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1. INTRODUCTION the orifice will eR'use through the aperture and
continue to Hy along a straight path into the
vacuum. Since the gas molecules inside have
velocity vectors in all directions, the molecules
effusing from 0 will fill a solid angle of 2s. By
arranging a screen with a second aperture C in-
side the evacuated space, it is possible to select
from the effusing molecules those whose velocity
vectors lie in the general direction of the straight
line connecting the orifices 0 and C or better,
within the solid angle determined by the limits
of 0 and C and the distance between them. If the
orifice 0 is small enough to be regarded as a point
source, the molecules passing through C form a
molecular beam of particles moving on almost
parallel trajectories. Since their paths do not
intersect, collisions between them will occur only
if a faster molecule overtakes a slower one moving
along the same path. This happens only very
rarely, and we may, therefore, define a molecular
beam as a large number of molecules moving
practically collision-free in a highly evacuated
space in straight and almost parallel trajectories
within the limits of a geometrically defined beam.

As far as beam properties are concerned, there
is no difference between atoms and molecules. We
will, therefore, avoid the term atomic beams;
such beams are simply molecular beams com-
posed of mono-atomic molecules. It should also
be emphasized that a molecular beam consists of
neutral particles, and that they are moving with
the thermal velocities corresponding to the tem-
perature of the source. ' These velocities are of the
order of 10' to 10' cm/sec. It is, however, not
necessary that the particles of a molecular beam
should be normal, stable molecules; a beam may
also be composed of molecules having short
lifetimes under ordinary conditions, like free
radicals, hydrogen or oxygen atoms, metastable
excited states, etc.

'N the development of modern physics, the
~ - study of corpuscular beams has played and is
playing a very important role. The investigation
of streams of moving particles is one of the most
direct and —at least in principle —most simple
methods for obtaining information about the
properties of elementary particles. Beams of
charged particles have been studied since 1879
when Sir William Crookes in his experiments
with electric discharges through gases at low
pressure observed a rectilinear radiation ema-
nating from the cathode and established the
corpuscular character of these cathode rays.
Later, their nature as streams of free electrons
was recognized, a very important milestone in the
development of modern physics. Beams con-
sisting of positively charged ions were first ob-
served and studied by E. Goldstein in 1894.
Since then, the techniques of experimentation
with beams of charged particles were developed
rapidly. It was, however, not until 1911 that
beams of neltra/ particles, namely atoms or
molecules, moving in straight lines with thermal
velocities, were produced in a laboratory experi-
ment by Dunoyer (12). The real importance of
these molecular beams as a research tool was,
however, first recognized by O. Stern '(60) in

1919, and under his inHuence the molecular ray
method was developed into an extremely powerful
tool for the investigation of many fundamental
problems in modern physics.

2. DEFINITION OF MOLECULAR BEAMS

According to the kinetic theory, a gas consists
of a very large number of discrete particles, which
move in random zig-zag paths, each section of
these paths being a straight line and terminated
by a collision, either with another particle or
with the wa11 of the containing vessel. If a vessel
A (Fig. 1) containing a gas is brought into a
highly evacuated space 8 and a small aperture
0 is cut into the wall of the vessel, the molecules
inside whose velocity vectors are pointing towards

3

Beams of neutral particles moving in straight lines can
also be produced by impacts of high speed ions (e.g. ,
n-particles) upon neutral molecules, and by the exchange
of charge between ions. Such beams, however, do not
consist of particles moving with thermal velocities and are
not customarily designated as molecular beams.
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It is also desirable to draw a distinction be-
tween molecular beams and jets of gas. In the
la.tter, the flow is of a hydrodynamic nature. In
jets, many collisions occur between the molecules,
and the straight line sections of the paths of the
individual particles are very short. Such a jet,
therefore, will not remain confined to a geo-
metrical pattern determined by apertures like
0 and C in Fig. 1, but spread out with turbulent
motion at its boundaries. A molecular beam is
practically collision-free, with almost every par-
ticle continuing along a straight line through the
apparatus. There is no sharp limit separating the
conditions for these two cases. The first one is
realized at sufficiently high pressures of the gas
behind the aperture 0, while the second one is
reached when this pressure is kept suKciently
low. These conditions will be discussed in detail
in Section 3.1.

A molecular beam apparatus consists at least
of the four following components: (1) a source, in

general a vessel filled with a gas or vapor and
equipped with an orifice for the effusion of the
molecules, (2) a collimating system, in the
simplest form a diaphragm which, together with
the source orifice, determines the geometrical
form of the beam, (3) a detector for the beam
molecules, and (4) a vacuum envelope, in which
all the other components are arranged, and where
the pressure can be maintained at such a low
level that the mean free path is several times the
distance between source and detector. Addi-
tional components, depending on the nature of
the problem under investigation, are magnetic
fields, electric fields, crystal lattices, scattering
chambers, velocity selectors, etc. The usefulness
of the molecular beam method for the investi-
gation of specific problems depends to a major
degree on the intensity of the beam and the
sensitivity of the detector. In the design of a
molecular beam apparatus and its components,
special attention has to be given to these factors.
They will be discussed in detail in the following
sections.

3. MOLECULAR BEAM SOURCES

Molecular beams are produced by effusion of
gases or vapors from an orifice. In the latter case,
the substance is usually contained in a small
oven, which can be heated to the appropriate

3.1. General Conditions

The problem of elusion of gases was probably
investigated for the first time by M. Knudsen
(40), who showed that the laws governing the
fIow of gases through tubes and orifices depend.
on the ratio of the mean free path of the gas
molecules to the diameter of the tube or orifice.
The most important result for our considerations
is that, in the case where this diameter is small
compared to the mean free path, the rate of flow
depends only on the pressure difference, the
dimensions of the tube or orifice, and the density
of the gas p, and is independent of the coefficient
of inter'nal friction q. The latter condition dis-
tinguishes molecular effusion from hydrodynamic
fIow, which depends essentially on the coefficient
of internal friction.

The rate of effusion of a gas into a vacuum
from an "ideal" aperture, where the thickness of
the wall is negligibly small compared to the
aperture dimensions, can be readily calculated
from elementary kinetic gas theory. It is simply
equal to the number of molecules N which strike
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FK'. i. Schematic diagram of a molecular beam apparatus-,

temperature, while gases are led from a reservoir
at room temperature through a tube to the

'

effusion orifice. In some of the earlier investi-
gations (14, 60), certain substances (silver,
copper) were e'vaporated from the surface of a
platinum filament. Since molecular beams pro-
duced by evaporation were used much earlier
than those composed of normally gaseous mole-
cules, the term "oven" for the source of a beam is
frequently used in a general way, even when 'the

source, as in the case where the beam substance
is a gas, is not heated at all, but may be cooled
below room temperature. The general conditions
for the formation of molecular beams are, of
course, the same for vapors and permanent gases
and will be discussed together.
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FrG. 2. Cosine law of eAusion.
I

a wall area equal to the area a of the aperture per
unit time, namely

X= ~ncaa,

where n is the number of molecules per cubic
centimeter, and c their average velocity. The
number N ca.n be expressed in terms of the pres-
sure p, the absolute temperature T, and the mass
m of a molecule or the molecular weight M by
using the relations n=p/kt and c=(8kt/n. m)',
where k=R/N~ is Boltzmann's constant,
Avogadro's number. The result is

N=pa/(2~mkT)& sec. '. (2)

Expressed in grams, we obtain for the effusing
gas

G = Nm =Paml/(2~k T)'
=paM&/(2+RT)~g 'sec. ' (2a)

or in moles

Q=G/ltd=pa/(2w3IRT)t mole sec. '. (2b)

molecular elusion and hydrodynamic flow; in
the intermediate region the rate of flow depends
in a rather complicated form on g, p, p, and T.
This case has also been investigated by Knudsen,
and the general result is that the rate of flow
increases at a rate less than proportional to p.

Equations (1) and (2) give only the total rate
of elusion of a gas through an aperture. For the
formation of a molecular beam it is, however,
important to know the angular distribution of
the molecules leaving the aperture. According to
Knudsen, the number of molecules dN leaving a
surface element do of an aperture and contained
in an element of solid angle do&, which makes an
angle 8 with the normal to do-, is given by

dX= const. cos edcvdo-. (3)

(See Fig. 2.)
This equation is known as the cosine law of

molecular effusion and has been verified experi-
mentally; it is completely analogous to Lambert's
law for the intensity of radiation emitted from a
light source.

The intensity of a molecular beam is defined as
the number of molecules passing per second
through a unit cross section of the beam, or
impinging upon a unit cross section of a detector.
From Fig. 3, it follows that the number of mole-
cules originating from a surface element da of the
source I' and arriving at a surface element do' of
thelbeam or detector I" is given by

Introducing the numerical values of the uni-
versal constants, and measuring p in mm Hg, we
obtain

Q =5.83 10 '(3IIT) :pa mole s—ec.—'. —(2c)

QC

dN, .=—
4

do.do' cos 8y cos 82
(4)

~/2 ~2m

r' ~ cos 8 sin 8d8dy
"o &o

For the validity of these equations it is neces-
sary to assume that no collisions between mole-
cules take place while they pass through the
aperture. That means that the mean free path X

of the molecules behind the aperture must be
large compared to the diameter d of the aperture.
For most practical purposes, however, molecular
effusion is realized when 'A is several times d; in
most of the earlier work this condition is simply
stated as ) &d. On the other hand, hydrodynamic
flow, or the formation of a gas jet, will occur if the
gas pressure behind the aperture is so large that
)«(d. It is obvious, therefore, that there is no
sharp dividing line between the conditions of

where 8q and 82 are the angles between the line
connecting da arid do-' and their respective nor-
mals. The intensity of the beam at I" can be
calculated by integrating Eq. (4). In most mo-
lecular beam arrangements, cos 0~ =cos 02 ——1,
and the result' of the intergration over dg (i.e. ,

over the area of the oven slit) is under considera-
tion of Eq. (2c)

5.83 10—'apdo'
dN, '=Ido'= mole sec. ', (4a)

m r'(M T) '*

where a is again the area of the oven slit, p the
oven pressure measured in mm Hg, r the distance
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of da' from the oven slit, and I the intensity of
the beam at da'.

In most actual experiments, molecular beams
are submitted to forces acting in a given direc-
tion, and the defiections produced by these forces
are measured. As a result, it is usually desirable
to use beams of rectangular cross sections in
which the dimension in the direction of the
deHecting force, which we shall designate as the
width of the beam, is made as small as possible.
In some of the earlier experiments (31), this cross
section was produced by arranging a rectangular
source slit in front of a circular oven aperture; in
later experiments, a rectangular oven aperture
(oven slit) was used. It was pointed out by Stern
(63), that in this way the width of the beam can
be made as small as desired without decreasing
the intensity, except for second-order effects.
According to Eq. (4a), the intensity of a mo-
lecular beam is proportional to the product of the
oven pressure p and the area a of the orifice. On
the other hand, the oven pressure is limited by
the condition that the mean free path should be
large compared to the dimensions of the ori6ce.
In the case of an oven slit, this condition refers to
the slit width b, and not to its length, since
collisions in the direction of the slit length are
relatively unimportant and do not cause a
"cloud" interfering with the formation of the
beam. Now let us assume that for a given experi-
mental problem the best conditions are obtained
if the mean free path is a certain multiple of the
slit width, or X/b=K. A decrease in b by a
factor fwill decrease the area a, hence an increase
in p by the same factor f will be required to keep
the intensity. constant. Since the mean free path X

is inversely proportional to p, both ) and p will
have been reduced by the same factor f, leaving
their ratio X constant. Thus, the increase in pres-
sure will not affect the effusion condition and the
intensity of the beam if a corresponding reduction
in the slit width takes place, or, in other words,
the maximum obtainable intensity of a beam is
independent of the width of the oven slit.

to be of the order of 1 mm Hg or less. (According
to a rule of thumb, ) is approximately 10 ' mm
for p=1 mm Hg. ) Molecular beams have been
produced with substances ranging from those
where this oven pressure requires temperatures of
more than 1000'C (52) to permanent gases (37),
where the "oven" can. be cooled with liquid air.
In addition, molecular beams have also been pro-
duced with unstable molecules like atomic hydro-
gen (68) or free radicals (26, 28). It is, therefore,
obvious that the design of the source varies
greatly with the nature of the beam substance.
For permanent gases, the "oven" is usually a
simple tube ending in a narrow slit, connected
to a gas reservoir. Heater units surrounding the
slit or Aexible copper strips connecting the slit
thermally with liquid air-cooled surfaces permit
a variation of the temperature of the effusing gas.
To assure temperature equilibrium between, the
walls and the beam molecules, a loose plug of
copper wool may be inserted into the connecting
tube near the heater. The pressure in the gas
reservoir is kept approximately constant at a
value satisfying the condition X)b. In the case of
unstable molecules, a reaction chamber, for in-
stance a suitable discharge tube in the case of
atomic hydrogen, is arranged between the reser-
voir and the oven slit. In the design of an oven
for the vaporization of solid or liquid substances,
the choice of the material depends on the operating
temperature and the chemical properties of the
substance. If the required vapor pressure is
reached at reasonably low temperatures, as in the
case of Hg, Zn, Cd, H20, etc. , the oven can be
made of copper, phosphor-bronze or glass; for
higher temperatures, steel, molybdenum, tanta-

3.2. Ovens

It follows from the conditions laid down in the
preceding paragraph and from the fact that the
width of the oven slit ps usually of the order of
10 ' to 10 ' cm, that the pressure behind it has FIG. 3. Intensity calculation for molecular beams.
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Fyo. 4. Oven —0, oven slit; H, heater; 8, phosphor-bronze
block; 5, slit carrier; C, substance container.
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FIG. 5. Monel oven for cesium. 0, oven slit; T, con-
necting tube; T-C thermocouple; IV, copper washer;
C, copper mantle; H1, H2, heaters; 3E, rnonel thimble.

lum, monel metal, etc. , may be used. The oven
material should not react chemically or alloy
itself with the molecular beam substance. For
cesium beams (25), for instance, the oven had to
be made of monel, although the operating tem-
perature was as low as 175'C. It is also essential
that the charge in the oven has a surface which is
large compared to the area of the oven slit, be-
cause the rate of evaporation should be much
larger than the rate of elusion through the aper-
ture given by Eq. (2b), and the rate of evapora-
tion may be reduced to a very small fraction of
its maximum value by small amounts of im-
purities on the surface of the beam substance (40).
In designing the heater arrangement, it should be
noted that the slit should have a higher tempera-
ture than the other parts of the oven, otherwise
the substance will show a tendency to condense
on the slit jaws and ultimately clog the slit. The
pressure of the vapor inside the oven, on the
other hand, is determined by the coldest part. If
this pressure is to be calculated from the measured
oven temperature, the temperature measuring
device (thermocouple) should be attached at the
coldest spot of the oven. Examples for actual
oven designs are given in Figs. 4 and 5. Figure 4
shows an oven (18) for chemically inactive sub-
stances and operating temperatures of about
200'C. It consists of an axially bored phosphor-
bronze block with an oven slit carrier screwed
into the front and a substance container pressed

or screwed into the back end. The heater (37)
consists of a glass tube, which is platinized by the
burning in of several coatings of "liquid bright
platinum" solution, ' and should have a resistance
of a few ohms. A design' used recently for cesium
(25) is shown in Fig. 5. One of the major diS-
culties encountered with alkali-metals is their
tendency to creep and clog the oven slit. This is
overcome by making the path between the
evaporating metal and the slit long and by
arranging baffles between them. The oven shown
in Fig. 5 consists of a cylindrical block of monel
metal with an eccentrically located bore. The
cesium metal is contained in a glass capsule inside
a monel thimble, which serves as bafne; and the
cesium vapor is led to the oven slit through the
tube shown. The oven is loaded through the back
opening, the glass capsule is broken inside the
oven in a nitrogen atmosphere, and the back
opening closed with a pipe plug. A copper washer
acts as gasket to prevent cesium metal from
escaping through the back opening. The main
heater unit consists of a copper tube carrying a
Nichrome ribbon winding insulated with mica'. ,

and a small auxiliary heater is attached to the
front of the oven in order to keep the slit tempera-
ture somewhat (5 to 10'C) above the temperature
of the rest of the oven. The thermocouple junc-
tion is attached to the plug. Because of the large
heat capacity, the oven temperature can be kept
constant for many hours, and the beam intensity
also remains remarkably constant. For very high

operating temperatures, the oven should be small
because of the large energy loss by thermal
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FIG. 6.' Oven for heating by electron bombardment.
0, oven slit; L, lid; H, heater spiral.

~This may be obtained from Hanovia Chemical Com-
pany, Newark, New Jersey.
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F&G. 7. Angular distribution of molecules effusing
from a short canal.

Tash. E I. Effect of canal length.
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Frr. 8. Beam formation by two slits. 0, oven slit; C, colli-
mating slit; 5, displacement; Io, maximum intensity.

FIG. 9. Arrangement of fore-slit as source. 0, oven slit;
F, fore-slit; C, collimating slit.

intensity depends not only on the rate of e8usion
from the oven in the direction of the beam, but
also on the "absorption" of the -beam in the
apparatus; i.e., on the residual pressure in the
apparatus. In considering the relative merits of
ideal oven slits versus oven canals, it should
therefore be kept in mind that a/I the molecules
effusing from the oven must be removed from
the apparatus in order to maintain a good
vacuum. In the case of condensable substances,
this is easily achieved in most cases by arranging
large, liquid, air-cooled surfaces near the oven.
When beams of permanent gases are used, the
molecules have to be removed by pumping, and
the resulting pressure in the apparatus is deter-
mined by the rate of eff'usion and the pumping
speed. . In this case, it is therefore desirable to
keep the total rate of effusion as low as possible
for a given beam intensity, and for this purpose,
rather long channels (20) have been used as
oven slits in many investigations. Aside from
these theoretical considerations, the intensity of
molecular beams has frequently been measured
as a, function of the oven pressure p, and the
results show that, . at suSeiently low pressure
(X)3b in the case of H20 beams), the intensity
increases linearly with p, while at higher pres-
sures the intensity increases less than propor-
tional to p and may even go through a maximum
value. 'At the same time, the cross section of
the beam becomes larger than the geometrically
dehned dimensions. This effect has been ex-
plained by the formation of a "cloud" (38, 41) of
molecules immediately in front of and spreading
over an area larger than the oven slit. This cloud

is produced by molecules colliding with each
other inside the slit or in its immediate vicinity
and this "cloud, " not the smaller actual oven
slit, acts as the source of radiation. The intensity
of the molecular beam is, therefore, no longer
determined by the total effusion, but by the
"brightness" of the cloud, which is less than that
of the ideal oven slit. Using the analogy of
radiation, one may say that the total luminous
intensity of the source increases faster with
oven pressure than the "specific brightness"
which is responsible for the beam intensity.
Another e8ect of the cloud formation is a dis-
tortion of the velocity distribution in the mo-
lecular beam. (See Section 7.1.) For all these
reasons, it is usually advisable to work with
oven pressures well below the value which will
give the largest total beam intensity.

The jaws for oven slits are usually made of the
same metal as the oven itself and are either
inserted in dovetails or screwed on to. the
carefully ground and lapped front surface as
shown in Figs. 4—6. The jaw edges are either cut
back in the shape of a knife edge for almost ideal
slits, or are squared to form a canal type oven

~ An exception to this result has been reported by T. H
Johnson (33), but the pressures at which he worked were
so high that he was working with jets and not with true
molecular beams. FIG, 10. Slit system mounted on glass plate.
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Fro. 11. Apparatus for H&-
beams, divided into oven cham-.
ber A and collimating chamber
B. 0, oven-slit; F, fore-slit; C,
collimating slit; M, manometers,
I', magnet polepieces; S~, S2,
adjustment screws; S, shutter.
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slit. For beams of permanent gases, slits of all-
glass construction have also been used (42).

4. COLLIMATING SYSTEMS

Since molecular beams, consisting of neutral
particles, cannot be focused by "lenses" like
charged particles, the molecular beam optics
corresponds to that of the pin hole camera. The
simplest collimating system is a single slit,
which, together with the source slit, defines a
beam as shown in Fig. 8, consisting of a central
region of constant intensity ("umbra" ) and a
region on either side ("penumbra" ) where the
intensity drops linearly from the maximum value
to zero. The cross section of such a beam is,
therefore, a trapezoid. The formation of a beam
of this ideal cross section requires a very good
alignment (parallelism) of the slits, and this
alignment is frequently a major problem in the
design of an apparatus, particularly in the case
of very long and narrow beams. To preserve the
alignment, the slits should be connected to a
rigid framework; if this is not possible, one or
both slits should be adjustable in the vacuum so
that the alignment can be corrected during the
experiment. The exploration of the cross section
of the beam is then used for the final alignment.
Rigid connection between oven and collimating
slits is ordinarily not possible if a heated or

FK'. 12. Canal as fore-slit.

cooled source slit is used, since these slits will

change their position with temperature. A much
better beam definition is realized if an additional
"fore"-slit (see Fig. 9) is used. The fore-slit
stays at room temperature and its alignment
remains unchanged if the connection between it
and the collimating slit is sufficiently rigid. The
use of a fore-slit as source is also desirable be-
cause of the possible cloud formation at the
oven slit, which broadens the effective width of
the oven slit beyond its geometrical dimensions.
If a fore-slit is used for better alignment, the
oven slit can be made somewhat wider than
the fore-slit, so that its alignment is not very
critical and a slight shift during the experiment
will not affect the geometry of the beam. Using
a large slab of plate glass (25) as rigid frame
(Fig. 10), the relative motion of slits one meter
apart could be kept far below 0.001 mm. Paral-
lelism of slits can be assured by attaching a small,
sensitive leveling bulb to the slit carrier.

A fore-slit may also be necessary for a diferent
reason: Contrary to ordinary light beams, mo-
lecular beams travel through a scattering medium,
the residual gas in the apparatus. This gas
originates in part from the imperfections of the
pumps, small leaks, etc. , in part from the hot
oven and the walls heated by radiation from the
oven, and in part from the rnolecules excusing
from the oven slit. (See Section 3.3.) While the
first part can be kept quite low with present da, y
pumps in a well-designed apparatus, the other
two parts tend to produce a certain pressure in
the vicinity of the oven which has to be elimi-
nated by special means. The oven should be
surrounded by cooled surfaces and radiation
shields, especially when the operating tempera-
ture is high, 'and by liquid air-cooled surfaces if
beams of condensable materials are used. In the
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case of beams of permanent gases, the third
part of the scattering gas can be removed only
by pumping, and a final equilibrium pressure will
establish itself in the apparatus.

The use of a fore-slit makes it now possible to
partition the apparatus into two sections (29),
one which we shall designate as oven chamber,
and the other as collimating chamber (Fig. 11),
which are evacuated by separate pumps. If for
the reasons mentioned above the pressure in the
vicinity of the oven (and therefore in the oven
chamber) has a value P, the pressure in the
collimating chamber can be lower by a factor
R = Wi /W~, where W~ is the flow rate through
the fore-slit and W~ the effective pumping rate
of the pump evacuating the collimating chamber.
In order to make R large, the fore-slit should
have a very high fIow resistance, which. means a
long canal is desirable. Its width may be larger
than that of the oven slit, so that the latter acts
as source; the canal alignment is then not very
critical. If the oven slit should not be used as
source, the collimating system consists of an
oven slit, a canal through the partition between
oven chamber and collimating chamber, a fore-
slit acting as source, and a collimating slit, the
latter two defining the geometry of the beam.

The eff'ect of the scattering gas on the intensity
of a molecular beam at a distance l from the
source is given by

I=1,e-«~»

=Io e&p L
—(Io/&0)3 «p 3 —(I /& )j (5)

where Xp and A. , are the mean free path of the
beam molecules in the scattering gas and lp and 1,
the lengths of their path in the oven chamber
and in the collimating chamber. Since the pres-
sure in the oven chamber is always larger than
that in the collimating chamber, X, )Xp. Hence,
lp should be made as small as possible, particu-
larly in the case of beams of permanent gases,
where Xp is inversely proportional to the amount
of gas eff'using from the oven slit. There is, how-

ever, a lower limit to the distance between oven
slit and canal, because the molecules effusing
from the oven slit are reHected backwards ac-
cording to the cosine law from the front of the
canal and produce an effective pressure between
the two slits which increases rapidly with de-
creasing 1p. As a result, there is an optimum

value of Ip, and certain geometrical arrange-
ments like the one shown in Fig. 12 are useful for
obtaining maximum intensities.

Equation (5) also shows that the mean free
path P should be several times as large as the
distances traveled, if a good beam intensity is
to be obtained. It should also be pointed out
that in narrow beams collisions which cause
deHections of only a few seconds of arc remove a
molecule from the beam. The values of X to be
used in Eq. (5) are, therefore, several times
smaller at a given pressure than those calculated
from viscosity or heat conduction data (37).
Molecular beam experiments are very suitable
for the actual measurement of the mean free
path of gas molecules.

5. DETECTORS

While the discussioris of sources and colli-
mating systems in the preceding sections apply
more or less to molecular beams of all kinds of
substances, the technique of detection depends
to a large degree on the physical and chemical
properties of the beam substance. It hardly
needs to be pointed out tha, t the sensitivity of
the detector, that is, the minimum number of
particles which can be measured, is just as im-
portant as the intensity of the beam for the
over-all sensitivity of the molecular beam method.
One might even define the "practical intensity"
of the beam in terms of the detector reaction.
Since the intensity of a molecular beam at a
distance r from the source is according to Eq. (4a)
inversely proportional to r', the sensitivity of'

the detector determines in any given' ease the
maximum'length of the beam. Here again we
have an analogy with optical experiments.

As in optics, there are additive detectors,
corresponding to the photographic plate, and
direct-reading detectors, corresponding to photo-
electric cells, thermopiles, or bolometers. We
shall begin with a discussion of the additive
detectors.

S.j.. Condensation Targets

In the first molecular beam (12), the beam
molecules were allowed to strike a glass plate,
where they formed a deposit ("image") corre-
sponding in shape to the cross section of the
beam. Highly polished metals also make good
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FIG. 13. Structure of thin deposits.

target surfaces. If the exposure is long enough,
the deposit becomes visible, but if the exposure
has to be broken oG before a visible image is
formed, it is often possible to "develop" the
invisible image by processes analogous to the
physical development of a latent image on a
photographic plate.

It is obvious that this method is applicable
only if the beam substance is condensable at
the target temperature. For beams of silver
atoms, as used in the classical experiments
(31, 60), this is the case if the target is kept
at room temperature. In general, there exists a.
certain target temperature above which no con-
densation takes place (40). It might be expected
that this critical condensation temperature is
determined by the condition that the vapor
pressure of the beam substance at the target
temperature should be so low that the deposit
does not re-evaporate into the vacuum. This,
however, is not the case. Once a deposit is formed,
it will grow if the effective pressure in the beam
at the target is larger than the vapor pressure,
but to form the first trace, the target temperature
must be considerably lower and its value depends
not only on the beam and target materials, but
also on the intensity of the beam a.nd on its
geometrical dimensions, particularly its width
(16, 17). Through variation of the experimental
conditions, it is possible to obtain not only
either complete condensation on or complete
reflection from the target, but also partial con-

densation. In such a case, only the center of
the beam may form a deposit, while the penumbra
or the deflected molecules do not appear. The
reason for this phenomenon is that the target
temperature may be low enough to condense a
beam of high intensity, but not low enough for
a beam of low intensity, no matter how long the
target is exposed. These effects are intimately
connected with the existence of an intermediate
phase in the process of condensation (44). The
molecules striking the target do not enter im-
mediately into an "ordered" phase, but move at
random on the surface forming a two-dimensional

. gas, until they either re-evaporate or strike other
molecules and gradually form larger aggregations
which then remain fixed (67). Very thin deposits
are, therefore, not of a homogeneous character,
but are composed of many isolated crystallites
each consisting of large numbers of atoms
(Fig. 13).This has been verified by direct ultra-
microscopic examination (15). The structure of
the deposits explains the extreme sensitivity of
the condensation target; in favorable cases
(silver on glass) deposits with a calculated thick-
ness of two atomic layers are directly visible,

. and those of less than one-half of an atomic
layer are developable (14).

In molecular beam practice, the condensation
method has the advantage of simplicity; and if
the target is cooled to a sufficiently low tem-
perature, it is applicable to practically all beam
substances except permanent gases. The target
is either removed after exposure and examined
outside the apparatus, or observed inside the
apparatus through a low powered microscope
and a suitably arranged prism. This latter
method does not only permit the observation of
the deposit while it is formed, but is indis-
pensable if the deposit would evaporate or
otherwise disappear when exposed to air. If the
intensity is not sufficient to form a visible
deposit, the target can often be developed. For
metallic deposits on glass, the developer consists
of a solution of 1 to 2 percent hydro-quinone in
water containing a small amount of gum-arabic
as protective colloid, to which a few drops of 1
percent silver nitrate solution have been added.
The atomic silver formed in this solution pre-
cipitates preferentially at places where a metallic
deposit providing condensation nuclei is already
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FIG. 14. Circuit for surface ionization detector.
' I', 6la-

ment; C, ion collector; R~, grid leak resistor; R~, R3, R4,
R~, R6 resistors; I' j, I'y, potentiometers; M, milliammeters;
A, Ayrton shunt; G, galvanometer.

present. The trace usually becomes visible after
a few minutes in the developer. Another method,
which may be even more sensitive, and which
can be used without removing the target from
the apparatus, utilizes the preferential condensa-
tion of a vapor at the small crystallites forming
the invisible deposit. Water vapor, cigar smoke,
or mercury or cadmium vapor are very well
suited for this purpose.

The major disadvantage of the condensation
method is that all attempts to use it for quanti-
tative intensity measurempnts have been rather
unsatisfactory. Except when very thick deposits
are obtainable, the relation between thickness
and beam intensity is not known and is certainly
rather complicated in view of the mechanism of
the condensation process. The most promising
approach for intensity measurements consists of
using the time of appearance of a trace as a
measure for the beam intensity (38), and while
this method is certainly not very useful for
absolute intensity measurements, it may be
fairly good for the determination of relative
intensities. This method has been used in par-
ticular for the determination of regions of equa1
intensity in deRected beams (47).

other cases, especially for unstable molecules
like free radicals.

The additive methods discussed in the two
preceding sections were very important during
the earlier development of the molecular beam
technique because of their simplicity and their
sensitivity, but since they permit hardly more
than a semi-quantitative survey, they have been
replaced gradua1ly by the direct-reading methods.
These are more adequate for the later applica-
tions of the molecular beam method, for which
accurate measurements of the intensity distribu-
tion in the beam are essential.

The direct reading detectors which have been
used most extensively in molecular beam work
are the surface ionization detector and the
manometer detector. The 6rst type is usable for
beams of atoms of low ionization potential, like
the alkalis and Ba, Ga, and In or for molecules
containing such atoms; the latter is usable for
permanent gases or vapors of low condensation
temperature. Other direct reading detectors have
been used in special cases and some of them
might possibly see wider application.

5.3. Surface Ionization Detector

If an atom of an alkali metal, say cesium,
strikes a hot tungsten surface, it gives up an
electron and re-evaporates as a positive cesium
ion (46). These ions are drawn to a "collector"
which is at a negative potential with respect to
the tungsten wire. The resulting ion current gives
directly the number of alkali-atoms per second
impinging upon the detector wire.

The mechanism of this surface ionization is
brieRy as follows (36, 53): If the ionization
potential I, i.e. , the binding energy of a valence
electron of the impinging atom, is less than that
of an electron of the detector surface (work

5.2. Chemical Targets

This method is applicable to beams of chemi-
cally reactive molecules, which produce a visible
change of the target substance. Typical examples
are the detection of hydrogen atoms by reduction
of a MoOs or WOs target (34, 68), or of atomic
oxygen by the oxidation of PbO to PbOs (42).
In these cases a color change occurs on the
target. The method is probably useful also in

Fre. 15. Surface ion-
ization detector. B,
Bourdon tube; E, fila-
'ment; A, anode cyl-
inder; Q, quartz insu-'
lator.
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function g), there is a certain probability for the
impinging atom to lose its valence electron and,
if the surface temperature is high enough, to
evaporate as a, positive ion. The ratio of the
number of re-evaporating ions e+ to the number
of re-evaporating neutral atoms n is given by

n+/n=exp (p —I)/kT, (6)

where k = 8.5 X 10 4 electron volts/'K is the
Boltzmann constant and I and p are measured
in the same units. For 1=1200'K, k T=0.1
electron volts and for P —I=0.5 electron volts,
n+/n=e'=148, which means that every atom
striking. the detector is ionized. Since p for a.

thorium-free tungsten surface is 4.48 ev, this
condition is well satisfied for Cs with I=3.9 ev.
For K and Rb, for both of which I=4.1 ev,
n+/n=e"=45 which will give practically 100
percent ionization, but for Na (I=5.13 ev) and
Li (I=5.37 ev), a pure tungsten wire will not
act as a detector. By oxidizing the tungsten
surface, however, the work function can be
considerably increased, and such an oxygenized
tungsten wire is a good detector for atoms with
ionization potentials up to about 6 ev (45).
The oxygenation of the wire is carried out by
admitting air or oxygen gas of about 0.1 mm Hg
pressure into the apparatus and heating the
tungsten to about 1500'K for a few minutes.
The wire should not be heated to more than
1600'K afterwards, because at that temperature
the oxygen layer starts to evaporate rapidly.
Even at a lower temperature the oxygen layer
may have to be renewed from time to time.

It is, of course, essential that the tungsten
used as detector remain free of substances re-
ducing the work function, particularly' of thorium,
which reduces the work function to 2.6 ev.

The surface ionization detector will not only
detect the atoms of the elements mentioned,
but also many molecules containing any of these
atoms.

In actual construction (66), the detector con-
sists of a short piece of tungsten wire, held taut
by a delicate spring, and heated to about 1200—
1500'K. The wire is surrounded by a cylinder of
nickel sheet which has two diametrically opposed
rectangular holes, through which the beam can
pass. The wire diameter may be between 0.01
and 0.1 mm. The ion current between wire and

collector cylinder is usually measured with an
amplifier tube (FP 54 or equivalent). A circuit
which has been frequently used is given in
Fig. 14. If high sensitivity is required, the grid
leak resistor of the amplifier tube may be as
high as 10" ohms, and therefore the insulation
of the collector must be very good. The over-all
sensitivity of such a circuit has been made as
high as 4X10 " amp/mm galvanometer de-
Hection. This means that 2500 atoms per second
striking the detector will produce a galvanometer
deHection of 1 mm. The high sensitivity of. the
method makes it possible to use long beams and
very narrow detector wires, which is essential
for the investigation of the intensity distribution
in a molecular beam subjected to weak de-
Hecting Fields. As a numerical example, let us
consider a cesium beam emitted from a source
slit 3X10 ' cm high and 2X10 ' cm wide, and
striking a detector wire of 2 X 10 ' cm diameter
and 3X10 ' cm eA'ective length' If the distance
between the detector and the oven slit is 200 cm,
the pressure in the oven 0.1 mm, and the oven
temperature 450'K, then the number of moles
per second striking the detector is according to
Eq. (4a)

5 83X10 '6X10 'X10 ' 6X10 4

m4X10 4 (132X450)I

= 7.6X10—"mole sec.—'

This corresponds to a detector current of 7.35
X10 " amp. or to a galvanometer deHection of
2 X 10' mm in the circuit described. For the
measurement of the intensity distribution in the
beam, the detector must be movable in small
steps across the beam, always remaining parallel
to its original direction. This motion can be
accomplished by mounting the detector wire
eccentrically on a ground joint (66), or by a
number of mechanical devices using micrometer
screws acting on slides or levers. A different,
very satisfactory method was recently employed
(25): The detector assembly was connected to
the free end of a Bourdon tube from a standard
pressure gauge (Fig. 15). A change in pressure
inside the tube of 1 cm Hg produced almost
exactly a motion of one hundredth of a mm,
arid since the pressure could be changed and
read to a few tenths of a millimeter, the detector
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FrG. 16. Pirani-gauge, glass.

for Pz approximately 10—' mm Hg. It is possible,
however, to increase P& considerably by sub-
stituting a long and narrow canal for the de-
tector slit. This will not affect I;, but will
decrease n, by a factor

K=
b 0.5+2.3 log (2a/b)

Fio. 17. Pirani-gauge of small volume. S, detector
' sht; I, insulator.

motion was adjustable to less than 1/1000 mm.
This method allows remote control of the de-
tector position and was found to be quite precise
and reproducible.

5.4. Manometex Detectors

If a beam of a non-condensing material enters
through a narrow slit into an otherwise closed
vessel, the pressure inside will increase until
equilibrium is reached between the incoming
beam molecules and the outflowing gas mole-
cules (37). This is caused by the fact that while
all the incoming molecules have velocities in
the same direction, they are reflected in the
first collision with the inside wall of the vessel
according to the cosine law and remain there until
they leave the vessel according to the laws of
effusion. The number n; of incoming molecules
entering through the slit can be calculated from
Eqs. (4) and (4a), it is

n; =poaa'/L(2xmk Tp) &~r' j,
where po is the pressure in the oven, a the area
of the oven slit, a' the area of the detector slit,
and r the distance between the oven slit and the
detector slit. For the number of effusing mole-
cules we have according to Eq. (2)

n, =pg)a'/(2~mk T') ',

where pz is the equilibrium pressure and T' the
temperature inside the detector vessel. The
equilibrium pressure is, therefore, given by
n, =n„or

Pn = (po~/~r') (&'/&) '. (7)

Taking as an example a helium beam with
a=10—' cm', r=20 cm, $0=1 mm, we obtain

equal to. the ratio between the flow resistance of
a canal of the width b, the height u and the
depth I and that of a slit of the same cross-
sectional area (59). In practice, a has been made
as large as 50, thereby increasing pD to about
5X&0 'mm Hg.

Since the beam intensity should be measurable
to about one part in 1000, and, deflected mole-
cules amounting to possibly one percent of the
parent beam should be measurable with fair
accuracy, the manometer used to measure pa
ought to have a sensitivity of 10 ' to 10 ' mrn

Hg. Moreover, the total pressure in the manom-
eter chamber will be of the same order of
magnitude as the pressure in the collimating
chamber, or about 10 ' mm Hg, and may
fluctuate by as much as a few percent because of
uneven performance of the pumps. The problem
is, therefore, to design a manometer arrangement
capable of measuring changes of pressure of the
order 'of 10 ' mm at a total pressure of 10 ' or
10 ' mm, and to eliminate the effect of random
fluctuations. This can be achieved by the use
of a second detector and manometer which is
perfectly matched to the measuring manometer
but whose entrance slit or canal points away from
the molecular beam. Fluctuations of pressure in
the collimating chambers affect both manometers
in the same way and can be eliminated by a
compensation circuit (37).

As manometers of sufficient sensitivity, both
ionization and hot wire (Pirani) gauges are
possible. The erst class is more sensitive for
heavy atoms of low ionization potential (Hg),
the latter for light gases like He, H~, etc. Effective
compensation is much easier achieved for hot
wire gauges. As a result, this type has been used
much more frequently and shall be the only one
discussed here.

Before being used in molecular beam work,
Pirani gauges were rated in the literature as
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Eg eo(T' T")a,—— — (9)

where e is the emissive power and 0 the radiation
constant. Neglecting the energy lost at the ends
of the filament, we have for constant heating
energy P

having a pressure sensitivity of about 10 ' mm

Hg. In order to be usable for molecular beam
work, their sensitivity had to be increased by
at least a factor of 1000. To understand this
achievement, it may be worth while to give an
approximate theory of the instrument (13, 37).
It utilizes the change of temperature of a wire
heated with constant energy caused by a change
in the pressure of the gas surrounding it. The
temperature change is measured by the change in

the resistance of the wire.
The wire temperature in equilibrium is deter-

mined by the condition that the energy supplied
by the heating current is equal to the energy
lost by (a) heat conduction by the surrounding
gas, (b) radiation, and (c) conduction at the
ends of the wire. Since only the first process
depends on the pressure of the gas p (and at
suKciently low pressures, which are always
present in molecular beam work, is proportional
to p), high sensitivity requires making this proc-
ess as large as possible and suppressing the
others. The energy dissipated at the ends can
be reduced to a minimum by making the wire

long compared to its. cross section and using a
thin ribbon instead of a round wire to increase
its surface. The energy lost by conduction is
given by

E,=-',neo(T —T')a(C„/Ng), (8)

where 0. is the accommodation coefficient, C, the
molar specific heat, Ng Avogadro's number, T
the wire temperature, T' the temperature of the
wall of the vessel, and a the surface area of the
wire. The energy lost by radiation is given by .

easily satisfied since highly polished surfaces
have not only a small emissivity e, but usually
also a small accommodation coefficient n ).
Furthermore, the operating temperature should
be low, but the temperature difference between
wire and wall should be large. This can be
accomplished by immersing the gauge in' a
liquid air bath and operating the filament below
room temperature. Nickel is a good filament
material since it has a fairly large temperature
coefficient of resistivity. It is also ductile enough
to permit the wire to be rolled out into a thin
ribbon; actually ribbons as thin as 0.3p have
been used. The external form of such ma, n-
ometers is shown in Figs. 16 a,nd 17. The
first type (37) is made of glass and mounted
outside the vacuum envelope and is connected
to the detector slit by a narrow tube; the second
type (29) is made of metal and is mounted inside
the apparatus and cooled by thermal conduction
through the metal from a liquid air cooled
surface. Good compensation will not only elimi-
nate .fluctuations caused by pressure changes in
the. collimating chamber, but also those caused
by temperature changes, and will also reduce the
zero-creep caused by gradual cooling of the
gauges while temperature equilibrium is reached.
Compensation is obtained by arranging the two
gauges in the same temperature bath, or in
case of metal gauges, in the same copper block
and connecting them in opposite arms of a
Wheatstone bridge. The other two arms are
usually kep't fixed during measurements and
galvanometer readings are taken as indication
for the change in resistance of the beam gauge.
To eliminate the inHuence of zero drift, a shutter
is mounted in the path of the beam a,nd readings
are taken in equal time intervals with the
shutter open and closed alternately. An Ayrton

where A and B are constants obtainable from
Eqs. (8), (9); and (2).

Equation (10) shows that for high sensitivity,
E, should be large compared with Zg, i.e., n of
the filament material should be large while e

should be small. (This condition may not be
FIG. 18.Space charge detector (Kingdon cage). I', 61ament;

A, anode cylinder, S, detector slit.
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shunt in the galvanometer branch can be used
to make the deflection of parent beam and de-
Hected molecules commensurable.

The time necessary for the gauge to reach
equilibrium depends on- three factors: It in-
creases with the volume of the detector vessel
including that of the gauge and with the flow
resistance of the detector slit or canal, and de-
creases with the temperature of the filament.
For a large value of ~ ( 50), the volume of the
gauge has, therefore, to be quite small ( 1 cm'),
and while the sensitivity can be increased accord-
ing to Eq. (16) by a lowering of the filament
temperature, a practical limit to this increase
is given by the increasing time lag. It may be
noted that the equilibrium time is also pro-
portional to QM of the gas, and that absorption
phenomena between the gas and the walls of
the gauge may increase the time lag enoughto
make the use of the gauge impractical. As a
reasonable limit, the time to reach 99 percent
of the equilibrium deHection should not exceed
one minute; the best operating conditions are
usually found by actual trial.

The detector assembly and the gauge may be
moved together through the cross section of the
beam, or a Hexible connection may be installed
to permit motion of the detector slit without
moving the gauges. The motion may be accom-
plished by ground joints, micrometer screws, etc.

5.5. Thermal Detectors

Into this group belong several devices which
utilize the heat energy of a molecular beam for
its detection. None of them has found general
application, but they have been used occasionally
for special problems when better methods were
not available. Among them is the radiometer
(8, 49), which can be constructed with a suffi-

ciently short period and a sensitivity of about
0.1 radian deflection per micro-dyne. A molecular
beam of 1-cm height at 10 cm distance exerts
under most favorable oven conditions a pressure
of the order of 10 ' dyne/cm' on the detector.
The radiometer may, therefore, be used as a
direct reading detector for short beams, but is
rather insensitive compared with the methods
discussed previously.

Thermopiles and bolometers are too insensitive
to detect the kinetic energy of molecules, but

can be used if a latent heat is developed when
the beam strikes the target. - This is the case for
beams of atomic hydrogen or oxygen, which
develop a heat of reaction of the order of 10'
cal. /mole, as compared to the kinetic energy of

10' cal. /mole. Beams of free radicals could
also be detected in this way. Finally, a narrow
strip of nickel has been used as a bolometer for
the detection of condensing substances, utilizing
the heat of sublimation which is of the order
of 10' cal. /mole (22).

5.6. Space Charge Detector

All the detectors described so far are capable
of measuring only certain kinds of molecular
beam substances, and two of them, the surface
ionization detector and the hot-wire manometer
are quite adequate, whenever they can be applied.
There are, on the other hand, many substances
for which none of the detectors described so far
are satisfactory. We shall now describe a detector
which promises to be of universal applicability,
although it has yet to be developed in detail. It is
based on the phenomenon that positive ions
destroy electronic space charge (35). If a hot
tungsten filament emitting electrons is mounted
along the axis of a positively charged cylinder
(Fig. 18) the electron current at a sufficiently
high filament temperature and a given plate
voltage is limited by the negative space charge
surrounding the filament. If gas molecules enter
the cylinder, they. are ionized by electron impact,
and the positive ions partially neutralize the
negative space charge, permitting the plate
current to increase. The eEect of these ions is

.greatly enhanced by the fact that they do not
reach the cathode, but follow a spiral path around
it. It can be further increased by closing the ends
of the anode cylinder except for two small holes
through which the wire passes and a slit through
which the beam may enter. As in the case of
manometer detectors, the beam molecules pro-
duce a certain equilibrium pressure in the "cage"
(assuming no condensation on the cylinder walls)
and are ionized there if the anode voltage is
higher than their ionization potential. Under
favorable conditions, Hg vapor at a pressure of
j.0 ' mm may increase the plate current by 0.15
milliampere by partial destruction of the space
charge. The use of a second cage in a compen-
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sation circuit permits a balancing of the norma. l

plate current and at the same time compensation
of pressure fluctuations.

The space charge detector (23) was tried with
mercury beams, for which no really satisfactory
detector was known, and proved to be very
sensitive, allowing the detection of mercury
'vapor of the order of 10 "mm pressure in the
cage. Since all atoms and molecules can be
ionized by electron impact, this method should
serve as a really universal detector. If the beam
molecules are condensable at room temperature,
the walls of the cage can be heated above the
critical condensation temperature by electron
bombardment. Successful tests were made with
beams of organic molecules, among them benzo-
phenon (23) and of certain methyl halides (32);
but it should be emphasized, that a real "engi-
neering development" of the technique is still
necessary. So far, the results have been quite en-
couraging.

6. THE VACUUM SYSTEM

It is obvious that molecular beams can main-
tain their intensity and geometrical boundaries
only if their molecules are not too heavily
scattered by the residual gas in the apparatus. It
is, therefore, essential to keep the pressure inside
the apparatus at such a low value that the mean
free path X of the beam molecules is several times
the length .of the beam l. (If I =X only 36
percent=1/e of the molecules leaving the oven
will arrive at the detector. ) Since, as pointed out
in Section 3.3, a considerable pressure is produced
by the molecules effusing from the oven, these
have to be removed. If they are condensable,
large, liquid, air-cooled traps are very effective,
(one cm' of cooled surface has an effective
pumping speed for condensable vapors of about
11 liters/sec. ). If the beam substance is a perma-
nent gas, high speed pumps have to be applied
and the connecting lines, vapor traps, etc. have
to be large enough to permit effective pumping
speeds at the apparatus of 10 to 100 liters/sec. If
one remembers that the length of molecular
beams has increased from 6 cm in Stern's early
experiments to more than two meters in recent
work, one will realize that only the great progress
in vacuum technique has made this development
possible. Among the general principles applied to

the design of the vacuum envelope of a molecular
beam apparatus is the division into an oven
chamber and a collimating chamber which are
evacuated by separate pumps, since it is always
possible to maintain a higher vacuum in the
latter than in the former. As a result, the length
of the beam in the oven chamber should be as
short as possible, and the two chambers should
be connected only by a long, narrow canal of high
How resistance. Beyond these general statements,
it is quite impossible to give a concise review of
apparatus design since a design different in
details has been used in almost every experi-
mental problem.

7. EXPERIMENTATION WITH MOLECULAR BEAMS

It is the purpose of this paper not to describe in
detail the experimental problems investigated by
the molecular beam method, but to single out the
essential features of experimentation with mo-
lecular beams. These are, in short, the results of
the possibility of investigating the eA'ects of
physical forces acting upon individual atoms or
molecules in the most direct and —in principle-
the most primitive way. Such experiments have
had two main purposes, namely (a) the direct
experimental investigation of theoretical postu-
lates of fundamental importance and (b) the
measurement of molecular and atomic properties.
In some cases these properties cannot be meas-
ured by any other method; in others the molecu-
lar beam method has a higher sensitivity and
produces more accurate results than competing
methods.

Among the first group of applications are the
verification of straight-line motion of gas mole-
cules (1.2); the measurement of their velocity
distribution (8, 43, 60); the direct demonstration
of spa, 'ce quantization (Stern-Gerlach experi-
ment) (31);the direct proof of the wave properties
of material particles (19) and the verification of
the de Broglie relation X=h/mv (20), and many
other fundamental problems. In the second group
belong the measurements of electric and magnetic
moments of atoms and molecules; molecular
collision cross sections, and most prominently,
the measurements of nuclear spins and magnetic
moments.

Molecular beam experiments are in many re-
spects analogous to optical epcperiments. This is
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FIG. 19. Deflection of molecular beam by gravity.

7.1. Monochromator

Experimental work in optics is greatly sim-
plified by the use of monochromatic light. The
same is true, in principle, for molecularbeams.
There is, of course, no source available which
produces monochromatic molecular beams; i.e.,
beams where all molecules have the same velocity.
Monochromatization of molecular beams can be
achieved either by sorting the molecules ac-
cording to their velocities by mechanical means
(20), or by producing a "spectrum" by deflection
and selecting a region of this spectrum by means
of a selector slit (20, 55). The second method is
quite analogous to the optical monochromator
and will be referred to in subsequent paragraphs;
the first one resembles Fizeau's method for the
determination of the velocity of light, and will be
discussed here.

already evident in the production of the beams by
a source and a collimating slit system. The
analogy becomes even more complete in view of
the de Broglie theory which associates a wave-
length X=h/nw with a moving particle of the
mass m and the velocity v. Generally, we may
speak of molecular beam geometrical optics, if
the wave character is not essential for the par-
ticular experiment, and of molecular beam wave
optics, if the wave properties of the beam are
essential.

An ordinary molecular beam is composed of
molecules of a wide range of velocities, and corre-
sponds therefore to white light. Its spectrum is
represented by a modified Maxwellian distri-
bution (61).

dÃ/¹= (2v'/a') exp ( v'/n—',)d(v/n) (11)

where dN/¹ is the fraction of molecules in the
hearn with a velocity between v and v+dv and
n= (2RT/3II)& the most probable velocity. (The
modification of Maxwell's law for a beam consists
in replacing v' by v'. This is necessary since the
probability that a molecule will leave the oven
slit is proportional to v. )

t = l/v = 8/co. (12)

If the slits have a width y measured in radians,
the range of velocities of molecules passing the
system will be between si and», given by

and @2 ——

0+v
I

If it is desired to select molecules with velocities
between vi and v2, we obtain for given values of y
and l: '

2y(vie 2)

l(vi —v2)

In actual practice, both disks carry a large
number I of equidistant slits, and the disks are so
aligned that all the slits on one disk are parallel to
those on the other. Numbering both slits from a
common reference radius and considering the
molecules which pass slit i on the first disk and

slit i+1 on the second, we have 8=2ir/N. 'The

total fraction of beam molecules passing the first
disk is given by y/(2'/n); it is therefore desirable
to make n as large as possible. It may be pointed
out that in addition to the molecules considered

~b+g~$+
Sg— 5k

Fr@. 20. Intensity distribution in deRected beam.

We consider first two revolving disks on a
common shaft, both having a fine, short slit at
the edge in the direction of the radius. This
system may be mounted before or behind the
collima, ting slit of a molecular beam apparatus. If
the slit on the second disk lags behind the slit on
the first disk by an angle 8, only those molecules
for which the time lO needed to travel the dis-
tance i between the two disks is equal to the
time required by the disks to turn through an
angle 8 will pass both slits. If these molecules
have a velocity v and the disks revolve with an
angular velocity co, we have the relation
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here, slower molecules will pass through the
(7+2), .(i+0) slit on the second disk. For
these molecules, 8 =k. 2~/n T. hey correspond to
spectra of higher order. If, for experimental
reasons, it is desired to select only one particular
order of the spectrum, it may be achieved by
additional disks properly spaced. By choosing a
higher order, the resolving power of the molecular
beam spectrograph can be increased without
decreasing the intensity.

To give a numerical example, we take data
from an actual experimental set-up (20): l =3.1
cm, m=408, y=2X&0 ', v=133 r.p.s. , vi=1.93
Xi05 and v2

——1.49X10' cm sec. '.

7.2. Re6ection

Earlier investigations of the reHection of mole-
cules alarmed the validity of the cosine law even
in the case of highly polished surfaces (40). This
is not surprising in view, of the de Broglie theory,
which associates wave-lengths of the order of 10 '
cm or more with such rays, for even highly
polished surfaces are rough compared to this
order of magnitude. It is known, however, that
specular reflection of light can be obtained even
from rough surfaces, if the incident angle (grazing
angle) is made small enough. Consequently, ex-
perirnents with grazing angles between 0.5 and
3X10 ' 'radius and beams of Hm on speculum
metal were performed (37). The results were in

agreement with expectations: The intensity of
the reflected beam (reflectivity) increased rapidly
with decreasing angle of incidence, from —,

' percerit
at 2~X10—' radians to 5 percent at 1X10 '
radians. Cooling of the beam, i.e. , increasing the
average de Broglie wave-length, also increased
the reHectivity. These experiments may be re-
garded as the first indication of the wave char-
acter of molecular beams. The experiments de-
scribed in Section 7.4, however, give a much more
complete proof of the wave properties of moving
particles.

7.3. Refraction

The deflection of molecular beams in force
fields is analogous to refraction in geometrical
optics. We may distinguish between two cases:
the motion of particles through a medium with a
varying refractive index e and the transition

Qgl&rlurp~~rg//i/~&
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e
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FIG. 21. Pole-pieces for Stern-Gerlach experiment.

frorp a medium with the refractive index n~ to
another with the refractive index ng. The first

- case is the more important one in molecular beam
technique; the second one is usually treated in
geometrical optics, but has also been applied
occasionally in molecular beam experiments. As
an example of the first case we may consider the
motion of a particle in the gravitational field.
The path of such a particle is easily calculated by
the simple application of the equations of me-
chanics, but we can also treat it according to the
methods of geometrical optics. In this treatment,
the refractive index is related to the potential
energy U and the total energy B by the relation-

I= L(z —U) /E]*'

arid the path of the particle between two points
I'j and I'2 can be calculated from Fermat's
principle

pP2

b nds=0.
&PI

In the gravitational field, U=mgh, hence the re-
fractive, index n varies as (—h&).

Taking an actual experiment as example (25),
let us consider the path of a molecule of the
velocity v through two slits S&, S2 arranged in a
horizontal plane a distance I apart (Fig. 19).The
molecule will travel along a parabolic path, and
the vertical displacement s at a distance / from S2
is

where g is the acceleration of gravity. If we con-
sider a molecular beam composed of molecules
with a modified Maxwellian velocity distribution,
a detector D moving in a vertical plane at the
distance / from S2 will measure an intensity dis-
tribution representing the velocity distribution in
the beam (assuming infiniteiy narrow slits and
detector). Such an experimental arrangement can
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serve as a molecular beam spectrograph and has
been used for the measurement of the a,ctual
velocity distribution in molecular beams. This
distribution does not always agree exactly with
the Maxwellian distribution. The same arrange-
ment may obviously also serve as a mono-
chromator; a slit placed at.a position s will select
molecules of the velocity u=l(g/s) &.

Because of the finite width of the slits, the
observed intensity pattern is more complicated.
Assuming both slits to be of the width b, the
intensity distribution of the undeflected beam
would be given by an isosceles trapezoid, and that
of the deflected beam by the curve in Fig. 20,
calculated from

FrG. 22. Refraction of a molecular beam.

a =(pir/m) (dII/ds), (2o)

where m is the mass of the molecules.
According to the theory of space quantization,

p& can have only discrete values

and an acceleration in the direction of the field
gradient

Sa
exp! —s /(s —2&))

p~ =gl mgpg, (21)

U=AE = —pJI II (17)
'

where p~ is the component of the magnetic
moment in the direction of the field II. The
refractive index is, therefore

n= [(a+I~ II)/z)& . (18)

If the field has a gradient dII/ds normal to the
beam direction, the molecules suffer a deflecting
force

(19)=pir(dII/ds).

s —3b
+ exp L

—s /(s —3b)) . (16)
sa

Here, s is the deflection of the molecules of the
most probable velocity a, Io the maximum in-
tensity of the undeflected beam, and I the
intensity at a distance s from the upper edge of
the undeflected beam. Equation (16) is obtained
by considering first the intensity distribution
from the molecules contained in an infinitely
narrow strip ds of the trapezoid representing the
undeflected beam, and then integrating over the
whole trapezoid (64). If the undeflected beam has
another shape, the integration will, of course,
lead to an equation different from Eq. (16).

The deflection in magnetic fields is quite
similar (62). For a molecule with a magnetic
moment p, the potential energy is

where pe is the Bohr magneton; pe ——eh/(4irmc),
gl. Lande's g-factor and mJ the magnetic quan-
tum number, related to the internal quantum
number J of the atomic state by the relation

mJ ——J, J—1, J—2, - —J.
In passing through an inhomogeneous mag-

netic field, -a beam composed of atoms in a state
with a quantum number I is therefore split into
27+1 beams which are deflected with different
accelerations according to their values of mg. The
classical Stern-Gerlach experiment was under-
taken to test the theory of space quantization.
An inhomogeneous magnetic field was produced
between a pair of pole pieces shaped as in
Fig. 21. The beam consisted of silver atoms,
having J=—,

' and g~=2. Hence, m~=+2 and
a = +(ps/m)(dII/ds), which means that the
beam is split into two beams deflected in opposite
directions.

Numerous experiments of this kind have been
carried out, and in order to survey the magnitude
of the deflections, we"-shall take a numerical
example. The magnetic field gradient between
polepieces as in Fig. 21 at the place of the beam
may be dII/ds=SX10' gauss/cm, the length of
the field about 10 cm, ps=10 " e.m. u. For
X-atoms, J= 2 and g =2, m =6.7 X 10 "g, -and a,
the most probable velocity for an oven tempera-
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tureof450'K, n=(2RT/M)&=4. 33X10'cmsec. '
Hence, at the end of the polepieces,

s.= —,'a P = w (ps/m) (dH/ds) (L'/n')
=0.83 mm. (22)

The intensity distribution in the two deflected
beams can be calculated from Eq. (16); it reflects
again the velocity distribution in the undeAected
beam. Magnetic deAection can, therefore, be used
either as a spectrograph (11) or as a mono-
chromator (55); a selector slit placed at a given
deHection s will select only molecules within a
velocity range given by an equation similar to
Eq. (13).

It may be added that the splitting of beams in
the described manner corresponds to double re-
fraction (or multiple refraction) in the optical
case, and that each individual beam is "polar-
ized"; i.e. , the angula, r momentum vector of the
atoms in each beam has a definite direction or
precesses around the field direction as axis with
a fixed angle between the directions of J and II.

The same arrangement may be used for the
measurement of nuclear magnetic moments.
Since these are of the order of 10 'p~, and the
maximum dH/ds obtainable is about 5)&10'
e.m.u. , the deHections are much smaller. More-
over, it is applicable in this simple form only in
the absence of atomic magnetic moments, for
instance in the case of molecules like H2, HD, and
D2, in which the electronic spins are paired.
Experiments of this kind were the first to give
numerical values for the magnetic moments of
the proton and deuteron (24, 29).

The optical case of passage from a homogeneous
medium I with a refractive index n~ to a medium
II with refractive index n2 has also been realized
in the magnetic refraction of. molecular beams
(54). Let a beam XO of Z-atoms of the velocity v

(Fig. 22) pass from a region A, where the mag-
netic field is 0, to a region B, where the field is
homogeneous of the strength H. According to
Snell's law

sin 8 n2 (E&IIsHq & f IisH) '
(23)

sine' n, & E i & -'mv'i
'

where 8 and 8' are the angles between the normal
to the boundary between A and Band the incident
and refracted beams respectively.

The deviation 8 of the beam, which is always
small enough to permit the approximations
cos 8=1, sin 8=8, is finally

mv'
(24)

7'.4. Di8ra, ction

We shall now consider the wave optics associ-
ated with molecular beams. According to the de
Broglie relation, a moving particle with the mass
m and the velocity v is associated with a wave-
length X=h/(mv). For light atoms or molecules
(H, He, H2) with thermal velocities, X is of the
order of 10 ' cm, for other molecular beams, X is
considerably less. Therefore, observable diffrac-
tion phenomena do not occur at the slits that are

The original beam is, therefore, split into two
polarized beams deflected in opposite directions.
If the atoms are in a state with the internal
quantum number J, the beam would split. into
27+1 separate beams.

Refraction by electric fields (18, 21, 69) may be
obtained according to both methods described in
the magnetic case. In the first, the beam passes
through an inhomogeneous field, for instance
near and parallel to the axis of a cylindrical con-
denser with the radii rj and r2. If the distance'
from the cylinder axis is r and the potential differ-
ence between the plates V, the beam passes
through a field of the strength E= V/Lr ln (ri/r 2) j
and the gradient dE/dr = V/Pr' ln (ri/r~) ].Other
fields have been designed in which the deflecting
force is constant over a larger region (50). In the
second case, the beam enters obliquely into a
plate condenser, where equations corresponding
to the magnetic case apply. Since atoms have no
permanent electric moments, deflection experi-
ments in electric fields permit the measurement
of the electric moments induced in the atom by
the external field, or the polarizability of the
atom. In the case of compound molecules, the
polarizability and, if present, the &permanent
electric dipole moments Iis contribute to the
deHection. Because of the temperature rotation
of these molecules, the space quantization pattern
is much more complicated than in the case of
atoms, and the interpretation of the deHections
much more difficult.
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customarily used, which have a width of 10 '
cm. They are, however, to be expected and are
actually found when a crystal lattice is used as a
grating. The diffraction patterns observed in H,
He, and H2 beams reHected from a LiF crystal
surface (19, 20, 34) agree in all details with those
to be expected from the diffraction of waves by a
crossed-grating. By using a velocity selector as
described in Section 7.1 for the measurement of e
and the angle of diffraction for the measurement
of X, the de Broglie relation could be verified with
an accuracy of I percent. The results of molecular
beam diffraction experiments go beyond those
obtainable with electron diffraction, for they
show that the de Broglie relation applies not only
to elementary particles but also to atoms and
even composite molecules, and they also permit a
check of the mass dependency of the wave-length.

The technique used in the diffraction experi-
ments with He atoms and H2 molecules consisted
in letting a beam from a heated or cooled "oven"
impinge upon a freshly cleaved LiF crystal
surface at a glancing angle of 10 to 20' with the
surface and in exploring the area around the
crystal with a detector slit connected to a hot-
wire manometer. By the use of a selector slit
instead of a detector, a."monochromatic" beam
can be produced, since every selector position
corresponds to atoms of a given wave-length
range. ln a "double crystal spectrograph" (20),
beams were made monochromatic by the first
crystal and analyzed by a second crystal. Among
many other crystals investigated, only NaCl
crystals yielded diffraction patterns; these, how-

ever, were of lesser intensity than for LiF. In
experimen'ts with atomic H beams (34), the
diffracted atoms were co11ected on a chemical
target.

Another example of molecular beam diffraction
is the scattering of beams by gases. While a
purely classical picture would treat this phe-
nomenon as a simple collision process between
elastic spheres, the quantum-mechanical treat-
ment considers it as the diffraction of de Broglie
waves. A number of such experiments have been
carried out. The results support the quantum-
mechanical viewpoint, and permit a much better
determination of collision cross sections than any
other method (27, 39, 57).

7'.S. Nuclear Syins and Magnetic Moments
of Atoms

Although part of the discussion in this para-
graph is implicitly contained in Section 7.2, the
applications of molecular beams for nuclear prob-
lems (5) are so important that they deserve a
more detailed description even in a paper devoted
m'ainly to technique.

If I is the quantum number designating the
nuclear spin and J the electronic angular mo-
mentum (internal) quantum number, a mono-
chromatic beam of atoms with I, J will split
in a magnetic field into Z = (25+1)(2I+ 1) beams
representing different quantum states (7). The
magnetic energies of these states, and therefore
their index of refraction in an inhomogeneous
field, depend not only on dII/ds, but also in a
rather complicated fashion on II itself. In weak
fields, the Z magnetic energy levels are nearly
uniformly spaced, and counting of the number of
deAected beams determines the nuclear spin
quantum number I. In an experiment with Na
atoms (55) (I=—,') the beam was first mono-
chromatized by a strong magnetic held, in which

only the two beams with different values of mg
are separated, and the atoms passing through the
selector slit were sent through a long, but weak
inhomogeneoup field, where they were split into
2I+1=4 beams, whence I= ~3. The nuclear
magnetic moments can be calculated from the
separation of the beam peaks on the basis of the
hyperfine structure theory.

The analysis of the dependence of the Z
magnetic energy levels on H shows that certain
levels go through 0 at certain values of H. From
these values of H, the nuclear spins and the
hyperfine structure separation can be calcu-
lated. This method of zero-moments, as. it has
been called, requires no initial monochromatiza-
tion (51).The detector is placed at the position of
the undeHected beam at the end of a long, weak,
inhomogeneous field. The field is gradually in-

creased and the values of II, at which "zero
beam" peaks occur', are noted. From the hyperfine
structure separation, the nuclear magnetic mo-.

ment can be calculated, if the wave functions of
the atom are known. These are, however, only
approximately known for all atoms except the .

Hand D.
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7.6. Requantization

The study of this effect (30), which corresponds
to a change of the state of polarization of a beam,
has provided a very powerful tool for new appli-
cations of the molecular beam method. If a space
quantized, i.e. , a polarized beam passes through
a second magnetic field, the atoms may remain in
the same quantum state, or may partly "flop
over" into other quantum states. These atomic
flops are produced by sudden changes of H, and
in particular by resonance between an oscillating
field with the frequency v~ and the Larmor fre-

quency of the atoms in a homogeneous field of the
constant strength H. The application of these
flops for the measurement of nuclear magnetic
moments is one of the most elegant developments
of molecular beam technique (56).

A beam is first split into a number of polarized
beams by a strong inhomogeneous magnetic field.
A second field of opposite gradient will refocus
the divergent beams from the first field at a
certain point where the detector is placed. This
refocusing takes place only for those atoms which
have remained in' the same quantum state
through the passage of both fields. Now, a short
homogeneous field of variable strength H and a
superimposed oscillating field with the frequency
vq are arranged between the two other fields. The
Larmor precession of the beam atoms in the
center field is vz ——Ii H/h, . If H reaches a value
for which vz, is equal to the frequency i~ of the
oscillating field, a sharp resonance sets in causing
atoms of the magnetic moment p, to flop. These
flopped. atoms are not refocused. The resonance,
therefore, produces a decrease in intensity at the
detector. Thus, each observed minimum indicates
a certain Larmor frequency and allows the
calculation of the corresponding magnetic mo-

ment p.

7.7. Moleculax Balance

This technique, which is just being developed,
utilizes the compensation of the acceleration of
gravity acting on molecules (see Section 7.3) by
magnetic, electric, and other forces (65). The
special feature of this method is its character as a
null method, because the molecules for which

compensation is attained are not deflected at any
point along their path. Thus, it is possible to

evaluate experimental results without the exact
knowledge of the velocity distribution in the
beam, and to avoid one of the most serious
uncertainties in many molecular beam experi-
ments. As stated in Section 7.3, the actual
velocity distribution in molecular beams does not
always agree with the theoretical distribution
which has been assumed in calculating intensity
distributions formulae like Eq. (16).These devia-
tions are strongest for very slow molecules and
have in some, cases a noticeable efFect on the
evaluation of experimental results. It is, there-
fore, to be expected that the molecular balance
technique will be very useful for problems in-
volving precision measurements.

8. CONCLUDING REMARKS

We have attempted to give a survey of the
methods and techniques employed in the pro-
duction of and the experimentation with mo-
lecular beams. It is, of course, impossible within
the scope of this paper to give a complete de-
scription of the many designs and problems
involved in molecular beam work. The technique
is not yet standardized to such a. degree that
component parts of a fixed design can be as-
sembled into an apparatus. On the contrary,
every problem requires a new design for many of
the component parts. We have, therefore, tried to
emphasize the characteristic features of the
method and the general principles involved in the
functioning of the different parts, hoping to
convey to the reader information which will be
helpful both for a better appreciation of the
method and for special design problems.

In discussing the applications of molecular
beams, we have again tried to emphasize the
general scope of the method, and have stressed
.the analogy with "light optics. " The survey of
the different experimental problems investigated
has been kept as brief as possible, giving only a
few typical examples for each kind of application,
but at the same time pointing out the physical
principles involved.

There is another general aspect of the molecular
beam method which should not be omitted, be-
cause it shows its inherent superiority over a
competing method. In measuring magnetic mo-

ments, for example, we measure the magnetic
energy of an atom or molecule in the field. This
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can also be done by means of the optical method
of measuring the Zeeman splitting Ao (or in case
of nuclear moments, the hyperfine structure).
Now, if hv= tsar/hc is very small, the spectral
patterns cannot be resolved because of the
natural width of the lines. It is, however, alwa, ys
possible to separate two components of a mo-
lecular beam which suffer different deflections by
making the beam long enough. Looking at this
situation in a different wa, y, we may apply the
uncertainty principle in the form hE ht=h,
where hE is the smallest energy difference which
can be measured in the time interval f),t Th.e
hfetime of optically excited states At is of the
order of 10 ' sec. , hence the smallest energy
diR'erence which can be measured optically is
AF =10 "erg. The lifetime of a molecular beam
in a field of, say, 10' cm length is of the order of

' 10 ' second, allowing in principle the measure-
ment of energy differences of the order of 10 '4

erg. This comparison shows that the molecular
beam method is in many cases much more
sensitive than the optical method.
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THE MOLECULAR BEAM MAGNETIC
RESONANCE METHOD

l. General Considerations

NEW method known as the "Magnetic
Resonance Method" which makes possible

accurate spectroscopy in the low frequency range
ordinarily known as the "radiofrequency" range

*This article was prepared in 1941 and has not been
revised to take into account the possible applicability to
the method of higher frequencies and other useful instru-
mental techniques developed during the war years. Other
ingenious magnetic resonance methods, recently published,
have been applied to the measurement of the proton
moment and of the h.f.s. reparation of caesium atoms in
the ground state.
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was announced in 1938 by Rabi, Zacharias, Mi11-

man, and Kusch (R6, RS). This method reverses
the ordinary procedures of spectroscopy and in-
stead of analyzing the radiation emitted by
atoms or molecules analyzes the energy changes
produced by the radiation in the atomic system
itself. Recognition of the energy changes is
accomplished by means of a molecular beam
apparatus. The experiment was first announced
as a new method for the determination of nuclear
magnetic moments, but it was immediately ap-
parent that its scope was not limited to the
measurement of these quantities only. It is the
purpose of this article to summarize the more
important of those successes which the method
has to date achieved.

Historically the molecular ray approach toward




