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Introduction. A large number of papers, many of which were presented at the First and Second Confer-
ences on Megagauss Fields [1], have been devoted to the investigation of the processes of hydrodynamic flow,
diffusion of a magnetic field, and the evaporation of a surface in connection with magnetic field generation
(MFG). The majority of the papers published have been devoted to the interpretation of individual experiments
on flux compression by explosion or electromagnetic forces, and there have been practically no attempts (ex-
cept the paper of Erber, et al, [2]) to analyze experiments over a wide range of parameters which per-
mit solving the problem of what aspects of the process are the most decisive under the conditions of this or
the other experiment.

One should note that such an analysis is possible only on the basis of a computational model which takes
into account all aspects of the process, including the variation of conductivity at a phase transition, and which
does not contain unjustified assumptions hus, the generality of the analysis given in [2]is reduced due to the
inclusion of characteristic quantities from experiments on MFG and the use of the concept of the skin-layer
thickness, which is not always justified). Among the papers devoted to the investigation of individual physical
factors, one should note the papers of Somon [3-5] (diffusion, compressibility, and liner instability), Brayant
[6] (electrical explosion of the skin layer), and Lehner [7] (conductivity of a degenerate electron plasma). Only
Kidder {8] and Kalitkin {9] have discussed the MFG process as a whole. Their discussions are not entirely
satisfactory: Thus Kidder assumes the liquid —vapor phage transition to be discontinuous at temperatures
above a critical temperature (Tgy), and Kalitkin assumes instantaneous expansion of the vapors to densities
at which the expressions for the conductivity of a classical plasma are applicable, i.e., an instantaneous transi-
tion from metallic to plasma conductivity.

An analysis of MFG is made in this paper on the basis of a computational model of the interaction of a
superstrong magnetic field with a metal in which a continuous transition from metal to plasma is taken into
account the latter is valid for processes in the course of which the dependence of the pressure p on the density
does not intersect a binodal), An important assumption used below is the assumption of local thermodynamic
equilibrium and the absence of explosions and macroscopic inhomogeneities everywhere in the medium except
the boundaries of the region occupied by a conductor.

Computational Model. Here the metal is assumed to be a compressible conducting liquid. We shall ne~
glect the distinction between the solid and liquid states, which is permissible when discussing the interaction
of a superstrong field with a metal. The one-dimensional equations of motion of such a liquid are of the form
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where d/dt =9/8r +vd /or is the substationary derivative, =0 when 9v/9r =0 and q = ~ap (9v/9r)* when 8v/dr<0
is the pseudoviscous pressure according to Neiman—Richtmyer [10], which is introduced for the computer
calculation of shock discontinuities, 8 is the tensor of the tangential stresses, which is assumed here to be
viscous, v = (4yo) ! is the magnetic viscosity, and p, &, o and X are the pressure, internal energy, electric con-
ductivity, and electron thermal conductivity of the metal, respectively.

Istra. Translated from Zhurnal Prikladnoi Mekhaniki Tekhnicheskoi Fiziki, No. 5, pp. 15~26, September-
October, 1982, Original article submitted July 21, 1981.
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We note that the introduction of the tangential stress tensor into the computational model is not obligatory,
since in fields with induction B> 3 MG a metal behaves like an ideal liguid [11]. ¥ is introduced here in order
to avoid singularities on the free boundaries of a metal, where its density may become equal to zero. There-
fore at r=rg and r=r; {the subscripts "e® and ™" refer to the exterior and interior liner boundaries, respec-
tively)

0, 0 %= 00,

S e i =
(Ser = P)e. B%2y,, 0= oco.

In addition at r=r, idre,i/dt =ve,i. It has been assumed that there is no heat exchange with the surroundings.

Then
aTidrl, , = 0.

The boundary conditions for the field are determined by the trausition process inthe external electric
circuit or are specified in the form of some function of the time. Inthe case of a liner which has collapsed
to the axis, it is necessary that the law of electromagnetic induction

d‘Do/dt = 2nr¢vi (63/67‘),,_.,.“

be satisfied on the interior boundary, where @, is the flux in the liner cavily., Onthe exterior boundary of the
liner (38/dr)re =0 or the field is specified by some function of time which determines the transition process
in the external electric circuit,

If the liner is accelerated by electromagnetic forces (magnetodynamicfield generation (MDFG)), then it

is necessary to take account of the edge effects associated with the finite length of the liner {12, 13] in the bound-
ary conditions. Onthe basis of the superposition principle and the law of total flux, one can write them in the
form [14, 15]

B, = By + molI oK (ry) + Ky(rid, )1,

By = By -+ ol K(ri)s — Ko(ri)l, VL,

B, = By + wolKy(r)s — Ky(r)l,li1,

Oy = M(r)k = Lo(ri)lo

where Bg is the induction on the liner axis, Ig and I; are the currents in the solenoid and the liner, respectively,
and K, {ry) —K; @ry), M{ri), Ly{rj) are dimensionless coefficients and the mutual and self-inductances of the liner,

which are determined either by physical modeling similarly to [15] or by computational means under conditions

of a sharply expressed skin effect.

The initial conditions have different forms in the case of MFG and MDFG. For MFG at time t =0, v =v,,
v(r) =viri /T, p =py B=By, T=Tg, r{=r,, and r,=ry+hy For MDFG the motion of the shell is considered from
the start of the acceleration; one can assume the shell material to be incompressible, and it is necessary in
addition to specify the parameters of the accelerating contour,

Equations (1)-(4) along with the initial and boundary conditions are reduced to dimensionless form, dis-
cretized on a Lagrangian grid, and numerically solved by the forcing method. Nonuniform partition into layers
is provided for in the algorithm with the goal of the best exposure of the skin-layer structure. In the case of
MDFG such a rearrangement is made twice: At the start of the process and after the current in the liner passes
through zero, when the field on the interior boundary becomes greater than that on the exterior boundary. The
integration step is variable and is calculated from the condition

vmax {[¢} + B /popi] V¥ A} < 1,
?

where i=1, 2,..., N—1, Ajr=r{—rj.3, and ¢; and Bi,/(uopi)1/2 are the local speed of sound and the Alfven veloc~
ity, respectively. A solution algorithm along with the formulation of the problem of magnetic flux compression
by a conducting liner have been described in [16].

When solving Eqs. (1)-{4) the three-term equations of state

p(pv T) :'Px(P) + pT(p’ T) + pTe(pa T); (5)
e(o, T) = ex(p) -+ eglp, T) + eqelp, 1), ©)

were used, where [17]

Px(p) = c30,8% (8 — 1); )
g5 (p) = 0.5¢5 (6 — 1) ®)
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describe the contribution of the motion of electrons at T =0 to the pressure and the energy ((7) and @) are
valid for p=10? Pa; ¢, is the speed of sound in an unperturbed metal, and 8=p/p, is the relative density),

[18] epl, T)=Cy(o, T)T, and pp e, T) =T (o, T)pe? (o, T) describe the contribution of the thermal motion of
ions to the energy and pressure, [18] £q (0, T) =b°In cosh (3 T/b), and prpg (0, T) =2pee (0, T)/3 describe the
contribution of the thermal excitation of the conductivity electrons to the energy and pressure; Cy=[1+0.5¢ o,
T)IC,/[1 +£1 @, T)] (Cp=3NKk is the specific heat of the metal), Eilo,  I) = LCo1Y3(dpsldp — 2npy/3,); 1y and [
are constants defined by the authors of [18] on the basis of experiments on shock compression of porous metals
(one can also determine them if one knows the critical parameters), 5=8,6"2/3, and Bo = 4n~*k2mh 2N (3n2p,)~3
[11] (N is the number of free electrons in 1 kg of the metal; for copper n; =0, 7, =9.25, b=5.6 x 10° J/kg - °K,
and B, =1.09 x 107? J/kg - °K?). Thus the selected equations of state satisfy the known asymptotes for §=0, 6=1,
6=38g, p=pg, and T=Tg, and also as T-—«=, and consequently they describe a continuous transition in the super-
critical region from a metal to a plasma.

It is well known [19] that the Weidman —Franz law }\=91<2Tcr/7re2 is valid for the electron thermal con-
ductivity of a metal. Inthe region of plasma densities, A ~2k®To/e?, as has been shown in [9]; therefore one
can approximately use the Weidman—Franz law to estimate ) over the entire range of variation of T and p.

The tangential stress tensor is a viscous tensor, which in a Cartesian coordinate system has the form
[20]

av; dvy, 9 v
3 == MR L. S P
S;h b ( axk T axi 3 6ih 01} ), (9)

where & =0 if i #k, & =1 if i =k, and 7 is the viscosity coefficient. Since @) is introduced in order to avoid
singularities on the free boundaries of the liner; we shall assume 7 to be constant and small in order that the
required condition be provided.

Both the approximation {21]
o = 0,08/1[1 -+ BrCy(T — 7o)l (10)

{¢ is the pressure drag coefficient, S is the thermal drag coefficient, and oy is the value of o at T =300°K) and
the expression derived in [22] upon taking phenomenological account of the peculiarities of electron scattering
in a metal and a plasma:

0 = 16med (Wk->3/ u/(V ZmeZAnkT), a1)

where (Wp) is the average kinetic energy of the electrous, n=p@p/8p)y is the modulus of isothermal com-
pressibility, A =In (1 +£)—¢/(1 +¢) is the analogue of the Coulomb logarithm, ¢ =16m(Wy)?/Z%fi’n, and n

is the average concentration of ions (also see [23], where a more exact expression has been obtained for the
conductivity), are used here as the conductivity. We note that (11) differs only by the factor 2un/AnkT from the
formula of Lehner {7], which provides the correct asymptotes for T<Tg and T> Tg (TF=8F/k is the Fermi
temperature, and £y, is the Fermi energy). In order to find (W) and #;, we shall use Equations (5) and (6):

o = 0.054F%2%/AT am* m)~; (12)

¢ = 0.69-10-8(p,/A MZ)/381/3F, (13)
F =W, yep' =1+5.9-10" (AM/Zp)** b Inch (BT/b)/B, (14)
(A, M, and Z are the atomic weights, unit of mass, and charge of the nucleus, respectively; [Ml, [p], [%], and
[T] are measured in the SI system in (12)-(14). At T=300%K and §=1 (12)~(14) give a value of 2.75 X 10780 .-m
for the specific resistance of copper. A comparison of the values of o from (12)-(14) with the known experi-
mental data and calculations based on the Boltzmann equation shows justification for using the expressions
(12)~(14) to interpret the experiments on MFG the fact that Z is asSumed to be constant in (12)-(14) does not
introduce a large error into the MFG conditions [22], as the calculations show).

A Powerful MHD Shock Wave in a Conducting Half-Space. In this section we shall discuss the propagation
of a powerful MED shock wave (SW) into a half-space, which permits comparing different models and investi-
gating the general characteristics of the interaction of a metal with a superstrong field. The axisymmetric
problem was solved; the interior radius of the cylinder was taken to be such that the SW did not differ greatly
from a plane wave (it is equal to 40 cm here). The field on the interior boundary was specified in the form
B) =By (1 —exp(—t/7), and By, took the values 300, 500, 700, 103, and 1.5 % 10° T. The value of the time con-
stant for all By, is equal to 0.3 usec the choice of such a value was determined by the characteristic rise time
of the field pulse at the end of MFG).
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TABLE 1
o) B, MG
2 X 3 5 7 10 15 Metal
2, ufco
1 ] u/e 0,205] 0,446 0,708 141891 4,821»
uf/co 0,474 0,444 0,644 1,144 1,867
ulcq 0,182 | —0,3729 | —1,2 —2,369 | —4,359
Copper

2 |ufe, |0498] 0459 | 0759 | 14 1,808 | W7 496 sec
ufe, |0,205] 0456 | o072 1148 1,844 | 2) 1=3,968 psec

_ 3) t=3,042 isec; the rest,
udes |03 OZ6 | 0475 | 0256 | 008 | hogl pen

3 |wfeo  |0497] o418 | 0733| 0405 | 0838
ufee 049 | 0444 | 0708| 0859 | 0,838
ufeo  |0,208] 0444 | 0,708| 0859 | 0,838

wifcs 10,183 0,285 0,544 | 1,034 | 1,83
4 |uley Jo4g99] 0438 | o670 1,072 | 1,769
ufeg 10,2021 0,446 0,703 | 1,108 | 1,831

wley, loda76| 0384 | o0,622] 098 1,611

1
uilee | 0,167] 0,262 0,627 | 0962 | 1,58
wfee 10,09} —0,20 | ~1,033 | 1,622 | —2,933 |

2 | ugley 0479] 0,43 0,7 1,038 18 Stainless steel
ugleg 10472 0,411 0,7 1,089 | 4,789 14)2=2,22 psec; the rest,

wlee  |od72| 0,157 0486 | 0,195 | 01989| =36 usec.
ugley 0,465| 0,165 0,448 | 0,393 | 0,269
3 lugleo  loa77] 0340 | 0424] 0393 | 0,269
ufeo  |0477) 0,349 | 0,424 | 0,393 | 0,269

The results of calculations illustrating the application of the computational model and a comparison of
them with the results obtained from other models are presented in Fig. 1 and in Table 1 {he following notation
is used in Fig. 1: 1) ideally conducting medium; 2) formula (10) is used as o3 3) idealized explosion of the skin
layer (it is assumed in this model that when T < Tg o is determined by (10) and when T= Tg 0=0); and 4) the
plasma model of the conductivity; o is determined by (12)-(14); the subscripts "a" and "b® correspond to fields
of 3 and 7 MG, respectively). The velocities of the interior boundary (u;), the SW front @f), the field —conductor
boundary (up), and the current front (ug) for copper and stainless steel are presented in Table 1.

The results of Table 1 and Fig. 1 show that when there is no electrical explosion of the skin layer all
the models give practically identical descriptions of the shock front. When B>Bg = (,uop(,)i/ 2¢y (Bg defines the

610



limit above which the energy entering the conductor is greater than the sublimation energy), an electrical ex-
plosion of the skin layer is possible. As Fig. 1 shows, when B=300 T (0.726Bg for copper and 0.658Bg for
steel), an idealized explosion has no effect on the value of the velocity of the field —conductor boundary, which
is close to the velocity of the interior boundary of an ideal conductor (see Table 1); the thickness of the evapo-
rating layer does not exceed the thickness of the skin layer ©1 mm). The results of computations using (10)
show (Fig. 1) that in fields greater than Bg the velocity of the interior boundary changes sign due to a rare-
faction wave, which causes a negative pressure gradient on the SW front and the impossibility of the magnetic
field preventing the expansion of weakly conducting layers of the metal (curve 2, Fig. 1b), The boundary of the
curreunt front is located far from the boundary ¢he first arrow from the origin of coordinates). Since the mag-
netic pressure at this location is a maximum, a small maximum is observed on the velocity curve (curve 2,
Fig. 1b). The density of the metal layers with a negative velocity is much less than the initial density (§=p/
0% 0.1; 8 ~0.1 corresponds to the effective field ~conductor boundary), and the conductivity is close to zero.

If one neglects the mass of the expanding layers and uses formula (10) as ¢ in the remainder, then one can
describe rather accurately the motion of the effective field —conductor boundary ¢his approach corresponds

to Brayant's hypothesis [6] that the conductivity disappears with a discontinuity at §=0.,1). Such a viewpoint
has been used in [14, 16] in the investigation of MFG. A comparison of the computational results obtained using
(10) and (12)-(14) with each other shows the validity of this viewpoint, since the latter model gives an effective
cutoff of the density at the 6 ~1 level (see curve 4, Fig. 1b). The thickness of the skin layer is somewhat less
than for the model using (10). This circumstance is caused by the more accurate description of the o) depen-
dence by the expressions (12)~(14).

In fields larger than Bg an idealized explosion of the skin layer occurs on the SW front the second arrow
on Fig. 1b). Irregularities in the velocity curve are related to nonconducting vapor and are caused by the pres-
ence in it of compression and rarefaction waves. The phase velocity of the field —conductor boundary is equal
in this case to the magnetosonic velocity vy = (c? +va)1 2 (¢ = ((8p/3p))}/? and Va =B/(;zop)1 2 are the sound and
Alfvén velocities, respectively). When there is no explosion of the skin layer, the effective velocity of the field~
conductor boundary is well approximated by the expression vy =0.5¢oa;'[(1 + 2>§1v§\/c%)1/2 —1] (\; is an empirical
constant of the metal). :

The model of an idealized explosion of the skin layer is of a formal nature; therefore, one can only speak
of its absence or inappreciable influence on the rate of movement of the field —conductor boundary for copper
and steel when B=<4 MG. One can apply it to find the limiting characteristics of MHD flows of a metal in a
superstrong field. This model ig applied below to interpret experiments on MFG in fields stronger than 5 MG:
It is shown that at least in the case of conductors of the stainless steel type this model is not devoid of physical
meaning.

Since an unloading wave arises even in the case of a field of the form Bt¢)=Bm (1 —exp (~t/7)), conditions
for its onset are investigated for MFG, where the lifetime of the shell determines the duration of the field pulse
[14]. The field was varied in the calculation according to the law B{t) = A (exp (—t/ry —exp —t/T,)) ¢y and 7, are
chosen to be equal to the characteristic values for actual field pulses obtained in MFG; the maximum values
of the field are equal to 3.26, 6.38, and 12.6 MG). As a result of calculations using the plasma model of con-
ductivity (expressions (12)-(14)), the following picture of the onset of a rarefaction wave is revealed. At time
t =ty,, when the field becomes a maximum, the velocity of the interior boundary ;) changes to the opposite
sign @until t =ty vi > 0) under the action of a negative gradient of the hydrodynamic pressure (in MFG the pres-
sure gradient in the liner wall is always negative). A decrease of the field on the interior boundary results
in the fact that its maximum appears in the interior of the shell wall due to the inertia of the magnetic flux. A
negative gradient of the magnetic pressure also leads to an increase in the velocity of the interior boundary
vi< 0).

In MFG the velocity of the interior boundary of the shell is always less than zero; in addition the maxi-
mum of the field occurs before its complete halting due to the finite value of 0. Therefore the occurrence of
an additional velocity due to a rarefaction wave which coincides in direction with the shell velocity can result
in its destruction. I the conductivity of the inner layers is large, the shell will not be destroyed but will stop
at a radius smaller than the dimensions of the inductive detector or the object of the investigations (it is shown
below that this has occurred in a number of experiments).

Analysis of Experiments on Magnetic Field Generation. The models discussed above are used to inter-
pret experiments on MFG and MDFG, Experiments performed at the M. I. Kalinin Leningrad Polytechnic In~
stitute are taken as the latter the interpretation of the experiments of other authors requires knowledge of
the parameters of their accelerating contours, which is not always possible). These experiments are character-
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ized by care with the experimental conditions, which permitted obtaining a record value of the induction for
MDFG (By, =3.4 MG). Those experiments in which reproducible values of B, were obtained are taken from
experiments in which the liners were accelerated by an explosion, which indicates symmetry of compression
of the liner.

Calculation of MDFG was performed together with the acceleration stage of the liner; the computational
results for this stage are in good agreement with experiment, Thus in a series of experiments with liners
made out of copper with diameter dy=45 mm and thickness h;=0.38-0.41 mm the experimental magnetic flux .
captured by the liner was ® =2 =0.4 mWb and the calculated value was @ =1.68~1.87 mWh; the experimental
conversion coefficient of contour energy into kinetic energy of the shell was n =6.8-7.8%, and the calculated
value was 1 =6.91-7.3%. The experimental time at which the current in the liner passed through was t; =25.9
usec, and the calculated value was 25.96 usec.

Figure 2 contains the results of MDFG experiments (solid curves) of copper liners with d;=45 mm and
h; =0.38-0.41 mm and the results of calculations (dashed curves) for a shell with hy=0.4 mm ¢the computational
results for other thicknesses and radii are given in generalized form on the diagram of Fig. 6). The curves
of Fig. 2 were obtained using the models: 7) p =var, g=«; the contributions of py, and py and py are taken into
account in the equation of state, and in addition the possibility of accomplishing an idealized explosion of the
skin layer is provided for; 8) p=var, o= «; only py is taken info account in the equation of state; 9) p=var;
o= 10) p =py=const, o=»; and 11) p=p,=const, o=, The calculated curves of Fig. 2 lie in a2 dense bunch
of experimental curves between which the temporal discrepancy and the difference in the value of By, were
caused by the difference in shell thicknesses and experimental conditions. The maximum value By, =3.4 MG
corresponds to the experiment with hy=0,4 mm. The best agreement with this experiment is given by the most
complete model {curve 7) — By, =3.35 MG. The temporal shift between the calculated and experimental maxima,
which is equal to 1 usec, does not exceed the measurement error and is much less than the duration of the en-
tire process, which is equal to 29 usec. The value of the calculated radius of reverse behavior ry, the mini-
mum radius, after attainment of which the shell should in principle expand) was less than the experimental
value ¢he experimental value of ry, according to estimates of {13] based on SFR-grams was 2 mm, and the
calculated value was 0.925 mm, which is larger than the probe radius, which is equal to 0.8 mm).

Let us consider the relative contribution of each of the physical factors to By, and Tm. We have the
subscripts "0%, #d", and "c" refer respectively to a liner without losses, an incompressible liner with o=,
and a compressible liner with o=«) B,/ Bmd=1.158, By¢/Bpe=1.239, Bmd/Bme=1.07, and Byy/Bm =
1.253 —a one-term equation of state and By /By =1.331 —a two-term equation of state. Consequently, rmo/
Tmd =1.552, rmo/Tme=0.902, rmy/Tm =1.293, rme/Tm =1.297, & /Byng=2.779, & /&y =1.961, and &, /&y, =
1.868. Analysis of the cited figures indicates that in these experiments compressibility was the determining
factor, and diffusion introduces corrections to By, (compressibility decreases the flux losses). Since both
factors have a different effect on ryy, Bng differs somewhat from Bme. This "restoring® role of diffusion
in experiments in which the thickness of the skin layer A<ry, has been noted in [14]. These experiments show
that the most sensitive parameter to the choice of physical model is the radius of reverse behavior, which is
unfortunately not recorded in the majority of MFG experiments. Figure 2 also shows that there is no electri-
cal explosion of the skin layer in the experiments of [13]. Analysis of experiments with liners of larger diam-
eters and made out of various materials has shown that one should refer experiments with liners of larger
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diameter to the case of ideal cumulation, when the compressibility and diffusion due to the large value of the
captured flux have practically no effect on By, and ry,; compressibility plays a larger role for shells made
out of aluminum than in the case of copper or brass shells,

The results of an experiment [24] with a liner made out of stainless steel, in which By, =9.8 MG, and of
a calculation are shown in Fig. 3 (in Fig. 3 the labels are as follows: 1) rjt); 2) Bt)). Calculation using the
approximation (10) has given a highly exaggerated value of the induction for a practically zero radius of re-
verse behavior (curves 2a and 1b). A calculation which uses the model of an idealized explosion of the skin
layer gave By, =8 MG (curve 2b) with ry, larger than the probe radius. The calculated B¢) curve has a step
at the onset time of the electrical explosion; therefore if there is an electrical explosion of the skin layer
which is close to an idealized one, then one can detect it from the sharp bend of the experimental B¢) curve.
Since in the case of MFG with liners made out of poor conductors thethickness of the skin layer is much greater
than the radius of reverse behavior, By, is determined by the effective radius reff ~A. The action of an ideal-
ized explosion therefore reduces to dropping from the discussion layers of metal which have in fact lost con-
ductivity ¢his situation is accomplished in a self-consistent manner in the MHD calculations). We note that
the calculated liner radius is in good agreement with the experimental value (curves la and 1b, Fig. 3) in the
region accessible to measurement,

Figures 4 and 5 show the results of the experiment of Fowler withhis co-workers [25], in which By, =
14.3 MC, and of a calculation using different models the following notation is adopted in Fig. 4: B¢): 1) o=
w; 2) oo, explosion after maximum field; 3) o=, idealized explosion; and 9) plasma model of the conductivity;
the experimental value of By, is denoted by the filled circle; r¢): 4) field—~conductor boundary for an idealized
explosion; 5) additional shift of the field —~conductor boundary due to an explosion; 6) g =c; 7) o =%, no explo-
sion; and 8) interior boundary of the nonconducting vapor). Figure 4 shows that, notwithstanding the fact that
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the approximation (10) is used outside the region of its applicability, the computational results are in good
agreement with experiment (curve 2). The later is explained by the fact that, as has been shown in the pre~
ceding section, the expression (10) satisfactorily describes the shock front as well as the parameters of the
current front if one neglects the ejection of metal due to loss of conductivity as a discontinuity when 6<€0.1.
Taking account of the thermal components in the equation of state results in a decrease of ry,, as the calcu-
lations show. The plasma model of conductivity (curve 9 of Fig. 4) gives still better agreement with experi-

“ment (difference of 7.7%). The model of an idealized explosion (curve 3, Fig. 4) results in an abrupt decrease
of By, in comparison with experiment, which permits concluding that it is not present in experiments with
copper and brass shells. The effective field —conductor boundary and its phase velocity are practically con~
stant ¢he latter ~cg; see curve 5 in Fig. 4, which shows an additional shift of the field —conductor boundary
as a result of the explosion).

Comparison of the calculation with o=« with the analytic estimates for a shell without losses and a com-
pressible shell with o=« shows that in the experiment of [25] the effect of compressibility and diffusion is
weakly expressed; more exactly, the mutual action of these factors leads to a situation in which the maximum
field is achieved at t =ty, (plasma model) at a somewhat smaller radius than ry,,. As a calculation using the
plasma model shows, the maximum value of the specific resistance which corresponds to the maximum field,
is located inside the liner wall. The latter situation results in a decrease of the magnetic flux losses from
the liner cavity (this was also noted in [9]). This decrease is still more noticeable in experiments of the type
of the experiment of [26], in which compressibility played the determining role.

Actually, using the estimate of the limitihg value of the induction B [27]

1/2
Ba ~Bc[ (1+x1 d )] 15)
0

(\ is an empirical characteristic of the metal [11]; for copper A, =1.5), we obtain, having taken v, =11.8 km/

sec, B, =23.8 MG on the basis of a calculation [9], the following results: the calculation of [9] — By, =30 MG,

our calculation — By, =22.4 MG, and experiment — By, =25 MG; the calculated radius on reverse behavior is

2 mm. The results obtained permit concluding that in very strong fields (B> 10 MG) an electrical explosion

of the skin layer is evidently not observed in principle, and MFG is limited by the compressibility of the metal
~ and by instabilities.

Due to this one can give an additional argument. An estimate is obtained in [14'] for the effect of diffusion
in the case of good conductors namely

Brng = BrafTmo -+ 2A)(Fm +- 2.540), (16)
where A is the thickness of the skin layer, which is determined by the expression [14]:

A = 0.6557mp (Apy/pio)'* (Bmo/Tmos, B2)%; 17)

A=In(l +sy/m12 )3 So is the cross sectional area of the shell, and ¢y and By are the initial values of the electri-
cal conductivity and the magnetic field, respectively. Let us consider a hypthetical incompressible shell for
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which rp, =rme and By, =Bmc. Then one can approximately estimate fromformulas (16) and (17) the com-~
bined effect of diffusion of the magnetic field and compressibility. In this case the ratio Ag/rme (Ag is the
thickness of the skin layer in a compressible shell) will be determined by the expression

Afrme = (A/r7n0)(Bmc/Bm0)1/2'

Since an increase in the compressibility results in a decrease in By, When By, > By and Ag/Tme< 4/Tmy,
i.e., in the limit of infinitely large Bmy @arge v, or small By) By, ~ Bye— Bew-

Let us return again to the experiment of [25]. The distribution of the velocity, deunsity, temperature, and
field through the liner thickness at the time of maximum field is shown in Figs.5a-d, respectively, for a liner
with o=« (curve 4), the model of an idealized explosion (curve 3), the plasma model of conductivity (curve 2),
and a calculation using (10) (curve 1). A comparison of curves 1 and 2 with curve 4 shows that at the time of
maximum field the velocity of the interior liner layers is not equal to zero but increases towards the interior
boundary, which is associated with the nature of the density distribution {(curves 1,2, and 4 of Fig. 5b) and the
finite value of o. Such behavior of the velocity and density actually confirms the possibility of the onset of a
rarefaction wave discussed in the preceding section, which can lead to a decrease in the lifetime of the liner,
and consequently a decrease in the effective duration of the field pulse. Calculation has shown that in this par-
ticular case halting of the shell has nevertheless occurred (Fig. 4); in the case of liners made out of poor con-
ductors there is no such halting, as has been mentioned above, or it occurs at a radius less than the probe
radius. Practically all the published experiments on MFG are presented in Fig. 6. These experiments have
been previously discussed in detail in [28, 29], where the radius of reverse behavior is identified with the
probe radius. Here this assumption is refined: As the calculations have shown, all experiments on MFG are
divided into two groups —"good," in which the liner did not fly onto the probe, and "bad," in which the opposite
situation occurred ¢hey are shown onthe left and the right, respectively, in the diagram). The diagram shows
that one should attribute a large part of the experiments to the "bad" group since exaggerated values of the
induction amplitude are obtained in them due to the large diameter of the probes for example, in experiment
LA~-2 according to Herlach's classification By, =4 MG is obtained, and in calculation using the idealized ex-
plosion model By, =10.1 MG for ry, =1.3 mum; a simple recalculation for a probe radius Ty =1.6-2.75 mm gives
By, =2.26-6.67 MG).

The analysis carried out above and Fig. 6 permit formulating the mainresult of this paper: All experi-
ments on MFG are divided into four classes: 1) By, =2 MG —ideal cumulation; 2} 2 < By <4 MG ~ Be ~ cumu-~
lation close to ideal @diffusion of the magnetic field and compressibility playa weak role); 3) 4 MG ~Be= By, =
10 MG - flux losses and electrical explosion of the skin layer determine By, @ll experiments with liners made
out of stainless steel fall into this range). Since the temperature of the vapors formed is insufficient for their

B, MG B, MG
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ionization, the model of an idealized explosion of the skin layer, which gives a lower limit of the induction
produced and anupper limit of the radius of reverse behavior, canbe a good approximationforthe investigation
of the compression of flux by shells made out of stainless steel or similar conductors; and 4) By, > 10 MG ~
experiments in which for observance of symmetry of liner compression By, is determined by the compres-
sibility, there is no electrical explosion of the skin layer, and diffusion of the field is of a corrective nature;
for copper and similar conductors, starting from M=v,/c,> 3, a good estimate of the induction amplitude is
B,, defined by the expression (15).

A more accurate criterion of the correctness of the computational models discussed here would be a
comparison with experiment of the value of the reverse behavior radius, for which there are no reliable ex~
perimental data. 1t is possible that a more careful analysis will show the limited nature of the models dis-
cussed here, which do not take account of kinetic effects and macroscopic inhomogeneities of the medium.

In conclusion the authors consider it their responsibility to express their gratitude to E. I. Bichenkov,

V. S. Imshennik, and N. N. Kalitkin for their interest in the research and for useful discussions.
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POSSIBILITY OF APPLYING ELECTROMAGNETIC
ACCELERATORS TO INVESTIGATE PROCESSES
OCCURRING IN THE HIGH-VELOCITY COLLISION
OF SOLIDS

V. F. Agarkov, A. A. Blokhintsev, UDC 538.323 : 534.2
S. A, Kalikhman, V. I. Kuznetsov,
V. N. Fomakin, and A. A. Tsarev

Experiment on the high-velocity collision of structure specimens with particles of less than a millimeter
in size at 1-15-km/sec speeds are necessary for the investigation of material properties by the application of
mechanical forces. Promising accelerating apparatus are electromagnetic accelerators that use the powerful
action of an electromagnetic field on conductors with current. I turns out to be possible to accelerate cylin-
drical conductors of less than 1-mm diameter to velocities exceeding 10 km/sec [1] in the regime of separate
regulation of the accelerating magnetic field and the current in the conductor. ‘

1. Quite important to the quantitative estimate of high-velocity action is the question of the size of the
body being accelerated at the time of the collision. ¥ the current density is less than the limit according to
the fusion condition, and the conductor diameter is much less than the equivalent depth of penetration (Ao =
V2/woug, where w is the circular frequency of the discharge current, and o, u, are the conductivity and mag-
netic permittivity of the conductor material), then sausage~type instabilities cannot develop [2] and the diam~
eter can be considered constant. The length of the conductor diminishes because of thermal processes at the
sites of arc contact with the current-carrying rails during the acceleration. Heating occurs by the current
flowing in the conductor (volume source) and because of the heat flux from the electrical contact are (surface
source). An analysis (see Appendix) shows that the combined effect of the volume and surface sources islimited,
in practice, to a layer of thickness 2vat, where ¢ is the coefficient of thermal diffusivity and t is the time. Out-
side this layer, heat transfer from the contact zone can be neglected and it can be considered that the heating
ocecurs only because of the volume source. We use this assumption to compute the evaporation rate and the
diminution rate of the length of the conductor being accelerated because of evaporation., The maximal acceler-
ation time and the corresponding limit velocity according to the heating conditions are determined by the time
the conductor achieves a certain minimal size according to the conditions of the experimental investigations.
Therefore, the energy balance equation has the form

Kuibyshev and Cheboksary. Translated from Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, No.
5, pp. 26-31, September-October, 1982. Original article submitted September 2, 1981.
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