The outer boundary of the hydromagnet. is made of a good conductor, so that the diffusion of the field
through it during the contraction period can be neglected. The field in the hydromagnet before contraction is
Bz =B,. Using the condition for the conservation of the flux and the field distribution (3.3) we obtain

R Re_—2 ‘
B, =B, (-;-) ‘m (Rep—2)am

Re — Re —
Re, com 224" m

It can be seen from this equation that the maximum achievable field in the center of the hydromagnet under
flux~conservation conditions is Bz = Bo(c/a)2 as Reyy — =, If the field on the boundary is kept constant, the field
at the center of the hydromagnet is By = Bo(c/a)Rem; i.e., more effective amplification of the field occurs.

The author thanks E. I. Bichenkov and R, L, Rabinovich for useful discussions and advice.
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ELECTRIC FIELDS IN A SINGLE-TURN MAGNETIC
GENERATOR WITH A PARABOLIC TURN PROFILE

V.S, Fomenko UDC 538.4

1. To solve a number of problems in experimental physics, it is necessary to have available a wide
range of high-power electromagnetic energy [1]. One of the possible pulsed sources of electromagnetic en-
ergy with high specific energy capacity and power is the explosive-driven magnetic generator. Several types
of explosive-driven magnetic generators are known at the present time [2-5]. The variety of generators is due
to the need to satisfy contradictory requirements (e.g., such as a short operating time and a large initial in-
ductance, a large value of the generated current, and limited dimensions of the current circuit), which are
difficult to combine in a single generator.

In any type of explosive-driven magnetic generator when the condition dL(t)/dt >R(t) is satisfied, the
main increase in the generated current occurs at the end of the deformation of the electric circuit, I{t)~ L"i(t) .
n(t) (I, L, and R are the current, inductance, and total resistance of the generator). The efficiency of the op-
eration of the generator, or the value of the magnetic flux conservation coefficient 7, at this stage of the mag-
netic~cumulative process may be reduced due to electrical breakdowns occurring in the air which fills the com~
pression volume of the generator. The breakdown mechanism, accompanied by the cutting of part of the in-
ductance of the circuit, and the related loss in magnetic flux, leads to considerable limitations of the electro-
magnet energy (W ~n?, and also to a reduction in the current gain (kp~7), and the energy gain (kg ~7%, and
the fraction of the lost flux increases toward the end of the operation of the electromagnet. Increasing the co~
efficient n to the level specified by diffusion of the magnetic field during the compression and displacement of
the flux into the generator load, is one of the main problems in constructing small-size explosive-driven mag-
netic generators with high output characteristies, since the technological factors (e.g., for spiral explosive-
driven magnetic generators, the decentering of the spiral coil from the central tube), which affect the coeffi-
cient 1, may be eliminated or reduced to a minimum. Thus, in [6] certain recommendations are made, con—
firmed experimentally, to achieve this purpose,
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One of the possible ways of increasing the operating efficiency of an explosive-driven magnetic gen-
erator is to use gases in the compression volume with higher parameters with respect to the breakdown stress
than air, as was investigated in [7] for spiral and coaxial generators. However, this method does not eliminate
possible loss of magnetic flux in the breakdown cutoffs in the region of the sliding (dynamic) contact of the
current-carrying conductors. Thus, according to the data given in [7], it follows that the theoretical value of
the coefficient n is considerably higher than the experimental value if the coefficient is calculated only taking
into account the compressibility of the conductor material and the diffusion of the flux due to the finite elec-
trical conductivity, which varies with temperature. Nevertheless an oscilloscope record of the derivative of
the current from pickups placed in the current circuit of the generators contains high-frequency noise, char-
acteristic for breakdown processes in a gas. The angle of contact of the current-carrying conductors close to
the sliding contact does not exceed 0.02-0.06 rad for a magnetic field strength of 0.1-3 MOe, and in all cases
experiment shows that the flux loss becomes considerable at fields exceeding 1 MOe.

A better way of increasing the operating efficiency of an explosive-driven magnetic generator is, first,
to limit the growth of the magnetic field strength in the compression volume of the generator during operation
to the critical value (H(t) € H,), determined by the electrical and physical characteristics of the material of
the current circuit, thus eliminating the possibility of intense.electrieal bursting of the skin surface of the
conductors (e.g., for copper H,~ 1.2 MOe), and, second, to eliminate local electrical breakdowns in the region
of the sliding contact of the conductors characteristic for magnetic generators. The first aim can be achieved
by shaping the current circuit of the generator and the second by increasing the angle of contact of the con~
ductors in the region of dynamic linking of their current-carrying surfaces. These requirements can be met
most simply in a single-turn explosive~driven magnetic generator with a parabolic profile of the turn, eccen-
trically situated with respect to the shell of the explosive charge [8].
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TABLE 1

9L, A, % H(A), | H(BY, H.(Cy),
deg cm deg MOe MOe MOe

180 0,2 174,26 1,256 1,257 4,257
180 05 165,56 1,254 1,255 1,257
130 1,0 151,02 1,244 1,237 1,257
63 0,2 52,6 1,118 1,227 14,257
G 0,5 38,84 0,939 1,05 1,257
60 0,8 15,7 0,788 0,879 1,257
65,1 1,0 0 0,697 0,767 4,257
43.26 0.5 0 0.947 0,993 1,257
258.3 0.2 0 1,126 1,147 1,257

2. Figure la and b shows a sketchof the generator — transverse and longitudinal sections (1, turn; 2,
shell; 3, load; 4, transmission line; 5, explosive material; and 6, contact plates) with the letter notation of the
dimensions employed, Figure 1c shows part of the compression volume together with the polar system of co-
ordinates for calculating the electric field strength in a radial section of the generator at any instant of time
beginning at the instant of dynamic contact of the shell with the inner surface of the winding,

For convenience we will introduce the following terminology. Generator 1 — maximum and minimum
generatrices of the turn 2H; =36 cm and 2H, =3 cm, inner diameter of the turn 2R =24.8 cm, external diameter
of the shell of explosive 2r;=20.6 cm, maximum and minimum base of flight of the shell 6=3.2 cm and ry=1
cm, interaxial distance between the shell and the turn (eccentricity) e =R—r;—r; =1.1 ¢m, operating time t =12
psec. Generator 2—2H; =100-150 cm, 2H,=10~15 cm, 2R=19.1 c¢m, 2r,=13.1 cm, §=5 cm, r;=1 cm, £ =2 cm,
tf = 20 psec. Generator 3—2H; =15 cm, 2H,= 1,5-2 cm, 2R=19.1 cm, 2r;=13.1 cm, §=5 cm, ry =1 em, £ =2 cm,
tf =20 psec, ‘

For a closed deformed contour I'=ABCFDA when the magnetic flux & linked with it changes, we will write
the law of induction with the total derivative of the flux with respect to time:
i _ ~2 dO (£)
$La=— 1072230, (2.1)
T

where

—g =E*=E+ 407 [v({$)B]; ®(t)= f Bz (p, ¢), t]ds, t, psec,
Sp(ry
where the electric field strength E satisfies the law of induction in partial derivatives of ® with respect to t:
P Edl = — 1072 20 .

0t le=0, By const ;
v(t) is the velocity of flight of the shell due to the action of the products of the explosion and the back pressure
of the magnetic field,

In the region of the sliding contact between the shell and the winding Ppzr (D)< p(9) <P,3,(9).00) =@ =
@ _(t),thedistribution of the magnetic induction B can be assumed to be close to uniform and to vary only
slightly with time during the operation of the generator, since the nature of the variation (increase) of the
generatrix of the winding z(p,;, ¢) along the path of displacement of the magnetic flux in the load is close to the
law of the amplitude growth of the current. This means that along unit length of the line DK =z[p;, ¢ (t)] (see

B (t
Fig. 1b) there is a constant value of the current (]’+(t) .———0—%:—3 = const), which with a corresponding choice of
B 1

the initial magnetic flux ¢, and the final induction L¢ which is not higher than the critical value

- (1) cyD 172 . 7 () Dy 1
Te= 75— (‘T T*) F1+() =TT + 7] 7[on, o5 O] *

where ¢y, D, and T, are the specific heat, J/g -deg, the density, g/cm?, and the melting point of the material
of the conductors, respectively, and % is a coefficient which depends on the shape and duration of the field; e.g.,
for an exponential increase it is 2/3 [9].
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The results of a calculation of the induction B atthe points A, By, and C,; are shown in Table 1 for sev-
eral fixed positions of the shell ¢; and for different values of the gap between the shell and the turn A;B =A,
for a linear current density along the line DK of 1 MA/cm, close to the critical value for copper conductors,
The data in Table 1 relate to generators 2 and 3.

Then, assuming that the induction B on the surface of the conductors and in the skin layer are equal,
we can represent the left side of Eq. (2.1) in the form

La=rmnn+a o1+ {1 (2.2)
U] T3
where
~ Jq A0
dl Y 7 «» o S SoTm
I';(t)
with
3 B / -
D =tzpam<agy <O =0+ <Ko =01+ KT)™,
In(8) = Lgp (B) - 1 3, (8):F nd (2),
and

D=3 5 14D + 7 (BY + 7+ (€l (B> = %{B (4) + B(By + B4 (C))-

If i1 =j4, then 04=0x%, T+=Ts. Thus, for copper conductors ¢+~ 10° Q™' -cm™ and T,~10°C. HereT,
is the contour BCFDA; d, skin depth; py, relative magnetic permeability; lzz and Iy, length of the arcs BC
and AD, respectively; k,, temperature coefficient of the electrical resistance; ¢, conductivity; and EJ, electric
field strength in the region of the line of dynamic contact between the shell and the turn,

From (2.1) and (2.2), provided that in the region of the sliding contact Sr(z) <B) // t) {B), we obtain

* <H) Iry () g 45p (’)J
Ei(t)=— A(2) T 2d (3) [o‘,4nd <o 10 dr | (2.3).
Here
A() = R +ecos ¢ (t) — {rim?[g4 (8)] — e?sin* p (§]'%, .40
where
u[og (0] = 5@ = {1+ dpeost| 3 0, 0]
whence we obtain the following expression used below:
. . v(dreu[e, ()] 4 .
=~ Fsme. m 2.5)
with
. Re
FToo=To 1T, P=-—— r(%i

By considering the triangle OC,0; we obtain the angle of contact of the expandmg shell with the inner
surface of the turn,

esin @, (&)
+ } (2.6)

08 [, ()] = arcsin {—-———-rolu TGN

which varies during the generator operation, and its numerical value is determined by the dimensions of the
transverse cross section of the current-carrying elements (the shell and the turn) of the generator and their
eccentricity £, while (2.5) and (2.6) are connected by the relation

f Here and later the dot above a quantity denotes differentiation with respect to time t.
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o v ()
P+ =~ Fame TGN

Introducing the approximations !z, (8) & Ly () & Lz, (8) = R, (1) — @ (§)], v = const, d = const, Sy(f) ~
Sr, (1) + 2dR [o +(t)——q>(t)]+§—d2, where T, is the contour A;B;C;A, and calculating the area Srz(t) in polar co-

ordinates with the pole at the point O using the equations of the inner boundary of the turn and the external
boundary of the shell, which respectively have the form

01(9) = R, 0,(9) = [riu2]py ()] — e?sin® ¢}"/% —ceosq,
after differentiating Srz(t) with respect to time, we obtain

5 S0 (t) = 3[R + 4Rd — rfwe (o4 ] £(0) — 2rqu o4 0150
+ 82 [uy (£) 91 (8) — 1y (2) @ () + g (B)] -+ 20rqqulp (D)6 (@ + (2)

~ arcsin ( L. —(‘;p%g-})} + rdyut [, (0)]iws (1) — amz}, 2.7

where
Up (8) = uy (t) cos @ (t) —cos 2, (§); uy(F) = uy{2) cos @ (¢) — cos 29 (¢);
ua(t) =ty ()sin g () = (O sin G (1) E() = 9, () — 7 (0
nt = Tl 8 o0 0, (0 - Sty Tt = [Fweos o — 2RI
u () = (pt[o_ (] — sin o (1) () = [pute® [0, (6] —sin*p (1) "2,
with

R cECos@. (1) A p,j;*uw (t)}—q(mm’; {f) 2

e Wy (t = 01,
Rscoson ~inp 1 (1) = T 2y (2 » D1 =

u, (t) =

Case 1. For a fixed angle ¢(f) = comt, (w (t)=0in (2.7)) and for a running variable ¢ (t) (cp+(t) # 0),
which varies over the range of values @ =¢ (t) <7, we can evaluate (2.3) in the radial section AO of the com-~
pression volume, when A(t) decreases (A(t)—0, A(t) # 0) glurmg the generator operation.

Case 2, We can calculate the electric field strength E"{(t) as a function of ¢ ((t) (¢ Aty=0) for a fixed
value of the gap A(t) =A =const (A(t) =0) if we know the quantity ¢ (t)5=0. in (2.7).

For the second case we have from (2.4)

Ut [94 ()] — & — pj }

G (t) =
¢ {t) = arceos { Dop,

whence it follows that

el L) O PO KON e nor
P(t) = — vt o, L{ .

and furthermore, the running variable ¢ ,(t) is bounded by the range of values @; =g ,(t) <7, where

L
Z

. . (P i S) - rng ]
@, =2 arccos { —im J
with

P2=R—A.

3. The results of a numerical calculation using Eq. (2.6) are shown in Fig. 2a for generators 1 and 2
(curves 1 and 2, respectively), having the same value of the minimum base of flight of the shell r; =1 em. Data
for a similar calculation of 8(¢ ) for generator 3 are shown in Fig. 2b. Curves 1-6 correspond to ry =0 (3 cm),
0.5 cm(2.5cm), 1 em (2 em), 1.5 em (1.5 em), 2 ecm (1 ¢m), and 2.5 em (0.5 cm). The values of the inter~
axial distances of the shell and the turn are shown in brackets,
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1t follows from the theoretical data shown in Fig, 2 that in generators with the-same value of r, the angle
9 depends on the geometrical dimensions (diameters) of the turn and the shell. When the eccentricity ¢ is re-
duced (when r; is increased) the angle 8 decreases, which leads to an increase in the electric field strength in
the region of the sliding contact. In addition, the angle 8 has a larger value at the beginning of the dynamic
contact between the shell and the turn than at the end of the generator operation (see the verticals ¢, =20° and
160° in Fig. 2b),

The results of a calculation of the electric field strength Ef and the voltage U =AE}k for generator 2 as a
function of the distance between the shell and the turn A(@, t) are shown in Fig. 3a and b, in the form of curves
1-4, respectively, for different fixed values of ¢ (& =2.5; 40; 90; 150°, for a linear current density of 1 MA/cm
along the line DK. The maximum value Ej occurs in the final stage of the generator operation (curve 1, Fig.
3a, ¥ =& =2.5°) and does not exceed a value of 90 kV/cm for A=0.04 cmm. Figure 3¢ shows graphs of Ei* and U
as a function of ¢, for fixed A, and in the region of variation 60° € ¢ % 160° the amplitude values of the guan-
tities are measured along the ordinate axis with increased scale (curves 1 and 2 — E’f, U for A=0.2 cm, and
curves 1', 2'—Ej}, U for A =0.5 cm), The large values of E;" whichoccur at the beginning of the dynamic con-
tact between the shell and the turn (¢, 180°), are easily eliminated by introducing contact plates into the gen~
erator construction (see Fig. 1a position 6), which shift the beginning of the contact elements of the generator
into the range of values ¢, =180°—¢, (in Fig. 3c the results of the calculation correspond to a;=1°, @< 4%,

The variation in the voltage in the compression volume of the generator 3 close to the sliding contact -
(A =0.2 cm) as a function of ¢y (¢ =@ty =7 —0,, ¢ £ 3-4°, oy = 1°) for different values of the eccentricity ¢
3, 2.5, 2, 1.5, 1, 0.5 cm) is shown in Fig. 4 in the form of graphs 1-6, respectively, Curves of U (1-6 in Fig.
4) also correspond to curves of 8(¢) (1-6 in Fig, 2b). The curves of the electric field strength 1' and ¢' cor-
respond to the outermost curves 1 and 6 of the voltage, The values of the magnetic field strength (curves of
the field H 1-6 correspond to curves U 1~6) in the region of the sliding contact were averaged as [H(AQ +
H(B,) + H,(C{)V/3 for a linear current density of 1 MA/cm along the line DK,

The calculated data in Fig. 4 confirm the considerable increase in the electric f1e1d strength in the
region of the sliding contact (by a factor of 5-8 in the initial stages of the contact between the shell and the
turn) when the eccentricity € is reduced from 3 cm to 0,5 cm (points A and B in Fig. 4). The values of the
electric field for a relative position of the shell and the turn close to coaxial (¢ =0.5 cm) facilitate the develop-
ment of local electric breakdowns in the region of the sliding contact (curve 6'). This is confirmed by the pres-
ence of intense luminescence of the air in this region, recorded in experiments with an almost coaxial position
of the shell and the turn (¢® 0.2 cm), and also by the absence of luminescence when the interaxial distance is
increased to values £ 31 cm for the same magnetic field strength ~1 MOe,
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The values of the eccentricity £ > 1 cm for an overall thickness of the insulating film of 0.2-0.4 mm
placed on the inner surface of the turn, the transmission line, and the load, enables. electrical breakdown to be
eliminated in the region of the sliding contact during the whole magnetic-cumulative process for generators
1-3 when operating with a constant linear current density of ~1 MA/cm along the line of contact of the con-
ductors,

Calculations using (2.3) were carried out for a value of the shell velocity v =0.25 ecm/usec, equal to the
average experimental value. The value of the skin depth, according to data givenin [9], is 0.03 cm for a dura-
tion of the exponentially growing current pulse of ~16 usec, equal to the operating time of generators 2 and 3
at the stage of contact between the shell and the inner surface of the turn. The value of the electrical conduc~
tivity was taken for copper conductors at the melting point, viz., ¢, =10° 2 !.-em™,

4. The initial inductance of the profiled turn generator, unlike the unprofiled turn generator, depends
on the interaxial distance between the shell and the turn, and the inductance increases and the time of gen~
erator operation decreases as ¢ is reduced. The rate of variation of the inductance reaches a maximum value
when £ =0. However, the choice of the value of ¢ is determined first of all by the possible reduction in the loss
in magnetic flux in the region of dynamic linking between the current-carrying surfaces of the shell and the
turn, the reason for which is local electrical breakdown. By an appropriate choice of the dimensions of the
transverse cross section of the shell and the turn, and also of their mutual position (i.e., by choosing the ec-
centricity), one can obtain values of E1 which practically eliminate the possibility of electrical breakdowns in
the region of the sliding contact between the current-carrying conductors under critical field-strength condi-
tions (H= H,) for a thickness of the insulating layer, which has no effect on the ohmic resistance of the con-~
tacting conductors.
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