


1 Introduction

Development of Electron Cyclotron Resonance Ion Sources has
‘grown a great deal in the last decades. Because of the desirable
charactenstlcs of ECR sources including high charge state produc-
tion, h1gh mtens1ty, stabxhty, wide range of ion species, relatively
longevity and ease of operation, the sources have found appli-
cation in heavy ion cyclotrons, heavy ion linacs, synchrotrons
storage rings, radioactive beam facility, atomic physws and ion
1mplanters The other application is being planned and being. de-
veloped. Although the number of ECR sources used for the pro-
duction of high charge state ions continues to expand with more
than 40 now in operation[1], there are still so many laboratories
from different areas all over the world who are anxious to be wait-
ing for the use of ECR sources. It is the relatively high price of
ECR source that prevents them from using it. Particularly, the
ECR sources for the production of high beam current and high
charge state are expensive for most of groups. The main cost of
such ECR source comes from expensive hexapole with high enough
magnetic field on the wall, rf generator with high frequency and
enough output power, high electric power consumption, and ex-
pensive insulator with complicated structure. It would be exciting
and promising for the application of the ECRIS if we could pro-
vide a source with relatively low costs and good performances. A
new hexapole with contlnuous easy axis orientation and a small
10GHz rf generator with relatwely low price in Russia make such

thing to be possible.
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2 General Description of the Source
Design
2.1 Source Structure

Figure.1 illustrates the design of this source. The main pa-
rameters are listed in Table 1.

This source shares many common features with other ECRIS,
_such as plasma chamber with double wall for cooling, 6.5 cm in

diameter, 16 cm in length; the coaxial line for the rf couphng‘

and’ gas feeding; the cone-shape ring around the first stage used
for raising the axial magnetic field peak and defining the peak
position; the two solenoids shielded by iron rings; the iron ring
between the two solenoids dedicated to the reduction of the ax1al
field in the center to achieve a required mirror ratio. '

' 'What is more 1mportant about this source is that it is equlpped‘

w1th a new hexapole and a very simple insulator. As shown in
Fig.1, two different extraction systems correspondmg to two dif-

ferent magnetic field configurations are employed On the other
hand, the ‘magnetic coils, the double plasma chamber and the

other elements in the beam line will share with the same cooling
system. In this case, the coi)l‘ingfw’at'er pressure should be very
low, and the detailed calculations for the cooling water pressure
is essential. -

2.2 Hexapole with Contmuous Easy Axis Ol‘l-..

entation

In most of ECR sources hexapole is used to confine the plasma,

radially. Generally speaking, the thickness of hexapole is very
important to the magnetic field configuration and electric power

consumption. One wants to make the hexapole as thin as possi-
ble in order to leave more space for the magnetic coils. In recent
years, although various constructions of hexapole were employed
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Figure 1: The source structure. (a): Without iron puller. (b):
With iron puller.



- TABLE 1

Parameters of the New 10GHZ ECRIS

AXTAL MAGNETIC FIELD
Peak on axis

Typical solenoid current
Maximum solenoid current
Length of the second stage mirror

,HEX‘APOLE

External diameter

‘Internal diameter -

Hexapole length

Hexapole field on chamber wall
PLASMA CHAMBER

Internal diameter for second stage i
Internal diameter for first stage
Length for the second stage :
SOLENOID' Y
Solenoid number

Internal diameter

External diameter

Pancake number

Number of the layers

Maximum electric power consumptlon
Cooling water flow rate . !
Cooling water pressure o
Length of the wire for two solenoids

12T
900 A

950A .
15.5 cm No iron puller
18. cm With iron puller

12. em";
7. cm
16. cm

- 08T

6.5 :cm“’ V

2.5 cm

16 cm

13. ecm
34. cm

4 Double pancake
R

40 Kw 7
11. 1/min o
4 atm '

130 m

by different ECR sources, it turns out that Halbatch constructlon

has been adopted in more and more ECR sources. The hexapole

with a Halbatch construction{2] consists of M geometrically iden-’
tical pieces. The structure is invariant to rotation by the angle

27 /M. Throughout each piece, the easy axis points in the same

direction, but that direction advances by 87 /M from one piece to

the-next. The hexapole comporent of the magnetic ﬁeld within

the aperture (r < rp) is g1ven analytmally as

lBl—-B( V- < )1K R CY

where K = cos3(e7r/M)ﬁ%f/—;j}Q,’ o ‘ : )
r1 and r¢ is internal and external radlus of the hexapole respec-:.
tively. € is volume ﬁlhng factor, B, is the remanent field of the"
material. {

Eventhough the Halbatch constriiction both maximizes the
strength of hexapole component and minimizes all the other com-
ponents in comparison with other. hexopole constructlons for a

given amount of hexapole materials, such construct10n causes a

loss of magnetlc field within the aperture because it is formed by

segmented pieces and the easy ax1s orientation is not continuous.

It is also difficult to get a maximum exploitation of the magnetic

material’ ‘for_ such construction. In order.to produce strong fields:
of:highf’qtgrality, one wishes the number of segménted pieces is as
much as ‘p'ossible, with M/3 > 8 easy axis orientation per.period..
being a good guide number[2]. On the other hand, the segmented
pieces;s'hou'ld be placed, with the largest possible: volume: ﬁlling
factor, as closely as possible to the "business” region, and the easy

- axis throughout ‘each piece should point precisely to the desired’

direction. All of them add the d1fﬁcult1es for machlmng and cause"
a h1gh price. ' .

" In fact, an ideal hexapole should be with contlnuous easy axis
orientation. That is an upper limit for M — oo in formula (1).
Halbach construction is- just a reasonable approximation to such:
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ideal hexapole. The magngtic field within the aperture is:

‘ 3 r r L
| B I= 5B - (2] ©
124 a) ‘Br=1.2T Continuous ]
1.1+ x Br=1.2T 24 pleces o ;{_;f_
1.0t a Br=1.0T Continuous . ﬂ;zx 4
091 wm . Br=1.0T 24 pieces 2(:5 _v‘;_':'-
0.81 ¢ Br=1.0T 12 pieces ﬂ,f‘)/"v/:*- %
0.7{ g
E 06 ; r1=3'5-.,v~f2'=~670 cm %;:{4_:’/. |
[as] . =-./." )

r(cm)

‘ Figufé'Z The radial magnetlc field for the- hexapole w1th- ’
continuous easy axis orientation and the hexapole w1th Halbatch -

constructlon con51st1ng of 12 and 24 pleces

In companson w1th Halbatch constructlon the same size hexa— o
pole with continuous easy axis orientation can produce stronger
field. In other words, the same magnetic field on the wall can be
available by a smaller hexapole. Fig.2 shows the radial magnetic
field for the hexapole with continuous easy axis orientation and,

the hexapole with Halbatch construction consisting of 12 and 24
pieces, the internal and external diameter for both of them being

7.0 cm-and 12.0 cm respectively. Such hexapole overcomes those .
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disadvantages -of ‘the Halbatch construction. -It is. obV1ous that™
there is more space to leave for magnetic coils if an ECR source
is equlpped with such hexapole The technology to produce such
hexapole with external dlameter up to 12.0 ecm has already ma-
tured in Russia. The price is much more less. than that of the
usual segmented hexapole L :

Conmdermg the costs, the compact stlucture the radlal con-
finement to the plasma, and the restraint to the 1nterference be-
tween the coils and the hexapole[3], we make the hexapole to bed
with the same length as the chamber and _]ust beyond the mlr-
ror in the second field configuratlon That is 7. 0 cm 1n 1nterna1,
dlameter, 12. 0 cm in external dlameter and 16. 0 cm in length
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- Figure 3: The axial magnetic field distribution.



2.3 Conﬁguratlon of the Ax1al Magnetlc Field

laid on the optlmlzatlon of the ax1al magnetlc field conﬁguratlon,f:

shown in Fig.3 . We have to get a compromlse among the rea-

sonable magnetlc field conﬁguratlon the minimum electrlc pOWer '

consumption and the minimum size of the source body It is very
1mporta.nt to opt1m1ze the coil arrangement (pancakes and turns)

and the relatlve pos1t10n of the coﬂs in order to minimize the

magnetlzed volume The exc1t1ng results from the last version of

CAPRICE[4] and GANIL ECR4[5] remlnd us to test two dlﬁ‘erent_’_
axial magnetlc field conﬁguratlon The both field conﬁguratlons

‘have'a hlgher magnetic field peak ( 1.2 T) near the first stage and
a relatively intense gradient in the region between the first'stage
and the second stage, which might be beneficial to raising the
beam current. We also pay a special attention to increasing de-
liberately the axial field gradient at the resonance position. The
two field configurations share with almost the same distribution
in the injection region. The only difference is in the extraction

region. The des1gned structure makes it easy to vary the field

configuration from one to another.

In the first conﬁguratlon with an asymmetry dlstrlbutwn the"
~special shaped ring in the extraction region allows us to optimize

the field distribution and define the position of the second peak.
The mirror is inside of the "’chamber. A stainless puller_ will be
used in such conﬁguratlon

In the second configuration with a symmetry d1str1but10n, a
special iron puller is adopted to raise the second peak and define
its position. Meanwhile the use of the iron puller makes it possible
to inject amount of backward energetic electrons into the source

through the extraction hole. These electrons entering the source -

as a beam of high énergy might substantlally contrlbute to the
formation of the multicharged ions, and this effect is enhanced by
the high magnetic field on the injection side[6]. Such symmet-
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rical magnetic structure might make the source to generate two .
closed ECR layers, All of these are supposed to be>good for -the
production of high charge state ions. The magnetic peak on.the .
extraction side in such field configuration is around the extraction

hole. : SRR
2.4 Calculation of Cooling. Water Pressure for
- the Coils and the Plasma Chamber

2. 4 1 Cooling Water Pressure for Conls

The power dlss1pated in the c01ls may be expressed as the

integral on all the coils :

g aees |
p=[rdgast @)

af : B
where ds = drdz is the coil section element. j is the wire current
dens1ty averaged on ‘the coppér conductor, the cooling water hole
o is the wire conduct1v1ty a.nd f is packlng

factor. :
In practlce we often use a umform current d1str1but10n Then

the formula (3) may be sunphfied as:

: (7 +r N et drer e
P= ( n’ e:l:) o | ( 4)
.. os ek
where r;,;arldvre: is internal and external radius of the coils re- .
spectively.;.N. is the total turns. s is the area of the wire section
conductor, and I is the electric current. .

We assume that the cooling water can absorb all of heat pro—
duced by those coils. Then the flow rate of cooling water is given
by: ‘

14.4P

vy = AT | - ®
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power (kw) ‘AT is the water temperature dxfference cooled from’

minimum to maximum (centigrade).
The water pressure can be calculated from the Darcy-Weisbach
equatxon[7]

pfLV?

AP = S
. 2Dg

k4

where AP = water pressure

L =length of the wire pipe

D =internal diameter of the wire pipe

V =flow velocity, V = :_1‘;!2"

g =gravitational constant

f =friction factor, for turbuIent flow, f is calculated from
Colebrook equation: ‘

1 ’ 2.51

N \/7 2log1o(3 D R\/}') (7)

where R = Reynolds number ——Q

v=Kinematic V1scosxty , .
e=absolute roughness, here the unit of ¢, and D is feet
After optimization of the coils, we decided to use two solenoids.
Each solenoid consists of 4 double pancakes with 11 layers of 5.0
mm hollow-core copper wire. With such coils and our field config-
uration, the maximum power consumption is about 40 Kw for the

axial magnetic field peak 1.2 T. The water flow rateis'11 1/min -
(30°C' cooling water dxfference) The cooling water pressure is less

than 4 atm.

2."4.2 Cooling Water Pressure for the Plasma Chambér -

In our new source, the cooling for the hexapole is realized
by a double wall of plasma chamber in order to avoid corrosion
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Figure 4‘: The model of the double wall chamber.

problems So the cooling water is running around the double wall
chamber and the water is never in contact thh the hexapole In
such case, the evaluation of the coolmg ‘water pressure for the
double wall chamber is essential. - L ,

We can assume a'simple model of the double wall chamber for
the calculation convenience, shown in Fig.4. We suppose it could
be divided into two part, one half for the cooling water flowing
in; and the other half for ‘the water flowing out. If we ‘neglect
the losses due to sudden expansions from part I to part IT and
sudden contractions from part II to part I, the water pressure for
the double wall chamber can be calculated as followmg

4prj L2 .
g (D3 i D3 ) R (8)

eqr " g2

APwall -

where p, f, V, g have the same meaning as those in eq.(6);~~L1 -and
L, are the length of the double wall chamber in the first stage
I and the second stage II respectively. D, and:D., are the
equivalent diameter corresponding to I and II . The equivalent
diameter is equal to four times the hydraulic radius[7]. -

D= (DI - D= o m(D3-d3)
€q1 . w(Dy1+d1)+2(D1~dy) . €92 = w(Dz+d2)+2(D2—d2),

If we assume the main quantity of heat in the chamber comes
from the rf power (maximum 800 W), according to our calculation,
the cooling water pressure for our double wall chamber is less than
1.0 atm. So the double-wall chamber can share with the same

cooling system as those magnetic coils.
11



3 Characteristics and Prospects

We conclude the characterlstlcs of this new 10 GHz ECRIS
as following:

e Equipped with a new hexapole with continuous easy axis
orientation. Thicknessis only 25 mm, and the price is lower.

o A ,simple, flexible and compact structure .

Lower electrlc power consumptlon

Lower coohng water pressure

ngher ax1al magnetlc ﬁeld peak

Operated with two dlﬁ'erent magnetic‘ﬁeld 'conﬁgurations ‘_

shop.”

) Small and cheap of generator ‘

The price of the whole source maybe lower several times
than the usual one " ‘

Table 2
Parameter Comparlson w1th CAPRICE and GANIL ECR4

Small and s1mple msulator maybe avallable in commerc1al'

fec‘l' ¢|'nt‘ » Lmnr Brwall Bzmaz Pclec Wx H®

o GHz | cm cm T T | Kw |cm X cm
CAPRICEFT| 10 |66 ] 16(19)° | 0.8 | 1.1 | 70 | 38x65
ECRA4 145 | 6.6 16 09 | 1.1 50 40x%40

| DECRIS-10°[ 10 | 6.5 15.5(18)? 0.8 | 1.2 | 40 | 34x43

a: W and H is w1dth and helght of ECRIS respectlvely
b : The symmetry field configuration with iron puller
¢ : The designed new ECRIS
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The parameter comparison with CAPRICE and GANIL ECR4 is
shown in Table 2. In view of those characteristics, it is promising and |
exciting to make such source into a commercial one. We are confident
that it will have a good performance in the 1on productlon of hlgh
intensity and hlgh charge state. '

In addition; the productlon of radioactive beams presents a world-
wide interests for nuclear physics, 'and it is also very interesting to
FLNR and other accelerator facilities. The ion source for the produc- -
tion of such radioactive beams should fulfill the following requirements: :
high ionization efﬁc1ency, short ‘delay time; stable operation and.long
life - tlme _Generally, radioactive elements are produced in very small
amounts; so in order to transform them into i ions the gas efficiency of the -
source is the 'most important parameter. It has turned out that ECR
source is the only one[8] to produce good efficiency i ions from N to noble -
gases. It is also clear that the trend of using ECR source to produce '
radicactive ions with heavy ion' primary beams has been i increasing.

Up-to now: so many ECR sources. have: been:put into" operatlon for’

the productlon of radioactive ‘beams, such as-Louvain-la-Neuve ECRIS
in Belgium[9], TISOL 'ECRIS at TRIUMF{10], NANOGAN ECRIS at
GANIL[8], and ' so on. We have also observed that it is possible to use
ECR source for the production of radioactive beams with high charge
state correspondlng to a suitable @/M value for post acceleration in
cyclotrons

Due to the simple and flexible structure of our new ECR source,

" it is. easy to change it into a source for the production of radioactive

beams. So we think our new ECRIS will not only be used for the ion
production of high intensity and high charge state, but also possible
used for the production of radioactive beams-after a little modification.
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Edpemos A., Kytnep B., Uxao XyHseit ' E9-93-441
Pazpaorka nonHoro ucrounuka JIIP-10 Ty
C FEKCAroJIeM HOBOM KOHCTPYKUMH

Paszpaboran HOBbII1 D1IP-UCTOYHMK MHTEHCHUBHLIX ITyYKOB MHONO3aPSIIHEIX MOHOB C 4aCTOTOM
Hakauku 10 I'Tu. OcHoBHOI 3a5aueit npy CO3AaHUM NPOEKTA ABMAACH Pa3paboTka NPOCTOro Jiele-
BOT0 MCTOYHHKA C rMGKO# MArHMTHOM CTPYKTYpPOit. B MCTOUHMKE UCNOAB3YETCH HOBAs KOHCTPYKUMS
FEKCANoJis ¢ HEMPEPHIBHBIM M3MEHEHMEM OCH JIETKOFO0 HAMATHMUMBAHMS, UTO NO3BOJIIET CO3NATH
KOMIMAKTHYI0 MArHUTHYI0 CHCTEMY € OTHOCHTEJIBHO HU3KUM NoTpebaenneM aueprun (Menee 40 kBt)
Y JaBJIEHHEM OXJ1ax/alomen xuakoctu. Kpome toro, nnsa CBU-HakaukM UCTOYHMKA NpeAnoJara-

-€TCs UCMOJIL30BATh KOMIIAKTHBIMH ICIEBBII FEHEPATOP C BHIXOAHO MOLHOCTDLIO 10 800 BT. B pesysib-

TaTe MPOBEAEHHO ONTMMH3AUMM YIANOCH NOJYUHUTL HEOOXOAMMOE aKCHAJILHOE PacnpenesieHue
MarHMTHOIO N0JIs C BEJMYMHOM B MakcuMyme 10 1,2 T npu ABYX pa3ivyHbIX KOHCTPYKLIUSX B paiioHe
JKCTpaKUHH. IIpUBOAMTCS CpaBHEHHE NaPAMETPOB UCTOYHHMKA C AHAJIOTMYHBIMU — 1Sl UICTOYHHMKOB
CAPRICE n GANIL ECR4. ITp1MBOAMTCS METOAMKA PACUETa CUCTEMBbI OXJAMIACHWUS KATYIIEK M
HMOHM3ALIHOHHOI KAMEPbI, 4 TAKIKE PaCCMOTPEHBI BO3MOXKHBIE 00JIaCTH NPUMEHEHNS AAHHOTO MCTOY-
HMKa.

PaGora Beinonuena 8 JlaGopatopum saepHbix peakuuit ONSIH.

Coobuenne OfbeanHEHHOO MHCTUTYTA SAAEPHBIX UccaeaoBanuit, JlyGua, 1993

‘Efremov A., Kutner V., Zhao Hongwei E9-93-441
Design of a New 10 GHz ECRIS with a Hexapole
of Continuous Easy Axis Orientation

A new 10 GHz ECR ion source for the ion production of high intensity and high charge state is
planning to build at FLNR. The main point about the design of this source is that we try tg get a very
simple and cheap ECR source with a flexible structure which could be variable during operation
according to different purposes. This source will be equipped with a new hexapole with continuous
easy axis orientation. Because of such new hexapole, this source is very compact with a simple
structure, lower electric power consumption (less than 40 kw), lower cooling pressure, and relatively
low price. In addition, a very compact and cheap UHF generator with an output power 800 W will be
used in this source. An intense axial magnetic field up to 1.2 T and a needed field distribution are got
by a fine optimization. Two different field configurations with and without iron puller will be tested.
The designed structure makes it easy to change field configuration from one to another. The
comparison with CAPRICE and GANIL ECR4 are described. The detailed calculations of cooling
water pressure for the solenoids and the double wall chamber are presented, and at last the features
and prospects for the application of this source are reviewed.

The inVestigation has been performed at the Laboratory of Nuclear Reactions, JINR.
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