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POLARIZED NEGATIVE IONS
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Summasx

This paper presents a survey of methods,commonly
in use or under development, to produce beams of pol-
arized negative ions for injection into accelerators.
A short summary recalls how the hyperfine interaction
is used to obtain nuclear polarization in beams of
atoms (Sect. 2). Atomic-beam sources for light ions
are discussed first (Sect. 3). Important recent im-
provements in the design of the atomic beam source it-
self and in the :.om.zat:.on methods has led to beam in-
tensities of g" and g_ in excess of 100 pA and to in-
tensities of H- and D of up to 3 pyA, with beam pol-
arization of typically P = 0.85. If the best present-
ly known tec&m.ques are .mcorporated in all stages of
the source, H and D beams in excess of 10 UA can
probably be achieved. Production of polarized ions
from fast (keV) beams of polarized atoms is treated
separately for atoms in the H(2S) excited state (Lamb-
Shift source) and atoms in the H(1S) ground state
(Sect. 4). The negative ion beam from Lamb-Shift
sources has reached a plateau just above 1 pA, but this
beam current is adequate for many applications and the
somewhat lower beam current is compensated by other
desirable characteristics. Sources using fast pol-
arized ground state atoms are in a stage of intense
development. They use pickup of polarized electrons
in optically pumped Na vapor by a beam of protons. No
operating source exists, but difficulties are antici-
pated in reaching large intensities and high beam pol-
arization at the same time. It is suggested to re-
olace the polarized Na vapor by polarized atomic hy-
drogen. The next sections summarize production of pol-
arized heavy ions by the atomic beam method, which is
well established, and by optical pumping, which has
recently been demonstrated to yield very large nuclear
polarization (Sect. 5). A short discussion of pro-
posed ion sources for polarized ’He™ ions (Sect. 6) is
followed by some concluding remarks (Sect. 7).

1. Introduction

I have been asked to review the current status of
negative polarized ion sources for hydrogen isotopes
as well as for heavier ions. To present a concise but
intelligible review is rather difficult because by now
the development of polarized ion sources includes a
number of quite diverse methods. Here we will limit
ourselves to schemes which have practical importance
and to schemes which promise to become important in
the next few years. Even with this limitation, we are
faced with the need to understand a rather specialized
part of atomic physics and to deal with a vocabulary
that is hardly self-explanatory even for the nuclear
physicist who is versed in atomic physics. Since I
can safely assume that most of you are not designers
of polarized ion sources, I propose to remind you first
of the underlying principles (Sect. 2), but must ask
your tolerance because by necessity the explanations
will need to be very brief. More details on the phys-
ics of polarized ion sources can be found in several
review papers.'~®

As a second task I was asked to provide an assess-
ment of how the technology of these sources will de-
velop in the next three to five years. Of course all
I can hope to do is to point to opportunities for fur-
ther developments and I will do so throughout the text
when we consider the advances that have been made dur-
ing the last two or three years.

Readers who are interested in more details than
can be presented here are referred to the proceedings
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of two recent conferences which treated the subject in
some detail, namely the Fifth International Symposium
on Polarization Phenomena in Nuclear Physics7 (santa
Fe, August, 1980), and the International Symposium on
High Energy Physics with Polarized Beams and Tatqets°
(Lausanne, October 1980). For sources for polarized
heavy ions a very thorough up-to-date review has re-
cently been presented by steffens.’
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A sufficient number of different types of pol-
arized ion sources has been built or proposed to make
a short review and classification of primary design
principles useful.

Our discussion will concern primarily ions of the
hydrogen isotopes, and ions of heavier alkali atoms
(Li, Na). Except for ’He ions, which will be mentione
briefly, these are the only ion sources’that have been
developed. Possible application of the same prin-
ciples to other heavy ions has been discussed else-
where,'® and will not be treated in any detail here.

The nuclear magnetic moment is some three orders
of magnitude smaller than the electronic moment. In
all sources of polarized ions one first produces (ox
selects) neutral atoms which are polarized in efectron
4pin. In one form or another one employs the hyper-
fine interaction to obtain nuclfear polarization. Fin-
ally the polarized atoms are ionized. For application
to tandem accelerators we are interested in negative
{ons. In some sources, negative ions are obtained
directly from polarized neutral atoms, in others one
produces positive ions first and converts them to nega-
tive ions later by charge exchange collisions.

Sources of polarized ions can be divided into two
groups, depending on whether the atomic beam is slow
(thermal atoms) or fast (keV). This is a natural
division because the methods which can be used to pol-
arize and ionize the atoms are quite different in the
two cases. In ion sources based on slow atoms, the
atomic beam originates in a vessel with a small hole
through which atoms emerge into an evacuated region.

The emerging atoms are collimated by one or more aper-
tures to form a directed beam. In the so-called atomic-
beam polarized-ion source, polarization of the atoms
is achieved by spatial separation in a strong, ilu-
homogenous magnetic field (Stern-Gerlach separation).
The six-pole magnets, which are commonly used for this
purpose, provide an axially symmetric attractive har-
monic oscillator potential for atoms with electron
spin projection m; = +1/2, and a corresponding repul-
sive potential for atoms with m; = -1/2. To a good
approximation, the beam at the é&xit-end of the spin-
separation magnet is completely polarized in electron
spin, the m; = -1/2 atoms having been deflected away
(Fig. la). "However, since the magnetic moment of the
atoms is very nearly the same for all hyperfine com-
ponents, the 2I+1 possible nuclear spin projections
my are all equally occupied. The desired nuclear pol-
arization (vector polarization, or tensor polariza-
tion) is usually obtained by exposing the atomic beam
to one or more RF transition units which induce tran-
sitions between hyperfine states after the atoms leave
the spin-separation magnet. For example, the tran-
sition indicated in Fig. la will lead from an initial
equal mixture of states 1 and 2 to an equal mixture

of states 4 and 2. If these atoms are subsequently
ionized in a strong magnetic field (X >> 1) one obtains
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DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.
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Fig. 1. Different methods are used to exploit the hy-

perfine interaction to obtain nuclear polarization.
The above illustration applies to hydrogen atoms.
Top: for a beam of slow (thermal) atoms, RF tran-
sitions between states 2 and 4 (arrow) produce pro-
ton polarization P = +1, while transitions between
states 1 and 3 (not shown) yield P = -1 for ionization
in a strong field, B >> B, = 507 G. Center: for a
fast (keV) beam of atoms, sudden field reversal is
used, which turns population of states 1 and 2 into
states 2' and 3'. Bottom: for atoms in the meta-
stable H(2S) state, nuclear polarization can be ob-
tained by the "spin filter", in which all but one of
the upper two hyperfine components is quenched by
mixing of 2S and 2P states by a 1600 MHz RF field.
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complete proton polarization parallel to the magpetic
field:" P = +1. Similarly, a transition between
states 1 and 3 leads to P = ~1. The atomic-beam
method has been applied to the production of polarized
proton and deuteron beams, as well as to polarized

Li, '1i and ?°Na. =

For alkali atoms, there is a second method to
produce a polarized thermal beam, namely optical pump-
ing. The atoms leaving the oven aperture are exposed
to circularly polarized light. With modern lasers,
sufficient photon flux can be produced for each atom
to absorb and re-emit a photon several times during
the time it travels a few cm. The optical-pumping
method promises higher beam polarization than the
conventional atomic-beam method if one succeeds to
pump all the atoms into the hyperfine component of
maximum |lnIl. In addition, one expects highér in-
tensity, because the atomic beam is not limited to
the small acceptance angle of the six-pole magnet.

The methods used to ionize the beam of thermal
polarized atoms depends on the ionization potential.
Alkali atoms are readily ionized by surface ioniza-
tion. In some cases, nearly 100% of the atoms have
been converted to positive ions. For hydrogen atoms,
the ionization potential is too large for surface
ionization, and the conventional ionization method is
to p;gduce ,positive ions by electron bombardment of
the H- or D°® atomic beam. For both types of ionizers,
if negative ions are required, they are produced by
accelerating the positive beam to a few keV and
passing the beam through a charge exchange vapor. A
magnetic field is applied over the charge exchange
region to avoid depolarization. Receptly, a new
method has been developed to produge H™ from a ther-
mal H° beam without going through H' as in inter-
mediate steps. In this so-called colliding-beam
method a beam of fast (~ 40 kev) Cs® atoms is used to
bombard the atomic beam, making use of the rather
large cross section for charge exchange reaction
HO + Cs® + H™ + Cs™.

Sources based on {asl (keV) beams of polarized
atoms are of interest only for beams of the hydrogen
isotopes (and possibly *He) , but not for heavier ions.
The only operating source of this type is the Lamb-
Shift source, which makes use of atoms in the mcta
slable H(25) slLale. The H{25) atoms are produced by
charge exchange of a ~ 500 eV H* beam in Cs vapor.

In contrast to the atomic-beam method, where polariza-
tion of the atoms is achieved by removing the atoms
with m, = -1/2, polarization in the Lamb-Shift source
is achieved by making the unwanted states (e.g. the

m; = -1/2 states) decay to the ground state (selec-
tlve quenching of H(2S) atoms). Quenching is achieved
by mixing the wave function of atoms originally in the
H(2s) state with the H(2P) state by bringing the atoms
into a magnetic field of 575 G (Fig. 1lc). It follows
that the ionization process also must be selective,
i.e. only the remaining H(2S) atoms should be ionized,
but not the atoms which have decayed to the ground
state. This is accomplished by charge exchange in
argon. ‘he good selectivity tor ionization of H(2S)
as opposed to H(1S) atoms arises from the fact that
the electron pickup H(2S) + Ar + H™ + Ar' is nearly
resonant (see Ref. 1), while for H(1lS) the energy
mismatch is large, namely. equal to the H(2S) excita-
tion energy of 10.2 eV.

Nu suurces are in vperation at the moment which
use a beam of fast atoms in the ground state, but
there is intense interest in such sources since new
methods have recently been proposed which possibly may
lead to large beam intensities. The basic idea is to
produce an intense #* or p* ion beam of a few keV en-
ergy, and to permit the ions to pick up polarized
electgons in a cell containing polarized alkali vapor,
e.g. Na. The electron polarization of the alkali
vapor is produced by optical pumping.
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For fast (keV) beams of atoms polarized in elec-
tron spin, it is not possible to produce the-desired
nuclear polarization by RF transitions of the type )
mentioned above.. Rather, one uges so-called sudden
field reyetsal, or Sona transitions.'! :As illua-
trated in Fig. lb, sudden reversal of tho magnotic
flold {fast compared to a Larmor period} changes
states 1 and 2 of hydrogen into states ) and 2. The
method is simple, requiring only suitable static mag-
netic fields, but not nearly as effective as RF tran-
sitions if tensor polarized deuterons are required.
For the Lamb-Shift source (but not for fasl ground-
state sources), some flexibility is racovered by the
possibility to quench selectively once more after the
sudden transitions. Furthermore, for Lamb-Shift sour-~
ces a verx powerful device ("spin filter"”) has been
developed ' which permits the selection of one par-
ticular hyperfine state by quenching all the other
hyperfine components (Pig. lc).

3. Atomic-Beam Sources for H_ and D

Just about all sources of polarized ions make use
of an atomic beam (i.e. beam of slow or fast neutral
atams), but by tradition only sources which use mag-
netic separation of spin states in a beam of thewnal
atoms are referred to as atomic-beam sources. Before
discussing some of the recent improvements, let us re-
call that sources of this type typically produce
about 2 x 10'® polarized atoms/sec. The average vel-

ocity of the atoms (typically - 3 x 105 cm/sec) de-
pends on the temperature of the gas in the dissocia-
tor, where Hz (or D2) is dissociated in an Rp dis-
charge. Until recently, the efficiency of ionization
of the atomic beam by glectton bombardment was about
3 x 10 ’, y:.eldj‘ng an beam of some 10 YA, Accel-
eration of the HY to - 5 keV and charge exchange in o
Na vapor then typically yielded about 0.3 WA H or D .
In this section, we will summarize recent improvements
in this method.

3.1 Atomic-Beam Temperature

Lowering the average velocity of the atomic beam
has a beneficial effect in two ways. 1In the first
place the acceptance solid angle of the six-pole sep-~
aration magnet for atoms emerging from the dissocia-
tor aperture increases with decreasing average veloc-
ity, because a fast atom will be deflected less by the
magnetic field gradient in the six-pole magnet. Thus
a fast atom entering the six-pole magnet must be dir-
ected more nearly parallel to the symmetry axis of the
six-pole field if it is to pass through the magnet
without hitting the magnet pole piece. For the same
source flux, the number of atoms passing through the
magnet is expected to increase in proportion to the
acceptance solid angle AR = 2.09 u B,/kT (Ref. 1)
where | is the magnetic moment of the atom, B, is the
field at the pole tip, and T the temperature of the
atoms in the beam. 1In the second place, a lower vel-
ocity of the atoms in the ionizer increases the ioni-
zation efficiency simply because the probability of
ionization increases in proportion to the time the
atom spends in the ionizer. Averaged over the veloc~
ity Spectrum, this second effect introduces an ex-
pected T dependence in the beam intensity. These
simple arguments lead one to expect an overall in~
crease in beam intensity proportiocnal to T~ How-
ever, we should also take into account the fact that
if we cool the gas in the dissociator, keeping the
same density of atoms in the dissociator and the exit
nozzle (i.e. same.attenuatiuvn by scattaring), the flux
from the source decreases proportional to T simply
because the atoms move more slowly. These simple con-
siderations then 1e7d to an expected beam intensity
proportional to T~

Cooling of the dissocxatoz' has been applied suc-
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ceséfully in a number of cases.!’”!% The present ten-

dency is to cool only the exit nozzle rather than the
entire dischatqe tube. In a design developed at
Bonn,l good heat transfer is obtained by using a
copper norzle cooled to 77K. Several coatings of the
copper canal wore studied for recombination. Beat re-
sults were obtained for H,PO, treatment (degree of
dissociation (8212)8). The most probably velocity of
the beam was found to be ~ 1500 m/sec, about the same

as that observed for the beam from a microwave dis-

sociator developed at CERN.!® The velocity distribu-

tion measured at CERN is shown in Fig. 2. The width
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FPig. 2. Velocity distribution of the 'beam from an

atomic-beam source, illustrating the effect of a
cooled dissociator.

of the velocity distribution indicates that the beam
is slightly supersonic. Reduced velocity spread is
desirable because it reduces chromatic aberrations

in the six-pole deflection and thus improves the beam
transport into the ionizer (see below). For the beam
developed at Bonn the Mach number is reported as
2.0%0.3.

Studies!® at ANL (using a pulsed dissociator)
showed that the increase in ion beam intensity is
nearly proportional to 77172 gown to the lowest tem-
perature measured (28 K). Others have reported an
increase of roughly a factor two from cooling to
liquid nitrogen temperature.” It appears that cool-
ing of the dissociator nozzle offers a relatively
simple means to increase the beam current from atomic-
beam polarized ion sources.

3.2 Transport of the Atomic Beam

Of the polarized atoms emerging from the spin
geparation magnet only those are useful which are
transported into the ionization region (Fig. 3).
wide variation of velocity in the beam prevents an
effective waist-to-waist beam transport from the dis-
sociator aperture to the jonizer. The very large
chromatic aberration can be reduced by proper design
of the field configuration in the separation magnet.
For many years, the only measure taken was to intro-
duce a slight taper in the aperture of the six-pole
magnet, the aperture being lat?est near the ionizer.
Later, calculations by Glavish 7 showed that a sig-
nificant improvement can be obtained by use of a sep-
arate, second six-pole magnet ("compressor magnet"”)
to form a more nearly achromatic system. This pro-
posal has been applied successfully to a number of
sources. The effect of the compressor magnet is
illustrated in Pig. 3, which shows trajectories of
m, = +1/2 atoms with different velocities in the mag-
ntj.t system at Bonn.

The atomic beam apparatus develnped at Bonn!" is
shown in Fig. 4. A turbomolecular pump and two cryo-
pumps replace the more commonly used diffusion pumps.
Measurements of the beam intengity and velocity dis-
tributions suggest an average H density of

The
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Fig. 3. Beam transport from the dissociator to the
ionization region in the Bonn atomic-beam source.
Note that the vertical scale is expanded.
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Fig. 4. The atomic-beam source developed at Bonn.

The cryopump for the magnet compartment is not shown.
The dissociator nozzle is cogled and adjustable in
pusliion. The sixpole magnets are each 10 cm long.

2.5 x 10’ em™? in an jfonization volume of 1 cm diam-
eter and 20 am length. This indicates that a factor
four increase can be obtained by using a cooled dis-
sociator and a magnet system specifically designed to
match the velocity distribution of the beam. TFurther
work toward cooled, supersonic beams and optimum beam
transport would seem worthwhile. In the design of the
magnet, a further degree of freedom is provided by the
possibility to combine four-pole and six-pole mag-
nets, An interesting departure from the conven-
tio?gl design is the atomic-beam source built at Dub-
na, which uses a superconducting spin-sepaxration
magnet,

3.3 1Ionization by Electron Bombardment

In the conventional atomic-beam method, produc-
tion 9f H™ involves two steps: ionization of HO to
form HY, agg charge exchange uf the éCceleratgd
(~ 5 keV) H bean in an alkali vapor to. Fortt H-.

A gain in polarized-beam intensity from atomic-
beam sources of a factor ten has been achieved during
the last five years. This remarkable gain is the re-
sult of improved electron-bombardment ionizers. The
initial development!® was carried out jointly between
CERN and ANAC. Figure 5 shows a cross section through
this new type of ionizer, sometimes called the "super-
ionizer". It operates by confining a plasma discharge
in 'a magnetic field of modest strength (~ 0.15T).
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Fig. 5. The second-generation electron bombardment
ionizer developed by the ANAC-CERN collaboration.

The discharge is supported by electrons from a fila-
ment. The solenoid is wound as a number of separate
pancakes, so_}ihat the field along the axis can be con-
toured. An H' current of 80 UA was obtained at the
ANAC plant during a routine test of an ionizer prior
to shipmem:.20 The highest beam current yet“ was re-
ported by ETH, where a similar ionizer produced an H*
beam in excess of 100 UA. This current corresponds to
an ionization effi;:iency of a few percent.

At ETH, the H beam is accelerated to 5 keV and
passed through a Na-vapor charge exchange cell to pro-
duce negative ions for injection into 3 tandem accel-
erator. Beam currents of 3 pA H™ and D~ have been
achieved.?! The measured proton polarization after
acceleration is P = 0.83, The emittance of the beam
from the new high-efficiency ionizer has not been
‘measured, but it must be very good since as much as
1.6 uA beam has been observed after the tandem. It
should be pointed out that these results were reached
without taking advantage of a cooled dissociator. It
is likely that H” and D beam intensities of 10 YA can
be achieved by optimizing the atomic beam stage and the
charge exchange rall.

3.4 lIonization by Colliding Beams

The colliding beam principle developed at Wiscon-
sin has the unique feature of cgnverting polarized
thermal H® atoms directly into H without going through
positive ions or an intermediate step. The idea®? is
to bombard the H® atomic beam with a beam of fast atoms

or jions which act as the donor of electrons. Of the
two reactions which have been proposed:

B+ cs®+ 0 +cst ) (1)
and

P +0 +H +0° (2)

the first is used in the source installed on the Wis-
consin tandem accelerator.2?® .The ionizer of this
source is shown in Fig. 6. The atomic beam enters
from the left. Tnns created in the collision Yeégion
are extracted towards the right and are deflected by
an electrostatic spherical deflector. The cs® beanm is
collinear with the H® atomic beam. The Cs* gun and
electrode system is gimbel-mounted such that the Cs
beam can be aimed along the atomic beam axis. The 40
keV Cs+ beam is neutralized in Cs vapor. The source,
which is described in more detail in Ref. 24, has been
used for nuclear physics experiments for more than a
year. Beam currents up to 3.3 pA have been observed.
The proton beam polarization is very high [P =
0.9110.0]1 measured after acceleration, for ionization
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Fig. 6. Oolliding-beams source for polarized negative
ions. The atomic beam enters from the left. The exit
port of the polarized negative ions is on the bottom
of the drawing. The atomic-beam source is not shown.
For normal operation, the calorimeter, which serves
only to adjust the Cs-gun, swings out of the way.

in a 0.1 T field], because the cross section for pro-
duction of H™ by collision of Cs® with H, and hydro-
carbon molecules is much smaller than for H®.

It is interesting to note that the observed beam
intensity is in quantitative agreement with a calcu-
lation based on the known charge exchange cross sec-
tion, and the known atomic beam density and cs® cur-
rent density. The observed beam current used to be
somewhat higher than expected?? but this is explained
by newer cross section measurements?® which give
larger values than earlier ones. If we assume a Cross
section of 6 x 107!'® am? for reaction (1), the ex-
pected beam current is

I = 1.5 pa H™ per ma/cm? Cs®, (3
in good agreement with experiment. The above number
refers to a conventional atomic-beam source, and do
not include the potential gain from a cooled disso-
ciator.

Substantial gains in beam intensity can be ex-
pected in the future since, compared to other sources,
little development work has been done. The present
limitation to 3 YA is related to the poor focus of
the Cs beam, which causes excessive loading of some
of the ionizer power supplies. To study this problem,
a separate test setup for the Cs gun was constructed.
The results are encouraging, in that 8 mA of 55 keV
€s® were observed in the calorimeter (1 cm diameter
aperture), compared to 2-3 mA in the present source,
with only a 50% increase in total Cs* output of the
source. With an improved atomic beam source and the
new Cs8 gun, beam currents in excess of 10 YA can be
expected. : .

It would be very interesting also to develop a
source based on D~ instead of Cs® as the electron
donor. The charge exchange cross section in this case
is resonant and increases like 1/v. For a D~ energy
of 2 keV and a standard atomic beam source [no cooling
of dissociator etc.] one expects

- O 2
I =5 pyA H per wmA/cm’

D 1)
Very intense sources of D have been developed for the
CTR program. They have sufficiently good emittance
to permit deceleration to 2 keV. A serious problem

with this type of reaction is the loss of the newly-
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formed -l;- by the space charge of the D~ beam, but sev-
eral methods to overcome the problem have been pro-
posed.s’ 16

3.5 Surface Ionization

. It may be of interest to mention surface ioniza-
tion as a pos§%b1e method to produce H™ ions directly
from thermal H atoms. Negative ions will be formed
when an atom strikes a surface whose work function is
comparable to the electron affinity of the atom.
Since the electron affinity of hydrogen -atoms is 0.75
eV, a surface of very low work function is required
to obtain appreciable H by surface ionization. A
number of tests have been reported.“'27 As far as I
know the highest value of F_ observed so far (F_ =
10" %) was obtained with a tantalum foil coated with a
barium/strontium oxide mixture?’ (surface temperature
1200 K). An efficiency F_ = 1077 is required to pro-
duce 3 YA H™ by ionization of H® atoms from an atomic
beam source.

4. Negative Polarized Ions frum Fast
Polarized Atoms

The attraction of this method lies in the ease
with which a fast (keVv) polarized #° beam can be ion-
ized. The ionizer in this case simply consists of a
suitable gas or vapor cell that converts H® to H by
charge exchange. The H™ ion has no excited states.
Thus the electron pickup leads directly to the (sing-
let) ground state and the proton polarization in H™
will be the same as in the original H atom.

As mentioned in Sect. 2, sources based on fast
polarized atoms can be divided into two groups: those
which use atoms in the metastable H(2S) state (Lamb-
Shift sources), and those which prepare fast pol-
arized hydrogen atoms in the ground state H(1S).

4.1 Lamb $hift Sources

This is by far the most common source of pol=-
arized H- and D  jons. Tt is in use not only at a
large number of tandem accelerators, but also on a
cyclotron and at the LAMPF and TRIUMF meson facili-
ties. This type of source has been the subject of
highly competent development programs at several lab-
oratories for a number of years. The beam intensity
seems to have reached a plateau of roughly 1 yA, with
a proton polarization of P = 0.75-0.80. A beam cur-
rent as large as 1.6 YA has been reported (Ref. 28)
but at the expense of the deqree of polarization
(P = 0.65). The limitation in beam intensity seems
to be associated with quenching of the metastable
atoms, either by space charge of the remaining HY
beam or by collisions with Cs ions and atoms in the
Cs vapor cell where H(2S) is formed.

For the Lamb-Shift source the important develop-
ments took place several years ago. Thus I will not
review them here. It should be emphasized, however,
that this type of source still has much to recommend
itself, even if it is not likely to keep up with other
schemes as far as beam intensity is concerned. 1In
the first place, for many applications the intensity
provided by this type of source is adequate. In ad-
dition, it is at present the only source to produce
a polarized triton beam. AaAnother advantage is the
availability of the so~called spin filter 2 geveloped
at los Alamos, which permits the selection of a single
hyperfine component and thus maximum deuteron tensor
polarization. Selection of a single hyperfine com-
ponent is possible alsov with a thermal atomic-beam
source, but requires RP transitions between two sep-
aration magnets as shown in Fig. 4. Other recent
advances in the use of Lamb-Shift sources is the
relatively simple and very effective pulsing and



bunching of the beam. The group at TUNL has com-
pressed some 708 of the DC beam into bunches 1.5 nsec
long.2?? Finally, a recent review paper by McKibben
describes in detail the methods which have been de-
veloped for rapid spin reversal in the Lamb-Shift
source.

4.2 Sources Based on Fast H°® Atoms in the Ground
State

None of the sources now in use employ fast pol-
arized hydrogen atoms in the ground state, but the
development of such sources is currently an area of
intense interest. Some see this as a relatixely
simple way to produce very intense bgams of H ions.
A recent review paper“ projects an beam current
of 2 mA!l In this section I will review the method
and summarize the problems as far as they are pres-
ently understood.

This type of source is based on the production
of fast polarjzed atoms by pickup of polarized elec-
trons: H+ +e +H . The basic idea is old._ In 1957,
zavoiskii’? proposed the production of fast Ho by
passing protons through a magnetized ferromagnetic
foil. The beam of fast H® is subsequently ionized by
charge exchange in a second foil or in a vapor. later
b ¢ proposed to replace the foil by a cell containing
a polarized paramagnetic gas. In particular, I sug-
gestegothe use of an optically pumped alkali vapor or
of a atomic beam in combination with a storage
cell. The first of these ideas has recently met ser-
ious interest primarily because of a paper by Ander-
son®" which points out that relatively dense spin-
polarized alkali vapor targets can be produced by op-
tical pumping with commercially available CW dye
lasers. Also, Witteveen?® recently constructed a
prototype polarized H™ source in which an atomic beam
apparatus produced the polarized Na atoms.

To discuss this type of source, we use the sche-
matic diagram from Anderson's paper (Fig. 7). The
protons of a few keV energy first pass through a

I_r‘:’eutrulizer B,~0 o
izer onize
tic Q poior ionizer

delieuton +V .B,
e \,f, 4J X|X
XL

Na reservoir Na reservoir

Fig. 7. Production of 'l;-, using optically-pumped Na
vapor. The Na vapor in the cell on the left is pol-
arized Ly uvircularly-polarized light from a laser.
Protons of a fgw keV energy pick up polarized elec~
trons to fgx-m H®, which then undergoes charge ex-
change to H™ in the cell on the right. Sudden field
reversal (see Sect. 2) at the point marked B, = 0
is used to obtain nuclear polarization.

polarized alkali vapor where some of them pick up a
polarized electron. The remaining H* beam is removed
by deflection plates. The polarized H® beam is con-
verted to H™ in a second (unpolarized) alkali vapor
cell. Both vapor cells are in a magnetic field along
the beam axis. If electron capture in the first cell
leads directly to the ground state of H®, the result-
ing beam is completely polarized in electron spin
(provided the field is "strong", B >> 507 G). Nuclear
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polarization is produced by sudden field reversal
(Sect. 2). "The application of this method to an H
beam of several keV energy should present no problem.
In Fig. 7, the sudden field reversal takes place at
the point labeled B = 0 in the region between the two
vapor cells. N :

The current interest in optical pumping arises
from the following simple consideration taken from
Ref. 34. A 1 W laser yields about 3 x 10'? circu-
larly polarized photons/sec. If half of them are
absorbed, one can polarize -~ 10'° Na atoms/sec. If
the Na is contained in a tube of 1 cm? cross sectional
area, the average time between collisions with the
wall (Na vapor temperature 600 K) is about 107° sec.
If the Na atoms lose their polarization in the col-
lision with the wall, then each atom in the vessel
needs to be polarized 10° times per second, which
means that the tube should contain no more than
. 10'? atoms. Some polarized - 'atoms will be lost
through the ends of the tube, but this is a minor per-
turbation. A proton passing through a 20 om long
tube will see a target thickness of 10'3 Na atoms/an .
The cross section for H* + Na + H® + Na‘t at 5 kev
(near the optimum energy) is 6 x 10~ !5 cm?, so that
some 6% of the beam will emerge from the opticglly
pumped cell as H®. If we assume that 7% of this H
beam can be converted to H in the second charge ex-
change cell, one gxpects an overall conversg‘on effic-
ienc¥fromﬂ to H- of 4 x 10”3, i.e. 4 YA H per

at 5 keV. The paper by Anderson mentions a
current of 120 WA, assuming 10 mA H*, a target thick-
ness of 3 X 10”/¢=n2 and 10% conversion to negative
ions.

There still is not enough information to allow a
reliable assessment of proposed scheme, but attention
should be called to some of the difficulties. There
is no doubt that alkali vapors can be polarized by op-
tical pumping. The important questions are what de-
gree of polarization and what target thickness can be
obtaincd for a given laser power, and whether useful
polarizations can be obtained with multi-mode lasers.
some of these guestions were investigated recently at
KEK, 3® where La vapor in a tube of 2 cm diameter and
10 am length was illuminated with circularly pol-
arized light from a 1W dye lacoxr tuned to the Na Dy
line. The Land width 6f the laser was sufficiently
wide (40 GHz) to cover the absorption profile of the
entire D; line, including the various Doppler
broadened components. The electronic polarization of
the Na atoms near the center of the tube was measured
by allowing atoms from the center of the Na vapor tar-
get to pass through a six-pole magnet (Fig. 8). The
electronic polarization of the Na vapor was deduced
from the change in the number of atoms passing through
the magnet when the circular polarization of the light
was reversed, thus reversing the electron polarization
from m; = +1/2 tom, = ~1/2. BAn electron polarization
P_ = 0275 could be Obtained with a target thickness of
~73 x 10'? atoms/cm™?. This is in good agreement with
tho values predicled by anderson., The results as a
function of Na vapor thickness is shown on the right
hand side of Fig. 8. Presumably, higher polarization
and larger target density can be obtained by mcreas—
ing the laser power. An upper limit (-3 X 10'2 em™?)
is set to the target density by imprisonment of radi-
ation. Anderson estimates that for a 20 cam long
charge exchange tube, a target thickness of 3 X 10'?
em 2 can be reached by six 1W dye lasers, pumped by
two 20W argon ion lasers. Possible problems arising
in the use of broad band lasers are mentioned in
Sect. 5.2.

A fundamental difficulty in this type of source
arises from the fact that the capture of the polarized
electron by the proton in the first alkali cell does
not lead directly to the ground state #%(1s). If the
capture leads to an excited state of HC, part of the

-k
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Fig. 8. Measurement of the electron spin polarization
of optically-pumped Na (from Ref. 38).

polarization will be lost in the subsequent radiative
transition to the ground state. There is no data on
the relative population of the various states in H°
produced by H* + Na + H®, but it is safe to assume
that a majority of the H° is in excited states since
the energy defect is much larger for formation of the
ground state than for any of the excited states. Aan-
derson has calculated that pickup of completely pol-
arized electrons into the 2p state of K® leads to an
electron polarization of 11/27 = 41% atter decay to
the ground state. Capture into the 2S state presum-
ably leads to a similar result since this (metastable)
state decays primarily by mixing with p-states. Cap-
ture into the n = 3 state or higher states leads to
lower polarization yet. The beam polarization from
this type of source has not yet been measured but in
a recent experiment Witteveen3® has measured the nu-
clear polarization resulting from the same type of
source in which the optically pumped alkali vapor was
replaced by sodium atoms” polarized by the atomic beam
method. The observed polarization was (2818)% of the
value expected if no loss of polarization occurs.
However, this loss was attributed to unpolarized back-
ground.vapgr rather than to capture into excited
states of H°.

The above discussion of the expected beam pol-
arization assumed ionization in a magnetic field
strong enough to decouple the electron angular mo-
mentum J from the nuclear spin I in the Na ground
state, i.e. typically about 1.5 kG since the critical
field is 0.63 kG. It has been suggested®" that the
problem of depolarization from capture into excited
states of H can be avoided by applying a magnetic
field strong enough to decouple L and S in H . For
the n = 2 state, the critical field is 3.5 kG. The
polarization of the hydrogen atoms as a function of
magnetic field for completely polarized Na vapor is
shown in Fig. 9 (Ref. 37). A field of 10 kG is
required to reduce the loss in polarization to 20%.
This field can readily be provided by placing a sole-
noid over the Na vapor cell but to deal with the ion
optic effects of this strong a field on the 5 keV ut
beam presents problems.
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" Fig. 9. Electron spin polarization of ﬁo' obtained by
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pickup of electrons in polarized Na vapor, as a func-
tion of magnetic field applied to the Na cell. The
calculations®’ assume that the hydrogen atoms are
originally formed in the 2v-state.

ove is being studied in a
most advanced tests are
those at KEK, where an n of 4 YA has been ob-
tained.’® unfortunatel eam polarization has not
been measured yet, but ..... vne above considerations
it is expected to be no more than 0.3. Already a mag-
netic field of 5 kG reduces the beam intensity to
1 A, but possibly some of the loss can be avoided by
placing the entire H' source inside the field.

It may be timely to repeat here the second of my
suggestgg variggions on Zavoiskii's theme, namely the
use of H- (or D) atoms as the donor of polarized
electrons for the HY beam, rather than Na. 'rhe_’ad- -
vantage in this case is that the reaction B o+ Dg + H°
certainly leads to the ground state of the fast HO,
and not to excited states. The charge éxchange is
resonant, with a cross section that increases at low
energies as 1/v. As was mentioned in Sect. 3.3, a
modern atomic beam source yields about 2.5 X 101!
atoms/cm?®.  For an mt energy of 5 keV, the reaction
H* + D° + H® has a cross section®? of 1.5 x 107}% m?,
so that an interaction region ,of 1 cm diameter and
20 cm length will yield 5 pA H® (5 kev) per mA HY.
This is considerably less than what one expects from
a Na target of 1013 atcms/cmz, but the severe ion
opt_i‘gs problems are eliminated. In addition, storage
of H- from an atomic beam source may be used to im-
prove the target density." :

The capability of the methods discussed in this
section cannot be assessed until a measurement of the
polarization as a function of magnetic field in the
first Na charge exchange cell is made. The method
holds promise, but is not nearly as simple or inex-
pensive as first assumed. It should also be pointed
out that this method is not suitable to provide tensor
polarized deuterons, because the sudden field reversal
will yield at best P__ = 1/3. Note that this limita-
tion does not apply gg the Lamb-shift source, where
sudden field reversal for deuterons has often been
used, because in this case one can use selective
quenching (i.e. spin selection) once more agter the
sudden transition region.

The scheme desc:
nunber of laboratorie:

5. Sources of Polarized Heavy Tons

This section will be quite abbreviated because

only a few months ago an excellent review devoted en-

tirely to this subject was published by Steffens.®



5.1 Atomic-Beam Method

The only operating source of polarized heavy ions
is the atomlc-beam gource at Heidelberg, which has
provided 5Li~ and "Li” ions for a numbey of years and
recently has been developed also for 23"Na” ions. The
principle is the same as in the atomic beam souxce for
the hydrogen isotopes, except that the dissociator is
replaced by an oven. A system of heated and cooled
collimators is used to form a directed beam.

After the six-pole separation magnet, the atomic
beam is exposed to RF transitions to ptoduce nuclear
vector or tensor polarization. For °Li (nuclear spln
I = 1), pure vector polarization of (ideally) P,

2/3 can be obtained and the sign can be reversed by
switching RF transitions. Also, a tensor polariza-
tion P,, of +l1 or -1 can be produced. For 7Li and
23Na (I = 3/2) there are eight rather than six hyper-
fine components. In these cases, the tensor polariza-
tion reaches only 50% of the upper limit. To reach
P,, = %1 one would need to induce T-transitions with
Om_ = 2, but so far it has not been possible to ob-
tain high transition probabilities. The problem be-
comes the more acute the higher the nuclear spin.

The situation can be improved by use of two separate
separation magnets with RF transition units between
as well as after the magnets, as shown in Fig. 4. A
very effective solution to the problem can be achieved
by use of optical pumping (see Section 54).

5.2 1Ionization

Polarized neutral alkali atoms can be ionized by

Heidelberg, but could be used to advantage if a coi-
liding-beam source is already available at the lab-
oratory to prgduce light ions.

5.3 Depolarizatidn

Experience has shown that polarized hydrogen ions
can be injected and accelerated in tamdem accelerators
without loss of polarization. A difficulty was en-
countered in the very first attemptfs to accelerate a
polarized beam in a tandem accelerator some 20 years
ago, but it was recognized immediately that the ob-
served depolarization could be avoided by replacing
the gas stripper by a foil stripper. Depolarization
is negligible if the transition from a negative ion to
a fully stripped ion occurs in a sufficiently short
time In a gas stripper, the stripping, e.g. from H™
to H takes place in two steps. In the intermediate
HO system the polarized nucleus is exposed to an un-
paired and unpolarized electron and thus the nucleus
depolarizes by the hyperfine interaction in a charac-

teristic time which is given by the Larmor period.

permitting the atomic beam to hit a hot surface of suf-

ficiently high work function ¢. Ionization to posi-
tive ions takes place with very high efficiency of

¢ -€ >> kT, where € is the ionization energy of thL
atoms. At Heidelberg, atomic beams of 6/7Li and *’Na
are ionized with nearly 100% efficiency using oxy-
dized W surfaces at a temperature of some 1700 X.
der these condxtlons there is no detectable depol-
arization,"! while at lower temperatures the polariza-
tion is found to decrease because of the increasing
dwell time of the atoms on the surface (interaction

of the nuclear moments with fluctuating fields on the
surface). The positive ions are subsequently accel-
erated and charge-exchanged to negative ions in Cs or
K vapor. Beam currents of 150 nA Li~ and 200 nA Na~
are available at Heidelberg for injection into the
tandem accelerator. The beam polarization is about
80% of the theoretical maximum. An increase in beam
current could probably be achieved, since the Li
atomic beam source developed for the SLAC polarized
electron source, yields substantially more beam (10'®
atoms/sec) than the Heidelberg source. It is not
known what maximum current density can be obtained
from a surface ionizer without depolarization, but at
some point the interaction of neutral atoms on the
surface will become a problem. Detailed studies of
depolarxzatxon in surface ionization have recently
been started.

The colliding-beam source described in Sect. 3.4
in principle is suitable also for the production of
heavy negatlve ions. For example, the reaction L1 +
Ccs® - L1 + Cs' has a cross section"" of 3 x 10-!¢ cm?
for a Cs° energy of 65 kev. If we assume a Li atomic
beam of roughly 2 x 10'% sec™! as used at Heidelbergq,
and an _average atomic beam velocity of about v
2 x 1083 cm/sec, one expects 0.3 yA Li~ for a €s® cur-
rent density of 3 particle-mA/cm® and an interaction
length of 30 cm. Since for H~ and D  the measured
beam intensity from the colliding-beam source closely
corresponds to the calculated intensity, there is
reason to believe that this would be the case here
also. Ionization by cs® bombardment is probably more
elaborate than the ionization method developed at
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For heavy ions, the depolarization effects have
been studied extensively by the group at He;delberg.
If the negative ion is stripped to a fully ionized
positive ion by a foil in the high-voltage electrode
of the tandem accelerator, no depolarization is ex-
pected. 1Indeed there is good evidence that the depol~
arization for the °Li and ’Li beams at Heidelberg is *
small., Attempts to accelerate polarzzed Aincompletely
stripped ions were made with the *Na beam. Because
of the limited terminal voltage of the tandem (6 MV),
the most probably charge state is Na +, whereas the
two-electron state Na’* is very improbably (. 10 3.
No significant nuclear polarization could be detected
beam after acceleration, even
though it could be demonstrated by beam-foil spec-
troscopy that the Na~ beam was really polarized.
arization after the tandem could only be detected"®
after a new polarization monitor was developed which
had sufficient efficiency to be used with the weak
Na’? component in the beam. The tensor polarization
of the Na®* beam was between 30% and 60% of the in-
itial polarization. Later, a polarization could also
be detected for the Na’* beam by employing post-
stripping to Na °*_ Because of the requirement to
strip at least down to the K-shell acceleration of
heavier polarized ions like >°K would require xather
high terminal potential (~ 30 MV),.

A second important source of depolarization
arises in magnetic beam-handling components. The prob-
lem is that already a small magnetic deflection a of
the beam can lead to large spin precession angles §,
sznce for some ions the ratio §/a is large, e.g. 17
for ?’Na. Here we are assuming a singly charged ion
and electron spins which couple to zero. If the ion
has a net electronic magnetic moment (J # 0) the ef-
fects of course become bigger by some three orders of
magnitude. Thus a beam with J # 0 would be com~
pletely depolarized in a magnetic lens. For polarized
ions where complete stripping can not be obtained, one
thus wants to work exclusively with ions whose ground
state has J = 0. In addition, ions in long lived
(metastable) excited states should be avoided. At
Heideclberg, the above mentioned increase of the 23Na
beam polarization by post-stripping is explained by
the removal of metastable Na’' ions prior to magnetic
beam handling elements. The depolarization prior to
injection can be avoided by using only electrostatic
elements.

Pol-

5.4 Polarized Heavy Ions by Optical Pumping

The basic process by which a directed beam of al~-
kali atoms cmerging from an oven aperture can be pol-
arized by optical pumping is illustrated in Fig. 10
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“or the’ case of an alkali atom whose nuclear spxn is
I=3/2 (e.g. 2%Na). If the %s,,, atoms in various
states (F, ) absorb right-hand circularly polarized
resonance radiation (heavy solid lines in Fig. 10).
Amp =-1; and thus the atom gains angular momentum.
Consequently, even after the decay (light solid lines,
Fig. 10) back to the ground state (Amp = 0, %1) the
occupation distribution has shifted toward states with

F’ me.-3 -2 1 0 ! 2 3
FB 32, — =_ = =
/2 . l 1
F
s 2
'/2 t = === —
me -2 -1 0o 1 2
Fig. 10. Optical pumping of alkali atoms with nuclear

spin I = 3/2. For the case of Na, the separation be-
tween the ground state atoms with F =1 and F = 2 is
1.77 G Hz. Right circularly polarized light is ab-
sorbed (heavy arrows), and the excited atoms decay
back to the ground state. After several cycles, most
of the atoms are in the state with mp =+2, leading to
complete nuclear polarization, my = 3/2. To simplify
the figure, all transitions from and to the ground
state hyperfine component with F = 1 are omitted (see
text) .

larger mp. If the light intensity is sufficient for
many such pumping cycles to occur while the atom
passes through the light beam, almost all atoms will
be pumped into the hyperfine component with the larg-
est spin projection, i.e. the S;/z state with m, = 2.
This is a state of maximum possible nuclear polariza-
tion m; = +3/2. 1In Fig. 10, for simplicity, pumping
of only the F = 2 ground state atoms is indicated.
Atoms with F = 1 can be pumped into the F=2,mp=2
state in the same way.

Production of a Li polarized ion beam by optical
pumping has been discussed by Anderson,“7 while the
development of a 2%Na beam has been progressing at
Marburg for some time.“® 1In principle, ion sources
based on optical pumping may produce larger beam cur-
rents than atomic-beam sources which have a limited
acceptance angle for atoms from the oven, but it is
not clear how much of an increase could in fact be
utilized. Possibly a more important factor than the
intensity is the possibility to obtain large polariza-
tion with relative ease. For the atomic-beam method,
the polarization is limited, at least for nuclear spin
I >1, unless a more complicated design of the mag-
nets and transitions is used.' Large beam polariza-
tion from the ion source is important, in particular,
for ions of large mass number, because a substantial
fraction of the polarization may be lost in the ac-
celerator.

In practice, the optical pumping of a beam of al-
kali atoms is complicated by the splitting between the
hyperfine components in the ground state [(e.g. 1.77
@Hz for ?’Na] which is large cumpared to the .. 1 MHz
width of a mode of a dye laser. One solution which
has been pr0posed“ is to use a broad band dye laser,
since the bandwidth from such a laser (-~ 10 GHz) eas-
ily overlaps the transitions from both ground state
hyperfine levels. However, it is by no means trivial
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to excite all atoms, because the frequency spectrum
from such a laser consists of a set of discrete fre-
quencies (modes), separated by a few hundred MHz.
Even though the absorption profile for each transition
is broadened by power broadening -and Doppler broad-
ening, this is not sufficient to insure that each
atom will be exposed to resonance radiation most of
the time, particularly since at any one time only
some of the possible modes of the laser are in fact
lasing. This problem would be reduced considerably
if the different modes flickered on. and off rapidly
compared to the transit time of the atoms through the
beam, but this does not seem to be the case.?” an-
derson sees this as the reason why in a recent experi-
ment to pump a Li atomic team, they obtained an elec-
tron polarization of only some 50%, in contrast to
the nearly complete polarization anticipated in Ref.
47, and suggested that the simultaneous use of a num-
ber of different lasers may solve the problem since
in this case some power is available over most of the
bandwidth at all times.

The most striking demonstration that an ion beam
of large nuclear polarization can be obtained by op-
tical pumgs was recently reported by the group at
Marburg. Their solution to the large splitting of
the ground state is to use two separate single-mode
dye lasers, one tuned to pump the F = 1 states, the
other tuned to pump the F = 2 states. .The hyperfine
structure of the 2?;/2 excited state is not resolved,
because of Doppler-and power-broadening. The atomic
beam was ionized by surface ionization. The nuclear

" vector polarization of the resulting 15 keV 2342t

beam, measured by beam-foil spectroscopy, was found
to be P, = 0.86:0.05. This means that more than 90%
of the atoms are in the desired F = 2, mp = 2 state.
The use of two single-mode dye lasers is very
effective, but for application to an accelerator en-
vironment one would prefer sxmpler and less expen-
sive methods. One pOSSlblllty is to depopulate
the F = 1 levels by RF tran51txons between the FP = 2
and F = 1 state (1.77 GHz). For Ll, where the
ground state splitting is only 228 MHz, an elegant
method has been developed at Bxelefeldso, where sim-
ultaneous pumping of both hyperfine states was
achieved with a single laser by frequency-splitting
the laser light with an acousto-optic modulator. Al-
so, in earlier experiments at Marburg, b large pol-
arization was observed in a 23Na beam using one laser
only to pump the F = 2 ground state atoms, by re-
jecting the F = 1 atoms in a six-pole separation mag-
net.

6. Production of Polarized He” Ions

A review of methods to produce He* was presented
by Slobodtxan.SI A Lamb-Shift ion source producing
a beam of ’He has been in use at B;;m;ngham for a
number of years. Also, a beam of ¥4e” has been ex-
tracted from a discharge in optically pumped He gas.
No sources exist for the production of negative 3He
ions, but a possible method has been discussed by An~
derson®" recently. The proposed method involves pick-
up of polarized electrons by a He' beam in an op-
tically pumped Na vapor target. The 'ge” ion has a
(ls)(2s)(2p) configuration with all electron spins
parallel: Ps/z,a/z.l/z- Formation of He from He
bg charge exchange, e.g. in Na, proceeds through the
2°s; state of 34e®. This is the ground state of
ortho-helium, which has the very long life time of
some 4 sec. Nuclear polarxzatlon is produced by the
hyperfine interaction in e (2’ S;) For pickup of
completely polarxzed electrons by 3ge*, the nuclear
polarization in ’He® is calculated™ W Lu be 37%, pro-
vided the pickup proceeds only and directly to the
235, state of 311e©. Anderson proposes that the charge
exchange tg ’He” should be carried out within the same
polarized Ma cell, but this should be reexamined since



' arized beams.

his arguments neglect the coherent time depend%nce of
the states formed. Charge exchange from YHe (2%s5,) to
'4e”™ in a separate, unpolarized vapor may in fact be

preferable.

Slobodrian®' has discussed the
duce a beam of relatively slow *He (27S,) atoms and to
polarize the atoms by Stern-Gerlach separation. He
proposed to produce the 3He(2’sl) atoms by neutraliza-
tion of a ’He' beam originating from an RP ion source
or a duoplasmatron in a charge exchange cell. The
beam would have to be slowed to < 10 eV prior to neu-
tralization. The intensity estimates in Ref. S1
should be viewed with caution as they do not take into
account the emittance of the ‘He(23s)) beam at 10 ev
in relation to the acceptance of the sixpole magnet.
The direct production of the metastable helium atoms
by an RF discharge in 3He gas would seem the more
promising method. After the separation magnet, the
nuclear polarization of the 34e atoms can be enhanced
by suitable RF transitions between hyperfine states.
Slobodrian proposed ionization to Het electxon

rdment. Direct conversion of the ’ue(z‘s,) to
He” by Cs® bombarament (colliding beams method)
should be considered if negative ions are required.

gossibility to pro-
)

7. Oonclusions

Not so many years ago, experimenters had to suffer
a big loss in intensity if they wanted to use pol-
As this review shows, striking progress
has been made during the last five years in the de-
velopment of sources for polarized ions. This prog-
ress is exemplified by the production of highly pol-
arized beams of positive hydrogen ions in excess of
100 uA, and of negative hydrogen ions of 3 UA. While
many experiments (e.g. polarization transfer experi-
ments, production of highly polarized neutrons, in-
jection of polarized beams into high energy accelera-
tors) justify continued work on further increases in
intensity, other considerations, such as reliability
and ease in maintenance, must be kept in mind as well.
Other characteristics of ion sources which have not
been emphasized in this review, but which have great

_importance in some applications are the flexibility

of choice in beam polarization (e.q. pure tensor pol-
arization for deuterons), the ease with which the pol-
arizaeion can be changed without associated changes

in beam intensity or beam position, the uniformity in
polarization-magnitude and direction across the beam
profile, or the efficiency with which the beam can be
pulsed or bunched.

The present review reflects the great variety of
stimulating new ideas that are under discussion by the
small group of scholars who are interested in the de-
velopment of polarized ion sources. Progress at pres-
ent is not limited by a lack of good ideas, but by the
relatively small effort in this field worldwide.
Nevertheless, there is good hope that existing methods
will be perfected to yield even larger beam inten-
sities with high reliability, and that new applica-
tions of low temperature techniques, storage of pol-
arized atoms or ions, and of optical pumping, will
lead to successful new methods for the production of
polarized ions. '

Finally I should like to thank the many colleagues
who have contributed to this review by providing me
with their results and ideas.
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