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®U3MKA U TEXHUKA YCKOPUTEJIEN

A COMPUTER MODEL OF PARTICLE BALANCE
IN ECR ION SOURCES

G. D. Shirkov, A. V. Philippov'

Joint Institute for Nuclear Research, Dubna

The investigation of widespread model of particle balance and energy transport [1-5] for calculation
of ion charge-state distribution (CSD) in electron cyclotron resonance (ECR) ion source [6] is given. The
modification of this model that allows one to describe more precisely the confinement and accumulation
processes of highly charged ions in ECR plasma for gas mixing case is discussed. The discussion of
the new calculation technique for ions and electrons time confinement calculation based on the theory
of Pastukhov [7,8] is given, viz. calculation of confinement times during two-step minimization of
special-type functionals. The preliminary results obtained by this approach have been compared with
available experimental data.

B p 6oTe mpo H NU3MPOB H IIUPOKO P CIPOCTP HEHH S MOjeNb yp BHeHWH 6 i HC [1-5] mia
P cuer 3 pamOBBIX p chpeneneHuii noHOB (3PM) B HOHHOM HCTOYHHKE H 3JI€KTPOHHO-IUKIOTPOHHOM
pe3on Hce (DLIP) [6]. IIpuBoauTcs MOAU(MUK LU P CCM TPUB €MOH MOJIENH, IO3BOJISIONI S G0oJiee TOYHO
OIUCBHIB Th MPOLECCH YAEPXK HHUS M H KOIUICHUS TAXENbIX HOHOB B DIIP-11 3Me MOHHOTO MCTOYHUK B
ciyd e cMecH T 30B. OGCY X/ eTcsl HOOXOX P CYET BpeMeH yIepX HUS Y CTUIl (MOHOB M dJIEKTPOHOB) H
ocHose Teopu I1 ctyxoB [7,8], HMEHHO: p CUET BpEMEH yIepX HHUs B IPOIECCe ABYX3T MTHOM MHHU-
MM3 UM (PYHKIMOH JIOB CIIEeM JIbHOTO BUJ . [l eTcsd cp BHEHHE C 3KCIIEPUMEHT JIbHBIMU PE3yNIbT T MHU.

PACS: 29.25.-t

BALANCE EQUATIONS SET FOR CALCULATION
OF ION CSD IN ECR ION SOURCE

The described model of ion CSD calculation is based on balance equations set for ion
and electron densities in the ECR plasma of ion source. Inherently the balance equations
technique is one of the methods for solving Boltzmann equation [9] applied for investigation
of heavy charged ions accumulation in ECR ion source.

In compliance with some previous work [1, 2], the main set of the balance equations for
ion and electron densities have been generalized for a case of multicomponent consideration
of electron fraction in ECR plasma [3-5]. Also, the additional collision processes have been
added into the set of balance equations; however, with the admission of cold electrons to
the calculation we must include radiative recombination process which becomes significant at
the higher charge states; also in recent years the importance of dielectronic recombination for
reducing the charge state has become recognized and in this case this process was included too.
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The agreed notations for the set of Egs. (1), (2) and for next describing formalism are: s,
s’ — ion species indices; z, 2/ — ion charge-state indices; m — process multiplicity index
for single and double ionization and charge exchange processes and a simple index in case
of radiative recombination m = 1 or dielectronic recombination m = 2; k, k'’ — electron
component indices; %y, — neutral velocity; Vecr, Secr — volume confined by resonance
surface and its area; mz/?;jf;ﬁz dmks Vss—z—ms Vs s—z—m,k — lonization, charge exchange
and radiative rates from charge state z to z + m for ionization and from charge state z to
z —m for charge exchange and recombination processes, correspondingly; 1 -, ne,; — ions
and electrons densities; ng o, 7, — neutral density inside and outside of the source chamber;
Ts,z» Te,k — confinement times for ions and electrons; Teh_ x_k — time heating for electron
component with temperature T, ; to Te s, here k < k' 3 T, T.r — ions and electrons
temperatures; psA\ek pek\s:z __ collision rates between ions and electrons and its contrary;
v\ pek\ek” _ ong and electrons collision rates, correspondingly.

The main equations set for ion densities generalized for a gas mixing case has the following
form:
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dn M K
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The balance equations for a case of multicomponent consideration of electron fraction in
ECR plasma are

S M K 3
dn€70 _ § § § : m_ ion
dt - Vsz mﬂzkmneknez m=

S M K n n
m. T e,l e,1
- E E E E Vs z—z—1k ek Ts,z — +h - To1 )

e,1—2 )

s=1m=1k=12=1 (2)
dne,k ~ Nek—1 e,k e,k
— "h T h - )
dt Tek—1—k Tekoktl ek
dnex  Me k-1 Ne, K
— _h - :
dt Te,KflﬂK Te,K

Here also in Eqgs. (1), (2) S — number of different ion species; Z; — nuclear number of ion
species s; K — number of electron components; M/ — maximal process multiplicity value.
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PLASMA NEUTRALITY AND LOSS FLOW CONSERVATION

Based of the main set of balance equations (1), (2), it is easy to show one of the important
properties of this system, viz. conservation of the loss flow of charged particles from the ion
source:

d [ a z DM R e
T ZZzn&z—ZneJﬁ :Z —ZTe’ =0. 3)
s=1z=1 k=1

This indicates that the plasma neutrality (first part of this expression) is realised if the
loss flow is conserved (second part of this expression). This fact is used for developing of
new method for time confinement of charged particles trapped in minimum-B magnetic field
configuration of ECR ion source. This fact is valid for both of operating modes of ECR ion
source working, i.e., stationary and dynamic.

NEW METHOD FOR TIME CONFINEMENT CALCULATION

Using the dependence of ions time confinement on potential dip 75, = 75 .(A¢) and
of confinement time of cold electron components on plasma potential 7. = 7 o(¢), the
following functional was made:

Fi(Ag,¢) = | 1— === - (4)

It is easy to see the relation between the two last expressions (3) and (4). The result of
minimization problem for the first functional (4) is two values potential dip A¢ and plasma
potential ¢ and this entire forms the first stage of the new method for time confinement
calculation. The second stage of the developed method regards to correction of the time
confinement that comes from the first stage. Use the following functional:

F2 (Tl,la T1,2y ~--5s T1,Zy5+--5 TS,1, TS,25 - -3 TS, Zs, Te,05 Te,15 « -+ Te,K) =

S Zs
Yy
_ s=1z2=1 Ts,z

= |1-== ©

K
Ne k

§ : -

=0 &k

2

and minimize it, the new confinement time in this case is more proper, but of course it is a
problem for discussion.
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The above two-stage minimization scheme involves the Pastukhov theory for charged par-
ticle confinement in the open magnetic trap [7] with modification by Rognlien and Cutler [8]:

o <26A¢>2
_ TMs, 2 k?BTsz Z@A(b
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148 (n R+ VIn ) o VER+D) WER+2)

Te,k = ’ = ’

Ve, k 2R

Here R — mirror ratio; L — effective mirror-to-mirror length; e — electron charge.

On the first stage the expressions (6) was used in order to determine A¢ and ¢ values.
These values and formalism (6) were used on the second stage but only like starting point for
minimization problem of second functional (5).

The Spltzer formalism [10] was used for calculation of partial rates v
52\s",2" pek\er” and total collision rates v, . and vk, i.e.,

2
> ( e ) (6)
exp :

s,z\e, k pek\s,z
9

1%

JMamg 2222 ng \\P
oV =110 OV T e N e, @)
\/(maTﬁ +mpTa)’

Here «, 5 — ion or electron species indices; A\8 __ Coulomb logarithm. For more detailed
information, see [10, 11].

We also note here that the developed approach (first minimization stage) can be used to
compare plasma potential and dip with available experimental data.

DEFINITION OF VOLUME CONFINED BY RESONANCE SURFACE AND ITS AREA

The volume Vgcr confined by resonance surface and its area Sgcg are parameters in
the first equation in the set of balance equations (1), (2). Previous works use numerical
estimation [1] of volume confined by ECR surface and its area or some assumption about
resonance surface shape [2-5] that supposes the analytical calculation of these two values,
e.g., ellipsoidal shape.

Based on the approximation of minimum-B field configuration produced by ECR ion
source magnetic system it is possible to find the implicit equation of ECR resonance surface:

F=F(,y, 2).
The following approximation of the magnetic field map was applied [12]:
0
Alp, 6, 2) = 45 . ®)

A,
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Here Ay = Ag(p, z) — azimuthal component and A, = A,(p, #) — longitudinal component
of vector potential A = A(p, 0, z):

p3 By sin 30

3R32 ©)

AG(P; Z) =N <P%> o (Z)’ (I)(Z) =B +2232a Az(ﬂ; 9) =

Here By/ R%, B, Bs are numerical coefficients; By is a pole tip magnet field and Ry is a
lens radius. The dimension of a quantity Bo/R32 is G/cm?, and dimension of quantities B,
Bs is G. The magnetic field B = B(p, 0, z) is defined as

B=VxA. (10)

After conversion (9) to Cartesian coordinate system and definition of the magnetic field
absolute value B = B(z, y, z), for F(z, y, z) we have

F((E, Y, Z) = B(i[,’, Y, Z) - Bres;

B(z, y, 2) = \/B2(w, y, 2) + Bi(x, y, 2) + B2 (2), an
B:C(x) Y, Z) = (mQ - y2) By —x 2 B27

By(z,y,2)=—y (22 By+2 B2), B.(2)=%(2).

Here B,.s — resonance value of the magnetic field in Gauss and coefficient of B / R2 here
was redefined as By. The volume can be defined as

Vecr = // dv, dV =dxdydz, Q={(z,y,z2): F(z,y, z) <0}, (12)
Q

and resonance surface area is

SECR = #n-ds, dS =ndS, dS = dxz dy,
S

(13)
S=A{(z,y,2): Flz,y, 2) = 0}.
Using the Ostrogradsky—Gauss theorem, we reduce the last expression, i.e.,
#n'dS:///V'ndV, SECR:///V~ndV,
s Q Q
( ) (14)
VB(zx,y, z
n=n(z,y, 2), nxy 2)=—m——"-.
R A 7= e

The formalism (11), (13) for calculation of Vgcr and Sgpcr was applied using Monte
Carlo method and tested for surfaces with analytical expression for volume and area, i.e.,
sphere with given radius and ellipsoid with given semiaxis.

For more detailed description of this calculation, see [13].
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ECR HEATING PHENOMENON

Assuming the expression v, j for total electron collision rate well-known, the time heating
can be determined as follows [9]:

, 2me(Te s — Tek)
Tek—t =\/ am (15)

Here £ — magnitude of the external super high frequency (SHF) field; m. — electron mass.
The dependencies of external SHF field power P, ~ E? can be found in [6].

PROCESSES RATES CALCULATION

The values myion my,CxX my,r

52— z+m. ke o r—z—m> s,2—z—m,k In balance equations set (1), (2)
describe the transfer rates of ions from charge state z to z+m for ionization and from charge

state z to z — m for charge exchange and recombination processes, correspondingly.

Electron Impact Ionization. The electron impact ionization is the main process for the
ions production in ECR plasma.

There are a lot of experimental data for electron impact ionization for neutral atoms and
low charged ions in the literature, and also different theoretical models are used to calculate
ionization cross sections for highly charged ions, as well as for low charged ions and neutrals.
Lotz’s formalism [14, 15] is one of the most useful for calculating ionization cross sections
of neutral atoms and ions by electron impact.

The multiple ionization rate of an ion from charge state z to z+m by electrons impact of
energy L. ; was calculated assuming thermal equilibrium for the electrons and average over
Boltzmann distribution f, ; of temperature T, ;. The cross section for this calculation was
taken from [14, 15].

Charge Exchange Process. As opposed to electron impact ionization, charge exchange
processes reduce the mean charge of ions, increase the total ion number in the plasma and
can be considered as a very undesirable process in ECR ion source.

The cross section of the charge exchange process for low collision energies does not
depend on the energy, has a strong dependence on the ionic charge state and ionization
potential of the neutral atom and can be estimated, for example, from the well-known empirical
formula of Miiller and Salzborn [16, 17]. Assuming that the plasma is close enough to thermal
equilibrium to use the Boltzmann distribution f; . and formalism [16, 17], the multiple charge
exchange rates were calculated.

Recombination. Electron capture into an excited state of an electron shell with simulta-
neous emission of a photon is radiative recombination. Sometimes this process is important
for highly charged ions in plasma of cold electrons. Another process is electron capture into
a fixed excited state of an electron shell with a simultaneous transition of one electron of the
shell at the excited level. This is dielectronic recombination, a resonant process negligible for
electron energy in the keV range.

The radiative rates have been calculated in compliance with reference [1].
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NUMERICAL EXAMPLES FOR SERSE ION SOURCE

The developed method has been applied for extracted current calculation of currents
from superconducting ECR ion source (SERSE 18 GHz, INFN-LNS) in stationary operating
regime [18].

The Cauchy problem for system of nonlinear differential equations (1), (2) of particles
balance in dynamic operating regime of ion source was posed.

The solution in dynamic case is used as first iteration for densities of nonlinear algebraic
equations set based on (1), (2) which describes a stationary operating regime of ion source
working.

The confinement times of charged particles trapped in ion source are found due to two-
stage minimization of special-type functionals (4) and (5) created with flow equation (3).

The fitted magnetic field parameters By, B, By (8)—(11) are

By =333.7G-cm 2, B; =5373.8G, By =425G -cm 2, Bes = 6425.9 G. (16)

For these parameters (16) the volume Vgcr confined by resonance surface and its area Sgcr
(12)—(14), we have
Secr = 210 cm?,  Vicr = 260 cm?. (17)

The dimensions of SERSE ion source working chamber are

D=13cm, L =48 cm. (18)

An approach commonly adopted for the determination of the extracted currents was pro-
posed by West [1]. It takes into account the confinement losses, but not the limitations due
to the space charge effects. In order to consider them, we normalize the currents following
the /2 law, characteristic of the Child-Langmuir formula [19]. Therefore,

z eVy,azn
Js , = L PP SE 19
’ \/ Zs 25, Ts. (19)
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Fig. 1. Comparison of different current models. Heating times: Teh,oﬁl =107 s, Teh;l_,g =10"8%s;
series A: ne = 2.3-10"2 ecm™3, T.o = 100 eV, Te;1 = 5 keV, Te2 = 15 keV, Ps = 1466.2 W
(current model corresponds to [1]); series B: the same parameters sets, but current model corresponds
to (19) [19]; experimental result, Ps = 1400 W
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Fig. 2. Comparison of different time heating and different electron temperatures. Heating times:
o1 =1077 s, 7y = 107% s; series A: ne = 1.8 - 10" ecm™®, T.o = 100 eV, Te1 = 5 keV,
T.o = 8 keV, Ps = 937.8 W; series B: n. = 2.1-10'? cm™3, T.o = 100 eV, T.;1 = 5 keV,
T.o = 10 keV, P, = 1157.8 W; series C: n. = 2.3 - 102 cm™®, T, o = 100 eV, T.,; = 5 keV,
Te2 = 15 keV, Ps = 1466.2 W; heating times: Teh,oﬁl =107 s, Teh;l_,g = 10719 §; series D:
ne = 2.5-10"2 ecm™3, T o = 100 eV, T..1 = 5 keV, Te 2 = 15 keV, Ps = 1852.8 W; experimental
result, P; = 1466.2 W

Comparison of experimental and calculated data of extracted currents of oxygen-18 is
shown in Figs. 1 and 2.

CONCLUSION

The presented approach of the balance equations set (1), (2) in stationary regime has been
considered on the superconducting ECR source (SERSE 18 GHz, INFN-LNS), determining
plasma potential and potential dip by the special-type minimization procedure (4), (5) based
on the charge flows conservation (3). A formula taking into account the limitations due to the
space charge effects was used for the extracted ions currents, following the Child-Langmuir
principle. The presented approach to the problem of the ions source modelling is versatile and
can describe the main working principles of the source quantitatively, i.e., impact ionization
of ions, ions charge exchange on neutrals of working gas, charged particles confinement by
minimum-B configured magnetic field and ECR heating phenomenon (15). The preliminary
calculated results properly correspond to experimental data.
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