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1. BACKGROUND Comr-’ -7l I3~ / Cv‘@/uﬂ)

The tokamak magnetic geometry prccesses satisfactory confinement prOperiiestl) §
and will form the basis for many iarge, new experiments in the next few years.(z’B) ;
The aim of all of these experiments is to explore the physics of hot, danse %
plasumas "in conditions near to those for which significant thermonuclear energy | §

production is a possibility. Some experiments, such as the Tokamak Fusion Test
Reactor, at the Princeton Plasma Physics Laboratory, may even attain breakeven,
with energy produced from fusion reactions equalling the energy input needed
to sustain the plasma againsl losses.

It is a common assumpticn that some sort of external heating mechanisim will
be required to achieve high plasma temperature. While various forms of radio
frequency and other wave heating tecliniques are being studied, the dominant

emphasis is being placed on hzating by the injection of énergefic beams of

neutral hydrogenic particles. We will first discuss the processes which are
important to an understanding of the neutral beam injection process in a tcokamak,

and then discuss those areas Tor which atomic and molecular data are particularly
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needed., We conclude with an assessment of the accuracies required and with

some estimation of the priorities which ought to be assigned.

2. [KEUTRAL BEAM INJECTION: BASIC PROCESSES AND PARAMETERS

To describe the influence of atomic and molecular processes on the plasma

physics of neutral beam injection, we will begin with a concise discussion of

the injection and thermalization process.

*Nesearch sponsored by the Energy Rescearch and Devalopinent Administration under
contract with Union Carbide Corporation.
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We will restrict the discussion to events occurring after the acceierated
ion beam has been neutralized and enters the plasma chamber. Figure 1 (from
Rome et a!.4).shows the tokamak geometry and a typical incident neutral beam.
The neutral particles are trapped in the plasma by charge transfer with plasma
ions, by electron impact ionization, or by impact ionization on the plasma ions.
Once charged, these energetic injected particles are confined by the tokamak
magnetic field. For the case of injection nearly tangential to the magnetic
field shown. in Fig. 1, the particles follow trajectories which also. lie nearly
altong the fields. However, a projecticn of their orbits onto & plane perpendi-
cular to the torecidal axis shows that there are important drift motions for
these ijons: their orbits are displaced outward from the axis of symmetry
for particles injected nearly parallel to the plasma current, inward for those
particie: which are nearly anti-paraliel. By calculating tﬁis resulting drift
after trapping, and averaging the densities of these fast ions near the tokamak
éadia] flux surfaces, the deposition of fast ions is characterized by the
function H{r} shown in Fig. 1: the norma1ized density of depositced fast ions
as a function of plasma minor radius. Various radial deposition profiles are
shown as a function of a/x. a is the plasma minor radius, X the mean free path

-against trapping by all the processes mentioned.

2: \ ! "
3= f(ne <G V> + nyo Vo nyoy Vo + ngolV o+ nzoiZVO)dS (1)
Ne.H.Z° spatial densities of electrons, hydrogenic ions, and other
sty & R
{impurity) species.
Vo: velocity of the injected neutral atoms.
. <GeVe>: electron impact ionization rate averaged over the electron
distribution.
Oy xz: charge exchange cross section for beam atoms with hydrogenic
3

and other (impurity) species.



ionization cross section for inpact of beam atoms upon hydrogenic
and othe. (impurity) species.

%,iz}
T integral is taken along the path of the beam from entrance to a point on
Th_vacuum chamber wall opposite the injector.

Once deposited, these energetic icrns undergo interaction with the background
‘“nfined p?aéma. While many possible collective thermalization processes have
L considered(5) the modei of successive distant binary encounters, as des-
“*ibed by the Fokker-Planck drift-kinetic equation(e) is though to be accurate.
g injected fast neutrals, now fast ions, thus transfer momentum and energy
i the plasma. Calculations with the Fokker-Planck equation yield estimates
*ir these processes which are consistent with the rates observed in a number of
iasent experiments.(7'11) The chief effect of contemporary injec?ion experi-
wits is to transfer energy, to the background plasma, and thus to heat it
T temperatures impossible to obtain by ohmic heating alcne. The beam particie
out is small by comparison with the particle sources on the walls and ﬁpcrture
“iinfters.  The momentum input is minimized by pairing injectors in the
22 rections parallel and anti-parallel to fhe‘current, or by injecting -nearly
te+pendicular to the current.
| The energy input to the plasma is characteriied by the ratic of the sc-
wi#]led critical energy of the thermalizing ijon, below wirich energy transfer
~wicurs chiefly to the more massive positive ion species, to the electron tempera-

wire. This ratio is:

Ec - A " 4 .
== 14.6 - 2/3 0 ZK/ Ry (2)
e k=1 ,
whiere A, Ak: atomic weights of the beam and kth species of positive ion
Te: electron temperature
E.: ‘critical' energy
My density of kth species of positive ion
Z jonic charge of the kth species of positive ion.
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This ratio dcpends upon the radizl distributions of electron temperature,
charge, and ion density.

In some present experiments the beam energy transfer to the plasma is
degraded by charge exchongz of the thermalizing ions with residual low-energy
hydrogenic neutrals in the plasma. While the ratio of hvdrogenic neutral/
hydrogenic ion densities is typicaliy 10'5, the rescnance charge cxchange
cross section is large enough to produce a significant loss of beam ions
during the time {of order 10 s of milliseconds) required for thermalization.

Figure 2 shows a typical computed distribution of fast ions in velocity
spcae. (This is a solution of the Fokker-Planck equation.) There is a region
in the space of particles traveling counter to the curvent which is empty.

This so-called 'loss region' is characterized by particle drift orbits whose
+-ajectories cause them to leave the machine and strike the wail. Perpendicular
injection, such as is done on the TFR experiment, also produces such 2 'loss
region’, especizlly at lcw plasma current. The rate at which the beam ions
are lost through this gap in velocity space is characterized by the rate of
diffusion in the anglie made by the ion velocity, with the magnetic field. This
‘pitch angle diffusion’ rate is proportional to the rate of momentum exchange ‘
with the background elecirons, and is directly proportional %o
N
Zeff = "kzi/ne (3)

k=1
where the other terms have already been defined and o is the electron density.

Again, the sum is to be taken over the N species of positive ions in the plasma.
Once the erergy is transferred io the plasma, the considerations of plasma
cooling by impurities to be discussed elsewhere will apply.
In summary, then, the neutral injection process in tokamaks requireds
knowledge of the deposition process (and the quantities in Eq. 1), the encrgy
exchange process (quantities in Eq. 2), and momentum exchange (quantities in

Eq. 3). ‘
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The cross sections and Lhe rate cocfiicient neaded for Fg. (1) are
obvious exanples of atemic data needs. The charge Lraasfer and iapact jeniza-
tion cross sectionsare nezded for quite a large numbor of species, and over
a fairly wide range of encrgics. (Ve will discuss specific instances jater.)
The quantities needed for the critical encrgy and pilch angie difiusion processes
{Eq. 2 and 3) are also needed for plasma diagnostics and for cstimates of
plasma cooling due to impurity ions. Onc wishes to ascortain, largely from
spectroscopy, the chemical composition (i.c., the “k) and charge state distri-
bution (i.e., Zk) for the positive ion species in the plasma. The needs herc
are typically for identification of strong resonance lines, for transition
probabilities and for shifts of K and L lines for highly ionized hzavy metals.
The plasms cooling processes will require knowicdge of the dielectronic and
radiative recombination rates for the impurity ions.

Since these latier processes are important to the overali plesmisonergy
hbalance, and are not unique to the aecuteal injection process, we will focus
on the deposition cross sections in our discussion of stomic data nepds.

In Table 1 we Yist the characteristics of present neuiral beon injection
experiments which are iaportent to the atomic and molecular physics procosses

to be discussed.

TABLE
Hino:
Injected Plasma + Badius
Experiment Spocies Speciés Enevay/nucieon®  {om)
Cleo takamakl W H+,
{Culham Laboratory)
orte® {oRnL) K, 00 w*,o",0,Fe 25 keV “*23
Edichatic tlovaidgl
Compressor (ﬁx’.‘(l)a (pPPirL) Ho,l}ﬂ.!!eo H*,I}J“.{},FG 30 keV 17
1r2!0 (fontenay-aux-Roses)  KO,D0° H'.0",0.Fe, 0 33 kev 20
3
T-ll]1 (Kurchatov Inst.) Ko H 22

+ . . N v . .
In present experimental devices the chomical compunilicn s sompwhat uncertain.
Various devices have reported or suspected significant concentrations of



Table ! (cont'd)

C, 0, Fe, M, M, N., N, Cr, Hg, P,, Cu. In additon such gases as He, N_, Ar, K
and X, have been iﬁjectcd as diagnostics and Ag and S films have been
sublimatod by a I?EQY“?urSt end injected into the plasma in a controlled way

a5 a diagnostic, 116»d2 :

r

The ATC device espleyed Ty gettering to reduce %hc impurity content. Whil2 the
impurity concentrations were notably diminished(12) some traces of Tj appeared
as a result. -

*He quote the highust energy components. The presence of variocus molecular
speciac in the ion source causes the appearance of lower energy injected
atoms at fractions of the full energy. These are a characteristic of the
source used on cach experiment.

in Table 2 we list the relevant injection pzrameters and some of

the nearer torm plenned injection experiments.

Table 2
Minor
Injectod Plasma Energy Radiu;
Experiment Species* Species Nucleon _fem)?¥
PLT (PPPL) e, n° H® p° 25 ke . 45
OREAK Uparade (ORNL) " " 30
foubiet JiI
{General Atomic) » “ 45%%
RiTE
{Culham) " "
Tr& 600
(Fontenay-aux-Roses)
PDE  {PPPL) Ak

*Nthers, such as He, may be tried.
4 . . o am .
The same dmpurities as noted in Table 1 are likely te be present.

1Agéin, as with Table 1, some distribution of lower energies is expected,
depending cn the source,

**Noublet 111 has a vertical dimensions (cm).

»**PDY has a vertical dimension (cm).




In Table 3 we note the injection parameters planned for large tokamak

)
experiments, to be operating circe 1980.()'
TABLE 3
Minor
_ Injected Plasma Energy/ Radiu
Device Species* Speciest  Nucleon (cm)#
TFTR {PPPL) HO,0% (122, 1°2)  H°,0%,7° 60 kev 85
JET (EURATOM) " " 80 keY 125
JT-60 (JAERI) " " 50 keV 100
T-10M {Kurchatov) " " ? 75

*Proposals for a counterstreaming ion torus(13) employ to injection.

+The impurity concentrations noted in Table 1 may be expected.

IThe designers hope to optimize the beams in these large systems, so that

most of the beam current is carried in the highest energy component.
Finally, we nota that studies of fusicn reactor power plants have been

made(la) and that neutral beam energies of 180-200 keV p° are foreseen for D-T
reactor operation. e note also that these reactor systems will contour an
appreciable alpha particle residue from D-T reactions, so that there is an
inevitable 'impurity' for these systems. The minor radii of these devices

are typically foreseen to be ~ 2 m.

3. BCAM TRAPPING

Making reference once more to Fig. 1 we note that beam deposition may be
characterized by the ratio a/A. Further, the depositon profiie becomes flat for
a/x ~ 4. In present tokamaks the energy confinement is better in the center of
the device than at the edge; thus, the peaced profiles in Fig. 1 wiil produce
an efficient plasm: ncating, while those peaked outwardly will produce poor

heating. Not on'; that, but such profiles will also produce a stronger
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interaction with the wall, as we will discuss. Thus we choose a/X ~ 4 as
represenfing the lower limit of adequate beam penetraticn.

The cross sections needed in Eq. (1) are not known for the impurities and
energies of interest. Since many large experiments with injection energy/
nucleon 2 40 keV were predicted on the assumption that hydrogenic ion impact
ionization was the dominant proceés, we will consider the consequences
suggested by Girard et'a].(IS) of a different assumption. Assuming that the
Born approximation is valid at these relatively low energies and that the
impurity on impact ionization cross section simply scales as Z2 times the
hydrogenic cruss section, then
)

Aimpact
jorization

- 2
= [ ds (nH +n, ) oy

where the conventions are the same as for Eq. (1). Using the definitien of
Eq. (3), the local trapping rate is proportional to e Zeff Oy In Fig. 3
we see a ‘universal curve' prepared by H. C. Howe, Jr., which embodies these
assumptions. The figure shows the locus of points which satisfy §-= 4 as a
functicn of a - ﬁé' Zeff and the energy/nucleon. (a is the plasma minor
radius.) For all the experiments in Table 1 the range of average electron
13 -3 14 c

"<n, <10

-3 .. :
e m ~ while Z < Z,ep < 12. Thus,

density (ﬁé) is2 .10
most of the points for present experiments would lie above the curve, indicating
adequate penetraiion. The near term experiments listed in Table 2 become
marginal, however, and the 1980-era experiments very clearly lack adquate
penetration if the Born approximation assﬁmptions are valid. The status of

the present and near-term experiments relies on éssumptions made about the
hftherto unkhown charge transfer cross sections. They are assumed noi to

depend on impurities in Fig. 3 (the dotted Vline shows the locus of a/A = 4 if

this cross section is to be enhanced).
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As an exampie of the consequences of having 3/A > 4, we present a computa-
tional study of thelFTR device. The computer model has been described in
Refs. 16-18. We assume that 047 © Z2 0 The initial plasma state is shown
in Fig. 4a, Te,i = 4§ keV, plasma isolated from the wall. ke suppose that 12 MW
of D® neutrals are injected, with 25% of the particles at 120 keV, 50% at
60 keV and 25% at 40 keV. The plasma is assumed to have 2% oxygen impurity
relative to the proton density, distributed uniformly in radius. The hydrogenic
plasma jons are initially assumed to be T+. As the beam injection proceeds the
plasma becomes a D-T mixture. As the 120 keV p* jons thermalize, they produce
direct thermonuclear reactiors by interacting with the background fue} ions.(lg)
Thus, a 'breakeven' experiment may be envisaged in which the thermonuclear
energy production is derived only from reactions between the beam a;d the
background plasma. Such an experiment would be relatively insensitive to the
deleterious effects of impurities on the piasma energy balance in generai,
providing only that the beam ions can be deposited in the center of the plasma.
In Figs. 4a-d we see the interrelation of impurity trapping of the beam and the
subsequent dynawiics. As the beam enerdy thermalizes the plasma is heated and
produces some impurities by sputtering. As these impurities (assumed to be
fe, as seen in Fig. 4c) enter the plasma, they enhance the impact ionization
¢ross section. This, in turn, traps the beam farther to the outside, in a
region of higher neutral density. The combination of edge heating and high
neutral density at the edge produces an even stronger charge exchange bombardment
of the wall, more sputtering, and a cascade in which the beam is effectively
excluded from theplacma (Fig. 4d). The ratio of fusion energy production to
beam energy input ic ~ C.35 iu this case, and roughly 2 MJ of neutron eneray
are produced.
This beam deposition instability has been examined by a nuwber of workers(20"23)

and serves as an excellent example of the need for atomic data. To assess the



likelihood of this cascade are needs the cross sections for charge transfer
and impact ionization for the injection of KO, p° (and perhaps T°) into a
hydrogenic plasma (electrons, H+, T+, D+ and impurity ions). ' The energy

ranges of interest are given in the Table.

4. ACCURACY AND PRICRITIES
We first of all note that the beam density deposited along the chord s

~fds/x Thus, all the relevant cross sections

in Fig. 1 is proportional to e
appear in an exponent. We note also that the calculations we have employed

to suggest the impartance of the beam deposition instability are model-dependent.
If the dielectronic recombination rates were known we might as well as have
concluded that photon emission carried the energy from the plasma, not charge
exchange. Then the sputtering rates wauld be much Tower,

Thus we may rather arbitrarily assign an overall estimate of 20% to the
accuracy with which these charge transfer and impact ionization cross sections
should be known. We must know the magnitude as well as the dependence on
energy and charge.

The tables 1ist quite a number of possible impurity ions to study for
the relevant eneragy ranges. We should order them by the following remarks.

1. The wall material of all the experiments is stainless steel; the

Timiter which all (except PDX) use, or will use, is M0 or W,

2. Ubiquitous light elements are C, 0.

3. Novel wall or limiter materials are now being tried, or are planned

for the future. Pyrolytic C, SiC, B4C have all been mentioned.

Cross section measurements are needed for this problem te asses the impact

of this cascade process on large machine designs.




REFERENCES

1.

[l co ~1 (=] o £ w [y
- Y . . . - . ~

[ - [ S SR el e ) ot
©® N o ¢ s W N R O
B . . . . . . b

19.
20.
21.
22.
23.

11

L. A. Artsimovich, Nucl. Fusion

3rd Worl Survey of Fusion Devices

Large Tokamz% Experiments, compiled by A. H. Spans, Nucl. Fusien 15, 909 (1975).

J. A. Rome et al.,

Nucl. Fusion

H. L. Berk, P. H. Rutherford, Nucl. Fusion

J. G, Cordey WGF Core Tokyo

R.A. Ellis et al.,

TFR

ATC

S. A. Coten et al.,

J. W. Davis, G. L.

J. P. Girard et al.,

Nucl. Fusion

Phys. Rev. Lett. .
Kulcinski, Nucl. Fusion 16, 355 (1976). |

Tokyo

M. Widner, R. Dory, ORNL/TM- 1971 (unpublished).

J. T. Hogan, Meth.

J. . Munro et al.,
Code," ORNL-TM-

J. Dawson et al.,

J. G. Cordey

Computat. Physics, V. 16, Computer Appl.

"User's Manual for the CTR 1976 fak Ridge Tokamak
, 1976 (unpublished).

Phys. Rev. Lett.

R. W. Conn, J. Kesner, Nucl. Fusion

Jd. T. Hogan, H. C.
D. E. Post et al.,

Howe, Jr., (submitied to J. Nucl. Mater.)

Princeton Plasma Physics Laboratory Report MATT-

197¢ (unpuulished).




