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Abstract

The rokkcr;Plnnck.cquatioh Pns‘bcgn uséd to cxamine the propertics of alpha
particle slowing down in D-T plasmas at CTR conditféns. The alpha particle is
treated as 2 test particle while ihc background plasma distribution functions are
assumed to be Maxwellian, The results where.compa}ablc are in good quantitative
égrecment with the work of Sigmar and Joyce and qualitatively agree with the viork
of Rose. The main results include: , . . ) .o

1) The alpha particle slowing down time and the fraction of the initial
=energy deposited in the eléctrons versus in the ifons is dependent cnly on Te,
Pis insensitive to variations in Ti,
~ T .

2) The fraction of the initial a-enzrgy deposited in clectrons and ions is
iﬁscnsitch to the absolute value of thc-dcnsity for valucs of density in the range
Hi = 5xlOl3/cc to 3xlo'h/cc. However, the results are sensitive to the ratio Ne/Ni.

3) At low Te, the alpha pa}ticlcs deposit rost of their energy in the electrons,
The electron témpcrature at'which equal amounts of thc'knitial alpha cnergy are
deposited in clectrens and jons is L0 Kev when Ne = Ni, ‘When Ne = 1,2 HNi, this 50-50

Point is shifted to 46 KeY, which is 3 153 increase In Te. These results agree well
]

ith recent calculations of Sigmar and Joyce,

h)  The time, tSDa’ for the alpha particle to slow down from Eo = 3500 KeV to
Acproximate 5 Te ranges from VS see at Te = 10 KeV to  n2.2 see at To = 80 Kev,

Because of approximations - made, the .results have not beaen extended to examine complete

th salization, However, "this extension can readily be performed if necessary,
o’



5) A comparisen of tSDa with typical confinrmﬂnt times for C'R Tokamaks
20 sce in some cases) indicates tﬁc c-particles will completely lhcrmala/c
before cscapcnq frem the plasma. They will therefore constitute a third ion
species with temperature, Ta » approximately cqual to the D-T ion temperature
6) The approach discussed hercin can be used to analyze energy deposition

questions as regards heating by neutral partizle injection,



. .

1. Irtroduction

This memo briefly describes a model, based on the Fokker-Planck equation,
for the treatment of test particle slowing down in a CTR palsma. The thcory
follows, in part, the treatment of Shkarofsky, Johnston, and Bachynski‘with some
minor exceptions.  Part of the motivation for this work is to provide the
capability, at Wisconsin, for pcrfo;ming this type of calculation and will be
useful input to those carrying on studies in arcas such as encrqgy balance
calculations, fusion reactor control, and ﬁgnit}on. The next section describes
the bgsis for thc calculational wodel, Those intercsted in the results mﬁy

safely pass on to scction 111,

I, Basic Equations

One can dcrive"2 from the Fokker-Planck cquation for the test particle
distribution function (a delta function in this case) that the rate of change
of the encrgy of the test particle due to interactions with a background of

field particles having a Maxwellian distribution of speeds is given by

d'c‘ﬂ hnHa ZaZiez 9 o t%t o ()
(=) o= (i) e, (00 - & (). l
dt ] Ve llrt;oﬂu ¢ -7 j NJ. o

The notation js:

Er
4]

J

M, = mass of test particles

i

encrgy of test particle

jth species of background (ions or clectrons)

it

“J = mass of background particle



Vi, 7 speed of test particles

~
~
i

= charge on test particle and background, respectively

clectric charge

0
it

Also, we have the functions

° =on,(p(X,)-S 8! . v
095 =y 0x))-s 7 5 2)

oy _ a (s _ .
W) = g o ) (3)

vhere nj = density of species i

v ’ . ’
X, = ..._\.{q_. = zv-k(;_ ) ( h )
J . .

KT J
j.
. IU

and ¢ and ¢’ are the ervor function and its derivative, respectively, Luj is

the coulomb logarithm,

Mle now specialize to‘the casc of a D-T plasma and consider alpha particles
as the test particle. The alpha particle resulting from a D-T fusion }eaction
is very cnargetic, being born with initial energy of 3.52 MaV., Cur interest
is in how this reaction particle gives up its energy to the ions and c]ecﬁrons
constituting the background and in the time scales involved,

For most of thc.slcwing dewn range (3.5 HeV o to the temperature of the

background plasma) the speed of the alpha particle is much greater than the

average ion speed, Thus, X; >> 1 under this condition, ¢(Xi) and ¢'(Xi) can
be taken as ' ;
¢ (X)) =1 : ,, (5)
; 2 : .
et (6)



he other hand, because Mo << H“, X << ] even though £ >> k1 | for
. ’ ' c

‘<1, one can use

x 3 | -
£ (7)

(X, - -2

! L2
¢(xc) I

| | ' (8)

2 2
"X ) = % I-x 7).
#x) = L x %)
$3¢ approximations have been used in the studies to be discussed in section
l. Such approximations allow ona to investigate the important energy and

me ranges involved in the apha slowing down process with minimal
= KT) by simply

difficu]ty.

thermalization regime (Ea

1
] .
rever, one can readily study the

pt aApdroximating ¢(Xi).

i - .

: If now a schematic is and Lu y ONe can turn to
! e

ha question of calculations. In standard notation, LaJ

provided to determine Lai
is

(9)

'

B |
; Laj = n ﬁ&j

{
where : :
(10)

j s oo
Auj Yxo)aj

/

fand (X )

is the cutoff angle for smal) angle scattering between species aand

o'aj
eIt is given by3
! |
! b _(90°)
g —9X3—- (classical determination)
! X = larger of ( (1)
» * 0 A
! A — (quantum determination)
Ad



“l) e

where bo(90°) = 90° inpact parameter

A = center of mass wavelength in two-body Scattering
and Ad = Debye Jength,
Expressions for bo(90°) and X are
' q.q.
by (907) = X (12)
o] oy 2
re H v
Yo
h -~
R ]
\ s . (13)
ror
vhere Hr is the reduced mass and v, is the relative spvad in center-of-mass
ccordinates, One can readily show that under CTR conditions, the quantum
determinatioen ol the minimun scattering angle s required, Notc that for
Nt ’ .
alpha jon scattecring and Xi > 1, v, ® Va wherzas for alpha electren scattering
and Xé << 1, v, = Ve. Under these conditions, it is found that
| 2 e (ky )L (1)
i =5 0 [0 e’y ' 1
) 2 2
ol 2 H ny h %o
| 2M ¢ (K7 )('\1) ()
Low o papeion el A Is
e 2 n 7,&ﬁ Zcz
with K is cqual to Boltzmann's constant,
Equations (1), (5)-(3), (M) ond (15) are now in a form suitable for use
' in Studying test particle, and specificdlly alpha particle, slowing down in CTR
plasmas,
— e Resuleg g )

The equations in section 1 have been used to study alpha particle slowing

down in p-T c1R plasmas at conditions projected For Tokamak 1ike Syatems, A



S Computer program s avail

able (o design team menbers whe may need je,
Before Proceeding to the computational rbsults, let us examine
Some sinple, Ly instructive, approximations for the alpha particle slowing down
time, tSDa' ' wie neglecy terms of ordep Xc3 and higher jn cquation (7),
dE
the equation for Etgcan be wiritten schcmatically as
dEa Ai :
—— = - - 16
el e (16)
J Q. .
. . h .
which can be readily solved to yield
A ﬁ)3/2 '
) 0 .
o _3}.\"”" 9.” ‘h“"‘”‘:‘"_.j’?'z) . N (’7)
e AN E
I e q
£ is tha initial
o

alpha particle energy and Ea is the alpha cneryy after time
e, Scetting Eu = 0 and Eo = 205 eV then gives an estinate of the Lime
alpha p

for an
article to give

up all jes energy.  We denote this slowing down time
a . - e - L ~ -
as tSD . For n, = n, = 10 /cc, Ti = Tc = 15 KeV, ¢n Aai 20, 1’,n/\ac 15.6,
and 3 0~T plasma With Ni = 2.5, one finds
q] -
= 655 sce,
tSD 55 see

To compare this with other refevant time scales, we calculate the e-folding
tine fop rcthcrmalization of cfuctrons with clectrons, iqns with ions, and
electrons vith ions, using appropriate Formulac fron Spitzch. For the condi tions
above, one Finds

=z I 9
. Too & o0 msec
' T.. = 23 nisec
i
:
: T, =

i 1120 msng = 1,12 see
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. . A . . . .
By comparivon with l"D , the tolluwing ordering is found,
o]

T
ce <<

A
w
<o
A
[+

This implies' that the ions and clectrons adjust adiabatically to the prescnce of
energetic alpha particles and renain Maxwellian, However, since tSD < T
alpha particle stowing down s 4 driving mechanism that can maintain unequal
clectron and fon temperatures., 'E electrons are heated preferentially, Tc

Will rice and brumsstruuhlung Tosses will increase.  As such, electron-ion

rethermalization wil) not be as effective in heating plasma jons.,

. L) a -‘. . . .
In ddd't'O“» tSD * /2 sec is short compared with confinement times now
: . 5 ' ‘
being calculated for CTR Tokamaks (which may be the order of 60 sec). IFf
(43 - o o Y T -
Loy << Trenfinerent), the alpha particles wil! complately therwalive before
VY ' .

25cap . ng. Since Ma W:Hi, one can show that the alphs particle temparature in
9 CTR system iy npproxfmately cqual to the ion temperalure,

Turning now to the computational results, figure 1 illustrates the alpha
particle encrgy as a function of timc,forvscveral values of Tc" ALl results
to be presented from nere on are insensitive to Ti because the ifon Lemperature
occurs only in 1he argunent of the logarithm in cquation (1).  The alpha
particles slow down lans capidly as TC increases since the clectrons become
less effective scatterars,

Figure 2 indicates the time required for alpha particles to slow down  from
3.5 Mev to STC, as a3 function of Tc. The results agree with estimates based
on equation (17). To follew Ea(t) to complete thermalization, one must uso

Cquations (2) and (3) rather than. (5) and (6). Approximations (7) and (3) weuld

- emain adequate, ’



Another important Pavometer for CIR wtudien is the fraction of (he initial
Ltest particle energy that s deposited in the background electrons and ions as
the test particle slows down, for 3.6 Moy alpha particles, the fraction of
this enerqgy going to the electrons, Ua » and the fraction going to the ions, Uai’

¢
has been colculated asg a function of the clectron temperature, Figure 3 illustrates
typical results when M, =0 . The results are not sensitive to the absolute
. (84
, . 13 . 1h \ .
value of Npoana n over tha range, 5x10 part/cc to 5x10 /ce, which are typical
Se
densitics for Tokamak CIR's. Jhe results agree rcasonably well with the recent
. . G . -

calculations of Signar and JoyceTover the entire lc range.  The results of

oo Co e
Rose " differ quantitatively from those of Sigmar and Joyce and from the
results in figure 3 Ly all results agree gqualitatively. That is, all results
indicete that alpha particles preferentially heat clectrons at low TC. The

1 :'(\- f 6 . . . 1 ~ .

vers ol Siguar and J0yee ooincidently, is based on the use of the Balescu-ienard
kinetic C(H!ﬂti(ﬂ77.

In Figure h, the effect of a 20% increase in n, over n, (for cxample, due
to the presence of the alpha particles themselves) is examined. One can sce
that Ua is increased and Ua' decreased compared to the equal density case

e l ' .

Atoany qgiven T, This wWill exacerbate effects based on the preferential heating
_ c

of electrons by glphas when T < hy Kev,
[SEAY)
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