VOLUME 25, NUMBER 4

PHYSICAL REVIEW LETTERS

27 Jury 1970

nately, we were unable to measure this reso-
nance with our present cw water laser.

The inversion process in laboratory water la-
sers is not known, but it no doubt involves selec-
tive excitation by collision. Possibly the same
process operates in shock fronts or other locally
dense and disturbed regions of interstellar gas,
thereby powering type-I masers, but there is
also a simpler laser inversion process that can
account reasonably well for the main-line OH
radiation from infrared stars. This is a radia-
tive inversion, drawing its energy from the 2.8-
um blackbody radiation of the star and operating
through the special properties of perturbed vi-
bration-rotation energy levels in water vapor.
The upper level of the 79.1- um laser transition,
because it is perturbed, has a much larger prob-
ability of excitation from the ground state by 2.8-
pm radiation than does the lower level. The
same holds for several other pairs of laser lev-
els. Hence population inversions can be main-
tained in water vapor near an infrared star, and
amplification of the star’s radiation at 79.1 um
and other discrete wavelengths will result. Un-
der saturated laser conditions, one 79.1-um pho-
ton will be emitted for each 2.8- um photon ab-
sorbed in lines that populate the upper laser lev-
el. Used in turn to pump the OH maser, each
79.1- um photon will be converted to an 18-cm
photon. With good geometry, correct velocities,
and sufficient optical depth in the infrared ab-
sorptions, the overall efficienty of this process
can be as much as 100 times greater than that of
Litvak’s near-infrared continuum pumping pro-

cess.! The condition most difficult to satisfy
may be that of sufficient optical depth, since the
absorption coefficient of the magnetic-dipole
pumping transition is 300 times smaller than
that of the weakest pumping transitions in Lit-
vak’s scheme. For an OH region of given size
and density the orders of magnitude cancel, and
it is probably fair to say that the two pumping
processes can have about equal efficiency.
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It is suggested that intense laser fields may be used to modulate the wave functions of
electrons. A classical model is used to demonstrate the greatly altered radiation fields
of these electrons after they emerge from the laser beam. The observation by Schwarz
and Hora of visible radiation from a nonluminescent target appears to result from these

fields.

With the advent of laser techniques, it has be-
come possible to modulate a particle beam at la-
ser frequencies by a method similar to that em-
ployed in the conventional klystron. This rapid
modulation introduces the possibility of observ-
ing effects associated with the longitudinal coher-
ence length of individual particles. [This length
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is a measure of the size of a particle’s wave
packet in the direction of the beam.] If the pulse
length in the modulated beam is long compared
with the coherence length, the only possible ef-
fect of the modulation is the physical bunching of
the particles in the beam; any subsequent radia-
tion from them may be treated in the convention-



VOLUME 25, NUMBER 4

PHYSICAL REVIEW LETTERS

27 JuLy 1970

al manner, If the pulse length is short compared
with the coherence length, then the wave func-
tions of the individual particles themselves be-
come modulated. However, at the usual laser
power levels, no physical bunching takes place
due to the fact that the increment in velocity im-
parted to the particle by the laser field is small
compared with the spread of the velocities in the
beam. Therefore, the only possible effects arise
from the modulation of the wave function. Fig-
ure 1 is a schematic diagram of wave function
for the case where there are three pulses within
the coherence length of a single particle. The
modulating frequency becomes an intrinsic prop-
erty of the wave functions and the radiation as-
sociated with the beam during any subsequent
process is markedly altered. Thus, observable
effects should be seen in synchrotron radiation,
bremsstrahlung, Cherenkov radiation, scattering
processes, etc. According to a classical model,
which we use below, the frequency distribution of
the radiation field is modified in a simple man-
ner by the modulation.

The model used for a particle is a wave train
of length L whose motion can be described in
terms of a classical trajectory. The displace-
ment of a fixed point in the wave train measured
along the trajectory is given by S(t). Let F(t) be
the current as a function of time at a point on the
trajectory specified by s =0. If the spreading of
the packet can be neglected, the same current
occurs at any other point on the trajectory with a
suitable time delay. The current is then given by

j(s, t) =F(t-T(S)), (1)

where 7 is the inverse function of S, and we have
chosen 7(0) =0. Equation (1) may be rewritten in
the form

i(s, )= [dt' F(t")w(s)o(s=S(Et~t")), (2)
where
v(s) = ldr(s)/ds]™, (3)

and may be interpreted as the velocity of a parti-
cle at point s. The charge density is then

p(s,t) = [dt F(t")6(s=S(t~t")). (4)
It follows that the electric field at some observa-
tion point X is given by

E®,t)=Jdt' F(t")E,®, t-t), (5)

where E,(i, t) is the electric field which would be
created by a point particle with unit charge whose
motion is the same as any fixed point on the wave
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FIG. 1. Schematic diagram of the wave function re-
lating the particle’s deBroglie wavelength, the pulse
length of the modulation, and the coherence length of
the particle.

train. The field E,(%, ) may be calculated from
the Lienard-Wiechert potentials for the particu-
lar trajectory in question, and will lead to the
usual radiation pattern for the process involved
(e.g., bremsstrahlung),

We now take the wave profile F(t) to be a Guas-
sian of width 27 which is modulated with funda-
mental frequency w,,

F(t) =(2nT?) ~/2[exp(~t2/2T2)]

X ng};m F,exp(—inw,yt). (6)

The parameter T is characteristic of the coher-
ence time, which is just the coherence length di-
vided by the particle velocity. The quantity w, T/
(2m) measures the number of pulse lengths con-
tained within the coherence length. It follows
from Eqs, (5) and (6) that the Fourier transforms
of E and E, are simply related by

&%, w) =F ()&, ), (7
where
F(w) = _f} F, exp[—%(w—nwo)sz]. (8)

A similar expression holds for &%, w).

Equation (8), together with the condition that
the integral of F(f) be the charge, implies that
in the small-T limit (short coherence time)
8F, w) - &,(%, w). However, in the large-T limit,
F(w) becomes very sharply peaked at frequen-
cies nw, and negligible elsewhere. Thus, the
classical fields associated with the particle also
get sharply peaked at these frequencies.

Our analysis has shown that the classical fields
of an unmodulated wave train exist only for fre-
quencies less than 7' 7!, From the known life-
times of solid-state processes, one can esti-
mate the coherence time for an electron emitted
by a hot filament to be of the order of 107 to
1071% sec. Thus, the fields associated with such
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electrons ordinarily exist only up to microwave
frequencies. However, Eq. (8) indicates that
electrons modulated by a laser will give rise to
fields at discrete frequencies far beyond T ™.
It seems plausible that the optical radiation ob-
served by Schwarz and Hora' is due to the pres-
ence of these classical fields.

The justification of the use of the classical cal-
culation at frequencies >T ~! must await a full

quantum mechanical treatment of the problem.
Further investigation is needed to determine the
details of the modulation process, the extent of
the modulation, the details of the radiation mech-
anism, and the resulting intensities.

14, Schwarz and H. Hora, Appl. Phys. Lett. 15, 349
(1969). We thank Professor H. H. Madden for bringing
this paper to our attention.
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The linked~cluster many-body perturbation theory is developed for molecules using
the united atom as a starting point. Specific application is made to hydrogen fluoride
with neon as the united atom. The calculated energy for the molecule is found to be
~100.4186 a.u. in excellent agreement with the experimental value of —100.4485 a.u.
The theoretical correlation energy is found to be 92 % of experiment. Satisfactory agree-
ment is also obtained for the electric field at the fluorine nucleus.

The linked-cluster perturbation theory (LCPT)'
has had remarkable success in the study of iso-
lated® ? and interacting atoms.* In principle this
procedure should be equally applicable to mole-
cules.® The main difficulty in such an applica-
tion is computational in nature, a consequence
of multicenter feature of molecules. Recently®
this procedure has been applied to study the en-
ergy and polarizability of the simplest neutral
molecule, hydrogen. In order to gain a deeper
insight into the role of various one-electron and
multielectron processes influencing molecular
properties, within the framework of the LCPT
approach, it was felt necessary to investigate a
complicated molecular system. The subject of
study in the present work, namely, hydrogen
fluoride (HF) provides a suitable system in this
respect. It is large enough (10 electrons) to pro-
vide a detailed understanding of the many-body
aspects of the problem, and yet simple enough
so that the amount of computational effort is not
prohibitive. In addition to our study of the energy
of the HF molecule, we have subjected the cal-
culated wave functions to a more severe test by
examining the electric field at the fluorine nu-
cleus. The latter analysis involves matrix ele-
ments closely analogous to those one needs for
the evaluation of the variety of hyperfine proper-
ties. Information on such properties are current-
ly available for HF and other molecules through
microwave’ and magnetic resonance, and mo-
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lecular beam measurements.?

The choice of the HF molecule was dictated by
some other considerations as well. Detailed
variational Hartree-Fock® and configuration in-
teraction (CI)!° calculations have been performed
on the HF molecule. These earlier investigations
provide convenient references for comparison
with our results. Also, in order to minimize
difficulties connected with the two-center nature
of the problem, we have used the united-atom
Hamiltonian as the starting point for perturba-
tion calculation. Intuitively, one expects the
united-atom procedure to be reasonable for situ-
ations where a heavy atom is bonded to a relative-
ly light one. HF is a typical example of such a
system, and should be a good testing ground for
this expectation. Information obtained with re-
spect to this question is also of importance in
deciding whether the united-atom procedure
could be extended to the isoelectronic molecules
H,O, NH,, and CH,, which are of great chemical
interest. For these molecules as well as HF,
neon is the pertinent united atom.

The nonrelativistic Hamiltonian for HF (in
atomic units) is given by
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where 7 ; and 7 ; are electronic coordinates mea-
sured with respect to F and H nuclei, respective-
ly, and R,=1.7329 a.u. is the internuclear sepa-



