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ION - GAS COLLISIONS DURING BEAM ACCELERATION

E. M. Kellogg
Radiation Dynamics, Inc.
Westbury, New York

Summary

The following paper is an attempt to
understand the effects which residual
gas in an accelerator beam tube can have
on the ion beam passing through it, and
on certain other aspects of the acceler-
ator's performance., The approach to the
problem is felt to be the most fundamen-
tal. That is: all possible collision
processes between injected beam and re-
sidual gas are examined (most of the
cross-sections are guite well known
experimentallyl); a uniform axial elec-
tric field is assumed, together with a
pressure gradient determined by kinetic
theory eguations for gas conductance
assuming the source of gas to be the
ion source. From this point on, it is
in principle possible to calculate the
resulting energy spectra of positive,
neutral, and negative beam, as well as
backstreaming electrons, evolved when
only a positive ion beam is injected.

In practice, only a numerical solution
of the resulting eguations can yield a
solution. This solution is carried out,
and the results are discussed.

General Discussion of Collisions
Between Ions and Gas Atoms

Here we discuss the types of col-
lisions which occur in the energy range
up to the order of 1 mev between ion pro-
jectiles and gas atoms, the types of
secondary particles produced, and the
secondary processes which can occur.

The discussion here will be limited to
H§ ions in hydrogen gas, for clarity.

Charge Exchange

Charge exchange is a collision in
which the ion picks up and holds the
target atom's electron, leaving behind
a positive ion at rest, and becoming a
fast neutral particle with essentially
the same energy as the incident ion:

my + H, —=— Hy + H;
(fast) (at rest) (fast) (at rest)

To a gocd approximation, the fast neu-
tral produced has the same direction
and magnitude of momentum as the inci-
dent ion. The cross-section is peaked
at 4 x 10'16 cm? between 2 and 40 kev,
and drops off rapidly with increasing
ion energy~“.

Ionization

Ionization is a collision in which
the incident ion converts the target
atom into an ion-electron pair with
very little momentum transfer. Thus,
the ion continues on relatively undis-
turbed, and an ion-electron pair is
left at rest:

50 +H2—————H‘2L + Hy + e~
( fast) (at rest) (fast) (at rest) (slow).

It is not strictly correct to say that
the ion-electron pair are at rest, but
for our purposes the approximation is
good. The cross-section peaks at

3.5 x 10-16cm? between 60 and 150 kev
and drops off proportiocnal to (g)-1
with increasing energy.

Rutherford Scattering

Rutherford Scattering is due to the
electric repulsion between the proton
in the ion and the proton in the target
atom. For our purposes, only collisions
of this type with high momentum trans-
fer would be of concern, since they
would cause beam diffusion and bombard-
ment of the beam tube electrodes. The
cross-section for scattering at angles
greater than one degree is very small
for the case treated here, ad= so this
process is ignored.

Stripping

If any neutral beam is produced by
charge exchange, it can then later be
converted back to ion beam by stripp-
ing, for example:

H2 + H, —= H}y + Hy + e~
(fast) (at rest) (fast) (at rest) (slow)
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This is a secondary process in our case,
since the neutral beam must first be
produced in a charge exchange collision.
The cross-section is peaked between

60 and 150 kev at 1.8 x 10-16cm2 ang
falls off proportional to (E) -1 with
increasing energy.

Other Processes

Passing note is made of two-electron
pickup which forms HZ from HE and
higher-order processes. The cross-
sections for these processes are not
significant here.

Calculations of Beam Spectrum
in the Beam Tube

Specifications of Beam Tube Conditions

The conditions in an accelerator
beam tube which must be taken into
account are the beam tube aperture, the
beam tube length, the gas flow into the
beam tube, and the total voltage across
the beam “ube, The aperture, length,
and gas flow determine the residual gas
pressure versus axial position in the
beam tube {(when proper consideration is
given to the spsed of the vacuum pump
located at the base of the beam tube),
The average axial electric field is
just the ratio of the total voltage to
the beam tube length. Thus, if the
energy of a primary or secondary part-
icle is known at one point in the beam
tube, its energy at any other point is
determined.

Qualitative Effects of Beam Collisions

We have seen above that if a cer-
tain primary ion beam is injected into
the beam tube, it produaces various types
of secondary particles as it travels
along the axis. Specifically, ioniz-
ation collisions produce additional
positive ion beam with energy depend-
ent on where the ionization occurs, and
backstreaming electrons which are
accelerated in the opposite direction,
back towards the high voltage terminal,
Charge exchange collisions produce neu-
tral beam, which is not accelerated,
rather, travels with the energy at which
it was produced. Later, this neutral
beam can be stripped, producing positive

ion beam which is again accelerated,

and electrons., Since the cross-sections
for these processes are strong functions
of the incident projectile energy, a
calculation must find not jus:t the cur-
rent in each type of beam, but the
energy spectrum.

The end results which are to be
gotten are then the energy spactrum of
the positive ion beam which emerges
from the end of the beam tube, the
energy spectrum of emerging neutral
beam, and the energy spectrum of back-
streaming electrons which strikes the
high voltage terminal. The positive
ion beam spectrum and the backstreaming
electron beam spectrum are most useful
results. The positive ion spectrum can
be measured =xperimentally, by passing
the beam through an analyzing magnet
and performing a momentum analysis.

The result, when compared with the cal-
culations, can provide a means for mea-
suring the gas pressure in the upper
end of the beam tube, and thereby, for
example, evaluating the effectiveness
of terminal vacuum pumping. When the
backstreaming electron spectrum is
known, its effect in producing X-rays
at the terminal can be estimated. This
is important because it has been
observed that transmission of ion beams
of order 1 milliampere in a 3 mev
accelerator causes very high X-ray
intensity at the high voltage terminal.
These X-rays ionize the pressurized
insulating gas in the accelerator,
thereby allowing large corona leakage
currents to flow from the terminal,
posing a limitation on ion beam current
due to drain on the accelerator power
supply. The calculated backstreaming
spectrum serves as an aid in deciding
whether these X-rays are in fact due to
residual gas in the beam tube.

Differential Expressions for Beam
Energy Spectra

Let the following functions be
dafineds

+ .
P{x,E} = The number of Hy ions at the
axial position x in the beam
tube which have an energy E,

U(x,E} = The number of neutral beam
molecules at x with energy E,
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B(x,E) = The number of backstreaming
electrons at x with energy E.

dP(x,E;x' ,E')dxdE = differential
contribution to Hx! E'}) from
dx at x, dE at E;

AU (x,E;x', E')dxdE = differential
contribution to U(x',E') from
dx at x, dE at E:

dB(x,E;x*',E') = differential
contribution to B(x',E') from
dx at x, dE at E.

When we take into account the dominant
collision processes as discussed above,
and the energies imparted to the part-
icles produced, we see that the fol-
lowing expressions for 4p,dU, and dB
are obtained:

dp(x,E;x',E*) =

8 (E' -Kx4%Kx) 3°P1(x,E) dxdE
dX 3E

+O (B' -Kx' +Kx) 32P)(x, E)dxdE
3X)E

-8 (g'-E) 232F2(x,E) dxdE
3E

+ S (B -E-Rx'+Kx) 3°2P3(x,E) dxdE
3X3E

where K is the axial electric field, and

azPﬁ(x,E)dxdE = number of ions produced
3 E

in dx, dE by the j-th process. These
factors can be written as

32P1(x,e) = P(x,E) Oy (E) n(x)
AXIE
22P2(x,E) = P(x,E) Oy  (E) n(x)
AXOE
32P3(x,E) = U(x,E) 0y (E) n(x)
OxX3E
where n(x) = number of molecules of Hy

gas per unit area.
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i

OBI(E) = ionization cross-section

i

0:(E) = charge exchange cross-section
Ogl(E) = stripping cross-section

The differeniial eguation for pro-
duction of H, ions is then

dP(x,E;x',E')dxdE =

{PFX'E)[O-Oil (E) & (E' -Kx' +Kx) .

+ogE) 8 (E'-Kx' +xx) - 8 (E'-E)OLI(E) ]

+ U(x,E)Oé:’(E)S (E'-E -Kx'4+Kx)}n(x)dxdE.

Similarly, we obtain

AU (%,E;x'E')dxdE =
P(x,E)8(E' ~E)gg, (E) n (x) dxdE

dB(x%,E;xX'E')dxdE =

[P(x.E)G () + U(x, E)Gy (E)18 (B' -k
+Kx') n(x) 4xdE.

We are now faced by a set of three
coupled differential eguations. We
want to integrate over x and E to
obtain P(x',E'), U(x',E') and B(x', E')}.
There are several difficulties in try-
ing a straightforward analytic
solution, the most forbidding of which
is that we intend to use experimental
values for the cross-sections as
functions of energy. The practical
approach is to do a numerical integ-
ration.

Numerical Integration

Since P(x,E) and U{(x,E} do not
depend on B(x,E) in this approximation,
we solve first for P and U, and then
use those results to calculate B. We
start with initial conditions of a
monoenergetic ion beam injected at
x = O, with energy E,, and of total
current unity; no injected neutral
beam:

P(0,E) =8 (E-Ey)

U(0,E) = O,
withS (a) the Dirac delta function of
argument a These values are inserted

into the expressions for dP and dU at
x = 0. Then
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dx, oo
P(dx,E') = ddo dxdE[ dP(0,E;dx,.E')]
r oo
U(dx,E') =OJL dxde[du(0,E;dx,E*)] .

Now repe=at at x = 0+dx, inserting the
values obtained above for P(dx,E),
U{dx,E) into the expressions for dpP and
dU at x = O+dx. This process is
reiterated until x = L, the end of the
beam tube.

In the numerical solution, finite
steps[&x replace dx,ZXE replace dE, and
the integrals are replaced by sums.

The following parameters are used:
beam tube diameter, 7.6 cm(D); beam
tube length, 244 cm (L); initial beam
energy, 10 kev; final beam energy. 3.0
mev. The residual gas concentration is

n(M)=n(x)=f5.4 x 1012 (L/TD2)}
{1+ (3/4)(L/D)[ 1-(m/T) ]}

The expression used for n(x) corres-
ponds to a pressure at the base of the
beam tube of 3 x 10~ mmHy, where the
punp speed is about 1500 liter/sec.

This is a gas flow of about 20 std cc/hr.

The calculation was performed with
the beam tube divided into 60 sub-
intervals. Four values of pressure
were used - a normal operating pres-
sure of 1.5x10-% mmHg (ion gauge read-
ing), 4.5, 7.5, and 45 x 10~% mmig.

Results and Discussion

The calcuilated positive ioa energy
spectrum emerging from the accelerator
at a nominal beam energy of 3.0 mev is
shown in Figure 1, for the four values
of pressure at the beam tube base.
About 99.6% of the injected beam is
transmitted in the main peak at 3.0 mev
for a pressure of 1.5x10-% mm#g. The
low energy tail formed by the various
processes discussed above comprises
about 2% of the injected beam. These
figures change to 88% and 180%
respactively for a pressure of
4.5 x 10-5 mmE3y. This spectrum
should be able to be directly measured
by passing the beam through an analyzing
magnet, thereby making a momentum
analysis., Of course, in an actual

exparimental situation, several ionic
species would be present, each with its
own tail. The measured height of the
tail, and its shape, would provids an
experimental check on the assumed
linear variation of pressure in the
beam tube.

Figure 2 shows the calculated back-~
streaming electron spectrum striking
the high voltage terminal. The integ-
rated electron current at an operating
pressure of 1.5x10-6 mmHy is about 3%
of the ion beam. When the pressure is
increas=d by a factor of 30, the elec-
tron current goes up by a factor of 61,
to 180%.

Consider the effects of this back-
streaming current on accelerator
operation. When it strikes the terminal
it deposits the energy it acquired
during back-acceleration. This causes
heating and outgassing of the exposed
surfaces, adding to the gas load in the
beam tube. That is not a severe
problem, since cooling can be provided
on the exposed parts. A much more
severe problem is the X-rays created by
the electron bombardment of the terminal.

This problem has been investigated
by C. M. Turner.3 His main emphasis
was on limitation to opesrating voltage
imposed by other sources oif X-rays. At
the high beam currents used today as in
the Dynamitron, we see X-rays as a
limit to beam current too. The process
is: the backstreaming electrons create
¥X-rays in the terminal, which ionize the
insulating gas, and cause radiation
damage in the terminal. The ionization
causes high corona drain current in the
insulating gas.

Turner has estimated the efficiency
of a backstreaming electron in creat-
ing corona current. He takes into
account the materials present in the
terminal and the variation of efficiency
with electron energy. An interpolation
of his results for the 3 mev Dynamitron
gives

dI (corona) = B(O,E)E2dE (1)

where E is the electron energy in mev,
When the spectra of Figure 2 are
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integrated with equation (1), we obtain

the following results:

Pressure at Base
of Accelerator

Ratio of Corona
to Ion Beam

6.5% 1.5x10-6 mmHg
21 % 4.5x10-6
38 % 7.5x10®

It is now clear that the beam tube
pressure must be limited in order to
prevent undue drain on the high volt-
age power supply due to corona leak-
age currents in the pressurized
insulating gas.
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