 1.60 £ 0.05 em?® s71 and 0.0534
GHz/amagatl, while for the I, spectrum
Dy and B equal 1.80 = 0.05 em? st and
0.053; GHz/amagat. As anticipated the
broadening coefficient is independent of
polarization. The two diffusions coefficients
are different.

Consider the case of vertically polarized
incident light being scattered (in a hori-
zontal plane) through an angle 6. If k;
and k, are the wave vectors of the incident
and scattered light, respectively, then it is
the motion of the molecules along q, where
g equals k, — k; that determines Awgi
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