%29 % 25 12 1) mOE A5 &y A
HIGH ENERGY PHYSICS AND NUCLEAR PHYSICS

2005 4 12 A

Vol. 29, No. 12
Dec., 2005

Experimental Study on Ion Beam Emittance of ECR Ion Source”

SUN Liang-Ting"
WANG Hui

CAO Yun FENG Yu-Cheng LI Jin-Yu ZHAO Hong-Wei
MA Bao-Hua HE Wei

ZHANG Zi-Min

ZHAO Huan-Yu GUO Xiao-Hong

(Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China)

Abstract With a recently developed electronic-sweep scanner system, we have done series of emittance

study on ECR ion source. The electric-sweep scanner system was installed on the beam line of Lanzhou

Electron Cyclotron Resonance Ion Source No. 3 experimental platform of Institute of Modern Physics. The

influences of magnetic field, microwave, gas mixing and biased disc on the extracted ion beam emittance

have been studied in detail. With the experimental results obtained and the empirical results of ion beam

emittance and ECR plasma, some conclusions on the relationship between the source tunable parameters

and electron cyclotron resonance plasma are made out, which might help understand the working regime

of an ECR ion source. The typical results of the experiments and the derived conclusions are presented in

this paper.
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1 Introduction

The Electron Cyclotron Resonance (ECR) ion
sources for multiply charged ions (MCI) have been
developed by R. Geller and his colleagues about
thirty years agom. Since then ECR ion sources were
adopted in some accelerators as their preliminary in-
jectors, which can deliver high charge state, intense
and stable ion beams in both continuous and after-
glow modes. Although now widely used in many
domains, their behavior remains difficult to under-
stand and till now only some semi-empirical and
semi-theoretical laws are available. Fig. 1 presents a
schematic drawing of an ECRIS: a plasma is created
in a chamber where a minimum-B magnetic structure
confines the particles; an RF electromagnetic wave is
injected into the chamber and interacts resonantly
with the electrons of the plasma: the Larmor fre-
quency of the electrons is equal to the frequency of

the EM wave so that the electrons are accelerated
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by the wave electric field towards very high ener-
gies, which enables the injected atoms and ions to
be stripped up to very high charge states. The cre-
ated ions are then extracted and accelerated. The
minimum-B field is a superposition of an axial mirror
field and a radial multiple cusp field (hexapole is usu-
ally adopted for ECRIS). The trances on the plasma
chamber and on the electrodes surface” indicate the
plasma loss areas and also reveal the fact that the
magnetic field influences ion original emission surface
by some way. The magnetic field configuration and
the injected microwave together determine the ECR
plasma and thus set the intrinsic parameters of the
extracted ions, which partly define the extracted ion
beam emittance. Some special tricks like the gas mix-
ing and biased-disc techniques help enhance the per-
formance of an ECR ion source by the way of modi-
fying the ECR plasma, which certainly influences the
intrinsic parameters of the plasma and the emission

conditions of the ions as well. By studying the corre-
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lation between extracted ion beam emittance and the
ECRIS tunable parameters (such as magnetic field,
microwave power and etc.), we may open a new way

to study the working regime of an ECR ion source.
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Fig. 1.
charged ions.

Sketch of an ECR ion source of multi-

2 Experiment setup

To have a global study of the emittance char-
acteristics of an ECRIS, the high performance
Lanzhou ECR ion source No. 3 (LECR3) experi-

mental platform[?’]

was adopted for the experiment
setup. The experiment setup schematic plot is given
in Fig. 2. Two ESS systemsm are installed after Fara-
day cup at both the horizontal and vertical positions
to detect the emittance of the analyzed ion beam
at the horizontal and vertical directions respectively.
Two fluorescent targets are intentionally installed af-
ter the Glaser lens and the Faraday cup to present the
profiles of the mixed ion beam and the analyzed ion
beam respectively. In the following discussion, only

the laboratory emittance values are given.
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Fig. 2.
emittance study on LECR3 platform.

Experiment setup schematic plot for the

3 Magnetic field influences

3.1 At different magnetic field modes

In this research, we studied the emittance varia-
tion with the change of the RF power under H, M and
L magnetic field modes, H, M and L represent high
(Binj=1.58T, Bpin =0.45T, B, =1.17T), moderate
(1.53T, 0.41T, 1.05T) and low (1.45T, 0.36T, 0.93T)
magnetic field configuration respectively. The feeding
RF frequency is 14.5GHz, and the power varies from
100W to 700W for Ar®* and from 400W to 800W
for Ar'?*. No other parameters of the source have
been modified during the experiments except for the

necessary tuning. The results are given in Fig. 3.
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Fig. 3. Influences of different B modes on Ar®*
and Ar'** beams.

It is noticed that when the same RF power is fed
under different B modes, higher magnetic field config-
uration induces larger emittance. And under different
B-mode, the way that the emittance alters with the

increase of RF power is different.
3.2 Influence of extraction magnetic field

In this experiment, two kinds of ions Ar®* and

Ar'** were considered. Except for the extraction
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magnetic field, the other parameters were kept un-
changed. The feeding 14.5GHz RF power is 130W
for Ar®" and 600W for Ar'** respectively. The ex-
perimental data are given in Fig. 4.

We can see that the extraction magnetic field has
some influence on the extracted ion beam emittance:
the ion beam emittance increases with the increase of
the extraction magnetic field B..;. lon charge state
also affects the alteration module of the extracted ion
beam emittance with the increment of B.. From
Fig. 4, we can get that Ar®" emittance has 9% incre-
ment and Ar'** emittance has 38% increment when
B,y is increased from 1.0T to 1.12T.
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Fig. 4. Influence of extraction magnetic field on

the extracted ion beam emittance.

4 Microwave influences

4.1 RF power

The experiment results are also illustrated in
Fig. 3. Easy to see, under the same B-mode, the
beam emittance varies with the feeding RF power:
the higher the RF power, the larger the ion beam
emittance. This is consistence with G. Melin and A.
G. Drentje’s theory[sl on the calculation of ion tem-
perature 7;. But when RF power is larger than a
certain value, the variation tendency alters which in-

dicates another working regime of the plasma.
4.2 RF frequency

Under the condition of 500W RF power feeding,
(Binj=1.6T, By, =0.44T, B, =1.1T) for 14.5GHz
running and (1.6T, 0.47T, 1.21T) for 18GHz running,
we measured the influence of RF frequency on the ion

beam emittance, as is shown in Fig. 5. The other pa-

rameters are kept unchanged except for the Glaser

lens and magnetic analyzer.
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Fig. 5. Emittances of different charge state ion

beams when different frequency microwave is
used to heat an ECRIS.

Easy to see, higher frequency RF power feeding
induces larger emittance for the same charge state
ion beam. This might be the reason of the increase
of ion temperature T; with the increase of RF fre-
quency when the same RF power is fed, which can be
deduced from G. Melin’s formula to estimate Ti[s’ ol
From Fig. 5 we can also conclude that the ion beam
emittance decreases with the increase of charge state.
This result is well consistent with D. Wutte’s'” and

P. Sortais’™ results.

o e . . 9] .
5 Gas mixing and biased-disc” influ-

ences

In this experiment, four kinds of ion beams have
been taken into account, and they are Ar®*, Ar8*,
Art'* and Ar'®*. During the experiment, the feed-
ing 14.5GHz RF power was kept as P, = 600W,
and the magnetic field Bi,; = 1.5T, By, = 0.43T,
B = 1.16T was also kept unchanged. To have a
systematic investigation of the influences of these two
aspects, this experiment is divided into four groups:
(1) no mixing gas + no voltage on biased-disc, (2)
mixing gas + no voltage on biased-disc, (3) no mix-
ing gas + biased-disc, (4) mixing gas + biased-disc.
The mixing gas is 0, and the voltage on the biased-
disc is —26V if the voltage is applied. The results are
shown in Fig. 6.

Fig. 6 indicates that mixing gas can effectively re-

duce the emittances of higher charge state ion beams.
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When a negative voltage is applied on the biased-disc,
the emittance of the investigated ion beam is also de-
creased. When the mixing gas and biased-disc effects
work together, the reduction of the considered ion
beam emittance is not the superposition outcome of
these two effects. It is also obvious that in any con-
dition the ion beam emittance becomes smaller with
the increase of the ion charge state, and the differ-
ence between the four groups is smaller when the ion

charge state is very high.
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Fig. 6. Gas mixing and biased-disc influence on

extracted ion beam emittance from an ECRIS.

6 Analysis and discussion

Many aspects are related to the emittance of
an ECR ion source, which makes the corresponding
study very sophisticated. It was demonstrated that
the emittance of the source depends upon the plasma
parameters: the electron density n, and temperature
T.; the plasma potential ¢; the ion temperature Ti,
the magnetic field at the extraction B and the de-
sign of the extraction system can strongly affect the
plasma boundary and thus influence the emittance™,
Moreover it has been observed and proved theoreti-
cally that the emittance is a function of the charge
state, as is shown in Fig. 5. Till now many experimen-
tal and theoretical studies have been done on ECRIS
emittance, but it is too hard to have a comprehensive
physical image. Someone considers the influence of
the ion temperature of an ECR plasma, and assumes
that there is no longitudinal component of the ex-
traction electric field and also neglects the influence
of the edge effect of the hexapole to the plasma den-
sity spatial distribution", a useful estimation of the

emittance is given as (since the extraction hole is very

small compared to the inner radius of hexapole, in-

fluence of hexapole magnetic field can be neglected.):

T
2QeU

e

+r’B SMT (1)

e=r

where @ is the charge state, U is the extraction HV,
r is the outlet aperture of the plasma electrode, M is

the mass of the ion.

Fig. 7. Ion beam profiles of Ar®" at different
RF power: 50W (top plot), 200W (middle
plot) and 500W (bottom plot).

Supposing that when the extraction magnetic field
is varying, while the other parameters keep constant,
we may have € = gy+k(Q)*/2- B, which indicates that
the emittance is proportional to B. Here, k(Q)/? is
the slope coefficient. We can conclude the higher the
ion charge state, the faster the emittance increases
with the increase of B (as illustrated in Fig. 4). From
Eq. (1) we can see the influence of the ion temperature
to the ion emittance. According to G. Melin and A.
G. Drentje’s theoretical calculation results of ion tem-
perature T;, it is remarked that the more RF power
fed into the plasma, the higher the ion temperature.

So, it is reasonable that the ion beam emittance gets
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some augmentation when more RF power is fed (as
shown in Fig. 3). ECRIS plasma is a complicated self-
consistent system. When RF power is larger than a
certain value, the emittance variation tendency al-
ters, which indicates another regime of the plasma.
Similarly, for different B-mode, the working regime
of an ECR ion source is different, and therefore the
emittance variation mode alters in some way. Addi-
tionally, it was also observed on the fluorescent target
that RF power influences the extracted ion beam pro-
file alot. At different RF power the profile is different
(as is shown in Fig. 7), which indicates different qual-
ity ion beams have been delivered to the experimental
terminal.

The injected RF frequency affects the plasma of
an ECR ion source a lot, such as n., n;, ¢, T., T}
and etc. Thus, the influence to the emittance of the
extracted ion beam is obvious. It is empirically be-
lieved that higher RF frequency might induce larger
emittance, which is experimentally demonstrated in
Fig. 5. G. Melin et al theoretically think that T} is
associated with the other parameters of an ECRIS

plasma by the following correlation:

T2 _p ka2 (aneH) %
i eilve \/Te

S VAT IQNY - Y 1g
i Q A, Q (2)
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i Q i Q

here, Q.qs is the average charge state. If the same

References

Geller R. Rev. Sci. Instr., 1998, 69(3): 1302—1310

2 Spadtke P, Tinschert K, Lang R et al. Use of Simulations
Based on Experimental Data. In: Proceedings of the 16th
International Workshop on ECR Ion Sources LBNL. Leit-
ner M ed. Melville, New York, U S A: AIP, 2005. 47

3 ZHANG Zi-Min, ZHAO Hong-Wei, ZHANG Xue-Zhen et
al. Rev. Sci. Instr., 2002, 73(2): 580—581

4 CAO Yun, ZHAO Hong-Wei, MA Lei et al. Rev. Sci. Instr.,
2004, 75(5): 1443

5 Melin G, Drentje A G, Girard A et al. Ion Behavior and
Gas Mixing in Electron Cyclotron Resonance Plasmas as
Sources of Highly Charged Ions. In: Proceedings of the 15th
International Workshop on ECR Ion Sources. Allardyce B

ion species is considered, the other parameters can
be neglected in the analysis expect for n2Q.q/v/Te
item. Assuming under the same RF power feeding
condition, since the plasma density n., has got its
maximum at lower RF power injection and the maxi-
mum 7, value is related to the RF frequency w by the

21121 "and the coefficient Qg is empir-

equation: n, xw
ically proved to be proportional to w provided that
high enough magnetic field is available[lsl, then un-
der the same condition, higher RF frequency induces
larger T;, and according to Eq. (1), the increment of
extracted ion beam emittance is obvious.

When mixing gas is added to the ECRIS plasma,
the ions of auxiliary gas has the ion cooling effect on
the main gas ions (especially on the higher charge
state ions) resulting from the mass effect in ion-ion
collisions[S], thus the ion temperature of higher charge
state is lowered. In addition, the plasma potential ¢
is also decreased by the mixing gas effect. Then ac-
cordingly, emittance of higher charge state becomes
smaller. The biased-disc is believed to apply an exter-
nal disturbance to the plasma. When negative volt-
age is applied on the biased-disc, the plasma potential
is possibly reduced, and therefore the transverse ve-
locity of the extracted ions is decreased, which results
in lower ion beam emittance.

Although much experimental work has been dine
on the correlation of ECRIS plasma and the extracted
ion beam emittance, it is still a preliminary test.
Many questions are still open. More precise and sys-

tematic experiments are expected.

et al ed. Geneva: CERN-PS Division, 1999. 13—18

6 Melin G, Drentje A G, Girard A et al. J. Appl. Phys., 1999,
86(9): 4772—4779

7 Wutte D, Leitner M A, Lyneis C M. Physica Scripta, 2001,
T92: 247—249

8 Sortais P, Maunoury L, Uillari A C C et al. Emittance Sim-
ulation and Measurements of a Multicharge Ion Beam Ex-
tracted from an Electron Cyclotron Resonance Ion Source.
In: Proceedings of the 13th International Workshop on
ECR Ion Sources. May D P et al ed. Texas, USA: Texas
A&M University, 1997. 83—87

9 Melin G. International Journal of Mass Spectrometry, 1999,
192: 87—97

10 Girard A, Melin G. Nucl. Instrum. Methods. in Phys. Res.,

1996, A382: 252—266



1184 fofe W B 5 % ¥ B (HEP & NP) %29 %

11 Spadtke P, Tinschert K. 2D and 3D Simulation of Ion 12 Melin G, Bourg F, Briand P et al. Rev. Sci. Instr., 1994,

Beam Extraction from the ECR Source. In: Proceedings 64(4): 1051—1056

of the 14th International Workshop on ECR Ion Sources. 13 Gammino S, Ciavola G, Celona L et al. Rev. Sci. Instr.,
Allardyce B et al ed. Geneva: CERN-PS Division, 1999. 2001, 72(11): 4090—4097

143—146

ECR & TR 57 4 5 ALl #f 5t

ppEY ¥z LER ZhE BT KFER IE
Doxde fIf5 BIFE e

(P ERME BT A ERE T M 730000)

WE AARFETRANNEETE LA ERNEZS, ZECREFRELEH#HTT — £ 7 X TECRE T3 HH ik
RATE BT X E R E R A RN R G2 A B A R K B 7 BT (2 M) 89 LECR3 R I F & 8y K32
L RBw, BLMEMXSHK R T @ B BR800 R G E BN %3 5] R &4 Z 8 ® . Al
RAEBRPRNEREXTECREETAME TRRARASA LG FZRER, SR TETRESTHSHS
ECRE¥BETHW AKX R, XA MRRECRE TR THENFRET — 2N EFHKE.

XA ECRETHE A4E ECRE¥ETH

2005 — 03 — 14 ks
*E AN H ARG (10225523 ) FlE 5K H SRR 542 (10305016, 10405026) %5 Bl

1) E-mail: sunlt@impcas.ac.cn



