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A brief review is given of the development of methods used in investigations employing molecular beams.
The topics discussed include the latest achievements in the development of gas-dynamic sources of
molecular beams, the use of lasers in investigations employing beams, new methods of time-of-flight
analysts of energies of particles in beams, and new possibilities associated with the use of position
sensitive detectors based on secondary emission and utilizing microchannel plates.

PACS numbers: 07.77. + ρ

Studies of atomic and molecular processes based on
the scattering of beams of atomic particles have yielded
an enormous amount of new data during the last few
years. The range of applicability of such data is ex-
ceedingly extensive and runs from interpretations of
atomic and molecular processes in the interstellar
medium and in the upper planetary atmospheres to
problems involving the optimization of the most recent
power sources such as powerful gas lasers, MHD gen-
erators, and so on.

Although the available quantitative results have been
examined and generalized in a large number of review
papers (see, for example, Refs. 1 and 2), methodolo-
gical aspects of such studies have, as a rule, been
undeservedly ignored despite the fact that they are of
intrinsic value since, in the final analysis, a new
method is practically always a prerequisite for a new
result. A thorough knowledge and utilization of new
methods is one of the main ways of increasing the effec-
tiveness of any research laboratory.

In view of the foregoing, our aim in this review will
be to examine the "technological aspects" of scattering
experiments that are currently being performed in
atomic and molecular physics.

It is important to note that the techniques used in
studies of atomic and molecular scattering have under-
gone both qualitative and quantitative changes in recent
years. Even relatively recently, i.e., at the time of the
publication of Ramsey's well-known book, "Molecular
Beams," the size of the equipment used only occasion-
ally exceeded 1 m in one dimension. The apparatus
now used in much larger because, on the one hand, the
vacuum conditions are now much better, especially in
the region of the beam detector, and, on the other hand,
the diagnostic equipment is now more varied and more
complicated. The crossed-beam installation developed
at the Institute for Aerodynamic Studies at Goettingen,
West Germany, is an illustration of the scale and com-
plexity of modern experiments. The integral diameter
of the vacuum chamber is 1.4 m and its height is 4.3 m.
There are four rotatable flanges (one has a diameter of
1.4 m) used to vary the angle between the two beams
and the angles at which the collision products are ob-
served without releasing the ultrahigh vacuum.

A complete review of new methods is well-nigh im-
possible and we shall therefore confine our attention
to the following topics:

la) new achievements in the gas-dynamic method of
beam production,

2b) the use of lasers in studies involving molecular
and atomic beams,

3c) new techniques in time-of-flight analysis of the
energy spectra of beams, and

4d) new detection techniques based on microchannel
plates.

1. The gas-dynamic method of beam formation is
based on the phenonemon of free expansion of a gas
jet as it enters a vacuum. A special conical diaphragm
can be used to let out only the core of the jet which
is thus transformed into a beam. The method was first
proposed and realized already in 1951,3·4 and has been
examined in detail by Leonas.5

Since then, the method has been improved in im-
portant and striking ways, illustrating particularly
clearly the universal value of developing new tech-
niques.

In fact, whilst the data listed in Table I and shown
in Fig. 1 illustrate some of the possibilities of lab-
oratory applications of this method, its technological
importance is indicated by the report that an experi-
mental plant has been built in South America for the
separation of uranium isotopes, using the outflow of
a jet into a vacuum.

Figure 1 summarizes the parameters of an H2 beam
under different outflow conditions characterized by
the product podo (p0 is the pressure head and dQ is the
diameter of the nozzle) and exhibits the measured
time-of-flight spectrum of particles in an He beam.6

It is clear from the nature of the spectrum and from
the data in Table I that the "natural width" of the vel-
ocity spectrum for large values of pad0 is comparable
with and, perhaps, even better than that achieved by
a mechanical selector. This means that there is no
need to use such selectors, and an additional gain can
be achieved in the intensity of the monokinetic beam.
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FIG. 1. a) Properties of an H2 molecular beam produced by a
gas-dynamic source (nozzle diameter do= 25.5 μ, diameter of
conical diaphragm <fc = 0.5 mm, temperature of initial gas To

= 293°K, S,,-ratio of velocities of directed and random motion
in the beam*); b) time-of-flight spectrum obtained for an He
beam with the same source [T0=32O°K, p0=200 bar, 1-mea-
surement, half-width at half-height= 12.5 μββο; 2-calculatlon
with S,,= 340, T,,= 6.5 x ΙΟ"3 °K (Ref. 6)].

Table I summarizes some of the best character-
istics of gas-dynamic sources achieved with a heated
working gas and using the well-known effect of ac-
celeration of the heavy component5 when the emerging
jet consists of a light gas (carrier) and an admixture
with a higher molecular weight.

The gas-dynamic method has been effectively em-
ployed to produce beams not only of stable but also of
chemically unstable atoms (Cle, Br7, Η8, Ν9, Ο10, and
Cu11). Such beams are usually accompanied by other
components (carrier gas and parent molecules), but
selective detection can be achieved with the aid of a
quadrupole mass spectrometer which is now a standard
instrument in laboratories employing molecular beams.

The above data are not an exhaustive summary of all
the possibilities of the gas-dynamic method. If mol-
ecules Μ (for example, Μ = NQj, l^, CsF) are added to
the outflowing gas X, it is possible to achieve both ac-
celeration and cooling of the rotational degrees of

TABLE I. Limiting parameters of beams produced by the gas-
dynamic method.

Intensity
Arbeam
He, He2 beam

Energy range of beam particles
Beam velocity spread (Δΐ'/ν, He)
Corresponding Mach number (5|)

Equivalent temperature 7"|

101·—10» atom sterad'j sec]
1 0 M — 1 0 " atom sterad1 sec'1

10-1—40 eV
0.5%
340

6.5-10->°K

freedom of the added molecules (vibrational levels are
not, as a rule, excited in the initial state).

Since rotational degrees of freedom relax quite read-
ily (Fig. la), the cooling of the expanding jet will prac-
tically completely "freezout" any initial rotational ex-
citation of the molecules. Moreover, triple collisions
(M-M-X) which are dangerous from the point of view
of condensation are suppressed, and one can readily
avoid condensation of the molecular gas supercooled
to 1-10 °K (the boiling point of NO2, is 300°K). When
a beam of this kind is used in molecular absorption
spectroscopy, we have the unique possibility of being
able to investigate lines due to free molecules instead
of the molecular bands that are difficult to resolve.
This possibility has been reviewed by Kitaev and
Mal'tsev.12

Such "cold molecules" can be observed in their free
state only in the interstellar medium (clouds). This
medium is now "reproduced" in the laboratory and it
is difficult to overestimate the importance of this for
the radio astronomy of molecular lines and the sub-
millimeter astronomy which is beginning to emerge.
This new technique is also potentially important for
studies connected with the problem of laser separation
of isotropic molecular compounds of uranium.

We note that the intensity of the fluorescence emitted
by the molecular jet under real conditions13 is such
that, even when the Fabry-Perot interferometer is
used for its spectral analysis, the discrete photon-
counting rate is 105-108 sec' 1.

We conclude our review of the unique possibilities
associated with the free expansion of a jet into a
vacuum by recalling the phenomenon of collisional
polarization of molecules in a gas-dynamic source.14

Since intermolecular forces are anisotropic, the
scattering cross section is a function of the orienta-
tion of the molecule with respect to the relative vel-
ocity of the two partners in collision. Even a simple
qualitative analysis of the connection between the or-
ientation of a linear molecule and the angular mo-
mentum vector J suggests the possibility of an or-
ienting-polarizing effect in the case of nonequilibrium
outflow into a vacuum. The origin of the polarizing
effect can be more readily understood if, following
Ref. 14, we consider the scattering of a beam of mol-
ecules with velocities vx over a length dx as a result
of collisions with particles having velocities v2 and
density n2. The reduction in the intensity / of the
beam is then given by the usual relation

d j _ Ign,a dx

where g= v1 - v2 is the relative velocity, σ= σ,,[1
+ fiP2(gJ)] is the total scattering cross section in the
case of isotropic interaction, β is the anisotropy
parameter, and P 2 is the second-order Legendre poly-
nomial. The total reduction is obtained by averaging
over the relative velocity distribution:
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be averaged out in the case of isotropic distribution of
relative velocities and, hence, the polarizing effect
will vanish also. However, when the relative velocity
distribution is anisotropic, and this is characteristic
precisely for the outflow of a mixture of gases with
different molecular weights, the anisotropic contrib-
ution will not be lost through averaging, and there
will therefore be an appreciable polarizing effect.

The most attractive feature of this polarization
effect is that it can be used for symmetric molecules
with zero electric dipole moment.

2. Investigations involving the use of laser beams
began in recent years and are rapidly developing. The
implications of the availability of tunable lasers are
only just emerging, but even the initial results are
very impressive.

It is possible to define four different ways of using
laser beams in molecular beam studies:

a) time-of-flight measurements based on the ob-
servation of laser-induced fluorescence,

b) preparation of targets with given internal state,

c) ultrahigh-resolution molecular spectroscopy,
and

d) analysis of dynamic and energy states of collision
products through selective laser detection,
collision products through selective laser detection.

All these applications are based on the phenomenon
of fluorescence induced by highly monochromatic tun-
able lasers. The resonance nature of the absorption
process ensures high selectivity both with respect to
the chemical identity and the energy states of the de-
tected particles.

The simplest arrangement for time-of-flight mea-
surements (Fig. 2a) involves the usual chopping of the
molecular beam at the beginning of the drift space and

FIG. 2. Schematic Illustration of laser fluorescent diagnostics
of beams: a) time-of-flight analysis by the excitation method
(Ch-chopper, PD-photodiode, C-counters, PG-pulse genera-
tor, D-delayline, T-trigger, PL-pulsed laser, PM-photo-
multiplier); b) time-of-flight analysis using pumping and sub-
sequent excitation (S-laser beam splitter, L-laser, M-mir-
ror); c) Doppler spectroscopy method for the simultaneous
analysis of velocities, chemical compositions, and energy
state of collision products (CS-center of scattering, LP-
light pipe).

the observation of the time evolution of the fluores-
cence signal at the final point where the molecular and
the laser beams intersect. Ion collection in the usual
ionization detector is now replaced by the collection of
the secondary fluorescence photons.

One of the advantages of this method of detection is
that the demands imposed on the background pressure
in the region of detection are less stringent, which
cannot be ignored in view of the difficulty of maintain-
ing the necessary vacuum in the region of the detector.

A more elegant (and no less universal) method is that
used by Gaily et al.15 and illustrated schematically
in Fig. 2b. Here, the probing laser beam is divided
into two beams, one of which (beam /) illuminates the
beam atoms at the initial point and the other (beam II)
at the final point of the drift space.

Beam / is modulated by a rotating paddle and is used
to pump up the beam particles, for example, Na^ into
an excited electronic state {S1Tlu,v= 6,j= 43) for which
the probability of relaxation to the initial vibrational-
rotational levels of the ground state Χ'Σ * is small.
Since there are no collisions in the beam, the illum-
inated particles retain their state (which is different
from the initial vibrational-rotational state) at the end
of the flight path, so that the fluorescence signal in
beam // is exclusively due to particles shielded by the
paddle and not subjected to the optical pumping.

The use of Doppler shift provides us with another
method of varying the particle velocity in a molecular
beam. By illuminating the molecular beam in the long-
itudinal direction, and varying the laser frequency, it
is possible to excite the fluorescence of atoms belong-
ing to different portions of the velocity distribution.

Since «ν Μ -»Ί ω = Δ«/ = vttBvcos6/c, where θ
= arccos(v · c), we easily obtain the expression for the
velocity of the fluorescing group of atoms: υ= \ΜΔν/
cos Θ. In addition to the advantages mentioned above,
this detector is compact and the detection probability
normalized to unit beam intensity may be up to 35%.le

One of the most interesting developments in the laser
detection technique is the Doppler spectroscopy method
proposed by Kinsey.17 In the usual method, the laser
is scanned across an absorption band and the informa-
tion about internal states is extracted from the distrib-
ution of the fluorescence intensity. By illuminating
the scattering center, it is possible to obtain informa-
tion on the relative population of levels of all the scat-
tered particles (total cross section). By displacing the
point of illumination, it is possible to observe fluor-
escence due to particles within a given solid angle (dif-
ferential cross section). In Kinsey's method,17 one
obtains directly the distribution over the internal states,
angles of scattering, and velocities, i.e., a high-order
differential cross section. This is achieved by laser
scanning over the Doppler absorption line profile. Such
measurements can be performed for different polar and
azimuthal angles of incidence of the beam of light which
can readily be varied by using fiber optics (Fig. 2c).

The usual time-of-flight method will ideally yield the
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third-order differential cross section

d*g (l>, 8, φ) .

In the Doppler method, the measured quantity is the
Doppler line profile, which is given by the integral

(w, θ, φ) [fi (IP — η(θ, φ)

where n(0, φ) is a unit vector in the direction of inci-
dence of the light beam, defined by the angles θ, φ;
•P\(v)= Fi(vx, vs,vt) is the three-dimensional velocity
distribution function for particles with a given internal
state ft, and to is the velocity component in the direc-
tion of the beam, which is related to the Doppler shift
Δν by the usual formula w= \m&v.

A substantial increase in the signal-to-noise ratio
can be achieved in this method because, in contrast to
the small solid angle of the conventional detector, the
fluorescence photons can be collected from practically
the entire hemisphere. The estimated velocity reso-
lution is ±20 m/sec (by reducing the frequency band of
the laser, this resolution can be reduced down to ±0.5-
5 m/sec).17 By numerically inverting the expansion
for Dh(w, φ, θ), it is possible to obtain -F»(v), i.e., the
most complete information about the ensemble of part-
icles produced as a result of collisions. The full
possibilities of this method can be realized only by
automating the measurements.

We have already mentioned the possibility of polar-
izing the angular momentum of linear molecules in a
beam. Fluorescence can be used to achieve selective
detection of particles with a chosen direction of the
angular momentum J(J-i^), since the probability W of
absorption of a photon depends on the matrix element
of the dipole moment μ of the molecule [Ψ~(μ · Ε)2,
where Ε is the electric field in the plane-polarized
wave]. This relation and the fact that, in the case of
the fluorescing molecule, the probability of return to
the initial state is slight, indicate that the degree of
polarization of the beam can be determined by a pump-
ing method analogous to that illustrated in Fig. 2b. The
degree of polarization can be determined by dividing
the laser beam into two beams, namely, a pumping and
a probing beam, and by determining the fluoresence in-
tensity with the pumping beam turned on and off. This
procedure has been used18 to obtain preliminary es-
timates of the degree of polarization, represented by
the ratio nL/nn (found to be 6 for N^ molecules).

Laser activation, or the preparation of colliding
partners in a given state, has been achieved in two
ways, namely, by proceding vibrationally excited mol-
ecules and electronically excited atoms.

If the equilibrium separations in a molecule in ex-
cited and ground states are different, then for rad-
iative times exceeding the oscillation period (r r i d

» Toec), vibrational pumping can be achieved through
direct and reverse vertical Frank-Condon transitions.
Radiative transitions of excited molecules result in
the repopulation of the original vibrational levels.

Electronically excited targets have been described

by Carter et al.u and Duren et al.,20 who investigated
differential scattering with Na-Ne and Na-Hg crossed
beams. Continuous exposure of the sodium atoms at
the point of intersection of the two beams to radiation
corresponding to the transition from the F = 2,2S1/2

to F = 3,3P3/2 levels with laser output of 30-50 mW
and bandwidth of 30 MHz produces an equilibrium 30%
population of the excited states. As a result, the sod-
ium beam in the illuminated region consists of a mix-
ture of atoms in the ground and excited states, and
information on the scattering of the excited particles
is obtained by subtracting the known contribution due to
the particles in the ground state. The macroscopic
effect of excitation is seen directly in the spatial split-
ting of the original collimated sodium beam into two
components. The absorbed photon transfers momen-
tum to the atom and spontaneous emission, being iso-
tropic (in contrast to stimulated emission), does not
compensate this momentum. As a result of multiple
absorption and emission in passing through the laser
beam the atom acquires transverse momentum which
is responsible for the above splitting. The measured
splitting20 is about 1 mm and is proportional to the
lifetime of the atoms in the excited state. This is a
potential method for measuring short lifetimes (Tra4

< 10 8 sec).

3. Measurement of the energy lost by particles scat-
tered out of a monoenergetic beam through a known
angle is one of the main ways of investigating inelastic
atomic and molecular collisions. The change in the
kinetic energy (velocity) can be reliably identified with
collisional excitation or deactivation of molecular or
electronic degrees of freedom. The time-of-flight
method is the most effective technique for the energy
range between thermal energies and several keV. In
the time-of-flight method, the beam is chopped in such
a way that the transmission time is much smaller than
the chopping period. This type of modulation does, of
course, produce a reduction in the useful intensity
without a change in the background, so that there is a
sharp deterioration in the signal-to-noise ratio. High-
resolution measurements then require very long (often
unacceptably long) signal accumulation times. This
difficulty has been overcome by the correlation method
of obtaining time-of-flight spectra,21 which has long
been known in neutron physics and has recently been
extended to molecular beams.

In the correlation method, the source of information
on the time-of-flight spectrum is the distribution ob-
tained by periodically modulating the beam in accord-
ance with a law determined by a binary on-off switching
sequence which has a delta-shape autocorrelation func-
tion. This method has been used with both electrical22

and mechanical23 modulation. Figure 3 shows the ap-
pearance of the disk for the mechanical modulation
of the beam.

When the beam is modulated by the above sequence,
measurement of the correlation function between the
detector counting rate and the modulating signal (this
can be done on-line to a minicomputer; a correlation
analyzer has been developed for the Vector system24)
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FIG. 3. Schematic illustration of disk used for correlation
time-of-flight measurements with two pseudorandom se-
quences (103 elements) of modulating slits and obstacles. The
beginning of the sequence coincides with the slit in the second
row which gives start pulses due to the interruption of the light
beam.

can be used to obtain a function which differs from the
required time-of-flight spectrum only by a factor, so
that a special measurement of the background is un-
necessary. The effectiveness of the method can be
understood by considering the following comparison
with the single slit version: other things being equal,
modulation by a sequence of Ν elements amplifies the
time-of-flight spectrum relative to the background by
a factor of i(N+ 1) and, moreover, as the signal-to-
noise ratio is reduced, the ratio of quadratic noise in
the two methods tends to Δ?/Δ^= iV/4.

This means that, for example, when Ns-100, the
limitation on the signal-to-noise ratio mentioned above
is overcome, and it would appear that measurements
can be performed even under very unfavorable condi-
tions.

Figure 4 shows the results of correlation measure-
ments of the differential cross section with the excita-
tion of the Aj= 0 - 1 rotational transition in the Ne-HD
system.23

We note that the signal-to-noise ratio is 0.01. The
time taken to record this spectrum was about 1.5 h,
whereas reliable measurements with the same signal-
to-noise ratio by the traditional method are simply
impossible.

100 J00

Channel no.

FIG. 4. Time-of-flight spectrum of a Ne beam obtained by dif-
ferential time-of-flight measurements on Ne-HD crossed
beams ,23 The spectrum was obtained at relative energy of
0.0303 eV and laboratory angle θ = 50°. The elastic (0—0)
peak and the inelastic peak associated with the rotational (0—1)
transition are clearly seen.

4. It is clear from (or is implied in) the above dis-
cussion that many of the above applications are based
on the utilization of a minicomputer. The automation
of experiments is a topic in its own right, so that we
shall only touch upon aspects of automation associated
with the new techniques of detection of particles or
photons through secondary-electron emission. It is well
known that secondary-electron multipliers incorpor-
ating a single continuous dynode, i.e., channel multipli-
ers, are gradually replacing the more conventional
multipliers in the discrete detection of fast atomic
particles with energies in excess of 100 eV and hard
(λ «1000 A) photons.

The so-called microchannel plates,25 consisting of a
set of channels of reduced size but the same ratio of
length to diameter as in the ordinary channel multi-
plier, are a development of these channel multipliers.
A packet of this kind, prepared in the form of an in-
tegrated plate (typical diameter 30 mm, thickness
1.5 mm) may contain 105-10e independently working
electron-multiplying channels per 1 cm2, while the
diameter of each individual channel is *10 μ.

The amplification factor of an individual plate lies in
the range ΙΟ^ΙΟ4 and an assembly of two plates in
series can be used to obtain a large overall gain. A
gain of up to 107 can be obtained with an assembly of
this kind for a saturated (bell-shaped) distribution of
pulses, which is necessary for reliable discrete part-
icle counting. The characteristic feature of the micro-
channel plates is the exceptionally small length (frac-
tions of a nanosecond) of the output pulses.

A remarkable consequence of the fact that the in-
dividual channels in the microchannel plate operate in-
dependently is that a plate of this kind can be used to
decompose the image produced on its surface by a
flux of particles or photons. This means that, pro-
viding one has a way of recording the amplified image
produced by the microchannel plate, the system offers
a position-sensitive detector with unique spatial res-
olution (down to 10 μ).

The simplest way of recording the image produced
by the above method is to place a phosphor immed-
iately after the microchannel plate and then inspect
the image visually. This is convenient for operational
control of, for example, the geometric position and
size of a beam.

Figure 5 shows schematically a simple design of a
position-sensitive detector with a quadrant collector,26

ensuring electronic scanning of the image and yielding
the distribution of the current density intercepted by
the microchannel plate. One way of determining the
coordinates of the point of incidence of the particle,
which are practically the same as the coordinates of the
"center of gravity" of the charge distribution of the
electron shower at exit, is to divide the shower charge
Q between four symmetric collectors (Fig. 5). The
coordinates are then defined by the expressions

r _ (9<+(>.)-(ft+9.)
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FIG. 5. Schematic illustration of the position-sensitive de-
tector with a quadrant collector: Ι, Π—set of two microchannel
plates; C-collector, A-charge-sensltive amplifier.

where Qt is the charge collected by the i-th collector
and x= y = 0 corresponds to the position of the point at
which the arms of the cross on the quadrant collector
intersect. The best effective resolution that has been
achieved in the radial coordinate is on average 10-20
μ. If we know the coordinates of the point of arrival,
we can easily determine the scattering angle θ for a
collimated beam (tan0 = Vx2+ y*/L, and L is the dis-
tance from the center of scattering to the position-
sensitive detector). Cylindrical symmetry of the scat-
tering process of the beam enables us to achieve com-
plete collection of the particles scattered between θ and
θ + Αθ, i.e., speed up the measurement process very
considerably. Measurement of differential scattering
within the angular limits of the position-sensitive de-
tector is thus reduced to the detection of the particle
and simultaneous computation (in an on-line computer)
of the coordinates of the point of impact. The result
is stored in the computer which gradually accumulates
the available data. A system of this kind with a fixed
position-sensitive detector has been used to determine
differential small-angle scattering. Figure 6 shows
the results obtained for the elastic differential scat-
tering of Li* ions.26 This curve consists of about 200
points and typically requires about 10 min of measure-
ment. This technique reveals interesting possibilities
for the investigation of small-angle differential scat-
tering, for example, in charge transfers, elastic and
inelastic scattering of fast beams, and in the method of
parallel beams. Detecting systems with space-time
high-resolution analysis based on the position-sensitive
detector appear to be very promising indeed.

Other methods of electronic reading of the informa-
tion contained in an image have also been reviewed in
the literature (see the bibliography in Ref. 26) but have
not as yet been adopted in experiments with beams.

A possible unforeseen obstacle to the application of
the microchannel plate as a position-sensitive detec-
tor is the complexity of the electronics that has to be
used, on the one hand, and the possible relatively
high background, on the other.

One way of resolving these difficulties can be based
on the suggestion put forward by Arikava27 and usually
referred to as Hadamar spectroscopy (Ref. 28). This
method of reading the image is based on mechanical
scanning but, instead of the usual narrow slit, one
uses a mobile multislit mask which completely covers
the image. Successive displacement of the mask in
front of the detector through Ν positions (equal to the

£

V

·.
\

FIG. 6. Typical differential curve obtained with a fixed posi-
tion-sensitive detector.26 Li* beam of 600 eV, scattered by
air.

number of standard slots and obstacles) gives Ν
measured counting rates which, after decoding, can
be used to reconstitute the true spatial distribution
of the flux intercepted by the input surface of the
detector. Thus, instead of successively measuring Ν
spectral elements of the (one-dimensional) image,
Hadamar spectroscopy measures Ν linear combina-
tions of these spectral elements. The optimum method
of combining the elements, i.e., of distributing the
slots and obstacles, is found from the condition of
minimum noise.

The decoding of measurements with the aid of the
Hadamar transform results in an improvement by a
factor of (N+ 1)/2VJV in the signal-to-noise ratio,
similarly to the improvement discussed in connection
with correlation time-of-flight measurements. The
efficacy of this approach in the case of H3* beams has
recently been demonstrated in Ref. 27.

The new methodologic developments discussed above
in relation to molecular-beam work undoubtedly de-
serve careful attention. They provide a way of sub-
stantially expanding both the range of molecular-
beam research and the volume of the data obtained
thereby.
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