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We describe the design and operating characteristics of a simple polarized atomic hydro-
gen beam particularly suitable for applications to crossed beams experiments. In addition
to experimental measurements, we present the results of detailed computer models, using
Monte-Carlo ray tracing techniques, optical analogs, and phase-space methods, that
not only provide us with a confirmation of our measurement, but also allow us to
characterize the density, polarization, and atomic fraction of the beam at all points
along its path. As a subsidiary result, we also present measurements of the relative
and absolute efficiencies of the V/G Supavac mass analyzer for masses 1 and 2.

PACS: 07.77; 35.10.D; 35.80

I. Introduction

The uniquely simple structure of atomic hydrogen
makes it an ideal system for the theoretical and exper-
imental study of fundamental physics. Whether used
as a probe of the weak interaction [1], as a testing
ground for quantum electrodynamics [2], as a labora-
tory for metrology [3] and the determination of the
values of fundamental constants [4], or as a target
for the study of basic atomic collisions [5-8], the hy-
drogen atom has continued to play a central role in
our attempt to understand physical phenomena at
their most basic level. As a consequence, much effort
has been devoted to the development of atomic hy-
drogen beams, both ground state and excited state,
both polarized and unpolarized [9-16]. Since the late
1960’s a large fraction of this effort has been directed
toward the production of polarized proton, deuteron,
and H™ beams for applications to nuclear and parti-
cle physics [17]. Recently, substantial attention has
also been given to the development of extremely cold,
intense neutral beams [14] for use as internal targets
in high-energy storage rings, as polarized proton
sources for accelerator injection, and as the central
element in hydrogen masers for time and frequency
standards. Many of the hydrogen beams described
in the literature, whether polarized or unpolarized,

are large, complex, and costly devices that are not
particularly suitable for small scale laboratory phys-
ics. In this paper we describe the characteristics of
a relatively compact and inexpensive polarized
ground-state atomic hydrogen beam that we devel-
oped for crossed-beams studies of low-energy elec-
tron-hydrogen scattering. We present the results of
detailed computer modeling of the beam, as well as
measurements of operating parameters.

The principal properties of a polarized hydrogen
beam comprise its dissociation fraction or purity, its
useful density and flux, and its polarization or state
selection parameter. Such factors as its operational
duty factor, its long and short-term stability, and its
ease of operation are clearly important also. All of
these characteristics depend upon the method used
for producing the atoms, the technique employed for
polarizing the atoms, and the specific details of the
beam-line geometry.

Ground-state beams of atomic hydrogen are al-
most universally generated through the dissociation
of hydrogen molecules by de¢ (Wood’s) [18], rf, or
microwave discharges [9], or alternatively by thermal
methods that employ high-temperature tungsten or
tantalum ovens [6, 19]. Regardless of the method
chosen, each beam design must confront vacuum
needs, choice of materials, heating or cooling require-
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ments, and the geometry of skimmers and collimators,
all of which have a direct bearing on the densities,
fluxes, and dissociation fractions that will be achieved,
in addition to the overall performance reliability of
the beam. Often the choice of source technique will
be dictated by the specific requirements of the experi-
mental application.

In spite of their more specialized application, po-
larized hydrogen beams have been the subject of ex-
tensive development, although most of the attention
they have received has been directed toward their use
in polarized proton sources for high-energy and nu-
clear physics, as we have already noted. For these
purposes, the spin of the proton is of paramount im-
portance, and hence the neutral beams from which
they derive must have a nuclear as well as an electron-
ic polarization. The methods used to achieve the nu-
clear polarization vary depending upon whether me-
tastable beams or ground state beams are the starting
points. In virtually all cases, however, spin filters in-
volving rf transitions are employed. By contrast, for
our application, where the electron spin is of prime
importance, we elected not to incorporate any rf spin-
filtering, at the loss of some polarization at low mag-
netic field, but with the consequent gain in simplicity
and beam intensity.

In Sect. IT of the paper we review the experimental
details of the hydrogen beam line including the rf
source, the hexapole state selector, the Stern-Gerlach
polarimeter and the quadrupole beam analyzer. In
Sect. III we discuss the operating principles of the
beam and the techniques we employed to determine
its salient characteristics of polarization, density, and
dissociation fraction. In Sect. IV we explore three
methods of computer modeling of the beam including
Monte-Carlo ray tracing, an optical approach that
treats the hexapole magnet as a thick lens, and a
Cartesian phase space technique that yields approxi-
mate information for axially symmetric beams. Final-
ly, in Sect. V we discuss the results of our measure-
ments, summarize the properties of the beam, and
briefly compare our beam with several other polarized
hydrogen beams developed elsewhere.

II. Experimental design
A. Overview

The beam line comprises five stainless steel vacuum
chambers separated from each other by collimating
apertures or conductance limiting tubes, as shown in
Fig. 1. The locations and critical dimensions of the
components and apertures encountered by the hydro-
gen beam are shown schematically in Fig. 2a and b.
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Fig. 1. Vacuum chamber layout of beam line showing conductances
between chambers for molecular hydrogen, typical pressures under
operating conditions, and effective speeds of pumping modules for
both hydrogen and air, the latter enclosed in parentheses. The num-
bered elements shown are (1) hydrogen source chamber, (2) diffu-
sion pump port, (3) turbomolecular pump port, (4) hexapole
chamber, (5) hexapole magnets (6) beam chopper, (7) beam-line
gate valve, (8) ion pump port, (9) interaction chamber, (10) ion
pump port, (11) Stern-Gerlach magnet, (12 ) cryopump port, (13)
quadrupole/dump chamber, and (14) quadrupole mass analyzer.
Not shown are bypass pumping lines and valves between the hexa-
pole and hydrogen source chambers and between the quadrupole
and interaction chambers. Note that conductances for air may be
obtained by multiplying the hydrogen conductances by a factor
of 0.27

High-purity hydrogen, having entered the source
through a heated palladium finger, is dissociated by
an rf discharge in a water-cooled Pyrex tube [9]. The
atoms and molecules effusing from the 1 mm diameter
nozzle of the source are formed into a beam by a
stainless steel skimmer, 1.4 mm in diameter, located
16.5 mm away and mounted on a stainless steel bulk-
head. Slightly further downstream, 25.4 mm from the
skimmer, the beam enters a pair of state-selecting hex-
apole magnets [20] each 152 mm long and each hav-
ing a pole gap of 6.4 mm. The magnets, which trans-
mit atoms in the mg= +1 state and deflect those in
the mg= —1 state, as described in Sect. IIIC, are sepa-
rated by a gap of 19 mm to facilitate pumping. A
beam chopper, driven by a stepping motor that is
capable of modulating the beam at a maximum fre-
quency of 10 Hz with typical open and closed times
of 50 ms each, is mounted in the gap between the
two magnets. The position of the hexapole pair is
chosen on the basis of a computer analysis that opti-
mizes the density of the beam at the interaction region
for a room-temperature v2-Maxwellian velocity distri-
bution, as described in Sects. 111 and IV.

Upon leaving the downstream magnet, the beam
first passes through a small gate valve that serves
to isolate the source and magnet chambers from the
rest of the beam line and then through a small con-
ductance limiting aperture and tube around which
is wound a spin-guiding solenoid, as shown in Fig. 2b.
The solenoid, together with two additional ones
mounted inside the interaction chamber, serves to
transport the atoms into the interaction region in
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Fig. 2(a). Schematic diagram of beam-line components in the source
region showing locations and critical dimensions of (1) nozzle, (2)
skimmer, and (3) hexapole magnet entrance. All dimensions shown
are in mm; (b) Schematic diagram of major components of beam
line showing locations and critical dimensions of (1) nozzle, (2)
skimmer, (3) hexapole magnets, (4 ) beam chopper, (5) spin guid-
ing magnet field coils (transverse rotator prior to Stern-Gerlach
magnet not shown), (6 ) refrigerated tube and aperture, (7) interac-
tion region beam collimator, (8) crossed beams intersection point,
(9) channel electron multiplier, (10) polarimeter slits, (11 ) Stern-
Gerlach entrance aperture, (12) Stern-Gerlach magnet, and (13)
QMA entrance slit. All dimensions shown are in mm

such a manner that the spins are adiabatically rotated
[6] and maintained either parallel or antiparallel to
the direction of the beam by the 100 mG longitudinal
magnetic field that is present at the center of the inter-
action region. A circular aperture 6.0 mm in diameter
and located 38 mm upstream from the center of the
interaction region serves to define the dimension of
the beam.

At the exit of the interaction chamber, the beam
again passes through a conductance limiting tube and
aperture as shown in Fig. 2b. Magnetic guide fields
(not shown in the figure) again serve to adiabatically
rotate the atomic spins, this time into the transverse
orientation, in preparation for polarization analysis
by a Stern-Gerlach dipole magnet [21]. In front of
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the Stern-Gerlach polarimeter are a pair of slits each
0.7 mm wide by 9.5 mm high, that are externally mov-
able while the system is under vacuum. For purposes
of polarimetry, where scattering from the Stern-Ger-
lach pole tips poses a problem, the slits are inserted;
for purposes of beam monitoring, where maximum
signal strength is of paramount importance, however,
the slits are removed. Since the dimension of the colli-
mator associated with the Stern-Gerlach magnet is
only of order 2.5 mm at a location where the beam
diameter is approximately 10 mm, the vacuum
chamber directly upstream of the entrance to the po-
larimeter effectively serves as a “dump” for at least
half of the hydrogen beam.

The atoms and molecules that are accepted by
the Stern-Gerlach unit enter the final beam line
chamber which contains a Vacuum Generators Supa-
vac quadrupole mass analyzer (QMA). Immediately
in front of the QMA is a third movable slit 0.5 mm
wide that is also externally accessible while the system
is under vacuum. As with those upstream, the QMA
slit is inserted for polarization measurements and re-
moved for normal beam monitoring. The QMA and
its slit are both mounted in a vacuum pipe that is
attached to a horizontal translator, thereby permit-
ting the profile of the beam transmitted through the
Stern-Gerlach magnet to be scanned as part of the
polarimetry procedure, as described in Sect. I1I.

For each section of the beam line, vacuum pumps
were chosen that met the specific experimental re-
quirements of the particular section and also mini-
mized the cost per unit pumping speed. The hydrogen
source chamber is pumped by a high-speed oil diffu-
sion pump [22] and the hexapole chamber, by a tur-
bomolecular pump [23], with each backed by a dedi-
cated mechanical pump. Immediately beyond the hex-
apole chamber and mounted directly in the beam line
is a low-conductance freon-cooled tube that protects
sensitive downstream pumps and experimental com-
ponents from any accidental upstream release of hy-
drocarbon contamination. (In this context, however,
it should be noted that in more than four years of
operation, there has not been a single instance of such
a release.) For purposes of meeting ultra-high vacuum
requirements and maintaining a hydrocarbon-free en-
vironment, the interaction chamber is pumped by an
ion pump [24] designed for hydrogen use. An opti-
cally opaque “spiral staircase” baffle effectively elimi-
nates charged particle backgrounds resulting from ion
and electron backstreaming. The Stern-Gerlach re-
gion is pumped by another ion pump [25], also de-
signed for hydrogen use, but in this case in an unbaf-
fled configuration. At the QMA location, where
greater precaution must be taken against ion back-
grounds, a closed loop helium cryopump [26] is used.
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Fig. 3. Artist’s representation of the rf hydrogen source

B. RF hydrogen source

Fabricated in Scotland and essentially a duplicate of
a source previously described [9] (a version of which
is now available commercially) [27], the rf dissociator
utilizes a water cooled Pyrex discharge tube operating
in a coaxial cavity with 15 W of power at 35 MHz.
With standard precautions taken to avoid ground
loops in sensitive amplifiers throughout the experi-
mental apparatus, the source, shown schematically in
Fig. 3, produces minimal rf interference. The stability
of the discharge and the degree of dissociation are
critically dependent upon both the steady flow of bub-
ble-free cooling water and the cleanliness of the Pyrex
surface. The former condition is easily achieved if the
cooling water is turned on several hours before the
source is to be used. The latter condition is met
through careful cleaning of the Pyrex tube (as de-
scribed in [9] prior to installation of the source and
through the use of a heated palladium leak to provide
high-purity hydrogen during operation.

High purity hydrogen gas is provided by the gas
handling system shown in Fig. 4. Pre-purified grade

@
=l
@i ==l
§? v/ [ \ 1 =1 y% 1 C
P SO il *h =% N
P &
——6 o

Fig. 4. Schematic diagram of the hydrogen gas handling system.
The numbered elements shown are (1) hydrogen ballast tank, (2)
palladium finger, (3) glass to metal break, (4) exit to rf discharge
volume (5 ) thermocouple vacuum gauge, (6 ) electrical feedthrough
for palladium heating (7) source chamber bypass valve, (8) dry
nitrogen admittance valve, (9) hydrogen admittance valve, (10)
hydrogen purge valve, (11 ) low-pressure hydrogen holding tank,
(12) valves and pressure regulators, (13) high-pressure hydrogen
gas cylinder

hydrogen at a supply pressure of 15-20 psig is allowed
to enter a palladium finger. Under normal operating
conditions, the finger is resistively heated to a temper-
ature of about 150° C, an operating point that pro-
duces a pressure of 400 mTorr in the 0.3 1 ballast
cross piece shown in the figure. In order to preclude
contamination of the palladium finger, care is taken
to maintain the hydrogen supply line at a positive
pressure with respect to atmosphere whether or not
the source is in use.

C. Hexapole magnet

The permanent hexapole magnet, a cross section
drawing of which is shown in Fig. 5, consists of two
identical units, each 152 cm long and separated from
each other by a gap of 19 mm. The design of the
magnet is based upon that used in the first polarized
electron source installed at the Stanford Linear Accel-
erator Center [20] and produces a pole-tip field
strength H(R,) of 0.79 T with a pole gap 2R, of
6.4 mm. An alternate approach that achieves similar
operating characteristics, still with permanent magnet
construction, involves the use of samarium-cobalt ele-
ments that serve as integral drivers and pole tips
[28, 29].

D. Interaction region
The crossed beams interaction region contains many

components that are specific to the spin-tagged elec-
tron-hydrogen collisions studies being carried out and
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Fig. 5. Scale drawing of the hexapole magnet in cross sectional
view

are not germane to this paper. The only elements
that are pertinent to the hydrogen beam are the aper-

tures and spin-guiding field coils shown in Fig. 2b,.

the dimensions and operating conditions of which are
given in the figure. At the interaction region center,
. the influence of the earth’s magnetic field is main-
tained below 10 mG with the use of a single layer
of u-metal shielding 1.5 mm thick. The shielding, in
the shape of a capped cylinder, located just inside
the vacuum chamber walls, is equipped with coils that
permit the u-metal to be degaussed in situ, a proce-
dure that obviates the need for any annealing of the
material. When the guide fields are on, the magnetic
field at the center of the interaction chamber is ap-
proximately 100 mG oriented either parallel or anti-
parallel to the direction of the hydrogen beam line.

E. Stern-Gerlach magnet

The Stern-Gerlach magnet [21], employed for polari- -

metry measurements, consists of an electromagnetic
driver located outside the vacuum system and low-
carbon magnet iron pole faces placed inside the vacu-
um system. Of a standard “two wire” geometry, the
pole faces, 101.6 mm long with a minimum horizontal
gap of 3.18 mm, are shown in cross section in Fig. 6,
producing a field to gradient ratio of ~6 mm. The
entrance to the magnet is masked by a collimating
aperture 2.5 mm in height in combination with a sin-
g knife edge that extends horizontally into the gap
a distance of 0.7 mm from the leading edge of the

convex pole tip. Such a configuration on one hand .

provides reasonable throughput during ordinary
beam intensity monitoring and on the other hand,
in conjunction with a pair of movable upstream slits,
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Fig. 6. Scale drawing of the Stern-Gerlach magnet in cross sectional
view

minimizes pole tip scattering during beam polariza-
tion measurements. In the latter application, the mag-
net is energized with a maximum current of 5.5 A,
which produces a pole tip field strength H(2) of ap-
proximately 0.33 T. For beam intensity monitoring,
the energizing dc current is turned off, the magnet
is degaussed, and the pair of upstream slits, 0.5 mm
wide by 9.5 mm high, are removed from the beam
path.

F. Quadrupole mass analyzer

The quadrupole mass analyzer (QMA) is a Vacuum
Generators Supavac model that uses a Faraday cup
and a high-gain amplifier for ion detection. During
polarization measurements, the analyzer entrance is
masked by a slit 0.5 mm wide. With the slit removed,
as is the case during beam intensity monitoring, the
analyzer presents a circular entrance aperture 6.4 mm
in diameter, a dimension that effectively characterizes
the entrance height when the slit is in place.

The analyzer, having a maximum sensitivity (de-
fined by a signal to noise ratio of 2:1) of 2x 10~ !
mbar, produces typical readings of 3.0 x 10~ '° mbar
and 1.3 x 107 '° mbar respectively for H, and H, de-
tection when the rf source is operating under standard
conditions and the beam line slits are removed for
intensity monitoring. When the rf power is turned
off, the H, signal drops to 3 x 10~ !! mbar and the
H, signal rises to 4.3 x 10™'° mbar. In the polariza-
tion measurement mode, with the slits inserted and
the lateral position of the QMA adjusted for maxi-
mum signal, the typical H; and H, readings for rf
power on are 4x 10~ '! mbar and 5x 10~ '! mbar
respectively. With the rf power turned off the corre-
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sponding readings are 1x107'" mbar and 1.3
x 107 % mbar. The signals measured by the QMA
during the horizontal translational scans that are inte-
gral to the polarimetry method are discussed in
greater detail in Sect. IV.

III. Operating principles and experimental methods
A. Basic concepts

The principles of state-selected neutral atom beams
are well understood and have been discussed a
number of times [30]. When restricted to the case
of electronic state selection, these principles can be
understood with ease and require only a brief account
of the behavior of an atom in an inhomogeneous mag-
netic field. As the Breit-Rabi diagram of Fig. 7 dem-
onstrates for ground state atomic hydrogen, the hy-
perfine substates, characterized at low magnetic field
by the total angular momentum quantum numbers
F and m, are split and regrouped at high magnetic
field according to the electronic and nuclear spin
quantum numbers m; and m;. At fields sufficiently
high to decouple electron and nuclear spins (but not
high enough to decouple spin and orbital angular
momentum), the magnetic energy of an atom, AW,
in an external magnetic field H is given by [31]

AWzugHm; g+ Am;my, (1)

where pp is the Bohr magneton, g, is the Landé g-
factor, and A is the hyperfine contact energy, with
the nuclear multipole interactions with the external
field being neglected. The atom then has an effective
magnetic moment g given by

Hepr = — HpM; 8. (2)

In a non-uniform magnetic field, a ground state
hydrogen atom will thus experience a force F given

by
F=—V(AW)~ FuzVH, (3)

for my=mg= +1, where g, is taken to be equal to
2. From (2) it is obvious that in principle any inhomo-
geneous magnetic field will create a spatial separation
between atoms in the mg= +1 state and those in the
mg= — 1+ state. In practice, two field geometries afford
the greatest advantage. For polarized beam genera-
tion, hexapole magnets provide the geometry of
choice, while for polarimetry applications, both hexa-
pole and two-wire dipole fields can be used with suc-
cess.

In the former instance, the hexapole field, which
has a radial dependence given by [30]
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Fig. 7. Breit-Rabi diagram of ground state hydrogen

H(r)=1,’;—§4 H(R,) @)

with r the radial coordinate, 2R,, the pole gap, and
H(R,,) the pole tip field strength, causes the mg= + 1
atoms to oscillate with elliptical trajectories about the
beam axis and the mg= —1 atoms to be deflected
out of the beam entirely. Thus for mg= +1 atoms,
a hexapole state-selecting magnet preserves the cy-
lindrical qualities of the entering beam; moreover, it
acts as a lens for these atoms, albeit with chromatic
aberration, as has been discussed in detail elsewhere
[30, 32]. For a given field strength, the length of the
magnet, and its position relative to both the atom
source and the downstream interaction point there-
fore can be chosen to optimize the atom density at
the interaction point. In the case of the atomic hydro-
gen beam described in this paper, the field strength
of the hexapole was actually chosen to be the highest
that could be achieved with permanent Alnico mag-
netic drivers, the objective being generation of maxi-
mum mg= + 1 state selection. The pole gap dimension
was then chosen together with the remaining parame-
ters to maximize the atom density for a 6.0 mm beam
diameter at the interaction point, in accordance with
the computer projections described in Sect. I'V.

By contrast with the upstream polarizer, the
downstream Stern-Gerlach polarimeter was designed
around a dipole geometry, an approach that permits
detailed scanning of the beam profile. In addition,
while the hexapole uses a permanent magnet design,
which minimizes cost and space, the Stern-Gerlach
polarimeter employs an electromagnet approach,
which allows the device to be demagnetized, an essen-
tial condition for both beam intensity monitoring and
centroid determination. In the polarimetry process,
the latter is an integral step, as explained in Sect. ITIC.



Throughout the preceding description, the high-
field approximation has been assumed for magnetic
substates. While this condition may be met in the
Stern-Gerlach magnet, given its narrow acceptance
slit and its operating pole tip field strength, the as-
sumption certainly needs further justification for the
hexapole magnet. Moreover, an approach is required
that relates the state selection achieved and measured
at high fields to the electronic polarization that is
applicable at the low fields characteristic of the inter-
action region.

For any field strength, H, the energy, AW, asso-
ciated with a magnetic substate is found from the
diagonalization of the energy matrix. In particular,
for 2S,,, terms, which comprise the ground state hy-
perfine ?S, , multiplet of hydrogen, the secular deter-
minant is of second order, and AW can be shown
to be [31]

SW oW =

i, L AR 2
ser+n~ 2 ) ' Tare1 At (5)

for m=+I+4%), +U-9%),..., —(I-3, —(U+3),

where I is the nuclear spin, W=(2I+1) A/2 is the
zero field hyperfine structure splitting between the
F=I—1%and F=I1+1} and y is a dimensionless field
variable defined by

=g upH/OW, (6)

the nuclear multipole interactions with the external
field being neglected throughout. Now the effective
magnetic moment of the atom must be defined
through the relation

_o(4w)
Herg = oH .

(7

For the maximum and minimum values of m; namely,
m= +(I+1), u. is independent of y and is given by

dere[m=+(I+3)]~ F1g,ps. (8)

For hydrogen, where I =1 and g, 2, (8) reduces to
Hegr(m= 1)~ F pp. (&)

For other values of m, u; depends upon y in a com-
plex fashion, as suggested by Fig. 8 which illustrates
the behavior of u. as a function of H or y for the
ground state of atomic hydrogen. As can be seen from
the figure, the limiting values of u. s for m=0 are
given by p=0 for y=0 and pe(ms=+3) > +puy
for ¥ — co.

Conventionally, the polarization P of a collection
of electrons is defined [33] as the ensemble average
of the expectation value of the Pauli spin operator
G:
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Fig. 8. Effective magnetic moments of the ground state hydrogen
hyperfine multiplet as functions of magnetic field H and field param-
eter y

P= (o). (10)
By virtue of the relationships

p=—g. upSh=—g. uga/2, (11)

where S is the spin operator and g,~2 is the electron
g-factor, P can also be expressed as

P=—{p/up)- (12)

For an atomic beam which has undergone high-field
state selection with mg= + 1 substates equally sharing
one population and all mg= —3} substates equally
sharing another population, it is therefore reasonable
to define a field-dependent quantity f(¥), convention-
ally called the hyperfine coupling function [30], by
applying the concepts embodied in (12) to the expres-
sion for p; derived from (5) and (7). Specifically, with
P replaced by f(y) and u replaced by u., we obtain
the result

I+4

> (Here/tts), (13)

m=—I+43

f(."{):m

which has the limiting values of f(0)=1/(2I+1) and
f(0)=1. For hydrogen, (13) reduces to

f(x)z%[l H l/'l'{ x’*’J’ (14)

a graphical display of which is shown in Fig. 9. If
at high-field, a state selection parameter s is defined
by

Nyp—N_

SEN. N

(15)
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Fig. 9. Hyperfine coupling function f(y)

where N, and N_ are respectively the number of
atoms in the mg= +4 and mg= —1 states, then the
electronic polarization P(y) is given by

P()=sf(x). (16)

For the case in which the mg= +1 substates have
differing populations after high-field state selection,
P(x) must be calculated from the weighted average
of (u.e/1tg) over all the substates, the statistical weight,
of course determined from the relative population of
the respective substate in the usual fashion.

In carrying out the design of the beam and in
determining its properties, we applied the principles
developed in the foregoing paragraphs in two signifi-
cant ways. First, using (6) and the radial reductions
of (2) and (7), we developed the computer models de-
scribed in Sect. [V to determine the behavior of the
hydrogen beam as it traverses the hexapole and Stern-
Gerlach dipole magnets, with particular attention
paid to tests of the validity of the high-field approxi-
mation. Second, from the results of the computer
modeling, we related the high-field Stern-Gerlach po-
larization measurements to the value of the low-field
polarization applicable at the interaction region.
These applications will become clearer in the descrip-
tions of the succeeding sections.

B. Polarization determination

From the concepts set forth in the preceding section,
it is obvious that a dipole magnet with a cross section
and orientation shown in Fig. 6 will cause a beam
of atoms that is traveling outward from the plane
of the figure to be deflected to the right or to the

QMA SIGNAL, Y

0 X 7 e
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Fig. 10. Pictorial representation of the QMA profile used in the
polarization determination, with symbols as defined in the text

left depending upon whether p is positive or nega-
tive respectively. In other words, atoms in the mg=
+1 state will be deflected to the left while those in
the mg= —1 state will be deflected to the right. With
the magnet power turned off and the pole tips de-
gaussed, atoms in either state will pass through the
unit undeflected.

The high-field polarization of the beam at the
Stern-Gerlach magnet is thus determined as follows.
From appropriate readings of the QMA and with
appropriate settings of the source rf power, the net
mass-one signal, is measured as the QMA is scanned
horizontally across the beam. Based upon the beam
profile when the Stern-Gerlach field is set at zero,
a centroid x. is established, in terms of which a right-
left asymmetry can be defined for all non-zero settings
of the Stern-Gerlach field. The high-field polarization
is then given by the high-field limit of this asymmetry
as the Stern-Gerlach field is steadily increased.

Figure 10 provides a pictorial representation of
the profile generated when a motorized translator
under the control of an LSI 11/23 computer drives
the QMA horizontally across the beam in steps of
0.125 mm. During acquisition of the polarization
data, all three collimating slits are inserted into the
horizontal position, as described in Sect. IL.A. At each
horizontal position, up to 9000 samples are taken
of the QMA output voltage, with the actual number
entered as input information to the data acquisition
program.




As illustrated in Fig. 10, the profile obtained with
the rf source power on and the QMA tuned to mass
one can be divided into four regions, two central ones
on either side of the centroid containing signals relat-
ed to both the beam and the molecular background,
and two outer regions containing signals related to
the molecular background alone. In all four regions,
the background is found to vary linearly with posi-
tion. Thus, in the central regions, the QMA signal
can be characterized by three separate contributions
— first, a pedestal due to dissociative ionization of
the molecular background by the QMA electron
bombarder; second, a portion (not labeled in the fig-
ure) due to dissociative ionization of the molecular
component of the beam; and third, the net mass-one
signal, which is the quantity of interest. The analysis
procedure begins with the determination of the first
two contributions and concludes with the subtraction
of these from the total signal to generate the net mass-
one signal.

At the outset of the procedure, the boundaries
xp and xg, between the central and outer regions on
the left and right sides of the centroid respectively,
are chosen by visual inspection. A standard regression
analysis is then performed in the outer regions to
determine the pedestal function y”(x), which enables
the areal contributions of the pedestal, A¥ and A%,
to the left and right central regions to be calculated
according to the prescriptions A}=(yF+yP)(xc
—xr)/2 and AR=(yR+F) (xg—xc)/2. It should be
noted that the variance calculated by the linear re-
gression from the reduced chi-square is used as the
variance of each point of the profile in all subsequent
treatment of the data [34].

The determination of the areas AP and A2, asso-
ciated with contributions from molecules in the beam,
requires the acquisition of three additional profiles
corresponding to rf off with mass-one tuning [(Q,)°f"],
rf off with mass-two tuning [(Q,)°"], and rf on with
mass-two tuning [(Q,)°"]. In each case, the pedestal
is subtracted from the total signal in accordance with
the procedures described for the case of [(Q;)*],
thereby producing a net signal that is proportional
to the molecular content of the beam for each case.
As a consequence, it is easily seen that A7 and A2
are given by

p —AUG™] oy, 17)

where  A[(Q,)°™ "] = A, [(Q2)"™ "]+ Ar [(Q2)™ ]
and where all three profile arecas are calculated from
simple Riemann sums. Empirically it was found that
AP and AR remained constant for at least a twelve-
hour period while the source was operating. Thus
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the (Q,)°, (Q,)°", and (Q,)*" profiles were measured
only once a day, and the values of AP and A% deter-
mined from them were applied to all (Q,)*" profiles
measured that day.

Once A} g and A? p are determined, they are sub-
tracted from the respective areas, 4; and Ay, corre-
sponding to the total signals in the left and right cen-
tral regions of the (Q,)°" profile. In this way the net
areas, A}y, are obtained, in terms of which a right-
left asymmetry, A4, can be constructed according to
the prescription

=A?{el—,4?_='
A?{el+A?‘el
_(Ag—AR—AR)— (A, — AT — A})
(Ag—AR—AR)+(AL,— AL — A7)’

AH

(18)

It should be noted that throughout this discussion
it has been assumed that the Q, and Q, signals and
hence all the areas used in (18) are related to QMA
readings obtained with the hydrogen beam chopper
fixed in the open position.

The validity of the foregoing analysis rests strong-
ly on the proper identification of the profile centroids
that correspond to the true beam center when the
Stern-Gerlach field is set at zero. Unless the hexapole
magnet is perfectly aligned, it is clear that the cen-
troids of the (Q,)"" signal and the determination of
the true centroid of the net (Q,)™ signal for zero field
thus requires that x. be varied until Ay is minimized.
The value of x. so obtained then serves as the cen-
troid for all calculations of 4, corresponding to non-
zero values of the Stern-Gerlach field.

With Ay determined for a number of field settings,
a plot can then be made of 4, as a function of the
Stern-Gerlach driving current. As the current in-
creases and Mg= + 1 states are separated from each
other further in space, 4y increases continuously un-
til, under ideal conditions, the separation is complete,
at which point A, remains constant for all further
increases in current. The saturation value A%** is then
taken as the high-field polarization of the analyzed
portion of the beam.

C. Density determination

Information about the density of the hydrogen beam
at the interaction region can be gleaned from several
sources. Probably the least accurate determination,
but by far the easiest one to make, results from the
pressure increase, Ap, measured at the interaction
chamber pump when the hydrogen beam chopper is
opened and the beam is fully dumped in the interac-
tion chamber. If the chamber is pumped with an effec-
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tive speed S(I//s), then the number of atoms of gas
N entering the chamber per unit time is given by

[35]

dt kT

where T is the Kelvin temperature of the gas, k is
Boltzmann’s constant, and the factor of two reflects
recombination of the atoms prior to entry into the
pump. Now for a radius Ry characterizing the cy-
lindrically symmetric, collimated beam at the interac-
tion region, an average atom density p can be defined
as

1
nR3

Ry
pP= j;ﬂﬂandn (20)
0

where p(r) is the atom density of the beam in the
interaction region at a radius r. It should be clear
that p and dN/dt are related to each other by the
expression

f dN

Mibor it 21
nREi7 dt’ @1

p. =
where # is the average atom velocity in the interaction
region, and f is the fraction of atoms in the beam
falling within a radius R. From (19) and (21) it then
follows that p is given by

R e U )
nRyvkT

It should be noted that @ is not the customary velocity
obtained from kinetic theory, since the hexapole mag-
net is a strongly chromatic lens. The only easy access
to ¢ is gained through computer modeling, as will
be discussed in Sect. IVD. Of the other quantities in
(22), all are known either by specification or measure-
ment except for the fraction f which depends upon
the shape of the beam profile at the interaction region.
As with o, the experimental determination of f cannot
be made with ease, as a consequence of which the
value must be calculated from the profiles generated
by the computer models described in Sect. IV. With
these caveats, the density p is thus determined experi-
mentally from a measurement of Ap, in accordance
with (22).

A second determination of p results from the com-
puter models themselves. This approach, however, re-
lies not only on the validity of the transport modeling,
but also on the specification of the initial flux of the
beam as it leaves the nozzle of the source. Unfortu-
nately, this specification contains substantial inherent
uncertainties, as will become clear during the discus-

sion of the Monte-Carlo ray tracing computations
presented in Sect. IV B.

A third approach to the density determination in-
volves the measurement of the angle integrated ion
production rate, I, that results from electron impact
ionization. In some sense this determination has the
greatest relevance, since the polarized hydrogen beam
line was designed specifically for studies of crossed
beams electron-atom scattering. However, the density
so obtained is an effective density, p.y, specific to
the geometry of the crossed beams interaction, which
can be related to p only through detailed knowledge
of the interaction volume and the variation of p(r)
within the volume. This point can be illustrated for
a choice of coordinates in which the hydrogen beam
lies along the z axis and the electron beam lies along
the y axis, with both beams assumed to have cylindri-
cal symmetry. In this case, the total number of atoms,
N’, in the interaction volume, V, can be expressed
as

N'=puV (23)

or more specifically as

R, Y X
N'=8 [ dz {dy [ dxp(), (24)
4] 0 0

where R, is the effective radius of the electron beam,
r——-]/xT+ y? is the radial coordinate applicable to the
hydrogen beam, and the upper limits, X and Y, are
given by X=|/E§—zz and Y=]/R,2{—R§+zz. In
terms of the electron current density, j. (expressed
in electrons-cm ™~ 2-s~ 1), the ion production rate (ex-
pressed in ions -s~ ') can now be written as

I=ego;N'j., (25)

where ¢ is the overall experimental efficiency and g,
is the total ionization cross section.

From (23) and (25) it is clear that even if o, is
known, p.; can be obtained from measurements of
I and j,, only if V and ¢ are known as well. The
volume V, as illustrated by (24), depends not just upon
Ry but also on R,, a dimension that unfortunately
cannot be determined with great accuracy. The effi-
ciency ¢ also suffers from some uncertainty as will
be seen in Sect. V. A comparison of (20), (23) and
(24) shows moreover that the dependence of p on
r must indeed be specified, if 5 is to be obtained from
a measurement of p.

All three methods of density determination are
thus frought with deficiencies. Consequently, confi-
dence in a quoted value of § requires reasonable con-
sistency among the various results, an issue that will
be addressed further in Sects. IV and V.




D. Dissociation fraction determination
and QM A calibration

The mass one and mass two signals produced by the
QMA for an incident mixture of hydrogen atoms and
hydrogen molecules can be written in terms of four
response functions, o, o5, ®,;, and a,,. For inci-
dent densities p{ and p4, corresponding to atoms and
molecules respectively, the specific relations for the
mass one and mass two signals are given by

Qy=0y1pf+o;,pd (26)
and
Q=05 p{+ay; pl, (27)

where Q; and Q, in this section are understood to
be beam related signals derived from chopper-open
minus chopper-closed readings.

From the form of these equations, it is clear that
o, characterizes the mass one response of the QMA
to atoms, while o,, characterizes the mass two re-
sponse to molecules. The function «,,, which pro-
duces a mass one response to incident molecules, re-
sults from dissociative ionization processes in the elec-
tron bombarder of the QMA. The function a,,, which
produces a mass two response to incident atoms, by
contrast, results from recombination processes in the
QMA and, for the geometry and atom densities in-
volved, in fact may be neglected.

If the rf power at the hydrogen source is turned
off, dissociation ceases, and the QMA signals become

Q1) =0y, (p)"" (28)
and
(02" =0y, (%), (29)

with the consequence that the ratio a,,/x,, can be
found from measurements of (Q,)°"" and (Q,)°" ac-
cording to the relation

(o 2/022) =(Q1)°" /(0 ,)°". (30)

Note that (30) is applicable to any portion of the
beam profile sampled by the QMA. If, however, mea-
surements are restricted to the center of the profile,
the dissociation fraction, F°, at the source can be de-
termined, where F° is defined as [36]

(p?)"
FOs=p R 31
@+ (9™ D

for respective atom and molecule densities (p?)°® and
(p9)™ at the exit of the source nozzle when the rf
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power is on. An expression for F° in terms of measur-
able QMA signals follows from the observation that
when the rf power is turned on, the decrease in the
0, signal is directly attributable to the dissociation
of each molecule into two atoms. Since the tempera-
ture of the source remains practically constant when
the rf power is turned on, the molecular transport
efficiency from the source to the QMA remains essen-
tially unchanged. As a consequence, the ratio of densi-
ties (p)°"/(p9)°" for rf power on is given by

(D)™ _ ) (p3)*" —(p3)"

™ (p2)
(P = (P9 _ ) (@) —(Q)"
=2 == =) === 32
(p9)°" (@) S

where (Q,)°" and (Q,)°" are understood to be QMA
readings in the central region of the beam profile.
From (31) and (32) it is clear that F° can be written
as

-t

where the ratio R,, is given by

Ry2=(Q,)"/(Q2)™ (34)
Consider now a corresponding ratio

ra2=(42)""/(q,)" (35)

for QMA signals (g,)" and (q,)°" obtained in the
extreme wings, where, as in the case of signals taken
from the central section, (¢,)* and (g,)°" are under-
stood to be derived from chopper-open minus chop-
per-closed readings. Unlike those taken from the cen-
tral section, however, the mass two signals obtained
from the wings contain significant contributions from
recombination of atoms that have struck the walls
of the beam pipe in the vicinity of the QMA. Thus
if f, and B, represent respectively the transport effi-
ciencies from the source to the QMA for atoms and
molecules, (¢,)°™ and (¢,)*"" can be written as

[9'2)m=°'522[%51(9(1))0n+ﬁ2 (Pg)on] (36)
and
{92}0H =0, f; (Pg)m

=033 B2 [(09°" + 1 (p9)"], (37)

where the right side of (37) presumes no loss of atoms
during the dissociation process. Through the combi-
nation of (32) and (34)(37), the ratio of transport
efficiencies f8,/f, can be expressed as
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B Rzz__rgz _{%)Dn(Qz)m—(%)OH[Qz)Dn
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B rna®n-D @O @]
Finally with the ratio (Q,)°"/(Q,)°" written as

Q)™ 241 Br(p?)" +0s B2 (p9)" , (39)

Q)" & %23 B (Pg)m

it can be shown with the assistance of (30), (34), (35)
and (38) that the QMA response functions «,, and
o,, are related by

a1 (g2""(Q0)" — (@)™ (o)™
%y 2 (%)M(Qz}"”—(QZ]D“(Qz}o".

Thus, (30) and (40) provide access to the relative cali-
bration of the QMA for masses one and two, while
(38) provides access to the relative transport efficien-
cies from the source to the QMA for atoms and mole-
cules. Finally, (33) and (34) provide the necessary rela-
tions for the dissociation fraction F° at the source
to be determined.

(40)

IV. Computer models
A. General consideration

As suggested in Sect. I1I the determination of hydro-
gen beam density, polarization, and dissociation frac-
tion cannot easily be made by experimental measure-
ment alone. This is particularly true if the beam pa-
rameters need to be known at the interaction region,
a location at which the requisite measurement devices
cannot be placed without causing severe disruption
of the beam line itself. Thus, detailed theoretical mod-
eling of the beam becomes an integral part of the
measurement process, placing great importance on
the confidence with which the calculational results
are held.

In order to increase the reliability of our results,
we therefore used three different modeling methods:
(1) a Monte-Carlo ray-tracing analysis, (2) an ap-
proach that treated the hexapole state selector as a
thick lens, and (3) a Cartesian phase space calculation.
All three techniques relied on the application of stan-
dard kinetic gas theory to establish the operating den-
sity of the source in terms of the ballast volume pres-
sure. In the following sections we will review the prin-
cipal elements of the calculations and present sum-
maries of their predictions.

B. Source density and gas kinetics

All three calculational methods require specification
of the hydrogen density either inside the source or
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Fig. 11. Schematic diagram of the hydrogen gas transport system

showing ballast tank, connecting tubing, and rf discharge volume
with nozzle

sr |

immediately outside the discharge nozzle. Since direct
measurement of the discharge pressure is precluded
by the design of the source, the kinetic theory of gases
must be used to extract the information from pressure
measurements carried out at the hydrogen ballast
tank [21, 35, 37]. Unfortunately, the conditions under
which the source operates makes this extraction very
difficult and leads to some uncertainty in the effective
operating pressure.

The nature of the difficulty is best illustrated with
the aid of the schematic diagram shown in Fig. 11,
which depicts the ballast tank, the discharge volume,
and the discharge nozzle, as well as the connections
between the elements. The connection between the
ballast tank and the discharge volume can be reasona-
bly characterized by an effective diameter D,;~6 mm
and an effective length L,,~800 mm. The nozzle,
however, is more complex, having an entry section,
with a diameter D,,=3 mm and a length L, =25 mm,
and an exit section, with a diameter D,,=1 mm and
a length L,, =25 mm. Separating the two sections is
a kink that reduces the Lyman-x emission of the
source, and it is this kink combined with the operating
pressure of the source that creates the major difficulty.

At the operating ballast tank pressure p,~400
mTorr, the mean free path of molecular hydrogen,
p,. is approximately 0.2 mm, which places the molec-
ular gas transport from the ballast tank to the dis-
charge volume in the intermediate flow regime [35].
The conductance of the transport tube, C, must then
be expressed in the form

C=(c; D*j+c, DY)/L, (41)

where p is the average pressure in the tube; where
the parameter ¢; depends simply upon the viscosity
of the gas, n; where the parameter ¢, depends in a
complex fashion upon the molecular weight, M, and
the Kelvin temperature, T, of the gas in the combina-
tion |/ TM, as well as upon the ratio D p/n; and where
the subscripts on C, D, L, and p are implicit. The
limiting condition of molecular flow occurs when the
pressure and temperature of the gas are such that
the mean free path A satisfies the inequality 4/D>1.
In this case, the term ¢, D* dominates in (41). On




the other hand, when the condition i/D<0.01 ob-
tains, the limiting case of viscous flow is achieved,
and it is the term ¢, D* p that dominates in (41).

Although the intermediate flow regime is some-
what complicated to handle, it is nonetheless amen-
able to analytic calculation. It applies along the entire
length of the transport tube between the ballast tank
and the discharge volume, since the pressure gradient
along the tube is quite small, and Ay, consequently
remains close to 0.2 mm throughout. The situation
in the nozzle, by contrast, is far more complex, since
not only must the intermediate flow regime be antici-
pated, but also some turbulence must be assumed
because of the presence of the kink.

Regardless of the details, however, it is clear from
the relative dimensions of the nozzle that the conduc-
tance of the nozzle, C,,, is considerably smaller than
that of the transport tube, C,,. Moreover, the differ-
ence is only enhanced by the presence of turbulence
in the nozzle. Under these circumstances, the pressure
ps in the discharge tube can be estimated from the
throughput relations

;;2:3= C:s(pr_ps) (42)
and
er=csr(ps_pr)9 (43)

where 2, and 2, are the throughputs in the transport
tube and the nozzle respectively, and p, is the vacuum
chamber residual gas pressure. If the dissociation frac-
tion F° is taken to be approximately 0.85, consistent
with measurement, it follows that 2,,~1.75 2,_, in
which case (42) and (43) lead to the expression

4 C,, ik
pey ] pe @)

where use has been made of the relation p,>p,.
Bounds on the ratio C,,/C,, can be found from the
limiting cases of purely viscous flow and purely mo-
lecular flow, with turbulence neglected. For these two
cases the conductance given by (41) can be written
as [35]

C=327x10"2[D*/yL)]p Viscous (45)
and
C=3.81(T/M)*(D*/L), Molecular (46)

where dimensions are expressed in c¢m; x, in poise;
p, in Torr; and C, in I/s. It is clear that (46) leads
to the upper bound on the ratio C,,/C,,, and with
appropriate values used for M, D, and L for the nozzle
and the transport tube it follows that C,,/C,.<0.2,
assuming constant T throughout the system. Applica-
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tion of (44) immediately leads to the condition p,
>p:>0.9 p,. For purposes of further estimation, we
therefore use the approximate value of 380 mTorr
for p,.

In order to model the flow out of the nozzle, we
first observe that at a pressure of 380 mTorr, the
mean free path of atomic hydrogen, 4y, is of the order
of 0.5 mm. Thus, effusive flow conditions do not apply
along the full length of the nozzle, and the usual ex-
pression for the number of atoms leaving the nozzle

_pivd R},

50
4x

(47)
does not apply [37], where (v} is the mean velocity
of atoms in the source [21], R,, is the effective radius
of the nozzle and « is given by

Bulie
k=3 R.’ (48)
with L, the effective length of the nozzle. A more
reasonable characterization of the nozzle, perhaps, re-
lies on an assumption of intermediate flow up to the
kink, a turbulent condition at the kink with a conse-
quent small (~10%) reduction of pressure, and finally
an approach to effusive flow very close to the nozzle
exit. Given the uncertainties in the model, we simply
assume an approximate hydrogen gas pressure p,, of
350 mTorr near the nozzle exit, and with i;~R,,
we accept the effusive flow relation for beam forma-
tion at an aperture; namely [21, 37]

_prCoy Ry,

0
o 4

(49)
We further assume the normal cos 0 distribution asso-
ciated with effusive flow. We note finally that in terms
of #°, the density of atoms just outside the nozzle,
pY, can be written as

50
(= 50
P1 <L‘> “Rfr ( )
as a consequence of which p{ is given by
Py =pT/4. (51)

For an assumed pressure p,,~ 350 mTorr, the ideal
gas law leads to a density p{*~10'® atoms/cm? just
before the nozzle exit and consequently to a density
p{~2.5x 10" atoms/cm? just outside the nozzle.

C. Monte-Carlo ray tracing

Using the value of p{ for normalization and assuming
the cos 0 distribution characteristic of an effusive flow
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Fig. 12. Coordinate system and angles used in Monte-Carlo ray
tracing computation

source, we carried out a Monte-Carlo analysis of the
hydrogen beam. In terms of the coordinate system
and angles shown in Fig. 12, we specified initial condi-
tions for each trajectory as follows: ay, fq, 04, 7o,
and v, where the initial velocity v, is given by

Vo =10g {sin 0y [cos (oo + o) X +sin (o + fo) 7]
+cos 0y 2}, (52)

and the initial radial coordinate r, is related to the
initial cartesian coordinates by the usual expressions
Xo=1Fq €08 iy and y,=r, sin f§,. Employing the sub-
script zero to denote the initial value of the relevant
quantity at the start of a computer step, we can sum-
marize the equations of motion as follows:

(1) In drift regions, .

dx

X=Xo+(z—2zp) Xl (53)
dy

}’—}"o+{2—zn}ao- (54)

(2) Inside the hexapole magnet [30], with M
the mass of the hydrogen atom, vxuv, the velocity
of the hydrogen atom, and K defined by

___I .u’l:l'fH(RM)%
K_v[ My R}, ] o
(a) for p <0
1 dx]. .
X =X, COS (Kz)+E a2l sin (K z) (56)
1 d .
y=yycos(Kz)+ Y sin (K z); (57)
K dZU

(b) for pe>0

1 7 54

X =Xx, cosh (Kz)+E wrpe sinh (K z) (58)
1 dy| .

y=yocosh(Kz)+— ——| sinh(Kz). (59)
K dz o

(3) Inside the Stern-Gerlach magnet [21] with
2 the radius of the convex pole piece and with the
field and its gradient given respectively by

2912
=——— H®
A2+ x2 ) (o0
and
J0H 4% x
— = H(U
dx (A2 +x%)? (20, ©1)
dx 1 Hegr fJH Z_ZO 2
= = —eff )
R R dzlo 2 My dx| v ] (62)
dv
y=Yo+(z2—2¢) d—i‘ : (63)
Zlo

For many trajectories, the magnitude of the field in-
side the hexapole and Stern-Gerlach magnets remains
sufficiently high that within these regions p ¢ remains
constant and equal to +puz. As a consequence, for
these trajectories the computer step size is irrelevant,
and (56)59), (62), and (63) may be regarded as analyt-
ic equations, with the subscript zero denoting the
value of the relevant quantity at the entrance to the
particular region. For other trajectories, however, the
step size is critical and must be examined with great
care. For all trajectories, the drift region behavior de-
scribed by (53) and (54), clearly satisfies the require-
ment for analytic treatment.

Regardless of circumstance, the characteristics of
the beam at any location, z, along the beam line re-
quires a tally of the trajectories arriving at that point.
To that end, we set up bins of dimension 4x and
Ay and calculated the density pj(x, y), the low-field
polarization P*(0; x, y), and the high-field state-selec-
tion parameter s°(x, y) according to the respective
prescriptions

n(X%,)) _p2 o

i ‘] - R E)

P](X y} "101 Ax.ﬁly T srpl (64}
. n% o (06 ) —=nE (X,

P(0; x, y)=—+ ji{x = %Y (65)
and
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Fig. 13a and b. Radial dependence of low-field polarization P(0)
in (a) and high-field state selection parameter s in (b) at the interac-
tion region. Points with error bars reflecting counting statistics were
obtained from the field-dependent u.; Monte-Carlo computation,
while the solid and dashed lines represent the results of the optical
model and Monte-Carlo analysis respectively for constant g
=tug

s:(x, y)
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where n,, is the total number of trajectories starting
from the source, n°(x, y) is the total bin tally, and
n% 4 (x, y) is the bin tally corresponding to the high-
field spin assignments (mg, m;)=(+%, +4), with the
remaining n’s correspondingly defined.

The results of the Monte-Carlo computations,
based upon a sample of 10'° atoms effusing from
the source and reduced by the conservative solid an-
gle acceptance of downstream beam clements to 4.6
x 10° interrogated trajectories, are summarized in
Figs. 13—18 which illustrate the beam characteristics
at the interaction region, at the entrance to the Stern-
Gerlach magnet, and at the entrance to the QMA,
the last two of which assume the insertion of all colli-
mating slits. It should be noted that in obtaining these
results we treated both magnets as ideal systems with
all fringe fields completely neglected. As can be seen
from Fig. 13, the low field polarization, P(0), and the
high-field state selection parameter s, vary only slight-
ly over the volume of the interaction region, the
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Fig. 14a and b. Results of field dependent y.; Monte-Carlo analysis
for the low-field polarization P(0) in (a) and high-field state selection
parameter s in (b) as functions of the horizontal position of the
first acceptance slit of the Stern-Gerlach polarimeter. The data rep-
resent convolutions over the acceptance dimensions of the polari-
meter (0.7 mm wide by 2.5 mm high) with the error bars reflecting
counting statistics only

former remaining close to 0.5 and the latter, close
to unity throughout. With the uncertainty reflecting
counting statistics only, the average value P(0) of the
low-field polarization at the interaction region is
0.515(2), while the average value of the state selection
parameter § is 0.99102(4). It should be noted that
if p is improperly treated as a constant + p, the radi-
al dependence of s changes its character, as shown
in Fig. 13(b), and the value of § becomes 0.99758(3).
With the application of (14) and (16), P(0) becomes
0.49879(2). The discrepancy, while small for § is larger
for P(0) and should be of more than passing interest
to other groups working with hexapole state selectors.

Figure 14 illustrates the variation of P(0) and s
with the horizontal position of the first entrance slit
of the Stern-Gerlach polarimeter. Representing con-
volutions over the 0.7 mm-wide by 2.5 mm-high ac-
ceptance dimensions of the polarimeter, the data
points in Fig. 14 continue to reflect (with some en-
hancement) the same small decrease on axis for both
P(0) and s that is visible in Fig. 13. The presence of
the axial dips plays a significant role in the interpreta-
tion of the polarization measurements described in
Sect. V.
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Fig. 15a and b. Monte-Carlo generated beam profiles containing
convolutions with the horizontal acceptance window of the QMA.
The results in (a), obtained with the Stern-Gerlach magnet turned
off, are shown separately for the four hyperfine magnetic substates
and are labeled in accordance with the high-field designations
(mg, my). The profile in (b) is the combined result for all substates
obtained with a 5A driving current in the Stern-Gerlach magnet

For the purpose of relating the actual measure-
ments carried out with the Stern-Gerlach polarimeter
to the low-field beam polarization present in the inter-
action region, we propagated the trajectories down-
stream through the polarimeter and into the QMA,
convoluting the binned results with a horizontal win-
dow 0.5 mm wide which simulates the true acceptance
slit of the mass analyzer. Figure 15(a) illustrates the
Monte-Carlo beam profile obtained when the Stern-
Gerlach magnet is deenergized and when its collimat-
ing aperture is centered on the beam axis. For com-
pleteness we have shown separately the four hyperfine
magnetic sublevels labeled in accordance with their
(mg, m;) high-field designations. As the energizing cur-
rent increases from zero, the + + and + — profiles
shift toward the right and the — — and — + profiles
shift toward the left, so that at a current of 5A, the
combined profile takes on the appearance shown in
Fig. 15(b). The peaked structures appearing in the
profile are real and are related to the velocity classes
that are preferentially transmitted by the hexapole
magnet.

For each of fifteen settings of the Stern-Gerlach
driving current between 0 and 64, we divided the
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Fig. 16. Stern-Gerlach right-left profile asymmetry 4. The crosses
are the results obtained from the Monte-Carlo analysis, with the
solid line connecting them drawn to aid the eye. The data points
shown are scaled as explained in the text based upon actual QMA
measurements carried out in accordance with the description in
Sect. IITB. For the display of the Monte-Carlo results, standard
magnetic circuit theory was used to relate the Stern-Gerlach driving
current to the field and field gradient of the two-wire geometry

[15]

profile area into regions to the right, A, and to the
left, A;, of the beam axis, and, by analogy with the
procedures described in Sect. IIL.B for the reduction
of the laboratory data, we formed the asymmetry Ay
according to the prescription

AR_AL
Ag+A;°

The crosses and the curve connecting them in Fig.
16 illustrate the results for the Monte Carlo asym-
metry so generated. The high-field state selection pa-
rameter s, obtained from the Monte-Carlo analysis
when the Stern-Gerlach polarimeter is centered on
the beam axis, is given by the asymptotic limit of
Ay, which has the value 0.9821(4).

As the last illustration of the output of the Monte-
Carlo computation, we present in Fig. 17 plots of the
radial dependence of the total atom density at the
interaction region for two cases: a field-dependent p
and a constant pi= + . The plots are truncated
at a radius of 3 mm in accordance with the cutoff
imposed by the collimating aperture located 38 mm
upstream from the crossed-beams interaction center.
The Monte-Carlo computation for the field depen-
dent . case predicts an average density p of 9 x 10°
atoms/cm® over the approximately 7 mm diameter
beam present at the interaction region.

A= (67)

D. Optical model of hexapole magnet

With the use of (55)-(59) it is possible to develop a
model of the hexapole magnet in terms of an optical
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Fig. 17. Atomic density p at the interaction region as a function
of radial position. The solid and dashed lines are the results from
the Monte-Carlo analysis for the field-dependent p,g and the con-
stant p.r= 1 up cases, respectively. Also shown is the result from
the optical model (dashed line with dots) which assumes a constant
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analog. This approach, which has been described in
detail elsewhere [30, 38], assumes the high-field ap-
proximation for u. and determines the density and
state-selection parameter of the beam from the spec-
tral transmittance Q. (K) of the magnet for atoms
in the mg= + 4 state and the v2-Maxwellian distribu-
tion function F,,(K) expressed in terms of inverse ve-
locity parameter defined by (55). The number of atoms
reaching the interaction region within a radius Ry
located a distance L, from the exit of the magnet
is then given by

Ny={const) [ .E,(KYQ=(K, By Ly Ly R 0K
8 (68)

where L, is the distance from the source to the en-

trance of the magnet, and L, is the length of the -

magnet.
For atoms in the mg= —1 state, Q_ can be shown

to be given by
Q_=7nR;[(L, L, K+1/K)sinh (KL,,)

+(L, + L,) cosh(KL)] 2 (69)
Similarly, for atoms in the mg= +1 state, Q, can
be shown to be given by
Q, =nRA[(L, L, K —1/K)sin(KL)

—(Ly+L,)cos(KL)] 2, (70)

provided the result does not exceed the acceptance
angle Q%° of the magnet itself. The latter is also a
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function of K and depends upon whether the trajec-
tories are still diverging at the exit of the magnet,
as is the case for high velocity, or whether they are
bent toward the axis inside the magnet at radial dis-
tances less than or equal to R,,. The value of K,
denoted by K*, which separates these two regimes
can be found from the solution of the equation

cot (K*Ly)=K*L,, (71)

in which case Q% can be obtained from one of two
relations:

Qi =nRy K*[14(KL?®]™"  for K>K*  (72)

or

Q*¢*=nR} K?*[sin(KL)

+KAcos(KL)]"2 for K<K*. (73)

The results summarized by (68)(73) apply to a
point source of atoms. However, as has been ex-
plained elsewhere [ 30, 38], the model can be corrected
to include vignetting, penumbra, and magnification
losses that may occur for extended sources. In the
case of the hydrogen beam under discussion, for
which the source diameter is small compared to the
magnet pole-gap, the corrections are small and
amount to changes of no more than a few percent
of the values calculated.

We employed the optical model of the hexapole
magnet, including the effects of vignetting, penumbra
and magnification, to obtain values of Q, in accor-
dance with (69){73), and used these results together
with (15) and (68) to obtain the state selection parame-
ter s, as a function of radius at the interaction region,
as shown in Fig. 13(b). The results are in reasonable
agreement with those already presented in Fig. 13(b)
for the Monte-Carlo computations carried out with
constant + u,. Moreover the value of 0.998 obtained
for 5 from the optical model agrees well with the value
of 0.99758(3) obtained from the constant + u, Monte-
Carlo analysis.

The results of the optical model combined with
the relations

Q= FE,;{K)%[QAK)HJ_(K]]dK (74)

and
PYQRE,

ﬁ(Lla LZsLMa-RH)z—‘lﬁ% s

(75)

lead us to a value of 1 x 10'° atoms/cm? for the aver-
age density of atoms in the interaction region, which
is also in reasonable agreement with the value ob-
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tained from the Monte-Carlo analysis. However, the
dependence of the density on the radial position at
the interaction region shows some small disagreement
between the two methods, as illustrated by a compari-
son of the curves in Fig. 17. For completeness, it
should be noted that in obtaining the results from
the optical model we treated the pair of hexapole
magnets as a single unit 323 mm long without any
gap between them. In addition we treated them as
ideal hexapoles without any other moments being
represented and with fringe fields neglected, as was
the case for the Monte-Carlo calculations described
in the previous section.

As was suggested in the previous section, the chro-
matic properties of the hexapole magnet lead to the
assignment of a common focal plane for a series of
velocity classes of mg= +1 atoms. This point is well
illustrated by Fig. 18(a), in which the spectral trans-
mittance function @ , (K) is plotted versus K for atoms
reaching the interaction region. With the use of the
v2-Maxwellian distribution function, F,,(K), shown in
Fig. 18(b), the corresponding spectral transmission
function @, (K) F,:(K) can be obtained, as depicted
in Fig. 18(c). The three peaks visible in Fig. 18(c) cor-
respond to the three peaks in the beam profile of
Fig. 15(b). From a comparison of Fig. 18(b) and (c)
it is apparent that the average value K associated
with the spectral transmission is shifted upward from
the average value (K) associated with F,.(K) alone.
Hence, as we stated in Sect. IIIC, the average value
v that characterizes the beam at the interaction region
is lower than that ordinarily associated with the
v?-Maxwelliam appropriate to density calculations;

=

namely, (v)=]/8k . For completeness, we have
HMH

included a plot of the spectral transmission

Q_(K) F2(K), shown in Fig. 18(d).

E. Cartesian phase space calculation

The phase space method has been successfully em-
ployed [21, 39] a number of times to calculate intensi-
ties and polarizations of state-selected and focused
beams of atoms and molecules. In fact, the technique
has been specifically applied to the case of magneti-
cally state-selected hydrogen in a situation not too
different from ours [21]. The parameterization of the
problem derives from the harmonic equation of an
atom in a hexapole magnet which leads to (56)+59).
Specifically, in any direction, x, perpendicular to the
beam direction z, the equation takes the form

d*x

W+w2x=0, (76]

where w is given by

Hers H g
=vK= — i
v [MH RﬁJ -
With p,= My v,, (76) can be recast as
P2 Myw?x? _w (18)

oM, . 2



where W is a constant. Using the paraxial approxima-
tion, we can express p, as

dx dx dz
=M =My — —
Px H dz df

Hgr = =Myv, tanp, xMyvd,,

(79)

where ¢, is the angle that the tangent to the trajectory
makes with the z axis. Then with £, and 5, defined
respectively by &, x/R,, and n, ¢, /KR, (78) can be
rewritten in dimensionless form as

E+ni=w, (80)

where w is given by

W=—2If_'i'- (81)

My ow* Ry
Thus in the phase space described by (£, n,), the tra-
jectories inside a hexapole magnet are circles of radius
W centered at the origin. For a magnet of length
Ly, the effect on an ensemble of atoms in (&, n,)
space is a rotation of all points counterclockwise
about the origin through an angle KL,,.

In a field free region, the equations of motion for
y and ¢, have the obvious forms ¢,=(¢,), and x
=Xy + ¢, z, where the subscript zero denotes the ini-
tial value of each parameter. Thus in terms of £, and
1., all trajectories satisfy the relations

Ne=[o (82)
and
Ex=(Exo+Kzn, (83)

where (17,)o and (£,), are constants related to (¢b,),
and x, respectively through the definitions of £, and
1. Therefore the effect on an ensemble of atoms un-
dergoing field-free motion is a shearing action in
(¢, 1) space, with points above the horizontal &, axis
displaced to the right and those below the &, axis
displaced to the left, all displacements being propor-
tional to the distance of the points from the £, axis.

Following the application of Liouville’s theorem
and the phase space arguments presented elsewhere,
it can be shown that the total number of mg=+14
atoms per second passing through a region of interest
of area X along the beam line downstream from the
hexapole magnet as given by

i

Loy
= dn 2

(v) Ry EI[AE{K]]ZKZE.‘(UNU, (84)
0

where A*(K), the evolved phase space area intercepted
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by X is simply
A*(K)= [ d& dn,. (85)
z

Similarly, the density of mg= +1 atoms at the re-

gion of interest is given by

1 0 R4 o

Pla=e -92‘ X g[AE(K)]zKZsz(U}dv. (86)
It should be noted that the phase space procedure
we have just outlined is rigorously applicable only
in Cartesian coordinates. For beam geometries con-
taining circular cross sections, such as those in our
hydrogen beam line, the circular apertures must be
bounded from below be inscribed squares and from
above by circumscribed squares, the former leading
to a lower limit for pj. and the latter, to an upper
limit.

We applied these Cartesian phase space proce-
dures to our beam line and obtained the spectral
transmittance values @, (K) shown in Fig. 18(a) for
atoms reaching the interaction region. As can be seen
by comparing the phase space result with the function
Q. (K) obtained from the optical model, also shown
in Fig. 18(a), the agreement between the two methods
is quite good. In view of the approximations made
for the circular apertures, however, the phase space
methods suffers considerably in accuracy, as conse-
quence of which the phase space values of § and p
are of diminished significance.

V. Results and conclusions

Following the experimental procedures described in
Sect. 111, we investigated the polarization, density and
dissociation fraction of the hydrogen beam, and as
a corollary, several calibration parameters of the Vac-
uum Generators Supavac quadrupole mass analyzer
(QMA) as well. The determination of both the low-
field polarization, P(0), and the high-field state selec-
tion parameter, s, requires the measurement of hydro-
gen beam profiles by the QMA for various settings
of the Stern-Gerlach magnet driving current with the
QMA alternately tuned for mass-one and mass-two
observation and with the rf power applied and re-
moved from the discharge tube. In Fig. 19(a) and
(b) we display two sample mass-one profiles for Stern-
Gerlach driving currents of 0 and 3A respectively,
both taken with full rf power applied to the discharge
tube.

Under conditions of no driving current, the beam
profile should be perfectly symmetric about the cen-
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Fig. 19a and b. QMA beam profile scans carried out as described

in Sect. ITTB. The raw data shown are for the Stern-Gerlach magnet
current off in (a) and a 3 A driving current in (b)

troid, but as Fig. 19(a) shows the profile actually mea-
sured was asymmetric, suggesting some small degree
of misalignment of either the hexapole or the Stern-
Gerlach magnet. While not of great consequence for
beam operation, such a misalignment has some signif-
icance for the polarization measurement, as will be-
come clear shortly. Examination of the profile mea-
sured for the 3A driving current, illustrated in Fig.
19(b), reveals not only an exaggerated asymmetry in
the shape, as would be expected for a beam character-
ized by an asymmetric Maxwellian velocity distribu-
tion, but also a development of a small bump on
the right side of the profile. Although reduced in pro-
minance by slit-scattering and pole-tip scattering of
the beam periphery, this bump is suggestive of one
of the peaks present in the Monte-Carlo profile shown
in Fig. 15(b) and no doubt is related to the chromatic
properties of the hexapole magnet indicated by the
characteristics of the spectral transmittance Q,(K)
and the spectral transmission Q , (K) F,.(K) shown in
Fig. 18(a) and (c) respectively.

As is evident from Fig. 19(a) and (b), the linear
and quadratic terms present in the pedestal function
y*(x) are both small, as a consequence of which the
pedestals (thus dominated by a constant offset term)
can be determined with good accuracy. Therefore we
were able to apply the data reduction procedures
summarized in Sect. 111 B to obtain A, for Stern-Ger-

lach driving currents between 0 and 3.5 A. At currents
above 3.5 A, scattering of the low velocity components
of the beam from the pole tips of the Stern-Gerlach
magnet introduces substantial uncertainties into the
determination of Ay. Unfortunately, as is evident
from the Monte-Carlo analysis shown in Fig. 16, 4,
is far from saturation at a driving current of 3.5A
and indeed achieves saturation only when the current
reaches approximately 20 A.

Faced with the inability to carry out measure-
ments at saturation, we attempted to fit the measured
values of Ay to those predicted by the Monte-Carlo
analysis. To this end, we used standard magnetic cir-
cuit techniques in order to relate the magnetic field,
|H|, and its gradient,  H, in the “two-wire” geometry
[15] to the applied driving current, thereby providing
a common horizontal scale for the laboratory mea-
surements and the Monte-Carlo results. We then
found that the laboratory values of 4, agreed remark-
ably well with the on-axis Monte-Carlo values, shown
in Fig. 16, provided for the former were scaled uni-
formly by a factor of 0.98. Indeed this downward scal-
ing is entirely consistent with the slight beam mis-
alignment indicated by the asymmetric profile shown
in Fig. 19(a) combined with the positional depen-
dence of the high-field state-selection parameter, s.

As illustrated in Fig. 14(b), the value of s at the
Stern-Gerlach entrance slit, achieves a minimum of
0.975 on the beam axis and increases to more than
0.990 within a 4 mm horizontal offset. In other words,
a small beam misalignment could easily require the
application of a scale factor, of 0.985 to the measured
values of Ay for purposes of comparison with the
on-axis Monte-Carlo predictions. The remaining
0.5% discrepancy between the two sets of values falls
easily within the experimental uncertainties. Thus we
feel confident in asserting that the Monte-Carlo
values of s and hence P(0) are verified by the experi-
mental measurements of A;. Based upon the various
uncertainties that arise in the measurements and the
analyses, we conclude that at the interaction region,
the hydrogen beam is characterized by the Monte-
Carlo values of 0.9940.01 for the high-field state-
selection parameter s and 0.515+0.005 for the low-
field polarization P(0), the precision having been
slightly degraded from that of the actual Monte-Carlo
results.

The validity of the Monte-Carlo modeling receives
further enhancement through a comparison of the
measured and predicted beam densities, g, although
experimental measurement of g is frought with sub-
stantial uncertainty. As explained in Sect. [IIC, p can
be determined experimentally either by beam loading
pressure measurements or alternatively by electron-
impact ionization rate measurements. We carried out




both sets of measurements and applied (22)25) to
obtain values of p.

For the beam loading pressure determination of
p, we make the following assumptions: effective
pumping speed S~ 530 I/s for hydrogen molecules in
the interaction chamber, as suggested by the pumping
speeds and conductances given in Fig. 1; average ve-
locity #/6.5x10* cm/s, based upon an analysis of
the transmission functions shown in Fig. 19(c); frac-
tion of atoms f= 0.4 falling within 3 mm radius, based
upon Monte-Carlo modeling; gas temperature T~
300 K, based upon an assumption of thermalization
of molecules; and ionization gauge conversion factor
of 2.2 for hydrogen molecules, based upon manufac-
turer’s specification [40]. With these assumptions and
_ from the measured pressure rise of 7.4 x 107 Torr
in the interaction chamber when the hydrogen beam
is turned on we obtain a value of 6(+3)x10°
atoms/cm? for p, the large uncertainty resulting dom-
inantly from an imprecise knowledge of the effective
pumping speed for the complex pump baffling geome-
try used. The result is in resonable agreement with
the value of 9 x 10° atoms/cm? calculated from the
Monte-Carlo analysis.

For the electron impact ionization rate determina-
tion of p we carried out measurements at an incident
electron energy of 15 eV, a value below the threshold
for ionization of H, molecules. In applying (23)H27),
we assume an electron beam radius R,, of
1.54+0.5 mm and an overall experimental efficiency
¢ of 0.10, the latter resulting from the combination
of two 90% optically transparent meshes, as shown
in Fig. 2(b), and a proton impact energy of 700 eV
on the cone of a Mullard [41] channel electron multi-
plier for which researchers [42] have measured a de-
tection efficiency of 0.12 with an unknown absolute
precision. In light of the uncertainty in the equiva-
lence between optical and charged particle transpar-
ency for the two meshes, and with some reasonable
assumptions about the efficiency curve provided by
Mullard, we assign a conservative value of +0.025
to the uncertainty in &,

For the total ionization cross section, ¢;, we use
the value of (0.762+0.038) x 10~ '7 cm? recently de-
termined by Shah, Elliot, and Gilbody [43]. We note
that this value is consistent with that obtained from
the earlier absolute measurement of Fite and Brack-
man [44] at 20 eV and scaled downward to 15eV
in accordance with the relative measurements of
McGowan and Clark [7]. With an ionization rate
of 450 protons/s for an incident electron intensity of
10 nA, we obtain a value of (1.940.7)x10'°
atoms/cm? for p.s, where we quote an overall uncer-
tainty that includes the effect of the ~ 100 meV resolu-
tion (full width at half maximum) of the electron beam
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and the uncertainty in its energy centroid, as well
as the specific uncertainties in ¢ and ¢; and to a minor
degree R,. Using the radial dependence of p from
the Monte-Carlo analysis, shown in Fig. 17, we finally
obtain a value for p of (1.740.7) x 10'° atoms/cm?,
the slightly increased relative uncertainty arising from
the uncertainty in R,. The result again is in reason-
able agreement with the Monte-Carlo value of 9 x 10°
atoms/cm? and in slight disagreement with the value
of (6+3)x 10% atoms/cm?® obtained from the beam
loading pressure measurements.

We conclude the presentation of experimental re-
sults with a summary of the determination of the dis-
sociation fraction at the source, F°, defined by (31);
the QMA calibration parameters a,,/a,, and o, ,/o,,
defined through (26) and (27); and the relative beam
transport efficiency f,/f, for atoms and molecules
reaching the QMA from the source with the Stern-
Gerlach magnet turned off and all slits removed. Fol-
lowing the procedures described in Sect. III D, we car-
ried out measurements that under typical operating
conditions lead to the following results upon the ap-
plication of (26)(40): F°=0.8314+0.004, a,,/0,,
=0.033+0.006, o,,/0u;,=0.64+007, and gB,/B,
=0.32+40.03. Since the dissociation fraction is really
quite sensitive to the actual operating conditions
(pressure and rf power) of the source, we believe that
the source should be characterized by a nominal dis-
sociation fraction, F°, between 0.8 and 0.85.

We conclude our paper with a brief comparison
of our polarized beam to hydrogen beams developed
at other laboratories. As we suggested at the outset
of the paper, many hydrogen beams, some polarized
and some unpolarized, have indeed been constructed
throughout the years, and some of these surpass our
beam in one or more of their operating characteristics
[11]. As a rule, however, the superior beams are far
more massive and far more costly in construction and
often make use of complex and expensive technolo-
gies.

In order to illustrate these points, we cite several
typical examples. Employing a water-cooled rf
(500 W, 20 MHz) dissociator and a pair of large bore
hexapole electromagnets, Dunham et al. [14] devel-
oped a polarized jet atomic beam for use as a gas
target. While the density of the beam was found to
be quite high, (2-6) x 10! particles/cm?, the polariza-
tion at low field, measured by a—p scattering, was
observed to be, only 0.25-0.33. The low value of the
measured polarization is attributed to a large molecu-
lar fraction produced during the formation of the hy-
drogen jet.

The performance of the jet source is thus not much
better than that of a more conventional one manufac-
tured by ANAC [45], the characteristics of which
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were reported by Haeberli et al. [14] in the context
of a colliding beam source for polarized ion produc-
tion. The ANAC source also employs an rf dissociator
and contains two large bore high field gradient hexa-
pole magnets, one with a tapered bore and one with
a fixed bore. Although achieving a high field state
selection that apparently is close to unity, the ANAC
source, as reported by Haeberli et al., delivers a beam
whose density by contrast with the jet source is only
about 8 x 10'? atoms/cm? at a location approximate-
ly 25 cm away from the exit of the downsteam hexa-
pole. The dissociation fraction of the ANAC source,
however, can be expected to be quite high.

The design geometry of the ANAC source does
not differ greatly from those of a similar source devel-
oped some years earlier by Risler et al. [12] which
also uses an rf discharge (4 kW, 27 MHz) and a large
bore hexapole electromagnet containing both a ta-
pered and a parallel section. Operating with a dis-
charge tube pressure of ~7 Torr and employing three
stages of high-speed pumping (500 1/s, 50.00 I/s and
5000 I/s), the source described by Risler et al., pro-
duces a beam density of about 8 x 10'° atoms/cm?
within a 10 mm beam diameter at a distance of 55 cm
from the hexapole exit. No figures were quoted by
Risler et al. for dissociation [raction or polarization,
although both should be quite high.

Within the last few years, conventional jet beams,
as well as effusive beams, have been eclipsed to some
extent by the application of liquid helium technology
to hydrogen atom beam production. Motivated by
the well known enhancement in hexapole solid angle
acceptance as the beam temperature decreases [46],
the cold hydrogen sources employ “accommodators™
that cool the atoms in preparation for hexapole injec-
tion. Designed for ultimate use at the Brookhaven
AGS accelerator, the source developed by Herschco-
vitch, Kponou, and Niinikoski [15], for example, pro-
duces [47] a flux of 9.4 x 10'® atoms sr~ ' s~ ' with
a most probable velocity of about 6.8 x 10* cm/s at
an accommodator temperature of 5.8 K or alterna-
tively a flux of 4 x 10'® atoms sr ' s~ ! with a velocity
of 9.8x 10* cm/s at a temperature of 26 K. While
these parameters are quite impressive — at a distance
of 5 cm from the exit of the source, the latter operating
condition corresponds to an atom density of 1.6
x 10" atoms/cm® — the cold hydrogen sources re-
main very much in the development stage. Use with
high-field state selectors is still under investigation,
and dissociation fractions are not well known.

By contrast with the complexities of helium cryo-
genics, the massiveness of high-gradient hexapole
electromagnets, and the large investment in the use
of high speed pumps, the source we have described
in this paper is quite simple and inexpensive. By com-

parison with other simple designs [19, 48], its operat-

ing parameters are very favorable and as we have

shown, well understood. It is eminently suitable for
small laboratory physics and with additional effort
directed toward nozzle cooling can probably be im-
proved further.
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