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Abstract

It was shown by Paméla /1-2/ that the target thickness of the neutralizer gas in neutral
beam injectors is smaller than to be expected from gas flow calculations. He explained his
findings by direct and indirect beam heating of the gas and a consequent flow acceleration.
The role of the neutralizer plasma electrons in the gas heating scenario is reconsidered
here. To this end the particle and energy balances of the electrons are solved with al-
lowance for ionization and dissociation of the gas by the electrons. It is shown that the
direct contribution of the electrons to heating is not dominant. Their indirect contribution
via ion acceleration in the space charge sheath in front of the walls is usually stronger.
Methods to increase the neutralizer target thickness are investigated. They are essentially
(1) structuring the neutralizer surface in order to reduce the reflection of medium energy
particles and to increase the gas accommodation, (2) cooling down the neutralizer to LN»-
temperature. The scaling of the target thickness with various parameters is investigated
and compared with “cold” flow.

Initially it was assumed that the neutralizer plasma electrons are hot and able to excite
Balmer alpha radiation in collisions with H, molecules. The investigation shows that
the electrons must be cold instead (T. < 5eV). An enhanced emission of the unshifted
Balmer alpha line as measured on the IPP test bed is probably caused by dissociative
recombination of H'{ and Hg’ ions leading to excited hydrogen atoms.

Die nachstehende Arbeit wurde im Rahmen des Vertrages zwischen dem
Maz-Planck-Institut fir Plasmaphysik und der Europdischen Atomgemeinschaft
iber die Zusammenarbeit auf dem Gebiet der Plasmaphysik durchgefihrt
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1. Introduction

Spectroscopic measurements were made on the test bed for the IPP hydrogen neu-
tral beam injectors in the spectral range around the Balmer-alpha line. The aim was to
determine the species ratio of full, half and third-energy particles in the beam which are
the breakup products of HT, H;" and H;‘ The Doppler-shifted spectra can be evaluated
using the cross-sections for Balmer-alpha emission of beam and target particles reported
by Williams et al. /3/. The optical species measurements are dealt with elsewhere. This
paper starts from the observation that in spectra taken from the neutralizer light the un-
shifted line is about five times stronger than the sum of the shifted lines. The Williams
cross-sections suggest a ratio unshifted : shifted of about 1 : 2. Measurements in the
target tank on the other hand showed an unshifted line intensity in accordance with /3/.
The different spectra are shown in Figure 1.

It may be assumed that the difference is caused by the electrons of the neutralizer
plasma. Now, if these electrons excite an energy level 12.1eV above the ground state,
the question arises what effect they have on ionization, dissociation and heating of the
neutralizer gas. In plasma physics, H, emission is usually taken as an indicator of hydrogen
ionization (see e.g. /4/). The present report shows that the opposite may be true.

In this paper first the neutralizer plasma is dealt with in order to calculate the electron
density and temperature. These are used to calculate the gas temperature which enters
into the gas flow calculations. Two integrations give the gas density as a function of the
position within the neutralizer and the gas target thickness. A parameter study shows the
relative importance of the different heating mechanisms. Several methods to increase the
gas target thickness for a given gas flow are proposed. A final section deals with possible
reactions leading to unshifted Balmer-alpha emission.

2. Model of the neutralizer plasma

The neutralizer plasma is mainly described by the density and temperature of the
electrons and by the kind of ions being present. This plasma is similar to the positive
column of a low-pressure discharge: The electrons have a much higher temperature than
the ions. The fastest electrons leave the plasma quickly and create a positive plasma
potential which confines the rest of the electrons. The ions are confined “inertially” and
accelerated to the walls by this positive plasma potential. A small potential drop occurs
within the plasma, the main drop, however,within a thin sheath in front of the boundary
walls whose thickness is several times the Debye length.

To obtain the energy balance of the neutralizer electrons, we must know the average
energy with which they are created. A single value is known to the author: Gibson /5/
made extensive measurements of the energy distribution of electrons created in collisions
of 50 keV protons with hydrogen gas. So we limit ourselves to a single-species H* /H°
beam of this energy and take Gibson’s value E, = 22.4eV /6/ as the initial energy of the
electrons. In the W7AS and ASDEX injectors we have comparable design energies (45 and
55 keV, respectively), although only about 50% atomic species.




Further simplifications of this treatment are

- the only plasma ions included are H'{ ions; all reactions leading to H* and H;‘ are
neglected,

- the beam space charge is neglected,

- the charge deposition of the beam into the neutralizer is neglected,

- the neutralizer wall is at floating potential,

- the self-interaction of the electrons creates a Maxwellian energy distribution with a
temperature T,

- the neutralizer is a circular cylinder of diameter d and length I.

We may then use the Bohm criterion /7/, which is consistent with much more refined
calculations (Scheuer and Emmert /8/), and calculate the ion current density to the wall
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We balance the charged particle density between ionization due to the beam and elec-
trons and losses due to the wall current:
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This gives the electron density
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In this equation, resulting from the particle balance, n. and T, are still interlinked. A
second relation has to be derived from the energy balance.

Sources of electron energy included are the birth energy of E; = 22.4eV and Coulomb
heating by the beam. Coulomb heating is treated in Appendix I and is included in the
balance equation although only an energy of ~ 0.5eV is gained by the electrons during an
average lifetime 7. The main energy loss of the electrons is due to wall collisions. The space
charge sheath in front of the wall repels the electrons. Their density decreases steadily with
the potential and at the wall has fallen by the Boltzmann factor exp(eUs/kT,). The average
kinetic energy of the electrons is independent of the potential (in first approximation
because backstreaming electrons are missing). The total energy loss for the electron gas
by one electron hitting the wall is this average kinetic energy %IcTe plus the potential eUy it
has gained in the sheath. This potential energy is transferred to the ions, which transport
it also to the wall.

Additional electron energy losses included in the balance are dissociative (Eq ~# —10¢€V,
Janev /10/) and ionizing (E; = —15.4eV) collisions with Hs molecules.

The electron energy balance (divided by n.) may thus be written as
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Like equation (4) also equation (5) combines n, and T,. From both equations n. may
be eliminated, yielding a unique function T, = Te(n) in implicit form:
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If T, were determined by the initial energy of the electrons and the wall losses only (no
Coulomb heating, no ionization and dissociation by the secondary electrons), we would
obtain
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A computer program was written solving equation (6) n = n(T,) and subsequently equa-
tion (4) ne = ne(Te). The reaction rate coefficients for electron ionization and dissociation
are taken from the recent collection of Janev et al. /10/. The value for the cross section
o;p to be taken is dealt with in Appendix II. The results of the computations are displayed
in graphical form: Figures 2 and 3 show n. = n.(n) for the geometries and the beam
current typical of the existing injectors for ASDEX/W7AS and the injector designed for
ASDEX UPGRADE!. The beam density n; is also drawn. Our treatment is invalid in the
low 10'2 cm~2 range of n because n. must be higher than n,. The dashed curve shows
the electron density according to equation (7b). The figures show that the main effects
determining the electron density are direct beam ionization and the losses to the wall.
Dissociation and ionization by the beam electrons give minor corrections only. Finally,
Paméla’s electron density (equation B13 of the appendix of /1/) is also shown. These
values are obviously a factor of 2 to 5 too high.

The electron temperature T, is shown in Figure 4 as a function of the neutral gas
density n together with the value of T,, according to equation (7a). T, is higher than T,
for very low values of n. Here we see the small effect of Coulomb heating. For higher
values of n cooling by inelastic collisions becomes more and more effective.

1The neutralizers of the ASDEX/W7AS injectors are in fact circular cylinders as assumed here. The
neutralizer of the ASDEX UPGRADE injector has a very complicated shape. How the shape is translated
into a circular cylinder is shown in Appendix III.



3. Gas heating model

Paméla /1, 2/ has shown that direct collisional energy transfer from beam ions or

secondary electrons to the gas is small and that gas heating via heavy particles in the
1 eV energy range, on the other hand, is very effective. A collision cross section of
09, = 5 x 1071%cm? for H® or H and of 0;;, = 1 x 10~'5cm? for H* and the factors

fir =1 - exp(—of,nd)
fir =1 - exp(~ofind)

are taken for the efficiency of the energy transfer from these particles to the gas. Three
processes have been proposed by Paméla:

1

The H; gas molecules may be dissociated by the beam protons. The different collision
processes treated by Paméla may be summarized by

H*; og+ = 4.3 x 1077 em?; (Eg+ ) = 7.8eV

H*(50keV) + Hy —
S ) 2 { H®; ogo = 1.4 x 10~ %cm?; <EH°,b> =2.4¢€V.

This gives a power per unit length of the neutralizer transferred to the gas
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Dissociation of Hy molecules by the secondary electrons. The rate coefficient used here
is taken from Janev /10/ and also the average energy <E’ Ho,e> = 2.5eV of the resulting
atoms. The power per unit length is

T
Pe = Zdz 2nen (04ve) <EHo’e> f,?r

(9) W 3
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Heating connected with ionization by electrons is neglected because the corresponding
rate coefficient is so small.

. Wall reflection of ions. Ions accelerated in the boundary sheath and neutralized at

the surface are reflected with a certain probability. The ion energy is determined by
the floating potential Uy. Paméla’s value of r,, = 0.3 is taken as the energy reflection
probability for usual wall conditions. A value up to r, = 0.6 would, however, seem
reasonable as well (Eckstein /11/). The power per unit length (using equations (1) and

(2)) is

Pw = 7rd.7.i |Uf|7'w fg-
(10) 6.68 +InM; s

3 w
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With the gas temperature T, the wall temperature Ty, the accomodation factor o and
the specific heat ratio v and v — 1 = 0.4, the power loss of the gas to the wall becomes
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The power balance
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gives a third order equation in VT:
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It is solved numerically. The results are shown in Figure 5 for both injector types.

4. Gas flow and target thickness

The conductance of a long circular tube (diameter d, length /) in the transition regime
may be written (Wutz et al. /13/, p.123) as

C= T (viscous flow)
128 n
T _d3
sertdng (molecular flow, Cpy,)
8 pd
1+4/— p—_
X T 778'0 7 (Knudsen’s transition factor),
1 12861 =i
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where 7 is the viscosity of the gas. This may be rewritten as
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with 7 = 0.499 pT ), the gas density p = mn and the mean free path A\ = 1/(v/27n 6?)
(Dushman /14/, p. 28). The molecular diameter for Hy gas is § = 2.75 x 10"%cm
(Dushman, p. 32). With these equations, the transition factor for hydrogen gas becomes
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The equation for the pV flow
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where the index N means the “normal temperature” for which the usual flow in mbarl/s
is given, i.e. Ty ~ 300K. This equation may be integrated once, giving n = n(gn 2)
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for Ty = 293 K, k¢,(n') from equation (14), T'(n’) and dT'/dn’ from the solution of equation

(12).

The assumption n.,q = 0 at the open end of the neutralizer gives the dependence
n = n(gqn 2) as shown in Figure 6. It is completely unphysical, however, to assume
Nend = 0. A more reasonable assumption is that at the end of the tube the distribution
function of the gas molecules is a one-sided Maxwellian. This implies a very good vacuum in
the injector box which prevents any gas from streaming back. On the other hand, beaming
of the neutralizer gas is also neglected which would imply a higher average directed velocity
of the gas and therefore a lower number density for the same flux. A half-Maxwellian

distribution seems to be a good compromise. The particle flux is then
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assuming molecular gas flow in the fictive end part. With the transformation
2

(20) S =gqnN 2+§d i

equation (19) may be written as
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which gives for molecular flow conditions (T = Ty, ki = 1)
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The equation for the target thickness

l
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may be transformed with equation (20) into
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The second term in the bracket may be integrated using equation (22), giving
I 1 2 2m an
nd = 3\ 7kTo dkTy
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To d S

ITenq is usually a correction of ~ 1% to the total IT and can be neglected. The target
thickness is thus

(23)

v (1+24d)
(24) = <z+ §d> md—) / e

where the density n(s) is taken from the solution of equation (21).

The local gas density and the target thickness are determined by
1. solving equation (21) which gives a table for n(s) with constant steps in n,
2. generating a second table for n(s) with constant steps in s by interpolating the first
table,
generating a third table for the integral in equation (24) using the second table,
4. generating a fourth table for II(¢n) according to equation (24) using the third table.
This is the interesting result which is then plotted.

4
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For comparison, the target thickness for cold transition flow is also calculated. The same
procedure is used. However, in equation (21) the gas temperature is set constant and equal
to the neutralizer temperature: T = Tj.

The target thickness for molecular flow is also obtained from equations (24) and (21),
setting the transition factor ki = 1. In this case, the integral in equation (21) may be
easily calculated analytically, and also the integral in equation (24), giving

I - I9m ¢gnN (l + %d)2
mol =\ onkT, d3kTy

M gy (I + 2d)* barl
= 3.25 x 10'° - qi(_;ii;‘@, cm2,K, mbar em
0 S

(25)

Target thickness versus gas flow is plotted in Figure 7 for the ASDEX/WT7AS injectors
and in Figure 8 for the ASDEX UPGRADE injectors. The figures also show the target
thickness as calculated for cold molecular flow and for cold transition flow. The reduction
of the target thickness due to beam heating can be seen in both figures. In the case of
an ASDEX/W7AS injector the reduction is about 35%, whereas it is about 45% for an
ASDEX UPGRADE injector at gas flows of 10 and 30 mbar 1/s, respectively.

5. How to keep the neutralizer gas cooler?

One aim of this investigation was to look for a method to increase the target thickness
for fixed neutralizer geometry and gas flux. We must therefore know how much each
heating process contributes. Direct heating by the beam cannot be avoided. So we may
take this heating power as a basis for comparison. Heating by ion reflection at the wall
relating to beam heating is shown in Figure 9 for standard parameters. This ratio is
rather independent of the gas density and mainly depends on the electron temperature
and the reflection factor. If the reflection factor could be reduced to nearly zero, we could
at best save a heating power of the order of the direct beam heating power. Figure 10
shows the ratio of gas heating by electrons to direct heating by the beam, also for standard
parameters. Electron heating is higher than beam heating only at higher densities. If we
had the possibility of cooling down the electron gas, we would again save a power of the
order of the direct heating power.

The dependence of the target thickness on parameter variations is studied in Figures
11 and 12 where the target thicknesses increase from step to step for a given gas flux.
Curve 1 is the reference curve for “standard” parameters. For curve 2 the wall reflection
of ions is reduced, for curve 3 additionally the wall accommodation is increased. In case 4
the average energy E, with which secondary electrons are created is arbitrarily reduced to
a low value to simulate electron cooling. In case 5, finally, the neutralizer is additionally
cooled down to about liquid nitrogen temperature.

To realize such parameter variations involves difficulties of various degrees. The simplest
method is certainly to make the neutralizer surface very rough and structured so that ions
are not reflected into the gas and temperature accommodation of the hot gas is improved.

10



The most difficult method may be to cool down the electron gas because large-area cathodes
are needed to effectively decrease the electron-confining space-charge sheath at the walls.
Cooling down the neutralizer to LNy temperature, on the other hand requires much less
effort than installing cryo pumps in an injector.

It is therefore proposed to investigate on a test bed

— the effect of a rough surface structure and

— the effect of neutralizer cooling

on the gas target thickness.

It is well known within the neutral beam community that the angular distribution of
the ion beam may be represented by the sum of a Gaussian (with a (1/e)-divergence of
0.5-2°) and a very broad halo containing of the order of 20% of the beam power. This
halo gives a higher power load to the neutralizer surface in the vicinity of the ion source.
It may be advisable therefore to divide the neutralizer into two parts and cool down only
the downstream end.

6. Scaling considerations

The simple equation (25) for molecular flow is the main guideline for cold gas flow in
the neutralizer. The transition-flow correction is relatively small. The dependence of the
cold target thickness on several parameters is therefore essentially

qn 12
(26) Meotd TOS &

It will be interesting to investigate the parameter dependences also of the hot target
thickness. This is done using a series of log-log plots (Figures 13 - 17) varying only one
parameter and keeping the other parameters at “standard” values. These figures give the
scaling

0.871.6—1.7
aN l

(27) Mhot o Tg-l—0'2 d2-2—2.3 J0.2 ’

The dependences on length and diameter are still strong, and it has to be emphasized that
a neutralizer should be built not only as long as possible but also as narrow as possible.
The wall temperature Ty has got a very weak dependence. Cooling the neutralizer to
liquid nitrogen temperature would bring nearly no advantage. It would make sense only
in combination with an improved wall accomodation and a decreased ion reflectivity. The
beam current has also an effect, however weak.

11




7. What is the cause for the enhanced emission of unshifted H, radiation?

This investigation was triggered by the suspicion that a very hot electron gas produces
H,, emission in collisions with Hs molecules. It has been shown above that the electrons
are not that energetic and probably have a temperature of less than just 4 eV. Janev (/10/,
p. 51) gives a reaction rate for the process

e+Hy; e+ H+ H'(n=3)

which is < 10711 ¢cm3 /s for this electron temperature and is thus too small for the process
to play any role. There are other candidates, however: dissociative recombination of H;
or HY.

Tawara /11/ gives a cross-section for the process

e + Hf — H°(1s) + H(n = 3)

which may be approximated by

o o EO
= 00—
E

with 09 = 10715 cm? and Eo = 1eV. This cross-section gives a Maxwellian rate coefficient

of 7 8 3
6. 10~
(ov) = % [cm . eV] $

vT. s

We may thus calculate the unshifted line intensity caused by the beam and plasma together
(as we would measure it) and compare it with the intensity caused by the beam alone. The
ratio is shown in Figure 18, which, for n = 104 cm™3, gives an enhancement by a factor
of 4 for an ASDEX/WTAS injector. Although this factor is still a little low compared with
the experiment, we may be near the truth with this explanation—keeping in mind that
a real beam also contains molecules and their breakup products, which may enhance the
plasma density and the correlated light emission.

12



Appendix I: Coulomb beam heating of the neutralizer plasma by the beam

The energy loss of a monoenergetic beam due to the interaction with plasma electrons
and ions is treated by Sivukhin (equations (8.1) and (8.2) of /15/). His equations may be
rewritten into the form given in the NRL Plasma Formulary /16/. This gives the energy
loss of the beam

(AL1) o) = — et T \M(zp) — M (3)

(4meo)? vp my mp

<%> dmetdiony my

with
Ey = beam energy

Aie = Coulomb logarithm
vp = beam velocity
m; = mass of target particles

my = mass of beam particles

M(zp) = %/\ftexp (—t)dt
0

my Eb

T =
g my Tt

T; = temperature of the target particles.

The term containing M’ may be neglected because for both ions and electrons
(me/me) M (zp) < M(zp).
The Coulomb logarithm may be set to
Aie = 15,
and, in the numerical evaluation, the fit is used
M(zg) = 1 — exp (—0.5453 zy*°%°) .

The energy gain of the target particles per unit length is

hbt - __7£d2 np <__dEb>

4 dt
(AI-2) g
_ 2meXie M(zp) £ 1y me
o (47e0)? Ey ms

This heating power is small for electrons as target particles and even much smaller (by
the electron/ion mass ratio) for the ions. Nevertheless, equation (AI-2) is included in the
electron energy balance of equation (5).
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Appendix II: Cross section oy

There are three processes involved in the formation of H;’-ions in the neutralizer by
beam-gas collisions:

loriHE 4 Hy's HY +HE +¢
2. H* +H; - H° + H;
3. H®° + Hy — H® + HI +e.
e o1 =2.2x10"1%cm? Solov’ev /17/
o2 = 1.6 x 1076 cm? Massey and Gilbody /18/
03 = 1.4 x 10716 ¢cm? Solov’ev [17/

for the three processes, respectively, and an average charge fraction of £ = 0.7 (in accor-
dance with Paméla), gives an average cross-section for H'{—production

oip = (01 +02) €+ 03(1 — §)
= 3.1 x 107 %c¢m?,

14



Appendix III: ASDEX UPGRADE Neutralizers

The neutralizers for the ASDEX UPGRADE injectors have a complicated shape. Their
cross section varies along the whole length. The upper and lower walls are plane whereas

the side walls are circular. The shape is indicated in Figure 19 which explains the meaning
of the cross section parameters a, b and r.

The Knudsen relation (Dushman /14/, p. 87)

4 —
Q= g—(le P2)
ofﬁdl

(H = circumference, A = area) is used to calculate the effective diameter of a circular
tube which has the same conductivity

16 A2\ 3
deff: ;—Tf— ’

The following table gives the values of a, b and r at the distance z from the ion source and
the calculated dess (all dimensions in mm)

# il 1 b r desy
1 0 62 231 226 362.8
2 818 62 266 226 391.2
3 818 0 280 258 403.2
4 1001 O 260 245 378.5
5 1001 O 544 272 544.0
6 1182 0 544 272 544.0
7 1182 0 280 255 401.0
8 2000 O 200 220 312.8

The calculated values of d.fs are used in the figure to indicate the shape of the neutral-
izers. The diameter used for a cylindrical tube simulating this complicated shape was
d = 357.4 mm. This simulation tube is also indicated in the figure.

15
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Nend

List of symbols

gas flow conductance

conductance in the molecular flow regime

neutralizer diameter

beam energy

average energy loss of electrons in dissociating collisions with Ho
average energy of H? atoms generated from Hj in collisions with
beam protons

average energy of H ions generated from H in collisions with
beam protons

average energy of H° atoms generated from Hj in collisions with
electrons

ionization energy of H,

average initial energy of electrons created in beam gas collisions
fraction of energy transferred from several-eV neutral particles to
hydrogen gas

fraction of energy transferred from several-eV charged particles to
hydrogen gas

beam current

ion current to the wall

Boltzmann constant

transition factor for the gas flow

neutralizer length

electron mass

ion mass

ion mass number corresponding to m;

see Appendix I

H, gas density

density of beam ions

electron density

gas density at the open end of the neutralizer

electron density obtained by the simple balance (7b)

flux of gas particles through the neutralizer

gas pressure

power per unit length of the neutralizer transferred from the beam
to the gas

power transferred from the electrons

power lost by the gas to the wall

power transferred from the tons reflected from the wall

p X V gas flow through neutralizer

p XV gas flow for T =Ty

energy reflection coefficient for ions hitting the neutralizer wall
integration variable, = gn (2 + %d)

17




Te 8

[ N <
gy e agny

Q
8]
+

gas temperature

electron temperature

electron temperature obtained by the simple balance (7a)
normal temperature of the surroundings, Tn ~ 300K
temperature of the neutralizer wall

floating potential of the wall with respect to the axis

average gas velocity

distance from the open end of the neutralizer

accomodation factor for the gas hitting the neutralizer wall
specific heat ratio

gas viscosity

see Appendix I

gas target thickness

cross section for generation of H° atoms in proton collisions with
H2 molecules

cross section for generation of H ions in proton collisions

with Hs molecules

cross section for H'Z" formation in electron collisions with

H, molecules

corresponding rate coefficient

cross section for Hy formation in proton collisions with

H2 molecules

elastic-collision cross-section for several-eV neutral particles with
hydrogen molecules

elastic-collision cross-section for several-eV charged particles with
hydrogen molecules

confinement time of ions and electrons

average charge fraction of beam

Additional symbols used only once are explained in their context.
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Figure 1:
Figure 2:
Figure 3:
Figure 4:
Figure 5:
Figure 6:
Figure 7:
Figure 8:
Figure 9:

Figure 10:
Figure 11:
Figure 12:

Figure 13:
Figure 14:
Figure 15:
Figure 16:
Figure 17:
Figure 18:

Figure 19:

Figure Captions

H, spectra from neutralizer and target tank

Electron density versus neutral gas density for W7AS injectors
Electron density versus neutral gas density for ASDEX UPGRADE injectors
Electron temperature versus neutral gas density

Gas temperature versus gas density

Gas density versus product gas flux x distance

Target thickness versus gas flow for W7AS injectors

Target thickness versus gas flow for ASDEX UPGRADE injectors
Heating ratio of wall reflection to beam versus gas density

Heating ratio of electrons to beam

Target thickness versus gas flow, parameter study, W7AS injectors
Target thickness versus gas flow, parameter study, ASDEX UPGRADE
injectors

Scaling of target thickness with gas flow

Scaling of target thickness with neutralizer length

Scaling of target thickness with neutralizer temperature

Scaling of target thickness with neutralizer diameter

Scaling of target thickness with beam current

Unshifted H,: Ratio of the emission caused by electrons and beam

together to the emission caused by the beam alone
Cross section of the neutralizers for the ASDEX UPGRADE injectors
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