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Abstract

The feasibility of a very heavy ion source which
utilizes ionization by intense proton beams is being
investigated as a possible injector for cyclotrons and
other heavy ion accelerators. Calculated cross sec-
tions for ionization to high charge states are ~10
times larger for protons at optimum energy (300-500
keV) than for electrons in working energy range of a
few keV. Use of a superconducting solenoid to compress
the proton beam and provide radial charge confinement
is assumed in the feasibility model. Space charge
repulsion produces magnetron motion of the heavy ions
and a natural radial zoning with respect to charge
state g which requires a correction for the magnetron
period fraction spent in the ionizing flux. The
radial zoning of different charge states also suggests
a possible method of sélective extraction. Preliminary
calculations with no space charge compensation by elec-
trons have been carried out for 400 keV protons with
beam currents of 10, 25, and 100 mA, a solenoid length
of 1 m and a magnetic field of B = 5T. Radial size
parameters have been computed for yields of yhas up to
1 puA. Yields of 1 UA appear feasible without compen-
sation of heavy ion space charge while compensation or
other modification appear necessary for higher yields
to avoid impractical radial dimensions.

Proton Beam Ionization

In most heavy ion accelerator systems, ions are
initially accelerated in a low charge state, pass
through a stripper to raise the charge state, and are
accelerated again. The sequence of energizing and
stripping is simple but suffers two adherent disadvan-
tages: charge state dispersion and straggling in both
energy and angle.

An alternative approach to the production of
heavy ion beams in high charge states is to confine
the heavy ion in an intense flux of ionizing radiation
for sufficient time to raise the charge state to the
desired value. The heavy ion is constrained while the
stripper medium is run past it.

In previous investigations of this approach elec-
tron beams provided the ionizing flux. Following the
work of Donets'’? in 1967, electron beam ion source
(EBIS) projects were initiated at several laboratories.
Considerable progress has been made in the development
of EBIS during the intervening years®’*’% and a new
generation of EBIS have been designed, some of which
incorporate superconducting solenoids.

The investigation of a proton beam ion source
(PROBIS) is motivated by the large cross sections for
ionization by protons, recent advances in small ac-
celerator technology, and the availability of super-
conducting solenoids. Figure 1 shows the schematic
arrangement of a superconducting solenoid which con-
fines ions laterally with respect to the proton beam.
In this configuration the heavy ions A*d move to the
right against the proton flux which is compressed by
Brillouin flow.® The lower part of Fig. 1 is a sche-
matic of the potential along the solenoid axis which
qualitatively anticipates a need for a partial space
charge neutralization by electrons at the low-gq end
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of the solenoid. The slope of the effective potential
is required for the ejection of heavy ions once pre-
pared in the high charge state. One extraction method
is introduced at the end of the paper.
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Fig. l--Schematic diagrém of PROBIS

The advantage of protons over electrons as an
ionizing flux is shown in Fig. 2. The difference in
cross sections is especially important for the higher
charge states. The curve for a proton flux was cal-
culated using the results of McGuire and Richard’ and
the curve for an electron flux was obtained from the
cross section formula given by Bethe® with the modi-
fication of Becker gg_gl.g included.

The necessary ionization exposure time T, to
reach charge state Q in a 100 mA beam of protons is
plotted against proton energy in Fig. 3. Negligible
magnetic compression (0.8 A/cm?) is assumed. It is
evident from the values of T, that Brillouin flow and
the consequent magnetic compression are necessary in
practical applications.

Feasibility Model and Results

The proton beam and confined positive ions form
an axially positive charge distribution. No heavy
ion space charge compensation is assumed in this
analysis which is both simplifying and conservative.
As the results of the analysis will show, a relaxation
of this assumption appears advantageous in future
feasibility calculations. Positive ions are repelled
by the axially symmetric positive charge distribution
and the situation is analogous to that found in the
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Fig. 2--Cross sections for ionization of u?%® from
charge state g to g + 1 by protons and by
electrons.

magnetron.lo'll For a given potential difference V

through which the heavy ion charge +g falls, the maxi-

mum radial excursion or magnetron radius r is re-
lated to g by nq

1%

a (3 (1)
q

r

ng
The potential V(r) as a function of r does depend upon
the charge distribution within the cylinder of radius
r which makes the radially zoning of eq. 1 even more
sensitive (3/4 instead of 1/2 power as shown by Hull?®®
for electrons).

If the proton beam is magnetically compressed by
Brillouin flow to a radius rg = 0.1 mm (theoretical
limit 0.05 mm), a disadvantage of magnetron motion is
immediately apparent in that the heavy ion spends only
a fraction of the magnetron period in the ionizing
flux. More space charge (assuming no compensation)
must be supported to provide a given ionization rate.
The difficulty is compounded by the fact that more
space charge drives the heavy ion charge distribution
further out, i.e. rpy increases and the exposure time
fraction n, defined as the fraction of the magnetron
period spent in the beam is further reduced. An il-
lustrative example is shown in Fig. 4.

Also plotted in Fig. 4 is n /ré which demonstrates
the advantage of increasing the %lux density by magne-
tic compression, reduction of ry, since the increase

in the ionization rate dominates over the decrease in
the exposure fraction n,. The calculations in Fig. 4
were carried out for oo = RT =5 cm,

Instead of a self-consistent space charge calcu-
lation which is beyond the scope of this feasibility
study, approximate account of the space charge effects
have been taken by first determining the average charge
state of the heavy ion space charge distribution from
the step-by-step ionization cross sections. BAdjacent
exposure fractions are approximately equal, Ng = Ng+1
so that the population ratio nq—l/nq given by
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Fig. 3--Ionization times required to reach charge state
Q for various proton energies.

1/n =Mn_o )/ ) (2)

n o
q-1" 'q q grat+l q-1 "q-1>gq
depends on the ratio of cross sections. These ratios
were used to determine the average value of g=qy =20
which is nearly constant over a wide range of condi-
tions.

Next the magnetron voltage Vp, i.e. the voltage
difference necessary to draw a particle out to the
magnetron radius, was determined for g=gyye=20 as a
function of magnetron radius rpyg- The difference be-
tween V, and Vg (potential due to beam space charge)
was calculated for a range of rppp values. This dif-
ference is the potential available for the confinement
of heavy ion space charge.

The heavy ion space charge within xrpysg was as-
sumed to have a constant volume charge density for
ease in evaluation of the heavy ion space charge per
unit length Xpp from the voltage difference Vy - Vg,

XHI

Yo" V8 < 4meg 3

Knowing the total heavy ion space charge and the
schedule of charge state population ng. the number of
ions in charge state g = 24 have been determined and
the production rate of Q = 25 is given by

dn25

L2 = £ 1

3t " Mo o (4)

24 024+25

where the new parameter fp is the proton flux.
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Fig. 4--Plots of nq and nq/ré as functions of rgp, the
proton beam radius.

The yield Y,5 of mass A = 238 particles in charge
state Q = 25 is plotted in UA as a function of the
magnetron radius rpjq in Fig. 5. Since the magnetron
radius for q = 1, rpj}, is 5 to 10 times larger than
rm20 depending upon the space charge distribution,
practical difficulties are met for values above
Im20 = 10 mm.  For rp,9 = 10 mm, yields of at least 1
HA are expected for proton beam currents of 25 and 100
mA.

It is apparent that a yield of 1 pua requires
unacceptably large magnetron orbits for low values of
q, i.e. q $ 4. To avoid this difficulty, several op-
tions can be considered: segmenting the source into
low and high g sections, injecting a beam with g 2 4,
or space charge neutralization of the proton beam and
a large fraction of the heavy ion space charge. Be-
cause of the natural availability of electrons released
in the ionization process, the latter option appears
attractive.

Tables I and II give a number of the parameter
values obtained in these calculations.

Extraction

This PROBIS model incorporates continuous produc-
tion of the heavy ions with equilibrium populations
established for all q. In contrast, batch processing
carries a heavy ion population sequentially through
values of g up to the design value with an output
repetition rate determined by the confinement time.

The confinement times in Table II are larger than they
would be for a batch process but even if the ioniza-
tion times of Table I are used, which are lower limits,
duty cycle problems arise in injection. The yield
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Fig. 5--Calculated yield in HA of U as a function
of magnetron radius for qg e = 20.

Table I
ro = 0.1 mm, Ep = 400 keV, L = 1 m, B = 5T
I f Ionization Time
P P
2
(ma) (A/cm) T, (ms)
10 31.8 33.4
25 79.6 13.4
100 318.2 3.34

values in Table II and those shown in Fig. 5 are upper
limits since no losses have been taken into account.

A problem with continuous production is that of

selectively extracting the desired charge state from
the ion population which includes all values of q.
The radial zoning which is exaggerated in this feasi-
bility model because of charge compensation exclusion
does present a possible method of selective extraction
and axial zoning which is illustrated in Fig. 6.

An arrangement of electrodes which axially di-
vides the ionization zone into cells is schematically
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Table II
ro = 0.1 mm, Ep = 400 keV, L = 1 m, B = 5T
RmZO n24 Confinement Times Yield of Q = 25 (uAa)
(mm) t o5 (m s)
Ip=lO 25 100 10 25 100
(ra)
5 0.050 668 268 66.8 0.145 0.305 0.002
7 0.040 835 335 83.5 0.241 0.548 0.964
10 0.032 1044 419 104.4 0.4 1.0 2.92
20 0.020 1670 620 167 1.63 2.51 9.4
50 0.011 3036 1218 304 6.4 8.8 34.7
Extraction Using the emittance formula of Becker gg'gi.g,
values of emittance have been estimated which range
- from 1.3 mm - mrad(MeV)? for 10 mA proton beam to 2.5
l} mm - mrad(Mev)? at 100 mA proton beam. This calcu-
lated value is considerably larger than that obtained
Proton Beam by Becker SE.El:e for an EBIS source but is acceptable
Electrodes for a number of accelerator systems. Further, a re-
laxation of the space charge compensation exclusion is
l.‘/ l \4 » ll l\ expected to reduce the value.
- *Supported in part by the National Science Foundation.
(a) Electrode Geometry 124 p Y
TOn leave of absence from Tata Institute of Fundamental
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Fig. 6--Schematic of an extraction system which uti-
lizes magnetron motion.

illustrated in
electrodes are

Fig. 6a. In Fig. 6b, voltages on the
qualitatively shown in time sequence.
In the top row the heavy ions are in the "hold" phase.
The middle row shows an arrangement of electrode
voltages such that a small accelerating voltage would
exist near the beam axis at the electrodes labelled
"pass". Reciprocally, electrons would move in the
opposite direction of the arrows. Since the accelera-
ting voltage exists only near the axis of the proton
beam, heavy ions with the largest g, having smaller
magnetron radii, will pass preferentially from one
cell to the next. The bottom row of Fig. 6b shows
the "pass" and "block" arrangement for transfer of
heavy ions between the next pair of cells, which

again selectively passes the ions with the largest

q and consequently the smallest magnetron radii.
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%% DISCUSSION ** test a system as soon as tunds become avail-
able.
M. CHAUDHRI: Are the results you have shown J. ORMROD: Could you comment on the emit-
entirely from calculations, or do you have tance of the beam?

i ?
some experimental data too? R. DAVIS: Yes. For the proton beam assumed

R. DAVIS: The results presented here are here, the emittance values fall in the range
calculated. We plan to design, build, and 1.3 to 2.5 mm mrad (MeV)?%.
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