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Abstract

Slowing-down of fast ions created by neutral injection into a tokamak
plasma is investigated in order to determine the energy transferred
to the ions and electrons of the plasma and the losses of particles
and energy caused by charge exchange with the background neutrals.
The impurity influx produced by wall-sputtering of the lost particles
is calculated taking into account the energy dependent sputtering
coefficient for hydrogen on stainless steel. Since energy transfer
and charge exchange losses strongly depend on the neutral density

and the electron temperature, the allowance of arbitrary profiles

for (no/ne) and Te as well as for the fast ion deposition is
incorporated. Several applications of the derived formalism are

given for the case of the ASDEX tokamak.




I. INTRODUCTION

The injection of fast neutral atoms has proved to be one of the most
promising methods for the additional heating of present day tokamak
plasmas. The heating effect is due to the collisional energy trans-
fer from the fastions borne on confined orbits to the plasma particles.
This fast ion slowing-down was, experimentally, found to be in good
agreement with classical beam-plasma interaction /1/. The energy
transferred to the plasma, however, may be seriously affected by
charge exchange between fast ions and neutral background particles.
One of the purposes of this work was to calculate the particle
losses, the associated energy losses and the impurity influx caused
by wall-sputtering of the fast neutrals. These effects are shown to
be strongly depending on the relation: neutral background density to
electron density (no/ne). Since (nolne) usually increases with the
plasma radius by more than one order of magnitude, the calculations
are extended in order to take into account given profiles of (no/ne)
and Te as well as an arbitrary fast ion deposition profile. The
losses and the resulting impurity influx are then determined by

integrating over the plasma cross section.

The fraction of the injected energy given up to the plasma ions and
electrons, respectively, will be investigated in a second part.
Formulae for the radial heating power density as well as for the
total heating power for both, ions and electrons are derived. Charge
exchange losses and the allowance of arbitrary profiles are included

in these calculations, too.




II. BASIC PROCESSES

II.1 Slowing-down of fast ions

The following formulae derived by Stix /2/ will be used to describe
the slowing-down time 1o of the fast ions from their initial energy

EO to thermal energies Ti &€ E.:

o
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(T, in eV, ng in cm'3, A, Z: mass and charge number of the fast

ions, Aj, Zj:

i indicates the dominant plasma species). Here, tg corresponds to

mass and charge number of the plasma ions; the index

the Spitzer ion-electron slowing-down time and Ec is the so-called
"critical" energy, where the differential energy transfer to the
jons equals that to the electrons. For a plasma with only one
dominant ion species and not too high Zeff the following relation
holds: [Z] = (1/ne) *zj niij* (Ai/Aj) Y 1. This means that E. and
the slowing-down time Ty depend only very weakly on the plasma
impurity level. In all numerical calculations, therefore, [Z]= 1

was assumed.



From eq. (II.1) the time behaviour of the fast ion energy ("slowing-
-down velocity") may be deduced:

E--E s @ mYY

S

(11.4)

The functions = f(EO) and (dE/dt) = f(E) are displayed for
several values of the electron temperature in Fig. 1, assuming

Ho—injection into a hydrogen plasma (A = Ai = 1). The slowing-down

2/3='=E in the case of

velocity exhibits a minimum at E = 2 .

A=A, =1, this minimum occurs at E ~ 10+T,.

I1.2 Charge Exchange

For a given neutral background density no,the loss rate of fast ions
with velocity v, caused by charge exchange (CX) is determined by:

D= - 6(v) v, N(t) = - G(E/A) v n, N(t) (II.5)

where N(t) denotes the time dependent number of fast ions with
velocity v. Here, it is assumed that v is large compared to the
neutral particle velocity. The calculations of the following sections
are restricted to the injection of hydrogen isotopes (Z = 1) into a
plasma whose dominant species consists of hydrogen isotopes, too.

The relevant CX-cross section (e.g. H' + H® » H® + H) is taken

according to Riviere /3/:

0.6937% 107 (1.0 - 0.155 Tog,, (E/A)®
cm- (II.6)

G (E/A) = =1
1.0 + 0.1112%10 = (E/A)°-3

E/A (in eV) is the energy per nucleon of the fast particles.




III. CHARGE EXCHANGE LOSSES AND IMPURITY INFLUX FOR CONSTANT PLASMA
PARAMETERS

II1.1 Particle Losses

Since we are interested in the energy dependence (not in the time
dependence) of the fast ion number, the following equations should be
understood as the result of summation over one neutral beam pulse.

No C N(EO) gives the number of fast ions with initial energy E0 created
during one pulse duration. In calculating N(E), the number of fast

jons which are still present at energy E (E0.> E>T), it is assumed
that, firstly all fast neutrals produced by CX-processes will escape

from the plasma and, secondly that this process is the only loss

mechanism for the fast ions. Taking eqs. (II.4) and (II.5) one obtains:

dN dt

L8 () v NGE) - g2 -
dE " dt " dE 0 2E

1+ (EC/E)3/2

With eg. (11.2), v = 1.39%10% % (E/A)1/2 cn/s (E in eV), Z = 1 and

Tm = 15 it follows:

. n
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75 N(E) (111.1)

Integration from EO to E with vy = 2.9]."‘1013 results in:

=

1/2

E
;) _E' e(E/R) dE } (111.2)

N(E) = N_exp { - YA
0 E (EC/Te)3/2 + (E'/Te)3/2

o lo

The decrease of fast ion number with decreasing energy is, therefore,

given by (eq. (III.2) in eq. (L11.1):
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The relative particle losses due to CX after slowing-down to the
thermal ion temperature T. can be defined as Lp = (Ny = N(T:))/N,.

One obtains:

n Eo
Lo=1- exp'{-YAl/z o EG(E/A). dE

} (111.4)
P "e T, (E/T)VE + (E/Te)Y*

i

Here, it is assumed that the equations for the slowing-down velocity
(II.4) and for the particle loss-rate (II.5) are valid for all
energies down to the ion temperature. However, as long as Eo >>T1,
the result of eq. (III.4) is hardly sensitive to the choice of the
Tower intergration 1imit Ti, the possible violation of these

assumptions, therefore, does not play a significant role.

Figure 2 and figures 12 - 17 show the behaviour of Lp = f(ny/ng)

for several Te- and Eo-va]ues, supposing H%-injection into a hydrogen
plasma (A = AT = 1). In all cases Ti = 1 keV has been used for the
sake of simplicity. Estimations of neutral background densities in
existing tokamaks have yielded n_-values of some 108 a3 /1, 4/,

leading to (n /n,)-values in the 107°

range, provided that the plasma
densities involved are not too high. In this range, however, the
curves in Fig. 2 are strongly increasing. Particle losses and the
effects associated with them (energy losses, impurity influx),

therefore, may not be neglected.

The results obtained for H%-injection into a hydrogen plasma (e.qg.
Fig. 2) can also be applied to cases, where arbitrary hydrogen

isotopes are injected into a plasma consisting (predominantly) of




hydrogen isotopes, i.e. to cases where A # 1 and/or Ai # 1. In order
to do this, an appropriate re-interpretation of the parameters
(no/ne), Te, Eo and Ti must be performed. For HO-injection into a

hydrogen plasma eq. (III.4) reduces to (A, B 5 1):

n oH
_ : o ¢ (E) dE |
L =1-exp f- — (52) i / E }(111.5)
P (14,872 W T 1+ (e
"“eH H

In the general case (A, Ai # 1) eq. (III.4) is identical to

(n = E/A):
E /A
. n A. "o
- ¢ (n) dn
L. =1- exp {—52* c O Ay B — } (II1.6)
Obviously, eq. (III.6) follows from (III.5) by replacing:
n n [Z]
O —3 —0 - - H
Gy =n A himm
e 1 [Z] 2/3
el = e { A, T-Tﬁ } (I11.7)
EOH = (EO/A); T'iH = (Ti/'ﬂ‘)

The results of Fig. 2 may be transferred to any combination of

A # 1 and/or Ai # 1 by changing the abscissa and the curve parameters
according to eqs. (III.7). These transformations are valid also if
the plasma consists of a mixture of two or three hydrogen isotopes.
Provided that only one isotope is dominant, then 21~ [Z14 1,

If we consider for example deuterium injection into a deuterium
plasma, the particle Tosses are equal to those of Ho-injection

into a hydrogen plasma if the following relations are fulfilled:



=T

2/3* - o —
TeH’ EOD =2 EoH and TiD =

Z*TiH' For Eo >> T., the Ti-dependence may be neglected. It is

(no/ne)D = 0.25*(n0/ne)H, TeD = 2

interesting to note that the neutral density must be reduced by a

factor of 4 in order to obtain the same particle losses.

II11.2 Energy Losses

The variation of the total energy (W(E) = N(E) #dE) of the fast
ions, passing the energy interval dE, is due to 1) energy transfer
to the background plasma (dwp,) and to 2) energy losses (dW, )

connected with the particle losses, described before:
QH(E) = di () + d(E) = N(E)E + SR .ae (111.8)

The energy loss after slowing-down from Eo to E is obtained by:

E E
WL(E) ol f de = f

Eqy E

OEidNE

i
3 dE

With eq. (III.3) follows:

(r5)  +(f)
¢ exp’ (yAl/2 "o 50 e @ (e/A)de } dE!
0 A% a1 377
(1) +{)
e e

The relative energy losses of the fast ions caused by CX-processes
during slowing-down may be defined by: Lw= (NL(Ti)/N(Eo) = (WL(Ti)/

(Ny*Eg)):
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Figure 3 and figures 12 - 17 show some graphs for Lw = f(no/ne) based
on the assumptions (A = A_i = 1) and the parameters corresponding to
those of Fig. 2. Note that the relative energy losses for Eo = 60 keV
are (partly) less than those for E = 20 keV. This is due to the fact
that the slowing-down velocity strongly decreases with decreasing
energy provided that E R 20 keV( Fig. 1). The highly energetic ions,
therefore, are predominantly lost after giving up most of their energy

to the plasma particles.
Again, the results obtained for HO-injection into a hydrogen plasma

(e.g. Fig. 3) may be transferred to cases of arbitrary A- and Ai'

values (Z = 1) by applying the transformations (111l )

I1I1.3 Impurity Influx

The fast CX-neutrals which escape from the plasma represent a source
of impurity influx to the plasma, since they produce heavy impurity
atoms by sputtering processes on the walls. An upper limit for this
influx will be obtained by assuming that all fast CX-neutrals hit
the walls and, furthermore, all sputtered atoms reach the plasma.
Due to the finite slowing-down time the onset of the impurity influx
is delayed compared to the beginning of the neutral beam. Provided

constant neutral beam intensity, the influx of heavy atoms will be



proportional to the injected neutral current after, approximately,

one slowing-down time t.. The following considerations are valid for

0
such steady state conditions.

The number of neutrals created within the energy interval (E, E-dE)

is given by:
aN_ () = - dn(E) = - SHED. q

Using eq. (III.3) and defining:

F(E) = yal/2 "o E. & (E/A)

Ne (EC/Te)3/2+(E/Te)3/2

E
o 2172 "9 S0 E'+6°(E'/A).dE'
expl-yA"" 5 I o !
N R
e e
one obtains:
dN_ = - N« F(E) dE (111.10)

In order to describe the impurity influx in the picture of particle
currents, it will be introduced as an additional assumption that the
neutral particle current (Io/e), which is absorbed and confined
within the plasma, is constant during the beam pulse (Tpu]_). From

the definition of N0 it follows:

N, = (I,/e)t

: (11.11)

pul
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The particle current of CX-neutrals with energy E escaping from the

plasma is then given by:

This current causes an influx of sputtered atoms:
dIs = S(E)- il == (Id/e)- S(E)+ F(E) dE
where S(E) denotes the sputtering coefficient at energy E. The total

impurity influx into the plasma is, obviously, obtained by integrating

over energy from Eo to Ti:

E
I = (I/e) /° S(E) F(E) dE (111.12)
L
1
or
n E
I, = (Io/e) ,Y_Al/z Ir1_0 fo E(E%/G'Z(E/A)g/z "
e T, . ¢ E
i () ()
e e

‘ n E E'¢(/,) dE'
e exp {_.YA1/2 _0 fo E_ 3/2 AI 3[2 } dE
*E o )
T T

e

-

In calculating the curves illustrated in Fig. 4, the sputtering
coefficient for H' on stainless steel, summarized by Scherzer /5/,
were used. The further assumptions (A = Ai = 1) and parameters

correspond to those of Figs. 2 and 3.

The behaviour of Is’ especially the decrease at higher (no/ne)-va1ues

may be explained from the energy dependence of the sputtering
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coefficients. For E & 3 keV the sputtering yield is a decreasing

function of incident particle energy.

The results in Fig. 4 may, evidently, not be applied to other hydrogen
isotopes, since the sputtering yield strongly depends on the incident
particle species. It should be mentioned, however, that the impurity
influx will increase if deuterium or tritium beams are injected due

to the higher sputting coefficients for these isotopes /5/.

IV. CHARGE EXCHANGE LOSSES AND IMPURITY INFLUX FOR GIVEN PROFILES

The results of the preceding section have shown that the particle
losses and, therefore, the associated energy losses and the impurity
influx strongly depends on (no/ne) and Te. In all experimental devices
these parameters exhibit a considerable variation over the plasma
cross-section (e.g. ORMAK: n (a) 220 ny(0) /4/). In addition, the
initial fast ion density created by neutral injection is a function

of the minor radius r. This calls for the allowance of (no/ne)- and
Te-profiles as well as for fast ion deposition profiles in the
calculational formalism, outlined above. This will be done by, first,
calculating the local losses; radial integration subsequently determines
the total particle Tosses, energy losses and the resulting impurity

influx.

The radial distribution of the fast ion input rate due to neutral
injection can be written according to Rome et al. /4/ as:
(I,/e)

: = H Iv.1
ne(r) E;E;::gz (r) ( )




=12=

where H(r) is a (dimensionless) shape factor, further called
"deposition profile", which is determined by injection geometry,
injection energy, plasma parameters and beam trapping cross sections.

H(r) is normalized in such a way, that:

a
Fege / H)d = 3% FH(r) rdr (1V.2)
pl Vp-l a- o
(Vp1 = 2m Rnw az). F denotes the relative amount of the injected beam

which is absorbed and confined within the plasma. For the following
it is assumed that the fast ions are sticked to their drift surfaces
during slowing-down, i.e. H(r) will not be changed by collisional
energy transfer. This may be justified for tangential injection
where the ions describe passing orbits, far away from trapping into

the toroidal mirrors.

The radial dependence of the number of fast particles created during
one neutral beam pulse,assuming constant beam intensity and beam

energy Eo, is given by:
No(r) = (Io/e) Tpul H(r) (IV.3)

After slowing-down to energy E the number of remaining particles

can be calculated using eqs. (III.2) and (IV.3):

E‘GX%%) dE’

(EC 377 (E.)3/2 }
— + ey

Te) Te

) o2 " B
N(E,r) = (I /e)t H(r) exp {=A = é

e (IV.4)

pul
The volume integrated relative particle losses after fast ion
thermalization will be obtained according to the following

definition:



2l

R - N )
L = J -2 dV

With eq. (IV.4) follows:

E
-2 5 T Ee (E/A) dE
Lp’v ¥ oH(r) [1 - exp{ A —;(r) Iy (Ec('") i 373} Ir dr (IV.5)
) & )
T
or
2 a
Low =2 L R0 Lylr) rdr

Lp(r) is defined by eq. (III.4) where (nolne), T and EC should be
taken at the location r. The radial dependence of T; is neglected since
the result of (IV.5) is not sensitive to Ti’ provided that Ti<< EO.
According to the normalization of H(r), the relative particle losses
are related to the number of neutrals hitting the plasma surface (not

to the number of neutrals absorbed and confined within the plasma).

Eqs. (III9) and (III.12) for the relative energy losses and the
impurity influx, respectively, may be extended in an analoguous way.
Again, the resulting terms are related to the energy and current,

respectively, injected into the torus. One obtains:

a

Lyr = ;22 o Hr) Ly(r) v dr (1V.6)
2 a
I,y = ;? d’H(r) Is(r) r dr (IV.7)

Here, L (r) and I (r) are defined by eqs. (II1.9) and (III.12)

taking the local values of (no/ne), T , and Ec'

e
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In the following some results of eqs. (IV.5), (IV.6) and (IV.7) will
be illustrated. They are taken from calculations being performed for
the planned injection experiment on ASDEX. H%-injection into a
hydrogen plasma has been assumed. The applied profiles (nO/ne) b,
Te(r) and H(r) are displayed in Fig. 5. (For further information
concerning these profiles, see ref. /6/). Results for Lp,v’ Lw,v

and (Is,v/lo) are plotted in Figs. 6-8. The decreasing values of the
relative energy losses for EO R 40 keV result again from increasing

slowing-down velocity and decreasing CX-cross section at high energy;

CX probability, therefore, will become smaller.

V. ENERGY TRANSFER TO PLASMA IONS AND ELECTRONS

V.1iConstant Plasma Parameters

The energy transfer from the fast ions to the background plasma will

be investigated in order to obtain the local and integral fraction

of the injected energy given up to the ions and electrons, respectively,

including the CX-Tosses. The calculations are similar to those of
Callen et al./7/, the complete energy dependence of the CX-cross

section (II.6), however, will be taken into account.

According to eq. (III.8), the variation of fast ion energy due to
slowing-down collisions with the background plasma is given by:

dW . (E) = N(EYAE = N(E) (f(E) + f,(E)) dE

pl

Here, fI(E) and fe(E) denote the relative differential energy

division into plasma ions and electrons, respectively
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(fI(E) + fo(E) = 1). Using the formalism described by Stix /2/ one

obtains:

£ () 3/2, -1

f (E)

1+ (E/E) (v.1)

-1

1+ (E/E)Y%

The variation of the plasma particle energy due to fast ion

deceleration from E to E - dE can then be written:

N(E) dE
1+ (E/E)

dWy (E) = - N(E) fy(E) dE

L

N(E) dE
1+ (Ec/E)

dW,(E) = - N(E) fo(E) dE = -

3/2
Introducing eq. (III.2) and subsequent integration yield:

E
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° b 1eE2 e e Fo 372 (8) 2
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=
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-
—
12}

E
E n 0
0 1 wph . wlf2 0 e6'(e/a) de '
el8) =Ny =g exp I~ ¢ Lt 372, 6,32t &
E c e “"E3 e + ()
1+ (E'r) (T—) Te

e

=
—
m
~—
1]
m

After slowing-down to thermal energies Ti’ the fraction of initial
beam energy, given up to ions and electrons, respectively, is

determined by:

E E:
W (T,) E n B pe(E)a
B s O SR+ A | . 1/2 o A
G, = = I exp’ {- yA = [ }dE
PR E B w57 { "e B Cgy ¢, B
P ¢ (T; (T;
(v.3)
= MalTy) . 1 o 1 i ifz Ma Eo E'G'(%\l)dE'
G T " / E 377 PR R Sy idE
o o 0 c e £ E'
T, 1+(F) Eofz) . * (3m)
E Te Te
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By neglecting CX-losses (n0 = 0), formulae (V.3) become identical
~ with the results of Stix /2/. In Fig. 9, graphs of GI and Ge as
function of (Eo/Ec) are shown for several (no/ne)-va1ues. The
calculations were done assuming H%-injection into a hydrogen plasma.
Figure 9 indicates that, in particular, the ion heating is affected

by the CX-losses. Using the transformations (II11.7), the GI- and

Ge-graphs can be applied again to cases where A and/or Ai # 1.

V.2 Determination of Heating Power Profiles

In order to introduce fast ion deposition profiles H(r) as well as
a radial dependence of (no/n,), T, and E_, the formalism of
section V.1 has to be extended in a way similar to that, outlined

in chapter IV.

The total neutral beam energy injected into the torus during one

beam pulse is given by:

Ein = (I,/e) Tpul Eo = I U

Again,(IO/e) stands for the neutral particle current hitting the
plasma surface. The relative fraction of E1.n transferred to the

plasma ions after slowing-down is:

1

y
R; = W (T, ,r).dV
L™ BV Yy 11

Here, NI(Ti,r) is defined by eq. (V.2) with the local values of
No(r), (no/ne) (r), Te(r) and Ec(r); No(r) is given by eq. (IV.3).

Using eq. (V.4) one obtains:




oy ly &

a
Ry = a% JH(r) Gy(r) v dr
i (V.5)
R = 2 a

& ;? d. H(r) Ge(r) r dr

GI(r) and Ge(r) are the local, energy integrated fractions of the
injected beam energy given up to the ions and electrons, respectively,
as defined in eqs. (V.3). The total balance of the neutral beam

energy is, therefore, given by:

E. = (Lw,v + Ryt Re) E.

in in * (1-F) E

in

The term Ein (1-F) denotes, according to the definition of F
(eq.(IV.2)), the neutral beam fraction not absorbed or confined

within the plasma.

The heating power transferred to the ions and electrons can be

written as:
2 IOU0 a
PI = '—az—- Uf H(Y‘) GI(Y‘) r dr
2 IOU0 a (V.6)
Pe N —az— Of H('(‘) Ge(r') r dr
and for the local heating power density, therefore, follows:
IU
p(r) = = * H(r) G(r)
pl
IU (v.7)
Pe(r) = 7= H(r) Gy(r)

3]
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The knowledge of local heating power density is necessary if it is
intended to control plasma profiles (e.g. Te(r), Ti(r), j(r)) by
depositing the injected power in a definite manner (“profile-shaping").
Some examples for pI(r) and pe(r), calculated for ASDEX dimensions,

are illustrated in Fig.10. The different graphs were obtained by
changing the injection geometry. The curve parameters specify the

minimum distance between beam axis and torus symmetry axis.

The various deposition profiles involved in the calculations are
reported elsewhere /8/. The local heating power densities for the
ions (Fig. 11) are different from those for the electrons, especially
in the outer plasma regions. Here the increasing neutral background

density reduces the ion heating.

VI. CONCLUDING REMARKS

The calculations, outlined above, have been performed in the frame-
work of the preparations of the planned injection experiments on

W VIIa and ASDEX. They should allow to estimate the particle losses,
energy losses and the impurity influx which will be expected due

to CX-processes during fast particle slowing-down and to determine
the heating power transferred to the plasma particles. More detailed

applications will be found in ref. /6/.

A complete treatment of the particle slowing-down process, however,
calls for taking into account pitch-angle scattering and the associated

loss-region in velocity space /9/. Furthermore, the outlined formalism
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implicitly assumes that the plasma parameters (Te(r), ne(r) or
no(r)) does not significantly vary during the neutral beam pulse.
In order to include such variations, a self-consistent coupling of
the above calculations to an appropriate plasma simulation code

has to be performed.

The authors wish to acknowledge many valuable discussions with

Dr. J.H. Feist.
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FIGURE CAPTIONS

Fig. 1

Fig. 3

Slowing-down time (To) and slowing-down velocity (3%) of
hydrogen ions in a hydrogen plasma vs. ion energy (Eo)

with the electron temperature (Te) as parameter.

Relative particle Toss (L) for H%-injection into a

hydrogen plasma vs. ratio of neutral background density to
n

plasma density (ﬁg) for various energies (EO) and electron

e
temperatures (Te).

Relative energy loss (Lw) for H°—1njection into a hydrogen
plasma vs. ratio of neutral background density to plasma
density (nO/ne) for various energies (Eo) and electron

temperatures (Te)'

Impurity influx (IIMP) induced by injection of 1 A of
hydrogen atoms into a hydrogen plasma vs. ratio of neutral
background density to plasma density (n,/n,) for various

energies (Eo) and electron temperatures (Te).

Radial profiles of electron temperature (Te)’ ratio of
neutral background density to plasma density (nolne) and

deposition profile H(r).

Integrated relative particle loss (Lp v) for H°~injection
into a hydrogen plasma vs. injection energy (Eo) for ASDEX

plasma parameters of fig. 5.




Fig. 11

Fig. 12,
13, 14,

Fig. 16

=20

Integrated relative energy loss (Lw V) for H%-injection
into a hydrogen plasma vs. injection energy (Eo) for ASDEX

plasma parameters of fig. 5

Integrated impurity influx (IIMP) induced by injection of
1 A of hydrogen atoms into a hydrogen plasma vs. injection

energy (Eo) for ASDEX plasma parameters of fig. 5.

Energy transfer from injected hydrogen ions to hydrogen
plasma ions (GI) and electrons (Ge) vs. ratio of injection

energy to critical energy (EO/EC) for various (no/ne)—ratios.

Radial electron heating power density profile (Pe) with
the minimum distance between beam axis and torus center

(RC) as parameter.

Radial ion heating power density profile (PI) with the
minimum distance between beam axis and torus center (RC)

as parameter,

Lines of constant relative particle (Lp) and energy (Lw)
losses for Ho-injection into a hydrogen plasma at injection

energies of 10, 30, 50, 80 keV.

10 %-particle (Lp) and energy (L) loss curves for
Ho-injection into a hydrogen plasma at various injection

energies (Eo)'




e

Relative particle (Lp) and energy (Lw) losses for Ho-injection
into a hydrogen plasma vs. injection energy (Eo) for various
ratios of neutral background density to plasma density

(no/ne) and an electron temperature of Te = 1 keV.
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