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Abstract

After many years and a great deal of success in
developing the Lamb-shift and ground-state-type polar-
ized ion sources the polarized ion source users are now
shifting their attention to several fundamentally d4if-
ferent approaches. These new approaches appear to have

the potential of producing H™4 currents that are meny
crders of magnitude larger than allowed by conventional
sources.

Introduction

Twenty-five years have passed since the pioneering

work of Clausnitzer, Fleishmann, and Schopper1 on the
first operational polarized ion source. In the inter-
vening years substantial improvements have been made in
both current and polarization and today there is a
large number of operational polarized beams around the
world. Most of these beams are produced using either
a ground-state source or a Lamb-shift source. Ground-
state sources for positive beam applications have

reached the 100 paZs3 range and Lamb-shift sources and
grcund-state sources for negative ion applications have

reached the uA range.'*’s’6 These sources have allowed
very productive polarized beam experimental programs at
many nuclear physics laboratcories, at the high inten-
sity medium energy facilities and, until it was shut
down in late 1979, at the 12 GeV ZGS at Argonne Na-
tional Laboratory (ANL).

While strong polarized beam programs exist, ex-
perimental and operational limits imposed by funda-
mental accelerator intensity limits have not yet been
reached. At low energy facilities the experimental
limits tend to be the key consideration whereas at the
medium- and high-energy facilities operational limits
are a problem. At the Los Alamos Meson Physics Facil-
ity (LAMPF), the Lamb-shift source produces V1 pA while

the unpolarized H program requires 200-300 uA.7 At
the 2GS, before its shutdown, the polarized beam in-

tensity was Nleolop/p whereas the unpolarized beam

program required leolzp/p. With the polarized beam
intensities orders of magnitudes below that required to
run the unpolarized program, operational scheduling
problems develop because of the necessity to time share
between the polarized and unpolarized programs. If
adequate polarized beam current were available both
programs could be operated simultaneously and polarized
beam users would be rate-limited only by the accelera-
tor itself. While sources are not available that are
capable of operating pulsed machines at their space
charge limits, or experimental areas at their intensity
limits, significant advances have been made and several
new approaches are being developed which may eventually
lead to this.

Ground-State Sources

The many users of ground-state sources around the
world have, over the past 25 years, made various modi-
fications to their sources. Some of these modifica-
tions actually led to improvements on their performances
and, if one were to incorporate all of these improve-
ments into a new design, the results would be impres-
sive. Pulsed sources incorporating all of these
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features could be expected to produce H t currents of
200 to 500 uA.

The key improvements made on operaticonal sources
in recent years have involved cooling of the dissocia-
tor, segmenting the sextupole magnet and increasing the
ionizer efficiency. The expected value of cooling the

dissociator stems from the T-l sextupole acceptance

1
temperature dependence and the T 2 lonization proba-
bility dependence. As a result of the positive results

obtained by Wakuta, et al.® when they cooled a dissoci-
ator tube nozzle to LN, temperatures, Schultz, et al.?

cooled the dissociator nozzle on the ANL source to 30°K.
">

They observed a T  ° current response and a total current
improvement of a factor of 2.5.

The thermal atomic hydrogen beam preoduced by the
dissociator has a very large percentage momentum spread
which cannot be efficiently matched into the ionizer.

Following a proposal by Glavish,9 a number of groups
have added a second sextupole in a series with the main
separation magnet. This additional drift space and
focusing element should improve the matching efficiency
into the ionizer by a factor of 1.3 or better.

The big improvement in ground-state source tech-
nology of recent years is in ionizer efficiency. These
so-called superionizers are basically scaled-up models
of standard configuration. The length increase coupled
with better solenoid field shapes and electron gun
power supplies have produced very impressive (up to x10)

current increases.3>10

Change Transfer Source

In 1968 Haeberlill proposed the direct conversion
of polarized atomic hydrogen into negative ion beams by
a process of the type

14 + X0 > B4+ XML

This suggestion did not generate much interest at that
time because of the successful development of the Lamb-
shift source. Now this idea is being developed by at
least two groups, the University of Wisconsin for use

on the Wisconsin tandem Van de Graaffl? and ANL for use

on the Brookhaven National Laboratory (BNL) AGS.13?

Figure 1 shows a schematic of this type of source
for a neutral and negative ¥? since the two top candi-

dates for X° are Cs® and H™. The E%t beam is produced
by a conventional atomic beam stage, i.e., atomic hydro-
gen produced in an Rf dissociator is passed through a
ftern-Gerlach separation magnet and then an Rf transi-
tion stage to produce an aligned nucleous atomic hydro-

gen beam. This beam is then crossed with the X' beam
which has a velocity corresponding to the peak of the
charge exchange cross section. The charge exchange
region is simply a channel maintained at a high voltage
(10-20 kV) to allow extraction of the H + ions. The
channel is provided with a solenoidal field to maximize
the degree of polarization and, in the case of a charged
X® beam, to control space charge effects.
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Figure 1. Charge Exchange Source

The output current from this type of source is

I. o
1° vo
gy = Vo Iyn

where I..0 is the intensity of the atomic hydrogen beam,

vy© is the average velocity of the u° beam, V is the

volume of the overlap of the two beams, IXn is the in-

tensity of the ionizing beam and o is the charge ex-
change cross section. IHO/VHO is determined by the

design of the atomic beam stage. Combining the best
features developed to date in a single unit should, in

pulsed operations, produce a g° density in the range of

2--5xlO11 atoms/cc. The optical properties of the
atomic beam stage and the very large percentage momen-—
tum spread in a thermal beam combine to give a practi-

2

cal upper limit on V of about 30 cc (vl em? x 30 em

long cylinder). Being neutral, a ¢s® beam will not
restrict V and the output current depends only on IXn.

For H  and D beams, space charge effects will give V a
dependence on IXn.

The development areas for this source are the pro-

duction of the ioning beam, Xn, and coupling this beeam

to the HO beam in the charge exchange volume V. With

the advent of the magnetron-type ion source,lk high
current density E~ and D~ beams are readily available,

particularly for pulsed beam applications. The H or

D~ exchange is a cero energy resonance process so its
cross section is large only at very low energies, and
low—energy-charged beams present difficult space charge

2 H” beam deceler-

prcblemz. Calculations for a mA/cm
of 1 cc.

ated from 10 keV to 0.5 keV indicated a Voex

Thus, althcugh 50-100 mA H™ beams are available they
are not useful unless space charge effects can be con~
trolled. Simple scoping calculations indicate that a

2-Telsa solenoid might contain a few mA/em? beam and

the resulting H + ions. The H 4 beam produced under
such circumstances will have a large transverse emit-
tance and energy spread.

cs° does not present this coupling problem and this
is the reason the two groups, University of Wisconsin
and ANL, developing this source have selected cs® as
the ionizing beam. There is a production problem with
Cs however and there are no well-developed Cs sources
available for this application. The Wisconsin group
uses a 3/4-inch diameter porous tungsten plug as the

+
Cs gun emitter in a Pierce gun operated at about

40 kV.1% The Cs+ gun is followed immediately by a Cs
charge exchange cell for neutralization. Ten to twelve
mA can be extracted and neutralized with this gun, how-
ever, only 2 or 3 mA can be matched into a 30-cm long

charge exchange channel. The Wisconsin group feels con-

siderably higher useful Cso currents can be produced

using tungsten buttons given some development.16

The ANL source development program is directed to-

ward producing a pulsed H + beam for the BNL AGS. This
pulsed-beam-only application not only allows the use of
a pulsed atomic beam stage with its higher atomic beam
intensity, but it also allows the use of a low duty fac-
tor pulsed Cs beam. Operating the Cs beam at a low duty
factor will remove the need to engineer protection
against the surface erosion problems associated with in-

tense low-energy heavy-ion beams. 15 There is concern

that the porous tungsten button-type gun will be diffi-
cult to operate in a pulsed mode. For this reason they

are considering alternate techniques.13’17 The tech-
nique that appears particularly interesting is a Cs-
impregnated alumina-silicate button. A gun using this
type of button will lock essentially like one using a
tungsten button but without a Cs boiler. This type of
emitter does not produce a Cs vapor background like the
porous button so insulator shorting should not be a
problem. It should be capable of 10-20 mb/cm? when
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operated at 100 kV. At this voltage, V, oV is a

maximum.

It appears that with some development work cs®
beams of at least 20-30 mA should be practicable. BSuch
beams coupled to a good atomic beam stage could be ex-
pected to yield a pulsed current of the order of 50 to

100 pA of H +. For synchrotrons 3 ion injection is 20

+ -
to 30 times more efficient than H , so 100 uA of H

+
is equivalent toc 2-3 mA of H .

As stated above this source is being developed at
the University of Wisconsin and ANL. The Wisconsin
source has been operational for over 2 years. It has
produced currents up to 3.3 mA and polarizations of

91%.16 At ANL an atomic beam stage is operational and
Cs gun design is underway. They expect to produce their
first Cs beams using an alumina-silicate button in the
Spring of 1981. Experiments coupling this Cs beam to
the atomic hydrogen beam should begin in the Summer of

1981.17

Laser-Pumped Nz

The conventional ground-state source, the Lamb-
shift source and the charge exchange source discussed
above all start cut with atomic hydrcgen which is then
polarized by passing the beam through some filtering
stage which transmits only those atoms in some particu-

lar state. In 1957, Zarviskiil® proposed starting out
with bare protons and allowing them to pick up a polar-
ized electren. This ides did not appear to be very
practical for the production of high-intensity beams

until Andersonl!? proposed the use of laser-pumped Na as
the source of the pelarized electron. Figure 2 is =2
schematic of a source based on these ideas proposed by
Anderson.

Circularly polarized 68 light produced by a dye
laser and quarter-wave plate is incident on the Na cell
parallel to the solencidal field. The nuclear spin of
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Figure 2. Laser-Pumped Na Source.

23%a is 3/2 and its ground state is a 325 level. In

a strong magnetic field the ground state level splits

into eight sublevels, i.e. Mj = +4, MI = il Mj =+,
MI = +3/2; Mj = =1, MI = %k, and Mj = =lg, MI = +3/2.
Each set of four states associated with each MJ is con-

tained within an energy band of about 1.5x10° Hz. The

is about 68 above the ground
if left circularly polar-

first excited state, 3 Pb
state. The incident llght

= 1

ized, will pump 325, , M, = <% stoms to the 32P%, M, =
2

+s state according to the AMj = +1 selection rule. The
ST
the ground state.

M, =
J
Mj =
If the pumping is complete all of the Na atoms will

then be in a Mj = Y% state, i.e., completely polarized.

= #}5 excited state radiatively decays back to
Those atoms returning to the 325%,
-} state will once again be pumped to the 32P%,

+% state until the 3ZSL, Mj = -1 state is depleted.
2

Right circular polarization for which AMj = -1 will

= 1

produce polarization with M, = -%. In order for com-
o

plete pumping to take place the frequency spread of the
light must be adequate to encompass all four MI sub-

levels assoclated with the Mj state being pumped.

Protons at 5 keV are injected via an inflector into
the Na cell. The 5 keV energy corresponds to the peak

in the H+ + Na -~ H® + Na+ cross section. The inflec-
tion is required to allow the laser light to enter
zlong the magnetic field lines, a requirement for the
optical transitions (o) needed here. Emerging from the

Na cell we have a fast u® beam with electronic polari-
zation.  The beam then traverses a second Na charge ex-
change cell mounted in .a solenoid where the H~ atoms

pick up an electron to form an H beam. Nuclear polar-
ization is produced by making the two solenoidal fields
oppose each other. Properly adjusted, a field reversal
with the proper gradient can be produced to allow a

Sona-type transition.?2?

The development areas for this source are (1) pro-
ducticn of an adequately thick polarized Na target,
(2) maximizing the beam polarization and (3) coupling
adequate proton current to the Na cell. The first
problem simply involves the question of how many Na
atoms can be maintained in the proper state with precti-
cal lasers. Andersonl® calculates that a l-Watt laser

can produce a target thickness of 5x1013 atoms/cm? with
an electron polarization near 100% if the cell walls
are such that wall collisions do not depolarize the Na.
If collisional depolarization cannot be avoided, up to
6 Watts might be required to produce a 5x.0'% atoms/cm?
The 5x1013 atoms/cm?

density. iimit on the
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is an upper

Na cell thickness for pumping from only one end. This
results from imprisonment of the resonance radistion.

At a density of about 1012 atoms/cc, the probability is

high that the photons emitted when the 32PL’ Mj = 4%
2

state decays to the ground state will be absorbed by Na
instead of the walls. This will excite the atoms to the
P state which, upon decay, can lead to atoms in the

328%, Mj = -} state. Thus, as the Na density increases,

more resonance radiation is "trapped" in the cell and
this decreases the pumping efficiency.

The only experimental results reported to date that
this author is aware of on the %uestion of pumping ef-
fiency comes from Mori, et al. Using an 0.8-Watt
laser they report a Na polarlzatlon of sbout T0% for a
target thickness of 3x10 12 atoms/cm?. This is in good
agreement with Anderson' s1? caleulations assuming wall
depolarization. Preliminary results from a Los Alamos
Scientific Laboratory (LASL) experiment indicate that
the power requirements calculated by Anderson may be
overly conservative.?2?

The difficulty of obtaining high H® polarizations
results from the fact that the H° atoms will most prob-
ably be formed in the n = 2 excited state. Those atoms
in the 2p excited state will radiatively decay to either
the 3%, , M

3]

ance of the Mj =

=+ or 32»? Mj = % state. This reappear-
2

o . .
-% state means a lower H polarization

than Na polarization. Andersonl!?® calculates a g° polar-
ization of L0% assuming all of the atoms are produced in
the 2p state. This is in general agreement with the

polarization obtained by both Witteveen?3 and Mori2% on
sources where the polarized Na is produced by a Na oven
and Stern-Gerlach separation magnet. Witteveen and Mori
both conclude however that these low polarlzatzons are
due to background effects.

If the HC is formed in a magnetic field strong
enough to decouple L and S, the transition from the 2p
state to the ls state will not lose polarization. Fig-
ure 3 shows the calculated polarization as s function
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Figure 3. Polarization vs Magnetic Field Assuming All

Atoms in the 2p Level.



of msgretic field assuming all H® atoms are formed in
the Zp state.22 This shows that very high fields are
reguired tc produce high polarizations. Such fields

present not only engineering problems but also emit-

tance problems.

The third problem, i.e., how to couple adequate
proton current to the Na cell, results from the ever-
present space charge and emittance considerations as-
sociated with charged beams and solenoids. Clearly the
way to handle both aspects of this problem simultane-
cusly 1s to mount the proton source inside the solenoid
and arrange tc get the pumping light in some other
way.zz If the Ka in the second charge exchange cell
were replaced by something transparent to the pumping
light the first cell could be pumped from the opposite
end. With this tyve of arrangement proton currents in
the 10s of mA could certainly be produced and currents
of » 100 mA may “e possible. Figure 4 is a schematic of
such a source.
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Figure 4. Laser-Pumped Na Source with Proton Source

Mounted in Solencidal Field.

If we assume that the above problems are solved to
produce the "plausible" results included, i.e., a tar—

get thickness of 5x1013 atoms/cmz, \10C% polarization,
a proton current of 100 mA, an ideal second Na charge
exchange cell (7.3% conversion eff) and an adegquately

powered laser, we could expect a H 4 current of 2 mA.
Currents of this level would come close to allowing nor-
mal beam intensities at most accelerators.

At this time there are at least two groups in-
veclved in develcoping this type of source. The only
full-scale development program this author is aware of
Zg &%t the National Labceratory for High FEnergy Physics in
Japan. The status of this program will be reported at

this conference.?5 LASL has a program presently &i-
rected at studying the optical punping problem and

pciarization problem.22 As mentioned above, their pre-
liminary results indicate that the laser power require-
ments are considerably smaller than that indicated as

worst case in Anderson's calculations.!® 1In the near
future they expect to couple a proton source to their
pumped Na cell in order tc measure the polarization vs
solencidal field strength. This should indicate the
magnitude cf the excited state prcoblem and what minimum
field will be required to produce an adequate polariza-
tion.

Summary

In summary it appears that work going on at ANL,
LAST, Wisconsin and Japan will shortly lead to a new

generation of E 4 icn sources. Early versions of these
sources can be expected to produce currents in the 10
to 100 pA range with high polarization. Once several
such sources become operational the inevitable improve-
ment efforts will lead to higher and higher currents
and perhaps eventually to the mA range.
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