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ABSTRACT.

High charge state ions can be produced by electron
bombardment inside targets when the target electron
density n (cm™3) multiplied by the ion transif time
through the target T (sec) is : atT > 5x10%cm 3sec. The
relative velocity between electrons and ions determines
the balance between stripping and capture, i.e. the
final ion charge state. (In a stripper foil fast ions
interact with slow electrons involving typically
n ~ 1024em=3, T - 10" 14sec). In the E.C.R. source a
cold ion plasma created in a first stage diffuses
slowly through a second stage containing a hot E.C.R.
plasma with n > 3x10 em™3 and T > 1072sec. Continuous
beams of several uA of cO%, N7+, Neg+, A" are extracted
from the second stage with normalized emittances of
~ 0.5T mm mrad. The absence of cathodes and plasma arcs
makes the source very robust, reliable and well-fitted
for cyclotron injection. A superconducting source is
under development.

GENERALITIES.

High charge state ion beams for positive ion acce-
lerators can be produced by electron bombardment of
atoms and ions in a plasma or by stripping of fast ions
in a foil or gas. In electron bombardment sources, the
ions move slowly at near-thermal velocities, and the
electrons move at much higher velocities. Since it is
the relative velocity of the electrons and ions which
is important, the high charge states can also be pro-
duced by passing accelerated ions through a stripping
foil or gas cell where the electrons have very low
velocities.

I1f one assumes a plasma in Corona equilibrium
(i.e. long particle life time, step by step ionizations,
and only radiative recombinations) one can postulate
that with 100 to 1000 eV electron temperatures, the
ions reach the same average charge state <Z> as ions
of respectively 1 to 10 MeV/nucleon would reach after
passing a gas stripper. In Corona plasmas, <Z> only
depends on electron temperature Te.(Fig. 1) Unfortuna-
tely, in laboratory plasmas the particle lifetime
is generally limited by insufficient confinement time
T and Corona is not achieved. Under this condition,
<Z> not only depends on T, (or more accurately on the
relative velocity w of electrons and ions) but also
on the electron density ng (cm™3) and on the exposure
time of the ions to the electron bombardment T (sec.)
(Fig. 2). Fig. 3 give some computed results of this
so-called non stationary Corona equilibrium. In
previous papers we summarized the Z ion production in
four typical cases, as shown in Table 1.

Example b) represents typically the PIG ion sources

and the Duoplasmatrons. It also holds for single

stage E.C.R. plasmas (MAFIOS sources, Fig. 5).

Example c) holds for foil strippers, EBIS sources, and
present-day multiple-stage E.C.R. plasmas (Supermafios
sources) /t/, /2/, /3/, /4/. Let us also recall that
foil strippers, gas strippers and E.C.R. plasma strippers
are based on the same collision mechanism involving
similar relative velocities w of electrons and ions and
similar nT values. The outstanding differences between
foil strippers or gas strippers and E.C.R. strippers can
be summarized as follows: In the first case the main
effort must be devoted to the MeV/AMU ion production
(preaccelerator), in the second case to the hot electror
plasma production (plasma confinement structure). Due
to the high electron density of solid matter (n_~ 1024)
if one wants to achieve n 7 ~ 10'Ycm™Jsec En a Stripper
foil one needs a transit fime of only T = §»>10_14sec.
where L is the foil thickness (~ 10_5 cm) and w the ion
transit velocity (> 107 cm/s.). A similar picture is
valid for an E.C.R. plasma stripper but n_ being of the
order of 10!2¢m=3 one needs very long ionetransit times
(T must be ~ 107 %sec.). The plasma has to be as thick as
possible (~ 100 cm). Even so,the ion transit velocity
ought to be ~ 104 cm/sec. which is smaller than the
thermal velocity of ice cold ions. Only some collision-
dominated ion diffusion can provide a 104 cm/sec. tran-
sit velocity. Fortunately such transit velocities exist
in the ambipolar plasma diffusion process, where collid-
ing electrons and ions are held together for a while

in a magnetic structure. The transit time then equals
the ambipolar diffusion time given by the well known
formula

2
orr L/ Dy

where L is the plasma length in the magnetic structure
and Damb the ambipolar diffusion coefficient along

the plasma. On the other hand, D is proportional
a

mb
to <v, >?/ v.., where <v,> is the average thermal ion
velocity and V., is the “Spitzer ion/ion collision
frequency which varies with the plasma density n and Z
One then deduces that,the ion transit time T increases
proportionally with Z'n. Therefore nt increases
automatically when the average ion charge Z inside the
plasma increases. /5/. The plasma stripping efficiency
can then improve through a feed~back type mechanism.

4

Finally E.C.R. strippers are "undestroyable'
and the construction of an equivalent E.C.R, stripper
line is much easier and cheaper than the foil stripper
line (Fig. 4).

II - STRATEGY OF E.C.R. PLASMA STRIPPERS.

ne_T Te W Ion charge state Z
(em  Tsec.)| (ev) (em/s)
a) whatever <10 <2.108 No multiply charged ions
b) ~ 108 <100 <6.108 low Z multiply charged
ions.
c) ~ 1010 <5 k <4.109 totally stripped light
ions.
12 10 . .
d) ~ 10 <20k | <10 totally stripped heavy iong
2120

Four important parameters are involved in
plasma stripping. The plasma density n, the electron
temperature T, the ion exposure time to the electron
bombardment T, and the residual gas pressure of atom
density No'

a) Plasma density and electron heating problems.

In the first E.C.R. plasmas /6/, /7/, we proved
very readily that the gyroresonance of the electrons is
a powerful and reliable mechanism for plasma generation
allowing adjustable electron heating.
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Fig. 5 - A tynical Mafios ion source for vapor ion pro-
duction. Vapor preszure inside the multimode
UHF cavity is < 10™"Torr.
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These results were obtained (without cathodes and arcs)
simply by feeding microwave power into a magnetic struc-—
ture where the resonance condition wrF = Wce 1s ful-
filled somewhere. The power transfer efficiency from the
microwaves to the plasma electrons is generally excellent
(50 Z - 100 %) and the power coupling techniques simple
and well known (cavities, waveguides or antennas).

The plasma density n is, however, limited by
the cutoff density for wave penetration, (n =
2 2 .2 : . .cutoff
wRF m so) and commercially available CW microwave
generators in the kW range do not deliver frequencies

higher than 36 GHz. Typically fszlO_gﬁz and 1 kW
the plasma density can reach < 10 “cm and withﬂgre—
sent day microwave sources 0 will not exceed 10+3cm=3.

The electron heating
As a matter of fact,
too much hindered by

is a considerably easier problem.
if the resonant acceleration is not
collisional damping, keV electrons
are rapidly produced and multiply charged ions are
created. Without any precautions concerning the8 3
magnetic confinement structure nt values of ~ 107 cm
sec. were obtained (t i 10‘4sec.) in the MAFIOS

sources (Fig. 5).

b) Ion and electron life time problems.

Let us assume that electron heating is no longer
a problem in E.C.R. plasmas and keV electrons are
always available. If one now wants totally stripped
light ions (such as 08+ NelO+ ete...) Fig. 3 shows
that ngt must be of the order of 1010cm 3sec. As e
is limited by the present day commercially available
microwave frequencies, one sees the need of long ion
exposure times (v > 1l07’sec.), i.e. long ion
confinement. Now another difficulty arises. /8/.

Let us consider the flux of electron energy that
is required to satisfy the stripped ion production.
Writing w for R.M.S. electron velocity, this flux
equals

¢e B W K Te Tion/2

For totally stripped light ions we need

10

nT ~ 10 ,Te ~ 5 keV, (w ~ 4.109cm/s.)

If then 1 equals 1 sec., ¢e becomes ™~ 16 kJ/cmz.

However we know that in the best plasma devices,
the ion life time hardly reaches 10-2sec. Under these
conditions, the experimentalist has to create inside
his stripper box an impressive electron power flux of
v 1,6 Md/cemZ,

He also must keep in mind that every decrease in
ion lifetime must be compensated by an increase of
ny,kT, (i.e. by an increase of the microwave power
input into the plasma). For a quasi-continuous E.C.R.
plasma regime one sees immediately the strong
motivation for not only achieving long ion exposure
times but also confinement of the electrons so that they
dissipate their kinetic energy after more than one
pass by an ion. With a microwave power of a few kW
the only reasonable way for achieving a continuous
flux of 1,6 MW/cm2 consists in creating a small
electron flow of, let us say, 1.6 kW/cm?
(Tg ~ 5KeV, 0.32A cm2), and forcing this flow to pass
a thousand times through the plasma (and the same
1 cm?/plane) before getting lost. In other words, one
must trap the hot electrons and the ions in an efficient
plasma confinement system such as, for example, a
high performance mirror device.
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For these purposes we built a magnetic bottle with
a "minimum B" structure obtained by superimposing a sole-
noidal and hexapolar magnetic field. Such a structure
generally suppresses plasma turbulence and improves
both electron and ion lifetimes.
c) The neutral pressure problem and the extracted beam
current.

In a foil stripper, with MeV/nucleon ions, the
charge exchange problems can be neglected. In the E.C.R.
plasma stripper, where the ions are cold, charge exchange
can only be avoided if the presence of neutral atoms
is minimized inside the plasma. Therefore background
pressures of p v 10"8Torr are desired if one wants to
obtain high Z charged ions. However it is difficult to
reach 101%cm-3 plasma density by ionizing a neutral gas
of only 108cm=3 background density. For this reason
we divided the source into two stages. In a first stage,
where the pressure is high, we create a dense cold E.C.R.
plasma which diffuses towards a second stage where the
pressure is as low as possible. 1In this second stage hot
electrons are generated and confined in the "minimum
B" structure and the cold ions are stripped gradually
during their transit. The pumping facilities must be
adjusted to the plasma losses in the stripper box be-
cause the ions and electrons hitting the walls are recom-
bined into neutral gas and represent a heavy gas load.

Therefore it would be useful to minimize the
plasma volume, i.e. the plasma diameter. However we are
rapidly limited in this direction by the ion current
one wants to extract.

As the ions in the E.C.R. stripper are thermalized
by the collisions, one needs (as in ordinary sources) an
ion extraction system in order to obtain transportable
ion beams. If we want to extract from the plasma, let us
suppose, 5x1013 ions/s in the most abundant charge
state <7> (which represents about 10 7% of the total),
we have to extract a total ~ 5x101%4 ions/s. § being the
area of the hole of the extractor, we have to satisfy
the relation
+ + -+
v S 4 nvs

~ 1 ~
g % X0 = gy

Knowing that the thermal speed of cold ions v+
about 105 cm/s, S would be ~ 1 em?. Tt follows that
the area of the plasma within the source must be greater
than 1 cm? in order to cover the extraction hole. If
we accept that 5 7 of the plasma ions are extracted
(this is rather a large number for a continuous ion
source) then the lost ions represent a gas flow of
3x10-4Torr-1/sec. As we want 10 °Torr pressures,

30,000 1/s of pumping would be necessary in the second
stage. Obviously one has to find a compromise. To
maximize pumping speeds in our E.C.R. stripper source
(SUPERMAFT0S) the second stage is imposing; the
diameter of the vacuum chamber is 35 cm.

is

This has to be paid for ZIn terms of electrical
consumption in the B_, structure (v 3 MW) to establish
the necessary magnetic volume (Fig. 6a and Fig. 6b).

III - DESCRIPTION OF THE SOURCE SUPERMAFIOS B.

This is the name of our last version plasma stripper.
(Fig. 7b).

The source is characterized by its large geometrical
dimensions, offering adequate conductence for pumping
in the stripper stage (in total, more than 10,000 1/s
by diffusion pumps, to which is added 30,000 1/s by Tita-
nium pump). The device works in 2 stages. The first stage
is a plasma injector (gas pressure 1072 - 10‘4Torr) where
we create by means of a first electron cyclotron resonance

0018-9499/79/0400-2122%00.75 ©1979 IEEE



Proceedings of the Eighth International Conference on Cyclotrons and their Applications, Bloomington, Indiana, USA

hexapolar loop
L 23KA

LN

<25 kA

solenadal leop

N 0 .
insulators) \

1har- 100 cenductons

Fig. 6 - The stipper stage with its"minimum B field" disposal :
6 a) electrical currents
6 b) mechanical disposal

Fig. 7a
TRIPLEMAFIOS

B i -’.Tosl-!a)

08 L. B )
07 [ L Wiey = e, .
06 SN 3
X | .,
3% | /\ IBZUHFy'“'@CE \
o4l | | . o5 3
03 | ! s ’;‘(\;/"“ ]
02 1. i / TN Jrigh &7 o Vo ko
o i 4\: ! 157105 0 5 10 15 r(cm)
0',‘ B 3‘76. 1
AV i = =T %"

Fig. 7b
SUPERMAFIOS B

Fig. 7 a et b - Multistage ECR strippers.

1) gas injection; 2) waveguide for the 15t stage (16 GHz); 3) 15t stage ECR plasma injector (10 3T0Y‘Y‘);

4) cold plasma diffusing towards the stripper stage, 5) waveguide for the second stage (8 GHz); 6) second
stage containing the hot (~ 10 keV) electron plasma (p ~ 10-3Torr); 7) hexapole; 8) titanium pump,

9) axial magnetic field profile; 9') radial magnetic field in 2nd stage; 10) extraction hole (Bv 2500 Gauss);
10') extraction hole in ferromagnetic sheild and expansion cup (Bv O Gauss); 11) pumping; 12) extractor;

13) Faraday cup; 14) deflecting magnets; 15) movable emittance meter.
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_ _ 9
WFl wepr T Ycpy T 2m7x16x10"Hz,

Bl 0.6 Tesla) a cold plasma which can already
contain ions of low charge states. Thus, we do not have
any filaments or electrodes in this injector.

(useful power P < 1 kW,

After differential pumping (gas pressure 10_7

Torr) a second stage is formed by the magnetic
structure with B towards which diffuses the
injected plasma %ﬁgéguelectrons undergo a second
cyclotronic resonance (useful power PHFZ goes froml to

= 2mx8x10°Hz, B, 0.3 Tesla). This

5 W, wgpy = “cp2 2
resonance heats the electrons up to an energy of 1 to
10 keV. By ambipolar diffusion, the ions and the
electrons are retained some time in the magnetic struc-
ture. Here the ionizing collisions of the electrons
with ions help to increase the mean charge state <Z>

of the ions.

The extraction hole (l.4 cm diameter) is located
at the end of the magnetic bottle in a 2500 Gauss B
field. 1In our previous versions (TRIPLEMAFIOS,
SUPERMAFIOS "A"™) (Fig. 7a)/5//6/ the extractor was
located behind a plasma expansion volume inside a low
B field. However our experiments showed that the
beam quality is not affected by a strong magnetic
field, whereas more current can be extracted because
the plasma density is not diluted.

IV - EXPERIMENTAL RESULTS OF SUPERMAFIOS "B".

Some typical results concerning currents, norma-
lized emittances £ (mmm.mrad) and ion charge are
given in the Table"2. They indicate the number of
particles/sec delivered continuously by the source
with 12 kV extraction and transported to the
emittance meter and Faraday cup (Fig. 7b) (distance
300 cm).

Fig. 8 shows an argon ion spectrum and ion current
versus extraction

CARBON | NITROGEN | OXYGEN ARGON XENON
c3+1014 N sx10'3| 0%t 10! [a8*3.10'3 | %% ux10'?
e -~ 1 € ~08
n n
C,,2 103] ¥8*8x10'2| 0%*3xd3 [a1%8,102 | % '®*sx10'!
en ~ 0.5 En ~ 0.4
(]
N7+5X1012 O7+1013 A12+ ]012 Xe26+4x1010
€ ~ 0.5
n

Fig. 9 shows some emittance shapes and values, and

Fig. 10 a typical nitrogen ion spectrum containing
also high-charge state impurity ioms. Fig. 11 compares
nitrogen ion currents versus Z with the behavior of

the theoretical cross section ratio for step by step
ionization (

Oz+l
3 Te =5 keV

z

Fig. 12 compares yields of nitrogen ion currents
obtained with different sources.

The multistage E.C.R. stripper source was under
operation from 1974 to 1977. It allowed us to study
different problems such as the best magnetic structure,
the wave plasma interactions and the wall problems. The
performances were gradually improved. However not one
sinble breakdown or erosion failure occurred inside
the source for v 2000 working hours ! The only troubles
we encountered were trivial and due to breakdown of
external supplies.” Let us note that the extraction

2124

system was not optimized and better ion currents will
be obtained with a specially adapted system. In
addition, we could easily improve the present perform-
ance by minimizing charge exchange through still better
vacuum pumping. '"In situ' cryopumping would in this
case be necessary. But we come to the crucial question:
Is it worthwhile to install cryogenics without super-
conducting magnetic coils?

The electric power consumption of 3 MW is excessive
for many users. Superconducting coils could therefore
be an attractive solution.

V - THE SUPERCONDUCTING PROJECTS: CRYOMAFIOS.

Different versions are proposed. In the simplest
project only the second stage is superconducting, which
reduces the electrical power consumption to ™~ 150 kW.

In another version, the device is all superconducting

but the vacuum chamber remains at room temperature and
the vacuum pumps are located outside as in Fig. 13.
Eventually, in a high performance project, parts of the
walls are at 20°K, providing important additional
cryopumping /10/.(10 liters of liquid He/hour}. Let us
emphasize that the superconducting E.C.R. strippers

would allow us to increase the magnetic field and
subsequently to utilize higher frequencies in the
resonance zones. In this case the hot electron density

n , which is proportional to w2 _, could also be increased.
sich a change would not only improve the factor n_/N_but
also n.t because the diffusion time is proportional to

L )2 Zani i.e. L223ne
<vg Ti3/2 Ti5/2

(presently in the second stage at 8 GHz the cut-off den-
sity is 8x101lem~3 whereas the routine working density
is of the order of 3x10llem=3). 1If the frequency of HF
could be raised to 16 or 36 GHz the electron density
should achieve respectively 1.2x1012em™3 and 6x1012cm-3.
Not let us suppose two eventualities:

a) pessimistic extrapolation:

By increasing w, . we only increase n_, the diffusion
time T remaining constant (extra lossSes due to some
unforeseen turbulence). Fig 14 then indicates what
kind of Z ion charges can be reached in Cryomafios if
one utilizes commercially available microwave genera-
tors, and recalling that the superconducting coils
are capable of furnishing the corresponding B field
for E.C.R, Totally stripped ions up to xenon are
expected.

b) theoretical extrapolation:

Not only n_ increases but also 1, because T is

proportiongl to Z n . By increasing the density
eff e 723

up to mn, = 20 n_, T; 20 (2—) T and n,T,

such that all the ions up to uranium will be

completely stripped in Cryomafios.

becomes

And last, but not least, the Cryomafios source would
be cheaper than the classical version (because in the
present case the magnet power supplies and coils are
the most expensive part of the device) and, as well, it
could be installed on a high voltage platform.

VI - THE PERMANENT MAGNET MULTISTAGE E.C.R. STRIPPER.

Knowing exactly the optimal magnetic configuration
of Supermafios '"B", we came to the conclusion that the
second stage can be built with up to date permanent
magnets, provided that Wuro does not exceed 10 GHz. In
other words, the present gay performances are achievable
in a Supermafios "B" version with the electrical power
consumption minimized to < 200 kW. A small two-stage
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ion source is now under construction for tests. First
results are expected in early 1979 (Fig. 15).

VII - CONCLUSION.

The multistage E.C.R. stripper devices are today the
only highly-stripped ion sources enabling continuous
or long duration pulsed regimes with stable and intense
beams and adequate emittances. Therefore they look
like the best tool for cyclotrons where the energy
per nucleon could be rapidly increased by a factor 4
to 6 just by eliminating the obsolete PIG sources and
utilizing E.C.R strippers. But by nature they are
external sources and have to be adapted and installed
on a separate high voltage platform. For synchrotron
injection, they can easily work with short pulsesg,
and their working pressure in the range of ~ 10 “Torr

makes them well suited with respect to gas back- ik &
diffusion coming from the accelerator. Let us also 2] =l

recall that an E.C.R. stripper system is much cheaper Fig. 13 - Cryomafios 11 !
than the usual foil or gas stripper system, and that e

the E.C.R. stripper is not life-time limited. In this version the pumping is classical, but the magne-

tic field can reach 1.4 T in the stripper stage resonance.
E.C.R. strippers are not only suitable for accele- I1hen wCEl = 55 GHz and Wegp = 36 GHz.
rators, but also for fundamental research on heavy

ions. They furnish quasi-noiseless beams which become, g 1= 1 d ECR stage
after selection, excellent targets of stripped ions s 2= ECR stripper stage
with densities of the order of < 10'cm . These beams p. - vacuum pumps
allow cross SeCth? meésurements for 1onlzat10n3 D - differential pumping box
recombination, exc1tatloq, etc., in a range of ion W. - microwave windows
charge states never studied before. Sq - super isolation
. S. - solenoids
New microwave power generators (called gyrotrons) H - hexapole
in the range up to 120 GHz will be commercially launch- H.T - Tiquid helium tank
eq in thg next five ysars..lfombigfd wﬁth a gupeyconduc— T - vacuum tank ’
ting stripper stage they wil enable the production _ .
of completely stripped heavy ion beams for cyclotron 3 extraction electrodes.
injection.
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Fig. 15 - Micromafios I.

This ECR stripper is a miniaturized
Supermafios with only 592 kW
electric power consumption.
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*% DISCUSSION #%* nent magnet supermafios, and $5x10° for the
small permanent magnet supermafios.

J. REICH: Could you give some cost estimates

for the different mafios stages? R. DAVIS: Do you selectively extract a par-
R. GELLER: Yes, $106 for the classical B field ticular charge state? If so, how?
supermafios, $§X105 for the superconducting B R. GELLER: The beam is globally extracted,
field supermafios, $7x105 for the large perma- and then selected by magnetic deflection.
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