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ABSTRACT

A pulsed 1:2 ratio mirror magnetie field system for
REB- Plasma 1nteractlon experlments is described. Magnetic

field design aimed at an ax1symmetr1c field conﬁiguratlon

in 30 cm plasma chamber extending over an aX1al dlstanoe_

of 1.5 m, with uniform field over 50 cm in the central
region and rising smoothly at ends to double the fleld
value at the centre. Design procedures are descrlbed

The field. COllS connected in series are powered by
a,condenser bank consmstlng of 6 nos. of 14 tLF 20 KVﬁ
'condensers connected in’ parallel "The condenser bank 15

dlscharged through the coils by means of 1gn1tron8 end in

order to obtain a long duration magnetic fleld an,;gnltron

connected across the field coils is~ used to crowbar the
circuit near the peak of the discharge current.‘

The magnetic flEldrfleld measurements ‘coénfirm the

. design.



Introduction .

In the relat1v1st1c electron beam (RbB) - Plasma"

for duratioqs of,thevorder;ofvtene‘of miilisecondef In’
this note we descrlbe a pulsed 1l: 2 ratlo mlrror magnetlc
field. system Wthh has been deslgned and’ fabrlcated for
this purpose. Magnetlc fleld de81gn alms -at an‘axysymmetr:
configuration Ara plasma chamber of 30° cm dlameter
extending over an ax1al dlstance of l .5 m,_w1th fleld
nearly . unlform over 50 cm dlstance in the-central reglon
and rlslng to double 1ts value at thc centre towards*

both the ends, The magnetlc fleld conflguratlon is alSo
symmetrlc around vertlcal axis pa381ng thnough the centre

of plasma chamber .

Design Procedure. & ConstructiOn.

The design procedures are based op the minimisati.n

coils for a given coil configuration., Such a minimisation
vields. a set of 81multaneous €duations, which in certain
spec1al cases turn out to be linear, depending upon the

parameters with respect to Wthh the llnearlsatlon is

_carrled out. Such 51multaneous equatlon can then be solved

to obtain the desired parameters.



et us consider a systeﬁ-having,N ooaxial coils

~and let us choose M'points alohg*the axis of these coils'
where.the deeired field strengrh is specified. Let us

. also spec1fy the p081t10n of the centres of each of the
100115 on the ax1s and set down a procedure for calcula—
tions for these values of ampere-turns in each of.the

" coils which yield best-fit to the specified field coﬂfi—.
.gﬁration. In the following the coils carry an index n
and-the points at which the desired field is'specified,
. carry on index m. If the desired field at point m is™
Aordeslgnated by H, . then the deviation 4 from this field

is. glven by o
A = H “‘Z C'ﬂh’%m - '“‘AU)',
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where: lﬁ*lS the current in amperes through- nth‘ coil and :

S

hnm is a geometrlcal factor which gives magnetic fleld

produced at'p01nt m by nth coils from a unit current .

following ﬁhrough it. Ifrn.m represents the distance
-between p01nt m:-and centre of nth

. (17
“-then: we may wrlte .

~coil, along .the axis, .
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l~if the c01ls under COHSlderathD has w1nd1ng depth & width
"I . ; ,[
whlch are much smaller than its radlus. Here 77 is the number



of turns .m the c01ls and a its radlus For cnils having

flnlte Wldth and depth we havel 7
L, (n/)am o {FQ\” 7. % + rm)) + <O<r) )}3 WVW))]'
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Here O<h — QZM /Q is the ratio of ocuter radlus CZ'Z,“T)

to . the 1nner radlus C‘-ml and (%ﬂ b /Q j; 18 the ratio
of the half-—w:Ldth l:) to the inner. ‘radiy If /3 represents -
) n

the res:.stance of the nJCh coil; the power dissipated in the

nth coil is given by o

P = J? - (4).

N
2.
we can now construct a functlon X def:med as

gﬁ 2wdj+2wwﬁ -

T the functlon /)( is mlnlmlsed wlth respect to a set of

parameter_s, there_sulting_ _vélues of those parameters yield

power dlSSlpatlon.
MlnlmlSathn with: respect ‘to .currents 1 - Iy N,

leads to a set of equatlons

OX*/ DUy =0 0 'L-‘m =1, N ... (@)



_ which can be solved to obtain eurrents“inféifferent coils
placed at known positions. U51ng equatlons (1) and (5) the

set of equatlons represented by (6) may be rewrltten as

T~ _ a3 W M, QZ“ "M,%%“nm
oL = 7
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'Abr'élternately
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All the equatlons in the set of 81multaneous equatlons

""represented pby. (8) are linear. in currents ; 3 5 &

and can e selved to obtaln values of currents for different

coils. The. set can be also represent in the matrlx form as

_where [:A:] & LCW are NXN matrlces hav1ng elements glven
__by eqpatlon (9) and [I7 . s the N-elément column vector

‘havmng_currents Lj 3 =), N 45 itd elements. Equatlon (lO)



can then be solved to obtain LI]as follows:

L3 =Celfa™y ... L. (1)
where [A'l] is the inverse of matrix Laj.

As an alternate to minimising Ct?with respect to
currents, one could carryout minimisation wlth respect to
ampere-turns for each coil.

The minimisation was carrled out using a Fortran
programme;-based on. the logic. outllned above & developed N
for. de31gn1ng -axi- -symmetric magnetlc fleld systems. The. ?;N
desired - field ‘profile was aChlEVEd by anutiteratlve |
procedure Wthh 1nvolved adJustment of coll p081t1ons and
calculatlng ampere-turns.in each c01l alternately The
dev1atlons at test points were all. given equal weights and
similarly all" the power terms were glven equal weights.
However, the weights Wb were always chosen Smaller thanvvw
the welghts W and a certain amount of optimisation was'
necessary in. the ratlo of Np ‘to W to obtain the des1red
fit-with optimal power d1581patlon.- _ | . ‘

.-For the: purpose of de81gn1ng, the field strength '
at test points. was taken as a. parabollc functlon of the
ax1sl dlstance.of the test pOlnt from'the centre. The ax1al
proflle which emerged from the mlnlmlsatlon along w1th the
test field proflle are Shown - in Fig.l. |

The system which evolved from such a de81gn procedure

(Flg 2) consists of 28" nos.'of 40 om inner diameter. 5 cm.

i R




yide Boils. The number ‘of turds in-each coil was adjusted

such that current requlred i{s same for all-the coils. The

coils were ﬁade by bihdihg*2.5‘cm'Widevcopper tape into:

the centre and out again to form a 5 cm wide double-pancake

. coil. “From"ﬁhischnfiéuratioh'a*fiela strength of 15 K.
'Gauss/K Amp. can be obtained at’ the centre. -

\ Power supplv and SW1tch1nq svstem,

All the co1ls are connected’ REes Serles and.-are powered -

by o condenser bank consieting'of“B»nOSafof“lé'VFi 20 kV:

condensers cOnnected'in’parallelﬁiThe’condenser'bahk’is-.v

'cherged"b§@§"cone£ant current source. The charging is done

‘automatically 1n1t1ated by a- trlgger pulSe and the voltage

level'to Wthh the bank charges can: be preselected Details

(2)

of the charging circuit are: given: elsewhere ‘.;'Itsh'--~'-

':essentlally consistsof a varlable auto;transfommer (variad)
| coupled to a low r.p.m. rever81ble ‘motor.~The . A.C. voltage: |
.from this Vériac is stepped up and-rectlfled by ia high' -
JJ;oltqge rectlfier circuiﬁ*whichApoWersfthe“condehSer4bank.“
ﬁVoltage at “the bank | is sensed snd- Gompared with the present
ivoltage. At the tlme of coinc1dence ‘the' power input to’"
Hvariac is cut-off, the control motor” 1s*reversed~and'v?"”“

-wbank—trlggerlng circuit awalts a’ trlggerlng pulses

The condenser bank is discharged through the field

coils by means of Ignitron gwitch connected: between the

condenser bank and the field coils,: .and trlggered bY the



trigger pulse (Fig.3). In -order to obtain a long—duration
slowly decaying nor- OSC1llatory fleld another Ignltron
jconnected across the field coils is used to crowbar the
dcirCult near the peak of. the dlscharge current The
trlgger pulse for the crowbar Ignltron is. generated from
the bank dlscharge trlgger pulse through an. approprlate

| delay circult The magnetlc fleld then decaYS “from its
peak value w1th an e fuldlng tlmech/R where L is the

1nductance of the fleld c01l system and R the re51stanCe

of the c1rcu1t.e”

: The fleld coil sYstem placed “roundvthe stainless steel

”b”Vessel is. fed from the. condenSer bank by means of an air

*cored co—ax1al cable. The total 1nductance of the system

AAlS estlmated to be. eu7 O mH. The capaC1tor bank, having -

”#:v84 %LF capaclty, when charged to 20 %V, the maximum

Mperm1551ble voltage,‘ls capable of dellverlng a peak
“:current of 2 5 K Amps 1n the fleld c01ls. Thus maximum- field
‘Astrength Wthh can be attalned w1th thlS configuration is

3 75 K Gauss at. centre and 7 5 K Gauss at the mirror

ends. ngher fields can. in, prlnciple be obtalned limited

| by the strength of ‘the c01l blndlngs and supporting

structure by 1ncrea81ng the capa01tance in the

bcapac1tor bank.w:f




The fleld 00115 have a. total re31stance.of.FV-Oa(J?‘
nd hence hy crowbarlng, the magnetlc field can be made
to decay from 1ts peak value Wlth an e~ foldlng tlme ~-70 m

secs .

. Results

4 -
v

The measurements of the magnetlc field confirm to the
}‘valueS estlmated on the bas;s of design data. A magnetlc"
1fleld of ‘~r1.5 Gauss/Amp is obtalned at ‘the centre.

Flg 4 (@) shows typlcal current pulse when the
condenser bank is dlscharged through the fleld c01l system*'
.?W1thout triggering the crowbar Ignltron. Flg. 4 (b) gives
the tlme proflle of” the current when the crOWbar Ignltron’
1s trlggered near the peak of the current pulse. The
::current 1s found to decay W1th an e-foldlng time ev75 m sec.
It 1s observed that p051tlon1ng of the trlgger pulse for the
'crowbar Ignitron, crltlcally determlnes the tlme proflle

of the eurrent decay as well as 1ts repeatablllty.
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Fig.(l

Field profiles for a 1:2 ratio magne tic mirror
configuration. ‘Dashed curve is the parabolic

profiie assumed for the design purposss and

éolld CUrveg is the- profile ohtalned through thea

Flttlnga

Coil conflguratlon, obtalnsd Frcm the fitting,

for 182 ratio magnetlc mlrrcr system. Thi s

conflguratlon produ098 a Fleld of 1.5 Gauss/Amp

at the centre.‘

".RQWPD and switbhing system For ths field coils. .

R

'Tlme proflles for. the currents Flowlng through
-fleld colls.,a) current wlthout crowbar, b)
"burrent Wlth crowbar Ignltron trlggerad near’

‘the peak Value of the current.
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