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A number of authors [1-4] have discussed the pos
sibility of propagation of shock waves with fronts 
considerably thinner than the mean free path in a 
rarefied plasma. It has been suggested that this 
mechanism is responsible for the propagation of 
strong hydromagnetic perturbations generated by 
solar flares in the interplanetary plasma. Prelim
inary estimates of the front thickness for the per
turbations were made by Moiseev and Sagdeev [5] 
on the basis of rocket measurements. [6] An at
tempt to observe this effect in a laboratory plasma 
was made by Patrick. C7J Later, however, Patrick 
concluded that it is impossible to relate these ob
servations to collisionless plasma dynamics be
cause under the conditions of his experiment 
(n > 1015 em - 3, where n is the ion density, approx
imately of the same order as the neutral density) 
the mean free path for charge exchange is smaller 
than, or equal to, the thickness of the observed 
wave front. 

We present below the preliminary results of 
an investigation of shock wave propagation in a 
plasma of considerably lower density (n < 1014 
em -3 ) , for which the mean free path for charge 
exchange is much greater than the path traversed 
by the shock wave. 

A diagram of the experimental arrangement is 

FIG. 1. 1) Electrodynamic pulsed neutral gas input, 
2) conical coil that produces the preionized plasma, 3) shock 
coil that produces the magnetic piston, 4) coils that produce 
the primary axial magnetic field, 5) microwave horns (used to 
measure plasma density and microwave noise), 6) scintillation 
counter for fast electrons and x rays, 7) transverse slit for 
image-converter observation of the shock wave, 8) magnetic 
probes, 1 mm. 

shown in Fig. 1. A glass tube 166 mm in diameter 
and 2500 mm in length is located in an axial mag
netic field H0 ~ 2000 Oe; a pre-ionized plasma 
whose density is monitored by microwaves is pro
duced in the tube. When the plasma occupies the 
volume under the turn 3, a low-inductance capacitor 
bank is discharged through this turn so that a rap
idly rising magnetic field is produced at the edge 
of the plasma (the characteristic rise time is 
0.2 x 10-6 sec); the field amplitude is (2-3)H0• 

The behavior of the converging cylindrical hydro
magnetic perturbation generated by this ''magnetic 
piston" was investigated by means of an electron
optical image converter (EIC). The pictures were 
taken through a transverse slit in the turn ( cf. 
Fig. 1 ). 

In Fig. 2a we show a time-swept photograph of 
the emission from the shock wave in a helium 
plasma (n ~ 3 x 1013 cm-3, H0 ::::J 103 Oe ). On the 
sawtooth sweep voltage is superimposed a sinu
soidal low-amplitude calibration signal (period 
0.03 x 10-6 sec). The photograph shows the front 
of a converging wave moving toward the center 
with a velocity 4 x 107 em/sec. Microphotometry 
of the films with an MF-4 instrument has made it 
possible to detect some increase in the intensity 

b 

FIG. 2. a) Shock wave in a helium plasma. The vertical 
bands occur every 0.03 p.sec; b) results of microphotometry 
of the image in the radial direction. The arrows indicate 
oscillations which arrive before the main front. The curves 
refer to times denoted in Fig. 2a by the numbers and charac
terize the time behavior of the process. Along the abcissa 
axis is plotted the logarithm of the emission intensity in rela
tive units. 

\ 
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FIG. 3. 1) Oscillogram showing the current in the shock 
circuit with a period 1.4·10"6 sec, 2) oscillogram showing the 
variation of magnetic probe located at a distance of 8 mm from 
the chamber axis. The oscillatory nature of the shock fronts 
produced in the first and second half cycles of the current is 
evident. 

of the light ahead of the main front; this could be 
identified as an additional oscillation that propa
gates ahead of the main front ( cf. Fig. 2b ). Micro
photograms of the images obtained at later times 
can be used to estimate the propagation velocity 
of this perturbation ( 4. 6 x 10 7 em/ sec ) . 

Using similar apparatus, we have carried out 
experiments to examine the structure of the mag
netic field within the shock front of the hydromag
netic perturbation, using magnetic probes. 

In Fig. 3 we show a typical oscillogram of the 
shock front of a magnetic perturbation ( n ~ 4 x 1 o13 

em -3, H0 ~ 300 Oe) obtained with a magnetic probe 
(diameter 0.8 mm) located at a distance of 8 mm 
from the axis of the chamber. The photograph 
shows the delay in the arrival of shock, due to its 
finite propagation velocity, and also shows the 
variation of the magnetic field ahead of the main 
wave (oscillation). Thus, the image-converter 
measurements described above and the magnetic
probe measurements point to the existence of os
cillations within the front of a collisionless shock. 
The results of these preliminary experiments pro
vide qualitative verification of the oscillatory front 
structure predicted by the theory. [B, 9] Thus in 
the case of a wave propagating at an angle <p of 
approximately 1r/2 to the direction of the initial 
magnetic field (1 » 7r/2 -<p > .../ m/M where m 
and M are respectively the electron and ion 
masses), the theory predicts that the spatial scale 
length of the oscillations leading the main front 
should be of order c8h~0 where n0 = ( 47rne2/M )112 
is the ion plasma frequency and 8 = l1r/2 - <p 1. 
For n ~ 3 x 1013 em - 3 and a helium plasma agree
ment can be obtained between the expected scale 
size of the oscillations c8/Q0 and the observed 
values, within the limits of the experimental data 
acquired so far, provided 8 is taken to be the mean 

FIG. 4. Radiation from the plasma. a) Signal from the 
scintillation counter; b) microwave radiation at 0.8 em, 
c) current in the shock circuit, d) 1 x 10"6 sec time markers. 

angle between the lines of force in the initial mag
netic field and the magnetic field produced by the 
shock turn; this angle is of order 1/ 10 and is deter
mined by the ratio of the radius of the turn to its 
length. 

In these experiments we have also detected ad
ditional effects accompanying the convergence of 
the shock wave at the axis of the chamber. Thus, 
at convergence there is a burst of microwave ra
diation at 3 em and 0.8 em (Fig. 4b). Investiga
tions of the spatial distribution of the radiation 
sources in the 0.8 em range with highly directive 
antennas showed that the sources are close to the 
axis of the system. The microwave radiation was 
accompanied by a signal in a counter (stilbene 
covered by a 60~ copper foil) (Fig. 4a). The char
acteristic lifetime of these signals, ~ 30 x 10-9 

sec, corresponds to the transit time of the hydro
dynamic perturbation over distance of order 1-2 
em, which correlates with the size of the front es
timated by means of the optical and magnetic me as
urements. 

We are presently carrying out systematic in
vestigations of the fine structure of the shock front. 

The authors are indebted to G. I. Budker for his 
continued interest in this work and R. Z. Sagdeev 
and A. A. Galeev for discussion and help. 
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FoR low energy neutrons, when the main contri
bution to the interaction with nuclei comes from 
the partial wave for zero angular momentum, there 
is a simple relation between the cross sections for 
elastic scattering and for radiative capture of neu
trons in the region between resonances: 

Here ayJ is the total cross section for radiative 
capture of neutrons in the channel with spin J: 

(1) 

gJ = ( 2J + 1 )12 ( 2i + 1) is the statistical weight for 
the J channel; i is the spin of the target nucleus; 
A is the neutron wave length; ry is the radiative 

width; aJ is the amplitude for scattering in the J 
channel. For even -even nuclei aJ = a = (as I 47r) 112, 

where as is the scattering cross section. Formula 
(1) is valid to an accuracy of order [ r I ( E- E 0 )]2: 1 
and ( kR )2 : 1 ( I E - E0 I is the distance to the near
est resonance, r is the resonance width at energy 
E, k = 27TIA is the wave number of the neutron, 
and R is the nuclear radius ) , and is gotten on the 
following assumptions. 

1. There is no interference between resonances 
in the total cross section for radiative capture. The 
absence of interference may be regarded as an ex
perimental fact; the reason for the washing out of 
the interference is the very large number of chan
nels for radiative capture in the case of neutrons 
of medium or high energy. 

2. For resonances with the same spin and parity, 
the total radiation widths are the same. The ex
perimental dataC1] indicate a constant radiation 
width within the limits of error of the experiments 
(±10-15%). If the radiation widths are not con
stant, ry in (1) will be some average value which 
has a weak energy dependence. 

To obtain (1) we use the expression for the S 
matrix element which follows from the R matrix 
theory of Wigner and Eisenbud: [2] 

'/ 'I s - -2i<Pst {fl + . ~ rA~ fAi 
st - e st l L.J E E T / 2 -A A- -l AA 

I, ~r'1•r'1• AJJ- = L.J AC p.c• (2) 

Here rAs is the neutron width, rAt (t "' s) is the 
partial radiation width, r.p st = kR for the elastic 
scattering channel ( t = s ) and is of no importance 
for the radiative channels ( s "' t). 

Because of the assumption that there is no in
terference between resonances in the radiative 
capture, 

~ r'1•r'1•- r ... L.J },c p.c -- "f • uAI'-• 
c(*SI 

i.e., 

(3) 

Using (3) and expanding (2) in powers of kR and 
r A I ( E A - E ) , we get 

k2r:;"( I lt = ~ I Sst 12 = ~ rA,rY I (EA -E)2 

l(*s) I. 

+ 0 [(f I (E- £ 0 )) 4 ], (4) 

I a I = 11 - Sss I I 2k = I R - ~ rAS I 2k (EA- E) I 
A 

X {1 +O!(kR+rfiE-Eol)2 ]}. (5) 
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