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Abstract

This paper gives some new results to one self-
neutralization model of beams. The main attention is
concentrated to influences of the ratio of (plasma poten-
tial)/(temperature of electrons) on the beam density and
losses of protons, respectively. The loss of protons trans-
mitted inside beam chamber due to charge changing colli-
sions with the residual gas moleculesis discussed for nine
different pressure regionsof 1- 10~° Pa

1 INTRODUCTION

The neutralization effects are a limitation of accelerator
performances at various occasions. Some of the difficul-
ties of thefirst accelerators came from the fact that vacuum
systems were not good enough. The difficulties would be
rather be linked at the large currents and high densities es-
pecially of the circulating beams.

2 ONE SELF-NEUTRALIZATION
MODEL OF BEAM

One self-neutralization model of beam has been pub-
lished in papers[1 - 3]. It is assumed that the electron pro-
duction is mainly due to the collisions between beam ions
and gas atoms and electron loss is due to scattering out of
the potential well of the beam. The el ectron production rate
is given by

dn,
dt

and the electron loss rate is given by
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where n; is the ion beam density, n, is the neutral den-
sity, ;. isthe cross section for ionization of the atoms by
the beam ions, v; is the ion beam velocity, n. is the elec-
tron density, 7 is time of scattering of electrons by theions
inside the beam, ® isthe plasma potential and T isthe elec-
tron temperature. The quantities ® and T are expressed in
the same units.

The energy input is estimated from the heating rate of
the electrons by the beamionsasn.m.v? /27, wherem, is
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the electron mass. Hamilton [2] calculates the energy loss
from the system by means of the ionization cross section
00, Charge exchange cross section o, and transport poten-
tia energy ® from the system. He derived for the energy
lossrate n;novi(oio + 04)P.

Finally, we assume that the beam ion density n; is ap-
proximately the same as the electron density n., i.e. n, ~
n;. The effect of dow ionsis aso neglected completely.
After that the two equationsfor particle and power balance
can be reduced to the form

e

Nle
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Ni0ioVi =

N

and
mev2

o\Tio 2)0;® = i- 4
No(0io + 02)V > 4)

Further W = M;? = eV, where eV isthe energy and M
is the mass of ions, respectively. Hence the ratio @ /T can

be calculated from
0] M ® g+ 0,

T= 2.3log(me T ). (5)

Typica parameters of the hydrogen beam at the energy W
=20 keV and the pressure p = 10~7 Pa(p = n kT are
J=0.1mA cm~2 v; =1.9x108 cms!
n; = 4.46x10° ionscm—3 n, = 2.645x107 cm—3
00 = 0.2x10716 cm? oy = 4.3x10716 cm?
andtheratio ®/T is

P P

One can see that for the temperature of electrons T, = 3.3
eV and the energy W = 20 keV the potential @ is about
close 10 eV.

If 050 —> 00 and o, — —0 the logarithmic equation (5)
for theratio ®/T takesthe form

d M ®
T= 2.310g(me W) @)
The correction terms appear in the logarithmic form and
therefore do not produce a large effect.

The electrons produced in ionization have, in general, a
final energy of several electronvolts, which must contribute
to the energy input. Also it can be argued that the energy
transported away from the system by the cold ions comes
from the beam ions directly and not from the electron gas.
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The assumption of quasi-neutrality, which is condi-
tioned by relation n; ~ n., is aso conserved when the
beam density J (J, = n;v;) isintroduced by egquations

_ 0.1J,
6.242x10!8
Jono0io = Eei% (8)
T
1 2n,®
— =2 (04 + 02) (9)
T me;
or
M oiton

Sl

J = 1.6x10"n,v; me( o )We_

(10)

where J is given in (mA cm~2) and other quantities are
given in Sl units. Knowing the energy of protons W = 20
keV, M/m, = 1836.151, v; = 1.9x108 cms~' and n, =
4.46x10° electrons cm—3, the solution becomes much sim-
pler

J =0.28PeT (12)

where ® and T are given in (eV) and Jis given in (mA
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Figure 1. Beam potential ® in dependence from density of
protons for three different electron temperatures T (1: T =
0.2eV;2: T=2eV; 3: T =20¢eV) at the energy of protons
W =20 keV.

cm~2). In order toillustrate the results of the last two equa-
tions Figs. 1 and 2 are shown.

By comparing of the basic equations (1) and (2) and the
derivative dn;/dt one can obtain

dn; 1 _a dn,
_ - - - ) 12
dt Tnoaiovie ( dt) (12)
By means of the relations (2) and (4) one gets
dn; 1 (i +02)2  M® \2 20
Tar kTP g, (meT/V) € (13)

where al quantitiesarein Sl units.

Using just thisratio one can see the linear dependence of
the proton losses on the pressure of residual gas. By substi-
tuting T, = 20 °C, M/m,, = 1836.151, m, = 9.1095x103!
kg, v; = 1.385x10* [W (eV)]'/2 m s™!, n, = 4.46x10'2
electronsm=2, g;, = 0.2x1072° m? and o, = 4.3x10~2°
m? into equation (13) one can also obtain
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Figure 2: Beam potentia ® in dependence from density of
protons for three different electron temperatures T (1: T
=2eV; 2 T=200eV and T = 20 keV) at the energy of
protons W = 10 MeV. Curve 2 coincides (within the given
scale) with that of T =20 keV.
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Figure 3: Proton beam losses (-dn;/dt) as a function of
pressure p (1 - 10~*) Painto beam lines and chambers for
three different electron temperatures T (1: T=0.2eV; 2. T
=2¢eV; 3. T=20¢V) and at the energy of protons W = 20
keVv.
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(protons m—3 s71). In order to illustrate results of equa-
tions (14 - 15) Figs. 3 to 6 are shown.

3 DISCUSSION

Figs. 1 and 2 show that the beam potential energy ®
varies from about 5x10 2 eV to 10 eV at the electron ener-
giesT:0.2eV; 2eV;20eV (W =20keV); T: 2€V; 200 eV,
20 keV (W =10 MeV) and at the different beam densities
J(10~* <J< 10~ mA cm~2). It is also seen a maximum
of the beam density Jfor the given beam potential @ at the
electron energies T: 0.2 eV; 2 eV (W =20 keV) and 2 eV
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Figure 4: Proton beam losses (-dn;/dt) as a function of
pressure p (10~° - 10~?) Painside beam lines and cham-
bers for three different electron temperatures T (1: T = 0.2
eV; 2. T=2eV; 3: T=20¢eV) and at the energy of protons
W =20 keV.

(W =10 MeV), respectively.
The proton beam loss rates shown in Figs. 3 to 6 have
been calculated from the relation

dTLi
dt

(nA m?) = Ax108p (Pa) (15
which is derived from the equation (14), where the charac-
teristicvaluesA and B are: A =1.33,B=5for T=0.2 €V,
A=108B=9forT=2eV; A=266,B=9forT=20
eV (P=1eV,W=20keV); A=9.69,B=4forT=2¢eV,;
A=26,B=5forT=200eVandA =2.63,B=5for T =
20keV (@ =1eV, W =10 MeV), respectively.

Based on the values shown in Figs. 3to 6 it is seen that
the proton beam loss rates (-dn;/dt) increase with increas-
ing pressure p and energy of electrons T. In the case of
energy of electronsT: 0.2 eV; 20eV (W = 20 keV) (Fig. 3)
the difference between the proton beam loss rates is about
2.4x10° nA m~3 at the pressure 1 Pa. The differences
are considerably less at pressures of 10~ Pa (2.4x10° nA
m~3; Fig. 3), 10~° Pa (2.4x10* nA m~—3; Fig. 4) or 10~8
Pa (25 nA m~3; Fig. 4), respectively. The proton beam
lossrates are relatively small not only at the energy of pro-
tons W = 20 keV but also at the energy of protons W = 10

MeV (Figs. 5to 6). In general, comparing datain Figs. 3
to 6 one can see that the higher is the energy of protonsthe
smaller are their losses at the same residual gas pressures.
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Figure 5. Proton beam losses (-dn;/dt) as a function of
pressure p (1 - 10~*) Painside beam lines and chambers
for different electron temperatures T (1: T=2eV; 2. T =
(0.2 - 20) keV) and at the energy of protonsW = 10 MeV.
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Figure 6: Proton beam losses (-dn;/dt) as a function of
pressure p (1072 - 10~?) Painside beam lines and cham-
bers for different electron temperatures T (1: T =2 eV; 2:
T = (0.2 - 20) keV) and at the energy of protons W = 10
MeV.
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