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PRODUCTION OF ULTRAHIGH MAGNETIC FIELDS* **

Heimo Latal

Institute for Theoretical Physics of the University of Graz
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By the development of an implosion method a group headed by C.

N. Fowler in Los Uamos [1) succeeded in obtaining short-term

magnetic fields of several megagauss (MG) - A conducting cylindrica l

metal tube, the so—called liner, was radially compressed by a high

explosive following which an initial fiel d on the order of 50 kG was

produced in the cavity using a Helmholtz coil (Fig. 1). The highes t

field strengths attained with this met hcd are around 15 MG and a

Russian group [2] gives 25 MG.

The principle of this “flux compress ion” (3] can be illustrated

in the following manner: the chang e of the magnet ic flux brought

about by the inward—moving cylinder walls, according to Faraday,

produces supplementary currents which as a result of their forward

direction effect an increase in the original magnetic field and

thereby convert mechanical energy into magnetic energy. Under the

simplest assumptions of a constant specific resistance differing from

zero Po and constant velocity ~~ of the im p losion, using Faraday ’s

law one obtains

(1) —~~~~= i R ,

the growth  of the  magnet ic  f ie ld  w i t h  decreasing radius  of the l iner

according to (Theory  A)

- — —-- - —-—--- — — - -- -t — —
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2(1 —

(A)

He re B 0 and r 0 are the in i t i a l  f i e ld  and the  i n i t i a l  r a d i u s ,

respecti v e l y ,  while a~ is given by

(2) ~

in wh ich va lue  6~ designates  a characteristic penetration de pt h for

the  calculation of the electrical resistance (R).

Since the magnet ic field exerts a pressure on the conducting

walls surrounding it (proportional to B2) the velocity of the liner

walls will not remain constant. Fig. 2 shows the result of

calculations which take this effect into account (Theory B). One sees

that in the last tenth of the compression considerable dev iations

from uniform movement arise which lead to an end radius , the

so—called “ t u r n — a r o u n d  radius” which  d i f f e r s  f rca  zero. The

l i m i t a t i o n  of the invest iga t ions  to the  f i r s t  n ine  t en ths  of t h e

compressio n t h e r e f or e  j u s t i f i e s  the  assumpt ion  of a cons tan t

velocity.

- .- --~~~~-
. -
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Other factors also exist, however, which limit the size of the

maxi mumly attainable fieldstrengths. Thus one must take into

consideration the fact that the magnetic field penetrates the walls

surrounding it and thus part of it is lost for compression . If for

simplicity one assumes a linear drop of the field in the walls within

a certain penetration depth 6~ then one obtains the following

expression for the increase of the field (Theory C)

(C) B [‘.‘ + r, ô - & ~~~/3~~
’ -

‘~. t ’ 2+’~.
4 Q/$ J

wher ~ by ~~ is g iven  by (2) and the characteris t ic  p e n e t r a t i o n  dept h

6~ ( f rom o ther  ca lcula t ions  [3])  is def ined  as

h f(3)

An add i t iona l  i m p o r t a n t  e f fec t  lies in t he  fact  t h a t  the

specific resistance of the  liner is dependent  on t empera tu re .  The

assumption of a l inear  tempera ture  increa se according to t h e

resistance

p,(l + k(T — T1)J,

_  ~~~~~~~~~~~ - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
. - --.- ~~~~~~ -“.- - .-

- - - - - 
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wh ich expression can correspondingly be rewritten as a dependence of

the magnet ic field

I B’

1/2(5) K ~~0,8MG .

p ~ 0.8,

leads to (Theory  D )

(D) — 
[r,’+r , 6 + 62/ 31’

B,~~~~~~,’ -+ r o+6 ’~3 J

whereby

1 + fi (B’/K’)
B

(6)

= 

~
As is know n an applied magnet ic field effects an increase of the

resistance of metals (“magnetoresistance”) and this effect can he

taken into account simply by a change of ~ in (5) to a ~~~ 2.5 ~

(Theory E) -

For a certain “standard configuration” (S.C.) given by the

- 
- . - ~~~~~~~~~~~~~~ -~~
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fol low inij  va lues  of the different parameters :

In i t i al f ie ld  B 0 = 25 kG

Initial radius r0 5 cm

Initial ve locity v 0 = 5 •./ us ,

I n i t i a l  res is tance Po = 10 ~Q—c m

Compression rim e = 10 ~s

pig . 3 shows a com parison of Theories A to E. Here the enlargement

f ac to r B/B 0 as well as the field itself a re  plotted as a f u n c t ion of

decreasing liner radius. Analysi s of the results shows that one can

def in e a “Reg ion  I” in which a magnetic field of Ca. 1 N~ is a t t a ined

and  the  l iner  is compressed to a radius of approximately 7 mm. In

this range the results are largely independent of the deta ils of the

various theoretica l assumptions; in particular Theories A, B, and C

cannot be distinguished . In the following “Region II” which reaches

up to Ca. 3 MG with a radius of 4 mm the experiment s can lead to a

choice among the various theorems. For the last stages of the

implosion where the liner material is under a magnetic pressure of

ca. I million atmospheres and the surface temperatures are several

- --—- —- —- - - — . . -- - -
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te ns of thousa n ds of degrees i t  is d o u b t f u l  w h e t h e r  an e x t r a p o lat i o r .

of the  pre ceding r e su l t s  can be va l id .  Here , new e f fec t s  cou ld

grea t l y change  the  d e f i n i t i o n  of an e f f e c t i v e  resistance w h i c h  is

mate r ia l  f o r  t h e  d e s c r i p t i o n  of the process.

B y v a r i a t i o n  of t he  specif ic  pa rame te r s  such as speci f i c

resistance, implos ion  veloc i~-y ,  and i n i t i a l  m a g n e t ic energ y a s tud y

was made of the e x t e n t  to which  the resu l t s, a t least in r e g i o n  I I

lend themselves  to i m p r o v e m e n t .  Fig. 4 shows the  resul t  of t h i s

investigat ion: it is clear t h a t  increased veloci ty  as wel l  as lower

resistance lead to higher  f ie lds .  The mos t i m p o r t a n t  resul t , h o w e v e r ,

arises from the fact~ vith an increase of the initial magnetic energy

it is more a d v a n ta g e o u s  to increase the  v o l u m e  than  to ra ise  t h e

magnet ic f i e ld .

Precisely ths criteria which provide for a good compression

(essentially P0 ~ 0) ,  prev ent, however , the product ion of a high

in itial field , ous of the basic prerequisites for attaining ultrahig h

fields, through the same mechanism : the initial field is produced by

a capacitor discharge into a Helaholtz coil which is wrapped around

the liner; thus currents are induce d in the cylinder wall wh ich

reduce the field in the cavity, all the more so the better conductor

the liner. Extensi ve calculations and experiments (
~ 1 have led to a

comple te descri pt ion of this process , the resul ts of wh ich are sho wn

- ~~ -- ,,*_ _ __ _~~ _ ,~ _ 
- 

- - --—-  —-—
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in the  f o l l o w i n g  f igu res .  Fig. 5 shows the v a r i a ti o n  of t h e  m a x i m u m l y

ob$ainahle field with the thickness and the specific resista nce of

t he  l iner , w h i l e  F i g. 6 shows the  dependence of t h e  po in t  in t i m e

whe n the  f i e ld  is a t t a ined  on the  same parameters . The precise

knowledge  of th i s  poin t  in t ime is of decisive impor tance  for  the

synchronization of the following implosion since shortly before

attaining the maximum initial field the detcnators must be ignited .

In order to see how the already mentioned contradictory

conditions for the optimum production of the initial field and fjr

the compression affect the end result of a total experiment , th&~

variation of the maximum initial field with a specific res istance of

the liner was calculated for a pre—assigned geometry and capacitor

ba nk energ y and then these values were substituted in Theory D for

the compression. One sees in Fig. 7 that up to a compression radius

of approximately 2 mm the optimum production of the initial fie1~1

dominates, thus liners with high resistance (large initial field)

yield ever larger compressed fields although the initial factor has

reduced from 8 to 1.3. For even smaller radii , howeve r, both effects

almost counterbalance each other and the obtained field is more or

less independent of the resistance of the liner.

A ver y interesting version of the implosion method which

requires no explosive was developed by C. E. Cnare (5],

- - - - -- - -  - -__
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electromag ne t ic compress ion  (Cnare  e f fec t ) . Here a capacit or bank is

discha rged i n t o  a s i n g l e — t u r n  coil which  is l ined w i t h  t h i n  f o i l

( a l u m i n u m )  . The p r i m a r y  cu r ren t  and the  a lmos t  equa l ly  large  b u t

opposite induced secondary cur rent  in the fo i l  repel each othe r so

tha t  as a resul t  of t h e  mechanical  a s y m m e t r y  (mass ive  p r i m a r y  coil ,

light foil) the foil is imploded . It is significant that through an

ap propr ia te  choice of the  system p a r a m e t e r s  p a r t  of t he  m a g n e t i c

f ield ori g i n a l l y be tween  the  p r i m a r y  and seconary w i n d i n g  can he

diffused through the foil and then compressed. With a 130- kJ, 20-ky

capacitor bank Cnare reached 2 MG follwing an 18— jis implos ion tine ,

and the foil was compressed from an initial radius of 25 mm to a

final radius of 2 mm . A detailed t heoretical inves t iga t ion  of this

process (6], in addition to other important results, gave the

following for the maximum value of the compressed magnetic fie ld

(7)

with the following designations:

V initial voltage on the capacitor ,

inductivit-y of the primary circuit,
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i n i t i a l  radius  of the  p r i m a r y  coil (~~~the  i n i t i a l

rad ius  of t h e  f o i l )  ,

lengt h of t h e  p r i m a r y  coil ,

d in i t i a l  t h i c k n e s s  of the  f o i l ,

p specific resistance of the foil..

A l t h o ugh  e l e c t r o m a g n e t i c  compression does not lead to suc h high

f i e l d s  as the  exp los ive  method  (a su i t ab le  combina t ion  of both could

resolve this , howe ver ) i t  does provide u l t r a h i g h  m a g n e t i c  f ie lds ,

w i t h o u t  too m u c h  e x p e n d i t u r e  and des t ruc t ion  which are s u f f i c i e n t

fo r the  f o l l o w i n g  app l i ca t ions  which  wi l l  te ment ioned  b r i e f l y .

From the  n u m b e r  of areas in w h i c h  the  appl ica t ion  of u l t r a h i g h

magnetic fields can  lead to new in t e res t ing  results, as f o r  e x a m p l e

solid state physics, plasma physics, quantum electrodynamics , let us

select the latter. Here there are the high—energy electromagnetic

transformation processes such as magnet ic bremsstrahlung (synchrotron

radia t ion)  , pair f o r m a t i o n , etc. which acqui re  increased s i g n i f i c a n c e

in these high magnetic fields. The appearance of strong radiat ion
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reaction effects during magnetic bremsstrahlung is only one of the

consequences of quantum electrodynair ic effects in ultrahigh magnetic

fields; a detailed discussion of the new situation can be found in

(~ 1. A fundament al study of this problem frcm bcth the the oret ical

and experimental sides seems very desirable with respect to its

significance for understanding the electromagnetic interaction under

extreme conditions.

In conclus ion I would like particularly to thank Professo r Paul

Urban who, through his generous support , made it possible for me to

carry out these works ; likewise Professor Thomas Erber for his

hospitality at the Illinois Institute of Technology . Chicago , and for

many worthwhile discussions.
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Fig. 1. Implosion experiment (schematic). RE!: 1) Explosive; 2) Coil.
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Fig. 3. Comparison of theories. KEY: 1) Compression t i m e  ~~10 (is.
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F ig. 4. Va riation of parameters.
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Fig. 6. Comparison bet ween theor y and experiment (point in time of

t he  maximu m field) .
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