Presented at the First Topical Meeting
RECEI Vt;:..; LBL~2469a/
c.

;’;st?oen'l’gzhngl.ogy of Controlled Nuclear ]
o0 2an Diego, Cali i A
Aprll 16-18’ 197g4. a 1f01‘n1a, RAD’A?’O,}"V’Rﬁ’ZggAT
TRATORY
. ;

LiBRaR.
Do ARy A
CUMENTS SE}'?”O
N

MIXED SPECIES IN IN'I‘ENSE NEUTRAL BEAMS

K‘ .
H Berkner, R, V. Pyle and J. W, Stearns

April 1974

Prepared for the U mm.
« S. Atomic En isgi
under Contract W-7405- prec. gg " 55108

—
~ TWO-WEEK LOAN COPY
This is a Library Circulating Copy
which may be borrowed for two weeks.
" For a personal retention copy, call
Tech. Info. Division, Ext. 5545
\.

b
69%2-T9T

y



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



MIXED SPECIES IN INTENSE NEUTRAL BEAMS
:Ka H.'Berkner, R. V. Pyle, and J. W. Sfearns

Lawrence Berkeley Laboratory, University of California
Berkeley, California 94720

ABSTRACT |

Present high-current ion sources for neutral injection experiments accel-
erate a mixture of atomic and molecular hydrogen species-that are converted
"into neutral particles with different energies and neutralization efficiencies.
Beam composition can have important effects on injection system efficiency,

- vacuum system design, and first-wall loading. Measured and inferred neutrali-
‘zation efficiencies for the LBL high-current sources are given.

INTRODUCTION

One way of maintaining a hot magnetically confined plasma is by injecting
new, high-energy material into it. An intense high-energy neutral beam becomes
ionized and trapped when it impinges upon a lower-energy plasma within the con-
finement field and not only replaces lost ions, but also heats the plasma.
This approach is being used for Baseball II, 2XII, Ormak, ATC and other

machines around the world.

, ‘Neutral beam systems, now under discussion for fusion experlments and
’reactors, require tens to hundreds of megawatts of electrical power. The
choice and control of the atomic and molecular ion species in the plasma source
_ can have an important effect on the capital and operating costs, with or with-
out recovery of the energy of the non-neutralized fraction of the beam. (In
‘the former case, electrostatic energy recovery from a mono-energetic ion beam
could be straightforward, but the necessity to disperse fractional energy beams
would cause additional complexity.) The required amount of cold gas in the
neutralizing cell varies with ion energy and species, and in turn affects the
cost of the large vacuum system. Neutrals with different energies will be
trapped at different plasma radii; in particular, low-energy atoms will be
trapped at large radii and increase the power loading on limiters and first
walls. Finally, we note that the trapping of an injected H2 or D, molecule
produces (by dissociation) an energetic atom that may escape to the wall.

BEAM SPECIES AND NEUTRALIZATION

Deuterium ions, in a deuterlum arc or glov dlscharge,'ex1st principally in
four forms. The positively charged D+ D+, and D} atomic and molecular ions,
and the negatively charged D~ ion. . Each of thesejlons, when extracted from the
plasma and accelerated to form a high-eénergy beam, may be electrically neutral-
ized-in part by capturing an electron from a neutral gas target, by dissocia-
tion, or by losing an electron to the target. For collisionally thick targets,
the competition between electron-capture-and-loss collisions establishes an

* e ‘ _ c . ,
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equilibrium balance of positive, negative, and neutral particles in the emerg-
ing beam. s

For a beam which contains no molecular ions, the collision-induced
"changes in the various charge states of the beam are described by the set of

equations

aF .
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where F, is the fraction of the_beém in chérge state i, o, .. 1s the cross sec-
tion for a collision in which the energetic particle changég its charge from i
-to 'j, and T is the target line density of the neutralizer (molecules/cm ).

For a‘beam of diatomic molecules there are two such sets of equations,
one for.the molecular species and another for the atomic dissociation frag-
ments at one-half the molecular energy:
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Here o, , 1s the cross section for the pfoduct;on of the atomic species i from -

the molédular species k (e.g., production of DY from D). Since two atomic
specles result from the dissociation of one diatomic mdlecule, this definition
of O 4 yields the factor 1/2 in the molecular equation.

Likewise, for an initial beam of D+’ions, there is one equation for the
triatomic molecular ions (there is no réliable evidence of a stable DY mole-
cule), a set of equations for the diatomic molecular dissociation fragments
at_2/3 of the DI energy, and a third set for the atomic fragments at 1/3 of

. the.D; energy: 5
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Tt is clear that for a particular neutralizer a host of cross-section
data is required to determine the neutralization efficiency. These data are
not always available for an arbitrary choice of neutralizers, so it is not
possible at this time to do a systematic study. Enough sample calculations
have been carried out, however, to indicate that D, is representative of the

. better gas neutralizers. (For D~ and the molecula?T ions, plasma targets
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should be more efficient than gas neutralizers.l Such‘targets have not been
tried yet and will not be discussed here.) Our choice of the appropriate.

- cross sections for Do, gleaned from the literature, is given in Table I. The
cross sections and the uncertain%y estimates in Table I are‘based_on compari-
sons of various published values  of the same quantities, and on extrapola-
tions  if no measurements exist; they are not to be considered "best values",

~i.e., no evaluations of the various experiments have been made. (Note that
most cross sections are not known very accurately.) As an éxample appropri-
ate to energies assumed in calculations for two-component experiments, the
neutralization efficiency vs Dp target thickness obtained from Egs. (1), (2),
and (3) is shown in Fig. 1 for 200 keV/deuteron beams (200-keV D* and D=, = -
400-keV D3, and 600-keV Dg). The results are presented this way, since it is
the deuteron which eventually will be trapped and heat the plasma. The hori-
zontal scale is the target thickness for a D, neutralizer. The logarithmic
vertical scale is the neutral power conversion efficiency, n (power in neutral
beam/power in incident ion beam). For the incident molecular ions the power

.in the neutr36 beam is obtained by summing the contributions from 200-keV D
and 400-keV D, .

- The maxima at intermediate neutralizer thickness in the molecular-ion
curves of Fig. 1 result from the presence of Dg molecules which exist at low
target thicknesses but. are destroyed by dissociation in thick targets. These
maxima become less pronounced at lower energies and disappear below about
130. keV/deuteron. At even lower energies (below about 75 keV/deuteron) the
n vs. T curves for the molecular ions lie below the pt curve, i.e., low-energy
molecular-ion beams require larger values of 7 than do D" beams to achieve the
same neutralization efficiencies. This effect is illustrated in Fig. 2, where
we show the target thickness for "optimum" neutral production for the three
species as a function of energy. (Optimum neutral production is defined as
the maximum value of 1 if a maximum exists, otherwise it is 95% of the equi- -
librium 7q.) The curves cross over at about 75 keV/deuteron. Above this .
energy the molecular ions can be neutralized with thinner targets than can
the D ions. S

The maximum neutralization efficiency for each species is shown as a
function of energy'in Fig. 3. At low energies, each beam produces the same
result. It is only above about 75 keV that D~ starts to show any advantage,
and above 130 keV/deuteron that D% or Dg produces more neutral power than DT.
At higher energies, the D~ beam looks the best; however, since no one has yet
produced an intense negative-ion beam at high energies, the rest of the dis-
‘cussion will deal exclusively with positive beams. _ .

MIXED BEAMS

Positive-ion beams extracted from a deuterium plasma generally contain a.
mixture of all tgree positive ions. For example, the 10-A neutral beam source -
developed at LBL” typically produces a mixture of neutral particles from a
20-keV ion beam which is 75% D¥, 15% D}, and 10% Df. (The beam composition of
the ‘scaled up 5C-A source” is probably similar, but has not been measured
yet.) Alteration of the composition by a change in ion-source operating con-
ditions has been explored only to a limited extent; e.g., when arc parameters
were changed while the total beam power to a calorimeter plate was kept con-

. stant, it was possible to raise the Dg fraction to 22% (67% D+; 22% DE, and
ll%ADB), but it was not possible to increase the Dt fraction appreciably.
(When hydrogen is used in the source, the measured mixture is 60% HY, 20% HE,
and 20% Hg.) Rther kinds of high-current-density ion sources, e.g., the ORNL
"duoPIGatron",” also produce mixed-species beams. : :

Unwanted ion species can, in principle, be rejected at low energy by a
magnetic selection process. However, to minimize space-charge blowup, present
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. high-power-density beam systems have the neutralizer immediately following the
last element of the extraction system. Consequently, no momentum selection of
the ions is possible and the neutral beam (which represents about 90% of the
beam power at 20 keV) is produced from all three ions. From the composition
of the accelerated ion beam and Egs. (1)-(3), we can calculate the neutral
beam compositl W1th a 20-kV extraction potential, and a neutralizer thick-
ngss of 7T x lO e , the neutral particle current composition is 57% 20-keV
DY, 21% 10-keV D, 19% 6.7-keV D 1% 20-keV D2, and 2% 13-keV Dg
Let us now consider the neutralization efficiency of such a mixed-ion

beam if it were accelerated to higher energies (by adding. acceleratlng stages

to the present source) Slnce the, next large CTR experiments will require

nmulti-megawatt beams of 30- to 80-keV ‘K0 or D atoms, we will focus our atten-
" tion on this energy range. .

0 Tab&es II and III show calculated efficiencies for producing the desired
'D” and H~ beams under various condltlons as well as the power produced in
neutrals of other energies. This power invested in neutrals other than the
~desired ones is important because lower-energy particles may be trapped at
large radii and end up mostly as a load on the vacuum walls or the plasma
limiters. : »

The top line of each section of the tables shows what could be achieved
with a pure deuteron or proton beam of the desired energy. This is followed
by the efficiency we could achieve with actually observed mixtures of the

~ various beam components at two different accelerating voltages. The achiev-
able neutral power 1s given at two reasonable neutralizer thlcknesses-
5x 1015 molecules/cm2 and 1016 molecules/cm (for 80-keV g productlon the
target thicknesses have been increased to 10t 16 and 2 x 101 molecules em<).

In the last column we show the beam current that the ion source must
produce in order to obtain 1 MW of neutral power at the specified energy;
this is a lower limit, since it assumes that the beam optics are good enough
to deliver the beam with 100% efficiency through beam-line apertures.

DISCUSSION

In Fig. 4 we show an example of the power flow in a neutral beam system
where 1 MW of 80-keV g atoms is desired. We assume the ion species composi-
tion of an LBL source” (we do not know of any high-current ion sources with
more favorable ion species composition). Assuming no losses, the ion-beam
power must be 2.1 MW extracted from the ion source. Follow1ng the neutral-
izer (thick enough to give at least 95% of the equilibrium pY fraction), .
0,65 MW is in positive ions that must be dumped on some surface. From an
economic standpoint, it is desirable to recover the energy of the ion beam,
e.g., by electrostatic deceleration;5 from an engineering standpoint it would
be-much easier if essentially all of the ions had the same momentum.

Of the 1.45 MW in the neutral beam--again assuming no losses due to some
- of the neutral beam striking apertures--1 MW is at the desired energy, and
0.45 MW is at_lower energies. Since the neutral- partlcle penetration thick-
ness_(ions/cm ) in a fusion-experiment plagma is approximately proportional
“to the neutral energy for a given species,~ lower-energy neutrals will be
trapped at larger radll, and may be lost rapidly to the wall (e.g., by charge
exchange)

The possibility of having nearly monoenergetic neutral atomic teams is
clearly desirable, and the need for research toward this end is indiecate:l.
There may be ways to enhance the D* fraction in an ion source, e.g., by con-
structing the arc chamber and gas feed lines of heated tungsten; but for the
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_present reallstic mixtures of species must be considered when matlng neutral
_ beam systems with CTR conflnement devices.
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TABLE LEGENDS |
L o 2 ) 17 2 S
Table I. Cross sections wused in calculations (0" em /D2 molecule).

Table II. Neutralization efficiencies for the groductlon of 30-, ho-, and

*80-keV D” beams from ion beams containing DY, 2, and D5

Table. III. NEutrallzatlon efficiencies for the productlon of 50- 40-, and
80-keV HO beams from ion beams containing HY, 2, and Hf. '
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Table I

Cross Sections for'Calculations ’

(1077 cme/Dz molecule)

p* ° p” o, DQO p,*

Energy g a,_ g Th_ o_ g g [+4 : o [+ g [ [ a a . [+f
Kev, / deat 10 1 1 01 0-1 10 ll»_ 1)20 DO D+ D2+ DO' D+ D2O D2+ D0 D+
o 18 . o) so® 16 | 100 85 |6 ™ 22 | 1.1 25 3303 1 @ o1
‘20 -1 8o - 0.4s 9.3(3) 2.5 108 9.0 36 83 22 - 12 17 bog | b1 12.5 91 16
50 LT . 0.801} 13 1.6 85 8.5 16 63 - 2k 19 (9.5) 7.0} %0 10.8 83 21
100 17 o0 . 075 65 8.0 4.3 35 2l 19 (7.3 6.9} 10 . 8.2 50 2k

200 2.5(5) _o.oL| 10.8 ° (0.25) k7 S (7.2) 0.7 13(°) 19 15 5.0 5.8 3.5 5.6 25 22.3
500 o.o_l+6(a) C (o) 6.0 (0.06) 25  (6.0) | (0.0%) 3.7(°) 10 7.0 3.2 3.8 1.1 3.0 13 15
1000 0.0012 0 | 33 (0.02) | 15 (5.2) | (0.008) 2.00®) sl ve 22 eu| 063 18 65 7
Estimated ' : . .
uncertainties | +10% +30% | *10% +20% +15%  +10% | +10% +10% +20% | 220%  +25% =25% +20% 415% +10% +10%
Estimated uncertainties are as si\own under each column except aé noted. UiJ (1,3 = 1,0,~1) indicates cross sectién for change from
Eaii’]&% - ) charge state i to j.
b . :
+10-50% » . O O, etc. symbolize cross sections for the production
(C):eo% . _ . : : D D . B )
- ; . s e of DO, vD+,' ete.
() Parentheses indicate extrapolations or interpolations where . - S

no uncertainty can be assigned.

*Reaction D2O - _Do + D+ only.



Table II
] Fraction of power neutralized (%) ‘Required amperes
Desired Ton beam composition Accelerator T = 5 x 1015 mol/cm2 7= 1016 mol/cm2 from ion source
D atom energy . (%) - voltage at at ‘at at to produce 1 wy
- (keV) ot pt pt ’ (kv) desired other désired other neuté'al rover at
2 3 energy energies energy energies the desired energy
30 - 100 ' 30 - 83 84 - Lo
75 15 10 30 . 2 22 ;63 23 v 53
67 22 11 60 18% 55 19° 58 © 88
ko 100 . ko 80 83 30
CT75 15 10 - Lo 60 22 62 22 Lo
67 22 11 - 80 17° 46 - 184 51 60
' 80 . 1200 o 80 T 62 20
75 15 ° 10 8o by 20 46 2L 27
61 ‘22 1 160 12° 22 137 26 48

(a

(b

~—

includes 3.5% of beam power in 60 keV D,

includes 1.5% of beam power in €0 keV D,

~

(c) includes 3% of beam power in 80 kev D,
() includes 1% of beam power in 80 keV D,
(e

(£) includes 3% of beem power in 160 keV D,

includes 4% of beam power in 160 keV D,

~—
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Table III

Fraction of power neutralized (%) Required amperes

Desired Ion beam composition Accelerator T = 5 x 10]'5 mol/cm2 T = 1017? mol/cm2 Erom ion source
H atom energy voltage at ot % —at to produce "1 MW
(kev) . ' H2‘+ T (xv) desired otrer destred other :}elut?l pover at
) 3 energy energies energy energies e desired energy
30 100 } 30 68 71 47
6 20 20 30 N 33 43 36 78
6 20 20 . 60 13* 35 wP 41 119
ko 100 ko '56 63' 4o
60 20 20 Lo . 33 32 37 34 8
.60 20 20 80 1°® ok 1% 30 96
(m = 10]'6 mol/cme) (mr=12x 10:L6 mol/cma)
80 100 80 25 C29 i 43
60 =20 20 | 80 15 28 18 28 69
‘ & 20 20 160 6.4° 12 6.3 13 98

(a

~

includes 4% of beam power-in 60 keV H,

(b) includes 2% of beam power in 60 keV H,

(¢) includes 2.5% of beam power in 80 keV Hy

‘ (a) includes 1% of beam power in 80 keV H,

(e) includes 1% of beam power in 160 keV H,
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FIGURE LEGENDS

Neutralization efficiency 7 (power in neutral’beam/power in initial
ion beam) vs D, neutralizer thlckness for each of the four beams;
200-keV D", 400-keV D3, 600-keV DI, and 200-keV D~.

Neutralizer thickness for optimum neutral production vs beam energy
for each of the three beams D+ D*, and D¥. Where no maximum in

n vs T exists we choose T for 95% of equlélbrlum ug

Maximum neutrallzatlon eff1c1ency in D2 vs beam energy, for each of
the four beams, D¥, D ;, and D”.
Power flow diegram for a 1-MW, 80-keV DO injection system. (The ion
species ‘composition of an LBL source has been assumed.) Estimates
for relative penetration thlchnesses, P. T. (1ons/cm2), were obtained
from Sweetman.
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.7 MW

40 keV D* (75%)
40 keV D3 (15%)

40 keV D% (10%)
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cm2
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