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Abstract

The conditions necessary for neutral doping beams suitable for
diagnosing the alpha particles in high-temperature or burning

D-T fusion plasmas are investigated for the example of JET
extended performance plasma parameters. It turns out that step
processes have to be taken into account for the beam attenuation
calculations. The necessary neutral doping beam current densities
have to be beyond about 200 mA/cm2 for sufficient photon density

4

rates and neutral “He® rates, respectively, and the neutral

particle energy should be above about 200 keV/amu.




1. Introduction

The ignition and burning of the D-T fusion reactor will rely on

the thermonuclear heating of the plasma by the a-particles as

the charged part of the fusion products. The interaction of the
a-particles (born at a kinetic energy of 3.517 MeV) with the

plasma as well as the energy transfer from the a-particles to

the plasma has not been experimentally treated yet. There are
several theoretical investigations /1-8/, that predict collective
phenomena to be important and both favourable and deleterious
processes might occur, one example being the instability /7/,

in which a shear Alfvén wave is resonating with the bounce motion
of trapped a-particles /3/. Hence the experimental investigation

of fusion a-particle behaviour in the next large tokamak experiments
with D-T operation (TFTR and JET) seems to be a very important task.

Burrell /9/ proposed to use doping beams to detect fully stripped
impurity ions in tokamak plasmas, and Post and others /10-14/ exten-
sively developed techniques for measuring the a-particle distribution
in magnetically confined plasmas: The feasibility of measuring the
alpha-particle distribution using neutral doping beams of H, Hz,

3He, and Li is assessed by investigating single and double charge
exchange reactions resulting in promptly emitted decay photons and
4Heo atoms, respectively, and the corresponding atomic physics needs

are indicated /15, 16/.

The aim of the present report is to study the parameter range of
neutral particle beams that are suitable for the a-particle diagnostics
of plasma parameters expected for an ignition experiment /17/ as well
as those for JET /18,19/ active operation. The report summarizes the
relevant material, which is important for the evaluation of the
parameter range of beams and detectors for such type of diagnostics.

In addition to the fundamental processes described by the Princeton
group /10-13, 15, 16/ the step processes are taken into account here,

since the influence of these step processes on the penetration of




the diagnostic neutral beams into the hot plasmas is not negligible
/20/. Hence the main problems treated in this report are the

attenuation of the neutral doping beams of H, H 3He, and Li in-

2'
jected into plasmas of ZEPHYR and JET parameters, respectively, the
charge exchange and the expected photon fluxes for single charge
exchange or neutral 4He densities for double charge exchange,

respectively.

2. Neutral Particle Beam Attenuation in the Plasma

The application of neutral doping beam injection for the diagnostic

of completely stripped ions was proposed to determine the ion
temperature (or ion energy distribution) /9, 21, 22/ or the a-particle
energy distribution /10-16/. The energy distribution of the a-particles
can be deduced from the spectral line profile observation after a
single charge exchange process into an excited level of 4He+ or by

the measurements of the 4

He® after a double charge exchange process.
According to the proposal of Post and coworkers /10/ the neutral
doping beam energy should range from a few hundreds to about

880 keV/amu. For both processes the neutral beam density should be
made as high as possible to :obtain sufficient intensity for the

spectroscopic and enough signal for the neutral 4HeO measurements.

There are, however, several mechanisms like ionization by the plasma
ions and electrons, like charge exchange with the plasma protons,
deuterons and/or tritons, 1like ionization and charge exchange with
the a-particles, and ionization and charge exchange with impurities,
that all tend to reduce the neutral particle density of the injected
diagnostic neutral beams. The effect of each of these processes as
function of the energy of the incident neutral particle can best be
judged by the relevant cross sections. According to the Princeton
proposal /10-13/ light element neutral doping beams as those of
hydrogen, helium and lithium are taken into consideration, because
for heavier elements the maximum necessary energy (of 880 keV/amu)
gets up too high. In the following figures 1 to 8 the available cross



section data involved are given as functions of the neutral particle
energy for some elements as hydrogen, helium,lithium, nitrogen and
potassium. They include the ionization and charge exchange with

the plasma ions (hydrogen isotopes and impurities). The references

are always indicated in the relevant figures.

The given presentation of cross sections as functions of the neutral
particle energy is appropriate as long as the plasma particle velo-
city is negligible compared to the injected neutral particle speed.
This does not hold, however, for the electrons (assuming the electron
temperature to be in the same order of magnitude as the ion temperature
in the plasma) as well as for the alpha particles, that are born at
an energy of 3.517 MeV. For comparison therefore the electron ioni-
zation rates (divided by the relevant neutral particle velocity)

are given for different typical electron temperatures. The evaluation
of this "averaged electron ionization term" is given in Appendix A,
while the corresponding evaluation of the approximations for the

sum of the alpha particle ionization and the charge exchange rates,
called "averaged alpha particle ionization plus charge exchange

term", is found in Appendix B.
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2.1 Attenuation of Atomic Hydrogen Beams

The calculation of the atomic hydrogen beam‘attenuation was per-
formed taking all the above mentioned well-known processes into
account. An example of the attenuation of an atomic hydrogen beam
injected into a plasma given by the dimensions and parameters of
the D-T operated JET in extended performance is shown in Fig. 9.
The parameters were obtained from BALDUR code results taking an
average minor plasma radius of 168 cm. This example does not take
step processes into account. The beam density nigo of atomic hydro-
gen 1HO at the location z in the plasma is normalized to the initial
beam density nqg0 (=170 cm) at the entrance (Z = -170 cm) of the
beam into the plasma. The parameter at the different curves is the

atomic hydrogen beam energy E1H°'

The left part of Fig. 9 gives the beam attenuation without impurities,
while the right part includes an impurity concentration of 1% of

fully stripped carbon ions in the plasma. The presence of these
impurity ion concentrations leads to an increase of the beam attenua-

tion in the plasma center (z = 0) by about 15%.

If step processes (see Wiesemann /20/) are taken into account, even
further atomic hydrogen beam attenuation (by about 10%) occurs, as
can be seen from Fig. 10, again for the case with and without 1%

of fully stripped carbon ion impurity concentration.

From these figures it is obvious that, in order to obtain substantial
neutral hydrogen density into the JET plasma center, the atomic
hydrogen beam energy should exceed about 200 keV.

The comparison of the different conditions (with and without step
processes and/or carbon impurity concentration) can be done easier
from the plot of the beam attenuation at the plasma center (z = 0)
versus the beam energy E1H° in Fig. 11. It indicates that the beam
attenuation is tolerable unless the beam energy is smaller than
about 200 keV.
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Fig. 11 Atomic hydrogen beam attenuation at JET
plasma center versus beam energy for
different conditions.

2.2 Attenuation of Helium and Lithium Beams

The attenuation of neutral 3Heo and 7LiO beams injected into a

plasma of the same parameters looks relatively similar. Fig. 12
gives the attenuation of 3Heo beams (left) and of 7Li0 beams
(right) versus the location z in the plasma with the beam energy

as parameter. The dependence of the beam attenuation in the plasma
center (z = 0) on the neutral particle energy is plotted for 3He
and 7Li beams in Figs. 13 and 14, respectively. In first approxima-
tion the neutral beam attenuation versus the energy per amu looks

3He or 7Li beam injection the particle

relatively similar. Also for
energy should exceed about 200 keV/amu in order to get sufficient

neutral particle density at the plasma center.
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Fig. 13 Helium-3 beam attenuation at JET plasma center versus
beam energy

}
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Fig. 14 Lithium beam attenuation at JET plasma center versus
beam energy




The inclusion of step processes might also further increase the
beam attenuation. Because of lack of data on step processes for

non-hydrogen elements the relevant calculations were omitted.

3. Estimate of Expected Photon Density Rates and Neutral

Helium Density Rates

Using the density values of the neutral particles as obtained

from the parameters of the injected neutral beams and from the
attenuation calculations of chapter 2, the expected photon density
rates of the relevant helium ion (He II) spectral lines, as obtained
from single charge exchange with the alpha particles into excited
levels of 4He+, as well as the neutral helium 4Heo density rates,

as obtained from double charge exchange with the alpha particles,

can be estimated.

Concerning the spectroscopic measurements of helium ion lines
West et al. /14/ pointed to the fact that the transition from the
3s and the 3d levels of 4He+ to its 2p level is advantageous for
this measurement, because the relevant spectral line at 1640 ]
can be measured using normal incidence spectroscopy in contrast
to the spectral lines at 256 R and 304 % to the ground state of

4He+, which afford grazing incidence (VUV) techniques.

As an example for the 1640 % photon density rates to be expected
the plasma parameters of JET extended performance were chosen (as
for the beam attenuation calculations of chapter 2), and a 7Li0
neutral beam of an equivalent current density of 200 mA/cm2 was
assumed. In Fig. 15 the expected alpha particle density (from
BALDUR code calculations /67/) is plotted versus the minor plasma
radius in the lower part. The upper part of the figure gives the
expected 1640 2 photon density rates versus the JET minor plasma
radius for three different 7Lio neutral particle energies. One
easily concludes that an equivalent current density of at least
200 mA/cm2 is necessary to exceed the bremsstrahlung photon density

rates, that are also plotted assuming a bandwidth of only 10 .
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Due to the technological implications and the expensive operation

7

of stationary neutral Li°® beams of such high current densities

the application of pulsed beam technology seems appropriate for
this application /68/.

The double charge exchange process of injected neutral particles
with the alpha particles in the plasma leads to 4Heo neutrals
that leave the plasma unaffected by the magnetic field and can

be diagnosed outside /10/. As an example for the expected production
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rate of ‘He® into the solid angle element we chose again JET

extended performance conditions, but a neutral doping 3Heo

beam. Fig. 16 gives a plot of the 4Heo production rate into the

—~

Fig. 16
\

3
3
L

=

d%f”
| ata n° (z.8)/ nw(_mcmllsr‘s"]

T

BN

Neutral 4Heo production

rates into the solid

angle element normalized
3

Y

to the doping He® beam

density versus angle ©

T ‘-Xn'\l.

and plasma radius z for

JET extended performance

parameters

YN

A -

AV YA
AN VAl A

N

solid angle element normalized to the doping 3Heo beam density as
function of the angle © from the direction of the incoming neutral

beam and of the radius z as location in the plasma.

Similar to the case of spectroscopic measurements applying the
single charge exchange processes, the doping beam current density




should also be in the range above about 100 mA/cm2 for double
charge exchanged alpha particle diagnostics. Moreover the
emittance of these doping beams should be less than about

100 mrad cm.

Fig. 17 gives a very rough sketch of a possible application of

the alpha particle diagnostics on JET, using neutral doping beams.
The neutral beam would be injected vertically through the JET
plasma using top and bottom vertical diagnostic ports. The measure-
ments of double charge exchanged alpha particles could be performed
under a small angle © against the neutral beam direction by neutral
particle diagnostics, e.g. on top of a vertical diagnostic flange,
while the Doppler shifted decay photons from the single charge
exchanged alpha particles could be measured through one of the

horizontal ports and/or through the vertical ports.

For the ZEPHYR ignition experiment design /17/ injection of the
neutral beams through horizontal ports and observation through

horizontal and vertical ports was proposed /69/.

4. Conclusions

Alpha particle diagnostics applying neutral doping beams for single
and double charge exchange as proposed by Post et al. /10/ seems
feasible for plasma parameters and dimensions as foreseen for JET
extended performance. It turns out, however, that for the energies
of the doping beams the step processes have to be taken into account
for the attenuation calculations. In order to obtain photon density
rates clearly above the bremsstrahlungs level and neutral production
rates above to noise level, respectively, the neutral doping beam
current densities should be beyond 200 mA/cmz, and the particle

energy should exceed 200 keV/amu.
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Appendix A

Approximations for the electron ionization rates ("averaged

electron ionization term")

In contrast to the ions the plasma electrons cannot be regarded
to be at rest compared to the speed of the injected neutrals
having kinetic energies up to 880 keV per nucleon. (The velocity
amounts of 1 keV electrons and 880 keV per nucleon neutral
particles are comparable). Hence the contribution of the plasma
electrons to the attenuation of the neutral particle beam in the

plasma is given by the "averaged electron ionization term" /A1,
A2/

(a1) <6{on\(/:e)'V9> — _\J/_S % 6ion (E ) ( -l-\/2 VAY VPCOS¢)
sind ol dEe

2

where V. and Ee are the electron velocity and kinetic energy,
respectively, vp the neutral particle velocity, and Cp the angle
enclosed by the electron and neutral particle velocity vector.
E, is the ionization energy.

ion
The electron velocity is given by

1 1/2
Ye = C'[1 U+ Eelmocz)z]

with the electron rest mass m, and the speed of light c, or

numerically

= _2] 1/2

10
Vo [cm/sec] = 2.9979 x 10 [1 - (1+1.957 x 10 Ee [ kev])

The relative velocity Yo is
1
= 2 2z
Vo= (Vo2 + V2 = 2V cos )
and the corresponding kinetic energy of the electron

E_[kev] = 511.03 (¥.-1)
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with

§ = { ™ (Ev_)z}-?/z

and ¢ = 2.9979 x 1010

cm/sec.
The distribution function f(Ee) is always assumed to be a
Maxwellian one.

lon(E ) is the ionization cross section as a function of the
electron energy Ec.
For neutral hydrogen 1HO we used for the ionization cross section

the Gryzinski /A3/ formula

S (EC)[CmZ] e B.S68 X 1o 1e. g(x)

with
300 = £ G) “[1+ 30~ Z)n (274457
and
=73.5 - E.[keV].

The particle velocity is vq,o [cm/sec] = 4.3775 x 107 (Eqyo [keV])1/2

The "averaged electron ionization term"

< sfgn (Ve) " Ve>
V1HO

for atomic hydrogen beams of energy E1H° injected into a plasma

of electron temperature Te’ calculated from equation (al) is plotted
in Figs. (A1)and(A2)as function of E1H° and Te' respectively, as to
be found elsewhere /A.1, A.4, A.11/.

For further easier numerical procedures we approximate the
"averaged electron ionization term" for atomic hydrogen beams by

<er,o,\1/(ve) Ve>[em?] =~ 5.3x107"% (T, [ke\/]) ( 4Ho[|’<€\/:[)
1ye

For neutral helium 3HeO we approximated the given electron ioniza-

tion cross section /A.5, A.6/ similarly by

6., (Ec) [cmZ] = 2.208x107'¢- g(x)
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Fig. A1 "Averaged electron ionization term" for neutral hydrogen
as function of beam energy E1Ho for different electron
temperatures
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Fig. A2 "Averaged electron ionization term" for neutral hydrogen
as function of the electron temperaturc for different
beam energy E1Ho
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with

900 = + (= ")3/2 [1+ 31— 2%) tn(27 +x=T)]

X+1

and

X = 40.68 Ec [keV].

The particle velocity is V3go [cm/sec] = 2.527 x 107 (E30 [keV] )1/2
The resulting "averaged electron ionization terms" for neutral
helium 3Heo are plotted in Figs. A3 and A4 as function of E3H° and
Te' respectively, in agreement with Speth /A.7/. They may be
approximated by

{Bion (Ve) - Ve [em?] ~ 9.0x10 1S T [keV]) 036( 3H o[ke\/:l)
Vape©

For neutral lithium 7Lio we used the electron ionization cross-

section of Jalin et al. /A.6, A.8/ which is lower by a factor

of about 2 (but more correct) than the values given before /A.9,
A.10/. With some degree of uncertainty these values are approxi-
mated by the Gryzinski formula

6., (E)[em?] = 11x 107>+ g(x)

g0 = +(Z1P2[1+ 3 (1- 55)n (27 +{x=7)]

with

and
x = 185.53- E.[keV].

The particle velocity is V7Li° [pm/sec] = 1.662 x 107 (E7Lio[}evj )1/2

The "averaged electron ionization terms" for atomic lithium beams
"Li° are plotted in Figs. A5 and A6 as function of Ej .o and T,

respectively, These values can be approximated by

92 -0
{Sion(Ve)* Ve > rem2] ~ 193 %1072 (T, [ke VD (E7L,o[ke\/]),
V2 .o !

Li
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16EL

20 keV k
=17
10 T T T |
1keV 10 keV 100 keV 1MeV E3He° 10MeV
Fig. A3 "Averaged electron ionization terms" for neutral helium 3Heo

as function of beam energy for different electron temperatures
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Fig. A4 "Averaged electron ionization term" for neutral helium 3Heo
as function of the electron temperature for different beam
energies
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Appendix B

Approximations for the alpha particle ionization plus charge

exchange rates ("averaged alpha particle ionization plus

charge exchange term")

The contribution of the alpha particles in a thermonuclear
plasma to the attenuation of an injected neutral beam is not
negligible. The velocity of the alpha particles (born with a
speed of about 1.3 x 109 cm/sec or 3.52 MeV kinetic energy) is
of the order of the velocity of the injected neutral particles,
which is the essence of the diagnostic method. Hence the ioniza-
tion plus charge exchange rate of the neutral atom beam by the
alpha particles ("averaged alpha particle ionization plus charge
exchange term") is given (similarly to equ. (al) by

352 Mev T

(b1) <6;on+cx\(/vc,oc) : Vc,oc> == ViP SF(EK)%\S{S—”N” +CX}(EC)0() 'VC_J0<
P G O Sl'h(b ch!D O(Eoc

where Ve i is the relative velocity between the alpha particle
r

(with the velocity v and energy Ea)and the neutral particle

)

(velocity vp),

_ 2 2 1/2
Vi = (Va + Vp 2vavp cos(b )
and the corresponding neutral particle kinetic energy
=16 2 .
Ee o [kev] = 5.22 x 10 "R (v o [cm/sec] )¢, with A the

atomic weight.

Because the alpha particle contribution to the neutral beam attenua-
tion is not dominant for the parameters of the envisaged experiments
it might be justified to use the classical alpha particle energy
distribution function /B.1/, as obtained (in isotropic form) from
the usual Fokker-Planck equation /B.2/ and, moreover, to neglect

its spatial dependence. It is approximated by
-17 -3 . . 0.7
f(E,) [kev _] >~ 1.39 x 10 -{exp (-0.01192 Ea[keV]) +

3

+ 0.7 - sin(3.93 x 10~ E, [kev] )- exp (—6.5x10_3-Ea [kev] {}
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where

B [kev] = 2.087 x 107'°

2
(v, [em/sec] )°.
{ciion+cx} (Ec,a) is the sum of the ionization and charge exchange
cross section as a function of the neutral particle kinetic

energy Ec,a'

For neutral hydrogen 1HO we used the single charge exchange cross

section with alpha particles (4He++) as given by several authors
/B.1, B.3, B.4, B.5/ and combined it with the cross section for
atomic hydrogen ionization by alpha particles /B.4, B.6/ to be
roughly approximated by

16

- 0.6
<
1.7 x 10 (Ec'a[keV] ) for E, <15 keV

r

{6}0n+cx}' (Ec,a) [cmzjg

14 =0.715

3.48x10 (Ec’a[keQ] ) for E

0.>15 keV

r

Applying equ. (b1) we obtain the "averaged alpha particle ionization

plus charge exchange term" for hydrogen, which is approximated by

1.12x10" 14 (Eqho [kev] y =486 g E1yo <50 keV
<6; TV - - 50<
iontex ~ c,a2 [opn2]mdr. 7151014 (E1,0 [kev] ) 0294 forve o[kev300
Vigo -14 -0.679
2.69x%10 (E1h0 [kev] ) for E1,°>300 keV,

For neutral helium 2Heo we combined the single charge exchange cross

section with alpha particles (4He++) /B.3, B.7, B.8/ and the ioniza-

tion cross section /B.3, B.9/ by alpha particles and used for this

the approximation
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0.075

_
2x107 "% (B3, _o [kev]) for B3, o £20 keV

6.4x10 16 (B30 lkev]) 0.455

16

for 20<E3y o [keVv]<100

2| o
{éion+cx} (Ec,a)[cm E

5.0x10° for 100 <E3, o [keV]<200

-0.785

14
(E3Heo [keV] ) for E3, 0> 200 keV

3.5x10°
\

Using equ. (b1) the "averaged alpha particle ionization plus charge

3

exchange term" for He® is approximated by

A -15 -0.421
4.36x10 (E3g0 [kev]) for E3y o <17 keV
<6; Y o -
lontex ¢,a7 [on?~i1,24x1071° for 17 <Ej, o [keV] <150
V3He0 He
-13 -0.96
J.47x10 (E3He0[keVJ) for E3y o >150 keV.

For neutral lithium 7LiO the published data for the single charge

exchange cross section with alpha particles (4He++) plus those for

the ionization cross section by alpha particles /B.10/ were
approximated by

1.33%107 > (B7 ;0 [kev]) °**® for E7_ 0 <40 kev

2 -14 -0.5
{5. }(Ec'a) [em ]"_J .1x10 (E7p ;0 [keV]) for 40<E7; .0 [keV] <600

ion+cx
.37x107 "% (Bq,;0[kev]) "1 +26 for E7,.0>600 kev,

resulting after application of equ. (b1) in the approximation for
the "averaged alpha particle ionization plus charge exchange term"

for 7Lio:

1.3x107"% for E7 .0 > 40 kev
<63 sl V. i -
ion+cx c'a:>Em?kf1.31x10 12 0.926

(E7 ;0 [kevl)

(E7p,;0 [kev]) ™

for 40<E7; ;0 [keV][<750

V1Lio 11 1.49

5.31x10° for Ey;,02 750 keV.
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