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liecasurement of the Flasma uuvrent Dlstrlbutlon 1n a Tokamak
Device with a - Part¢c7os InJocted Transvorse or

Parallel tc the Torcidal Axis
S, KAWASAKI*, K. INOUE, T. TAKEDA and M. YOSHIKAWA

Thermonuclear Fusion Laboratory, Tokai, JAERI
{Received July 1971)

AbStract —— A method is proposed for medsiring the current distri-

'bufibnﬂin:aﬁTbkamak plasma column by “injecting: a-= particles.from a

radioisotope. In this method,: the plasma current distribution_is“

analyzing their orbits with and without the Pl&SMa current.

- In thas report the orblt an31y51s 1s presented for the axi-

symmetrlc linear geometry. The dcv1at10n calculated for the BT

Tokamsk parameters indicates that the present method is feasible.
The prcblems of measurement regolution, toroidal effect, a -~

source and detector are also described.

* Vigitting Scientist on leave from Kanazawa University, Kanazaws,

Japan.
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1. Introduction:

One of the most important measurements in a Tokamak experimént
ig that of the distribution of ﬁiaéma”Current to analyse the equilibrium
and sfability‘of the plasma column., We have proposed a method for
measuring the distribution by injecting neutral particles intc the plasma
and meaSurinL their orbit after bean 10n1zcd in the plaSma.l) The mbthod
has manyﬂhdvantagus as follows: the anurgy of particles may be varied,
so that the ion ‘gyroradius fits thc radlus of the plasma coclumn and the
beam intensity required for the muthod is cuﬂrcntly available and can
be amplitude~ modulatcd-ln order tc=1mp;cve the accuracy of the measure-
ment. Further nmore, the neutral particles can be intfoducéd intc the
device without special'tréﬁspbr% systen such ag the magnetic shield
which may be required injecting of charged paTticles.. On tﬁédébntrary,
the neutral beam source is ratiter ‘expens 1ve to build and mere essential-
ly, there is a complication that the ions may become nct only 31ngly
idnized but also muitiplf-ioﬁi”ed. The preaent Cﬁndltlon makes it
necessary to determine the deviation and angle of the . orblt at ‘the
detector.

The situation could be improved by a use of a charged heavy

paftlcl? radiated from a radlo 1sotope, such as zz—partlcle from
210 2

The radiation source is small egriough o beszggg@”near the
plasma gurface. The measurement of particle orbit with and without
the plasma current make it possible to_défe%mine the distribution of
plasma current in the plasma column.

Technical problems encountered are in the prep&fation of the
source of suficiently high intensity and detector system. We will
‘review here the study made so far oﬁ the poééibility'of reasuring the
current distribution by means of chargcdipart;clg,_especially a —

particle.
2. Orbit Aralysis of Charged Particles
2«1 Linear Geometry
At first, we limit curselves to the problem of two dimensions, that

is, without the torcidal effect and with the axial symmetry.

-1 -
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rZ rg é. o 2
[._*r (03 (1= =00 Pr{—Caz (r)=az (ry)) =% 1)

=0 S - (9)

From (4), (6) and (8) the orbit of the charged particles in the plasma
and then its deviation from the crbit without the plasma current is calcu-

lated.

2=2  Plasma Current Distribution ,
Now we shall give an actual representation for-AZ(r) or the distri-

bution of plasma current in the following two cases:

1.

j=jlry=]j Ejtg—&—h)ﬂ | ' n: zerc or positive
0 integer.
| , (10)
whare j = i/ 32 , L is the tctal plasma current and a is the radius of
the plasma column. 'I and a are supposed to be constant. In this casze
the p - cvmponunt of thc magnetic ficld produced by the plasma current,

BP and the vcctor potontlal A (r) are

J
By=io—rotl (12)
' 2an” . o
and . _
ol
A (r )'-Az (r )==—-"—JL——W*M( o2 _ .n+42 12
: o atayas fo TF ) (2)
The current distributicons for n = 0, 1, 2, ... are shown in Fig. 2.
Dt+2
2. j=jo— [1*(ﬁq ) _ p ¢ positive integer(13)
P
gives
+1
p'FZ r?
» = : ] : (14)
P p(p+2) .
p+2  _r? rrte |
A, (r)=A, (ry)=—u, jo (7 ~ (15)

41 a®lp+2)? |1y

The distributions for p =1, 2, .... ave shown in Fig. 3.
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It should bhe ncted that (10) and (13) show the monotconscusly
1ncwea51ng (or decrea51ng) dlafrlbutlon and any dlstrlbutlon can not be
represcntcd in these for_is.E The sslubwons of ( (6) and (8 are
generally given in the ferm of the super elliptic integrals and hardly

treated with ezse.

2-3 #all Dev1at10n frcm the Motion in the Vacuum Field

In most cases B is much less than B applied externally and the
perturbation method will be useiul.
1. Zero order solution

. From (8) withijo =.O.Qr,AZ - Az(rd);z

J‘ dr 1L S A B
25 § .ot eg =t - (16)
m[_“”_Zg—rz{wo(]”'—F"HO’?} j%“
m r” r T , .

0

The projection of the crbit comes to be éircle neturally. The
particle source should be set outside but near the: plasma column.
~In. crdur to get the xnowledge of. the distribution from the surface
to thc contor of the plasma, the particle injected into the.plasma must

reach tno centcr or the axis. If we, suppose that r,=4a and Toin = Q,

foom (6)

g—_-ncuo

and the radial positicen r is from {7) directly

r=rpcosWyt +— sinw,t* "« 7 - (17)
w
o

for wy,>0, (17) may be zero order solution.

.

2. First order_solution

We can put as

r=r(0)+r(i)

; I _
where ' r(o)mrecnswot-i-—isinwbt S ) (18)
LUO :
with (7) ena (18),
2’ e

. . e 2
Zr(l)r(o)frf1y=_;F{A1{1~)~Az(r0)}

2e . .
I A, (r)=A, (ro) Y (19)
m

-4 -
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Neglceting the second term of the left side,

' 1 et Y
!'(1)'—'"2 i‘(c)_[—r;;{ A, (rgy ) —a, Or 0,) }
2¢
+—ZO{A3(T(Q))_Az(rU)}] (20)
m

Congidering the equation (3), the two cascs will be treated:
(E.i.) éO = 0

where the deviaticn in the radial dircction is of the second order and

cnly that in the axial directicn appcars.
(p) z, is comparable with %ﬁi

whore both of the deviations in the twoe directicns come t0 appear.

9-4  Radial Drift N
Cleary the radial deviation is given with non-gzerc initial axial
velocity Zg.,
1

. .e:! ' . .
Sy = =4y {a, Crgy ) =4, (ro)}

B ) , .
mro " pdrmy/dt m o F , (21)

(21) is a physically'réasépéble result.. As shown in Fig.'4, the

deviation of the veloeity in the tine interval in which the particle

T

passes from r = 0 to r=a, gt is
. e a, drg .
di=——[ BB, e (e2)
m . : 1‘(’0) . :

and equal to the deviation from r = & %o r = 0

drﬁo} [

. ¢ o .l .
di=——[ 7,8, (23)

m : (o)

, for f( in (23) must take the polarity inverse to that in (22).

0)
The less T(O)’ the much r(l) can be obtained. The best_sblution

is for fo = 0 where the prcjectad orbit of the particle into ¥ - 4

plane is centained within the plagna during cne complete Larmor c¢ycle.

Zers order soluticn is
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i

m
= < ——— ‘ o :
r=rgeos8%,t (Ogtﬂz%) -,: _ (24)
i':""rocuosinfugt
and
r=—rgacosW,t
3 R . (25)
r=rqeWys1nw,t (2—w0<t$w—é)
( sece Fig. 5 )
2-5 Axial Drift
With-éo =0, frem (4) { taking Zg = 0.)
€ t .
z=—f LA, (r (£)) =8, (xo) }at o (26)

With the same approximation used in 2-4, fthe first orderISOlution of
z is cbtained by using the zZero order r, (24) ana (25) in the rigﬁt side
of (26). The particle deviates from the zero—qrder Qrbit (later_we call
tre standard orbit) after one Larmor rotation b& - ' |

T ‘ T

e "?‘wﬂ wﬂ.,::' .
z=——(/" " (A, (=4, (ro) Jab=fr (A, (x) =4, (rp) }at
Y

L 2e g e dr (o
= A (oA, (e ) b — - e
m rO ]'(0}
which remains a positive definite value in & usually expected current
distribution and dces not cancel out as has beangcbnSidered. The
circumstance will be clear in Fig. 6.
{(Note: Even in the case éo £ 0, the axial deviation of the particle

fyom the standard orbit is still given by (26))

o-6  Numerical Examples

1. Radial drift

{e shall give some nunmerical examples of the deviaticn from the
standard crbit after cnme Larmor rotation with iO = 0 and Iy = 8,

(a) case 1. With the distribution of (10),
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2] 5
B, (r)—A, (rg)=—""" L P T R
2(n+2)a” :
azd o
H
Bpﬁwﬂjoaces“+1w0t
rm:——zoﬂouﬂa.ftcos“+1wotdt
n 2 0 e
e ajer 1 _pm ,2p sin2(p—i)@,t
= ——dipghy —zﬁ[ = ( )
m 2wy | 277 =0 i p—i
R 7 N
<v ‘,‘E-E-','( )-(‘Uot - faorpr: n+1=2p :
1 z (2;r+1)sin(20~2i+1)w@t
2%P =0 i 2p—2i+1
for n+tl = 2p+l
(23)
Fer n=0,
e Jo sinwgt
Py Mg dg T A
m NN
e .. g @
Ty i =1 A / —
(1) ! =0 (1) !‘_.2%_0 OHI 0 o !’JJO
The radial deviaticn 4 r-is
| T, ote Hoie . : ,
Ar| == |1y | =-—9-+------'°Jga.:1 ar | (29)
LWy Lo 2m  ©} ‘ =0
In a similar way,
| <r|
: = 0.785 forn =1
| dri
= -~ 0.667 =2
= 0,589 =3
20.533 ' = 4.

d) case 2. With the distribu%ion'of (13)
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pt+2 caswyt cosPTlw ¢
p =My Joa -
P 2 p+2-
, pE2 e, ] ' 1 ‘
Sk =——— —Zgkg m--aL f cosw, t.dt.—-———-"f cos"+1w ptdt )
p um 2 p+2?’
pt2 e a 1
ey —Zyjo— (sinwy~ —-
2p m “y pt2
( 1 -1 2p’ _sxnz(ﬂ *1)w t . 2p’ .
x| —= (3 y H0T gt
P v Bl R T
<
t ,
i “for pti=2p’
1 g< 2p’ +].)sin(2ﬁ_—2i+1)wot
229 =0 i 2p —2i+1
9 for® .p+1=2p’ +1
(29)
For p = 1,
. ) e a [ R TR | .
r —B3uy—Fyjo— L sinw t’ %
(1)} *’_"a‘:TO 02m oJomO 0 t,“__z%() 3
(1
—sin2w,t +——t} r/zwﬂj
2 2
3 ., e a i 7
== jo Lo (1= %]
2 m @, 3 4
e a
:_ﬂOAZ(’jO_“——xz.zl'
m wg .
The radial deviation is
i dr': 2.21 laan _0
|4r] -
d = 1.67 for p =2
dri o
. n==0 = 1.14 p = 3

The absolute value of

in a Tckamak device in JAER

the deviation is

evaluated with the parameters
1 (grr-2)?,
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Bz = 1.5 Wb/m
I = 250 k4
=3 = 0.25 3

s Suppcsing @ - particles from Po , -as follows:

_I‘A_r’-‘nzo = 30.5 ci.

2., - Axisl drift

case 1.

o Bojo antiopat?

e

47= dr

'.—;: w02(n+2)a“y Jader?

@ ﬂéjnaz olfun+2

= , I (30)
m @y (n+2) 1 J1-u?

Using the formula

T PR
g 1I—u™T T T{2p)’ 1
f&f;_;dum*~+.(‘ P
1 J1-u? 2 J 22r Tl (pl)?
' h SN ' for n+2=2p
1 229(9!)2
T(2pt1)!

for 'n+2=2p+ll

We get 47
o Egjo
(- ——a%)]
Cont wo : .

. = =0,%93% for n = 0
= 20,300 n=1
= ~0.246 " n =2
:—0.207 n=>73.

With the parameters of JFT-2,

m W,
2-7 Choice of one of the twc methods
Now we have two possibilities in the measurement of plasma current
distribution, that is, by a radial and gn axial drift.
The choice of one of two should depehd on the convenience of the

actual arrangemenis of the experiment. A%t present it seems to us that

Zg e
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the observation of the axial driff is better in our. eupe flment noting
several following facts:

1) The estimated radial drift is too large to be measured in the
observation port (6 cm in width. See Fig. 7).

2) Tne ports in which « -~ particle scurce and detectors should be set
are Jocated with an angic of n;/2 with each other, and it limits the
: energy of the particle in several discrete values (Sec Fig. 8)
3) For éO # O the deifts in two directions are expected ‘and the

detectors should be arranged in a two~- dimensional space, for eXample,

in a form of a mesh, It will maké'the:gystem;too,cbmplicatéd.and cost sc
much. ' ' '
" Later we shall choose the axial drift which is estimated to be

5.2% em for n = 0 and sufficiently large for.our purpose.

2-8 Measurement by the other standard orbit

In the real experimental. afzangemeﬁt, the a=- source and the
detector should, not nccessa_ﬂlj e set on the surface of the plasma
column, but a llttle apart from that., In *hat casc we have to use the
orbit of a larger radius then (24) and (25). (See Fig. 9). 411 above
discussions stand With,minor modifiéétibn for the new standard orbit.

The axial drift (30) is changed only &s

)
i e 0 'quG a‘n"f-Z__.rn--{-Z

| 472= S ————
| ' mw, 2 (nt+2)a” Jri—r?

which is the dev1at10n sufferea in the peried when the partlcle is
is the

dr L (31)

¥

injected into the plasma and returns to the surface, and ry
radius of the new standard orbit.

From (31),

e Folo o adtt? U
o pnt2 r, [ +z._u_n+21/~/"_-__ Zdu : (32)

ry .
m wo(n+2)a F rj

Noting that

a2 n+2 2 : '
o Ti o du o u®
==y du="_ / = fa s du - (33)
ér 1—u? 1"1"*_2 0 J1-u? ;1 J1—u? "

- 10 -
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and *he second integral on the right side of (33) is
m (?rrrl)‘(zm—s) coe(2me 2rel)

L - 2 e i u2m-—2 r—1 \/_1'::1—2—
=0 "o nr'"2) -+ (2m-2r) _ : Js
‘ 1
(2m~1)(2m~3) o Te
+ 7 sinﬁlu
. (2m)s - 2 e I';ﬂ;' ;
=for n+2=2m
m o 2m{2m—2) - (?In“2r+“) B
— 2_0 [ : g 2m 2r j “/ 1
l“:— _ (2m+1) . (21}1-*2 +1) LA
. .o . Fq
for " n+2=2m-+1
for n = 0 the drift 4 z is
e Kyio a? a1 a 22 1 a '
4= gt (~gin" ) —— — 1r—+—gin~ ! —
m 2w, ! r? : T 2 r, r? g 11'1:l (34)

For a ~ particle from Pogl .

Az = =5.79 cm

and it is of the same order as in the case of the standard orbift.

2-5 Hegosurement with multiple o — boams

Returning to the standard orbit, the sxial drift 4z is a
function of the injected angle or the initial radial velccity fo;
We may measure the plasma current digtribution without assuming its
radial dependence at the sanme time using multiple a - beams with

various values of foﬁ'

Instead of ro, LA iz taken ag o parameter as shown in Pig. 9.
In order to get the drift gz for the orbit with a definite Toin?

the orbit iz represented with the polar_cowordlnates in Fig. 10, as

at2r
I‘z:('—"“ lﬂ)a cos 2w t‘-{-rmln
a
dr wa(rz-—rmln)%{ (a+rmin)2—r2 }% (35)
dt r -

The drift 4z is
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.28 r o o c ‘dl'
AZ oy == """ {A (r)—4, (a )}
: h m @ N r

r r

2e min
===/
m @ Jri rm[nJ(a+rmln)2—r2

{%6) is a first kind Volterra type integral equatlon, related to an

(A, (:.-) A (a)}dr (36)

unknown function‘AZ(r) - Az(a) and the kernel function K(r, rxin) is
[}

. r. _
(r—rm,n)%[(r+rmin){fa+rmin)2_r2}j%

r = d is the only sincular point in the region d Lrgoa of the order

Klrirgio)= (37)

1/2, and (36) is the generalized Abel integral equation with a= 1/2,
The equation has & unique golution which dectermines the current
distribution. | o o ' ‘

(36) cannot be-goivea analyticélly, it, howevef, is transformed

into the following Volterra type intogral cquation,

rmin{‘A (rmlu)_A (a)} + X ax(rmin’r)

—— min
(2 mln) {(a'_i_rmin)2 rrﬁin}"’g 2 armin
. & . ds
{As(r)—AZ(a)}dr_—__:_T'_. f m!nZ(B)
L S (Bf?rmiﬁ)’z’n

- {38)

and it may be solved by a successive approximation, where

Bx(rminsl‘) fl 1 o r
Ornin 0 g¥(1—¢)% 8d " { 20+(d-r)t }*

1
x ]dt

{ (atr+(d=r)t)%=r? }*

2-10  Resolution

There are several causes which result in the definite width in the

axial drift spectrum as a function of Toin? as

1) A definite dimension of & — source.

2) Velocity spread of g — ray arcund é@ = 0,

- 12 -
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%)  LEnergy spread.
(1) Bffect of the size of & -~ source @n.the deviation
spectrum o

@ - gource can have three dimensicnal spread dr,d0 and 32

Among them, only 4r is worth&y:for notlng because §0 and- dz produce
the spectrur width of the same value, that is, df and 57 ‘respectively
according to the gymmetry of the prcblem.

For 51mp11c1ty we assume that A (v) -~ A (d) in (36) is cxpand :d by
a serics of polynomlgls of even ordor, and herc the slmplest case J-—JO
is studied.

The vector potentisl is

A(r)A(a)——f’—jﬁ( —r?)
4a

and the drift is

eﬂoj{) 2_ . az—u
an="032 (30)
g 3 f(u=r2 ) (atr; )u )
Becanae .
i A 2‘__- 2—‘
fimis et == = —gafianTt
a \/(u—rmln) { (a‘+rm|n) —u } . . ] (a+rmi“)_a
and
s ude
r-. :
fzmln _J(ﬂ- ""l'm,n){ (a+rmin) —a ;

a .- [u—rmln){(a+rmin)zﬂ}

-

y 3
aZ—r?.
—{(a+rmln)2+ m‘n}tan lj il

(a+rm1n)2“a2
the drift is
A F= 20 I‘J _‘[
a 2tan” (1-k? de(2+k)
4me ( (2+k)

1-k? : '

+(14+2k+2k?) tan"? (40)

k(2+k)- e

- 1% -
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1 min
whaere k= e
a

The derivative of z to k is

dz e, —2EM(2HR)(1—kPM
= HgJen E
dk 4mw ‘ 2k+1
e
1-k?
$2(142k) tan"ty——)
k(2+k)

The.fractipnal,width of the spectrum dz/z caused by the deviation

of the source position, §r in the radial direction is

dz_dz or_-2{ k(2+k)(1—k Yi® o ‘f“FQI?
Bl +2(1+2k) tan by ——
z dk az 2k+1 k{2+k)
1—k?
([ =2tan~t §—— =y (1-k2)k(2+k)
k(2+k)
T1-k? _—yi4r

(41)

+(1+2k+2k2)tmrlj— L
L E(24+k) a

(41) is cvaluated.for k = 1/2, for example, as

dz 5T
— =1.49—
2 | b a

(2) Effeef of definite initial axisl velocity
It is convenient to use the co-ordinate shown in Fig. il.

Lagrangian L in this co-ordinate is
ng{r2+22+ﬁ392%}+e(1A¢+zA?+r¢A¢)
and the mementum in the ¢ - direction must be conserveds:
2rip=const= 2r€f;90 T

R+a .
SASLFR

coe=(

Usually the approx1matlon a < R iz proper in a Tokamak davice so
that no focusing character can be expoctod in ¢- dlrcctlon.

With gerc order approximation, ¢ should be taken:constant and the

spread of the z spectrum is

- 14 -
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t - t .
jo“rc,cdt,:{ zodt

For the standard orbit

- X
A
9% __"0Buwy

z 4

(3) - Effect of the cnergy spfoad‘

The effect of the energy spread on the z - spectrum is divided into
two parts: by the shift of the ianjection angle and by the change of L.
The former is already evaluated in 2-8 and fairly small. The latter is

easily evaluated with: 6E as

SE a-rmin
=4 -
z a
30
5z_1 JE
z ‘4 E

2-11 Toroidal effect
The real machine has a toroidal curveature (see Fig. 11} which causes
the drift of the particles perpendicular to the cxfernal magnetic field

and the torcidal axias. Its velocity v is

v = | grad 1n B E_ (42)

! aB

and for the standzrd orbit the drift in the vertical direction is

7{ »
v +——~D5cm (see Fig. 12)
o 0 )
This is about one fifth of the plasma radius and may not change the
¢isscussions in the linear geometry. In the toroidal geometry the
particle motion in a limit of zero plasms current - gero order golution -

ig obtained by the equations

. . T
mr=—eg Bai‘

. . T
mzﬁerBoE

where the co-ordinates are shown in Fig. 12, which give the solution

- 15 =
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¢ dr

a 2eB eB ¢ 20, =t .
L il [ (44)
m?R 8R 2 m

This is an elliptic functicn and it is quite possible %o repeat the
analysis in the case of linear geometry with use of the sclution of (44)
to obtain the first order sclution in the toroidal case, altpqugh the
process will be rather complicated and the numerical calculation will

be better caricd out.

5. & - Beam Spread with Collisicns with the Plasmas

There are several more factors which contribute to the width in: - -
the axial drift spectrum through the energy spread. -Oﬁehof them is the
collision of the & - particles with other material standing oﬁ the way
from the source to the detector - the plasma particles itself cr the
coating of the source which is necessary for shielding it against the
back-ground radiations. “

The spread cof the beam velocity in the perpendicular direction

to the beam is by Spitzer4)

< (avp =t avi>="2(e (e vI-a Ly (45)
where Ap ig a diffusion constent and

e'm;z”z3fnA :
Ap= 2 (46)

2chny

and® (£,v)is an error function,

2 x _ 5
l@(x)—ﬁ{ o7y | | (47)
G(X) is.
(o) D(x)—-xP(x)-
G(x )= ' : .
2x* 3 _ (48)
where m ¢ the mass of the injected ion

Ze : the charge of the injected ion

- 16 =~
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Z_ e : the charsze of the plasma icn
v the_yelocity.of the injected ion
vy s the perpendicular velocity of the injected ion. -

12 H mjiiw

2KT

The perpendicular spread of the injected ion beam, < f2>‘, where r ‘is

the co-ordinate perpendicular
t
= ’ ’
r=f vy (¢ ) de
is given by '
2~ t t ” ” ‘ . l.
<r >-——<Jg V_L(t’)dt'_g V__L(t Ydt* > - . (49)

=" av £ra <vy (¢ vy (e )>

~«JL§<: 2 2y : )
== <vi (--—2-)> : . - (50)
where we svaluate the valus of vlﬂt'), vlﬁt”} at t', t" = t/2, considering

that vi(t) is 3 monotoneously increasing function of t. {50) is rewritten
with <(dv,)*>as
ts .
<r?>=o<(4v > e e

noting that <Ide)> is the rate of increase of <vi>.
from (45) and (51), :

e4n 2 2£nl\ . .
<l'2'>::t3 1 zf ((Df‘G) E (52)

837rm°v
Substituting t = i/v where 1 is the total length of the orbit into
(52),_and taking into accouunt two species of parﬁielés in plasmas

e"'nfzzz?fnf\

S (d-0G)

<rP>=g°
i o Bmmivt bae
A ret n,z z%fnA
.m’ 'k v 1q+¢

where E is the kinetic energy of the injected particle ( @) and inserting

numerical values,

-17 -
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rrsmty=E (m)n, (m™?)2%22€nAZ (PG ) x 016410717 (53)
E?(ev) .

The value of 1n A is about 15 in cur Tokamakfaévicea), and ¢ -G is

near unity because

H
for the collision between a -~ varticle and the ions of plasma (H+) with

the ion temperature Ti, and about 0,5 for the c¢ollision between a“andzthe

electrons with

=0.83

A4
m e
supposing a« - rays emitted from the usually avallable 1sotopes (E 5 HeV)

! and the plasma of the ion and electron temperatures of SOO and 1000 eV

_rospectlvely._ .
§ s Then (53) becomos

£3n, 2222
<r2>z=&7><10‘17_—_l———1_

| " With the numerical values,

nf =5z 1019 m-3
E = 5 MeV
2 =2
Zf = 1
37><4 ' ’
<ri>ms — x1-07¢=3x10"1"m?

5x10°

J<ri>=17%107° L

i As stated in the previous sections, the axial drift of 4 ~ parti-
cles is estimated to be the order,of :a few cm and the collision with the
plasma particles will give thy_spectrum wzdﬁhpgfﬁaboutﬁg,l% which may

be negligible.
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4. fnergy Loss and Bnergy Spread of a -~ particles due to

Instrumental Causes

Sesides the collision with the plasma, & - particles will lose their
enersy die 6 somé phenomena such ag the sell - absorption by the a'-
SOUrce itseif hévihg a finite thickness, the passage through a thin
layer of the light shield sct on the surface of the scurce and the
detector.

Extensive measurcments have been made of the range - snergy relation—
ship of « - particles in air. One of emprical equations.got fron the
measurements, which fits with better than 1% sccuracy im the range from

4 to 11 KeV is

2 - (0.0058 + 0,285) BY7 e (54)

where R is the mean range in centimeters at normal conﬁitions and E is
the a - particle energy in HeV. I'or differéntLabsbfbing”ﬁaterials,'it
is known that the guantity R;?/JK ig approximately eoﬁstaﬁﬁiﬁor a8 given
energy particle, and p and 4 arc the material's density*and-atomic

weight, respectively. Thus

By _Po YA , (55)
Ry, £, +Ag | '
where the subscripts C and 1 rafecy each tc a different absorbing

raterial. By substituting in the walues for air of

AG: '1.226 % lO—Bﬁg/cmj
and Vfﬁé = 3.82 (55) becomes

' E .J?f ol .
B, (em)=32x10"% 2 R, (cm)
£y (g/bm )
C | 210
_ }or exanple, for tnc a - pa:ﬁlclc of 5 3 yoV from Po , the range
15 3& pm in the air ani therelovk 11.6, 8.8 and 23 4l£m in the ‘stainless
steel, gzo0ld and almlnlum foil f“SpCCth@lY. ' ‘ '

These values are far beyond the tcchnchI limit which is expected
+to be realizable for the usual shicld foil and we may have no sericus
problem.

The energy loss of a charged particle in matter is easentially

a statistical phenomenon. Particles of a given kind and of a given

- 19 -
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energy do not all lose eéxactly the same amount of .energy in traversing
a given thickness of material, but we can discuss only the probability
that a particle of initial energy &, has an energy between E and E+ 4B
after traversing a thickness of x gdcm"z of matter; wiE,,E, x). Symon
gave the probability in a complete foim. In his treéatment &J(ED,E, %)
has a maximum at E = Ep(x), 8o called the most probable-energy. loss, . -
and the half value width of the distributicn curve is abvout 2.5 4,

with a little dependence on A , where

'HZCﬁhbzi:
[ 82 =
and
C=0.15 Oi-g_l em?
b and X are the functions of @=_- and G, where
L : _ ¢
20m,e¢?x
Q="
8°E,
and
32
E;=2nhcz z
15

The relations of b and Ato G owith a paramgter @ are giten_
graphically in Symons paper. . N o
Inserting the numerical values into these eguations, we get .
G = 8

for stainless steel foil of 1 um thick, and then b 4'0.35.:
Therefore ‘ ‘ g e _

4 = 0.024 HEW-

and we expeéf'the-energy~$pﬁead of the order of 0.05 MeV in the energy

of fa'- particles traversing 1lam thick stainless steel foil. It corre-

sponds to about 1% of the total energy and sc the foil thickness will

be allowable.

- 20 =
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5. Selection of a - Source

ir a pr&ctibal‘poin% df view, the:ﬁtilizable & - sopurces are rather
limited. The candidates are shown in the Table 1 with their main
characteristics. .

(1) "o 210 P02tV has seversl marits as a~ emitter. The half«life
is sufflclentlj lono and it has o nigh specific activity whio? nay. résult
in the scurce in a form of a very thin layer, and the self- abSﬁrptlon by
the source itself will be small, Foreover 1t has no r - emission which
might produce a serious shielding problem. Op the coutrary, its.chemical

characteristics are not 80 much fgvourable. It 1s volatlle and dlfqulve

so that it requlres severe techniques in troatlng it.

ere It is produced by the following process:
228 .. 220 212
— Bn - P

(2) Po

Tn the 1ast step, it must be separated radlochemlcally, and the

technigue for separation should be sottled ih228 is not easy to be got

commercially gue to ite prcperty as the nuclear fuel. ‘P 21; emits r

—liay with a, so that the system for ghielding may be bulky ‘it is;
however, neither volatile, nor diffusive.

(3) Am24l This radicisotope has a relatively low specific
act1v1ty and the energy spread by the self—absorptlon may be great.

It is accﬁmpanlcd with low energy fvw fadldthF.rﬂ_: _

(4) Cm 2242 ' an— partlcl s of the dlfferent energles are emltted
A% precent very few laboratories produce the rad101sotope and 1ts
importation must be arranged. T% may be treated easily with the
ordinary chemical technigue.

1t can not be decided which is the most favourable source only
by comparing the characters of these scurces, bubt it must be discussed
related o the other problems of the eiperimental set up, for example,
the required accuracy of measurenent, the cruntlng rate of the a -
particles and the choice of the. dctbotﬁr.. At prusent ac far as we

assume small background noise, Cm242 seemns to be promising ~due 1o

its easy'care of the treatment.
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£. Detector System and Counting Rate

- A sclid-state detector called "Nuclear Tricde" by Nuclear Dicdes
Inc. is e leading cendidate. Two pulses respresenting théféhérgﬁ 5ﬁd
the position of the injected particle respectively are obfsingﬁlsikﬁlf
tanecusly from the detecter.  The effectivée area of the deteé%ﬁr'is
sufficiently large: and rcaches 4 x 20 mmn at maximum. Wé might use the
woll-known coincidence technique to reduce the spurious signal, althcugh
it is not so clear whether the detector is the most desirable, ' B

- We expect the counting-rate of the order of 1 pulse per every msec.

The: number of ai— particles n impinging with the detector tho sblid'éhéle

of which is 40 for fthe .« - scurce 18 in a time intervai’”jff‘
n=37x101°5 4t 4Qscc™!

vhere s is the sSource’ intensity in Curie. With fhé'nﬁmeribal valués
given previcusly and supposing the detector of the sehsifive areé of
O.8.cm2 (4 x 20 mm), 40 is about 0.5 x 10—4 gteradian and the.scurce
intensity which is necessary for the counting fate Of 103 (1 pulse/msec)
is

-sﬂ Gﬁ‘ 0;55 0

We will have cne sisnal pulse per one « - particle and it is not
desirable to use a large guantity of the source to avoid the pile up
of the signal.. Therschematic-experimental arrangement “isg shown in

Fig. 13.
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Assumed Distributions af Plasma Current
with Positive r—Dependence.
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€ Fig.13

Plasma Column
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[¥] a—FEmitter

£ Detector

Fig.12 Vertical Drift due to Toroidal Effect.
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Plasme Column N .

\
%Detector
[ l a—Emitter

Orbit of a—particle

Sehomatic figure of exporimental grrangements
of the a—emitter, slit system and detcctor.
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