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Abstract. We consider the coherent properties of short-wave-
length radiation generated by high-current nanosecond dis-
charges. The first part of the paper is concerned with the
feasibility of using a plasma soft X-ray radiation source, the
X-pinch, proposed at the Lebedev Physical Institute in the late
1970s as part of the inertial thermonuclear fusion program
based on high-current nanosecond discharges. Experimental
studies of the X-pinch suggest that a high-temperature plasma
with extreme parameters is produced in it, which emits a high-
power electromagnetic pulse in a broad wavelength range, with
the X-ray radiation source (1 keV < E<10 keV) possessing
unique parameters. Its dimensions are so small (<1 pm) that
the radiation it emits is spatially coherent. When it was used in
projection radiography, phase contrast was observed in images
of low-absorbing objects. The results of assessing the applic-
ability of the wave approximation in image analysis and simula-
tions of the intensity distribution in images using Fresnel
integrals are presented. In the second part of the paper, we
analyze a new physical phenomenon, also discovered at the
Lebedev Physical Institute, related to the production of a short
(<2 ns), narrowly directed electromagnetic radiation pulse in
the pre-breakdown stage of a high-current discharge on the
surface of a ferrite, 50% of the energy spectrum of which lies
in the X-ray region (hv > 1 keV) with an energy of ~ 0.6 mJ
and average power of ~ 0.3 MW. The pulse propagates parallel
to the ferrite surface towards the anode with a low angular
divergence of <2°. The high radiation directivity in the ab-
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sence of special optical devices and the quadratic dependence
of the energy flux density transferred by a detected radiation
pulse on the length of the working part of the ferrite prism
indicate with a high probability its coherent nature. We discuss
the possible mechanism for generating radiation, which involves
the excitation of short-term magnetization of ferrite sections as
aresult of the passage of an exciting electromagnetic pulse over
the surface of a ferrite prism during the formation of a long-
itudinal electric field in the interelectrode gap and subsequent
coherent addition of elementary waves. The total radiation from
the entire surface as a result of interference is concentrated in a
small spatial region, which explains the high intensity and
directionality of the radiation.

Keywords: X-pinch, high-current nanosecond discharges, soft
X-rays, spatial and temporal coherence, phase contrast, low-
divergence short electromagnetic pulses, short-term magneti-
zation, ferrites

1. X-pinch as a source
of spatially coherent radiation

1.1 Introduction

At the end of the 1970s, at Lebedev Physical Institute (LPI), a
start was made on investigations of high-current nanosecond
Z-pinches as sources of high-temperature plasma for inertial
controlled fusion. As part of this research, an original Z-pinch
scheme was proposed in the Laboratory of Problems of New
Accelerators of the LPI in 1982 which made it possible to
effectively transfer the energy of an electric storage device into
plasma at a given point in space and obtain matter with
extreme parameters at a given point in time [1]. The original
configuration consisted of two thin conductors crossed in a
vacuum diode, to which a high-voltage pulse was supplied
from a low-impedance high-current generator (Fig. 1).

In the first experiments, the current amplitude amounted
to 120 kA with a rise rate of about 5 kA ns~!. Subsequently, in
the course of studies of the X-pinch, which turned out to be an
extremely interesting physical subject, other modifications of
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Figure 1. (a) Schematic representation of X-pinch, (b) time-integrated image of X-pinch in X-ray radiation with photon energies greater than 1 keV

obtained using a pinhole camera.

the pinch appeared, whose configurations were often
determined by the parameters of the generators powering
the X-pinch as a load. To date, the X-pinch has been
implemented in facilities with a loaded current of 40 kA to
5MA and a current rise rate above 1 kA ns~! with retention of
its main properties: extreme plasma parameters and strict
localization in space and time. A detailed review of X-pinch
research, which is still ongoing in a number of laboratories
around the world, is given in Refs [2, 3].

Even from the first results of experiments with the X-pinch,
it became clear that the size of the plasma region emitting
soft X-ray radiation with photon energies greater than
1 keV can be quite small in size. Obtaining real values of
these dimensions required many years of research, since
measurements repeatedly ran into the limits of the capabil-
ities of the techniques used. This required not only
improving standard techniques, but also inventing and
using new ones, such a X-ray refractive optics and artificial
three-dimensional diffraction-interference structures. Ulti-
mately, it was shown that the so-called hot spot (HS) of the
X-pinch can be micron-sized [4, 5]. In this case, the energy
output of the radiation was at the level of fractions or even
units of joules with a pulse duration ~ 1 ns or even shorter
[6, 7]. The resultant extreme parameters naturally attracted
attention to the X-pinch as a radiation source for projection
radiography of fast phenomena in matter with a high
energy density [8]. In particular, unique studies of the
nanosecond explosion of wires and wire assemblies were
carried out, which made it possible to obtain reliable
information about the processes during and after the
explosion, which was previously unavailable. The short
duration of the probing pulse makes it possible to study
even such fast processes as the formation of a waist in the
X-pinch itself, where an HS is formed in a time of less than 1 ns
(Fig. 2).

The key parameter of the probing source in projection
radiography is its size, which determines the spatial resolution
of the object being imaged. The image contrast in the geometric
(ray) optics approximation is determined by the difference in
the absorption of X-ray radiation between neighboring areas
of the imaged object. In many cases, the images of the objects
under study were consistent with these assumptions. However,
in a number of cases, the image contrast in the area of sharp
changes in density was significantly higher than expected. This
isanindication that factors related to the wave properties of the
probing radiation come into play in image formation. In the
proposed work, an analysis of image formation will be carried
out in order to determine the feasibility of using the X-pinch
as a source of spatially coherent radiation.

100 pm

1 mm

Figure 2. (a) X-ray image of waist of the X-pinch from four tungsten wires
with a diameter of 19.8 pm at a time of about 300 ps before formation of HS.
(b) Image detail in waist area. Exposure time is 20 ps, source of probing
radiation is a similar X-pinch included in discharge circuit parallel to the one
being studied.

1.2 Experimental results and their analysis
By way of example, Fig. 3 shows an image of an exploded
tungsten wire 25 pm in diameter, which in the initial state
was covered with a thin layer (5 pm) of polyimide
insulation. In the case of an ideal point source, the line
width in the image of the polymer shell at the indicated time
would correspond to its thickness equal to Ax =5 pm. In
any case, the width of the recorded image definitely
indicates that the size of the source does not exceed the
specified value. The shell itself, taking into account the
stretching during the expansion of the wire explosion
products, can be much thinner. In this case, the calculation
of radiation absorption in the shell substance yields a
change in the blackening density of the photographic film
that is significantly smaller than that observed in the
experiment.

Consider a simple model (Fig. 4) of image formation. Let
a source with a characteristic size D illuminate an object with
some inhomogeneity of size 4 with radiation of wavelength 1.
We also assume that the radiation incident on the detector
produces an interference pattern on it. In this case, we do not
consider the reason for the deflection of rays due to
inhomogeneity, and we believe that there are no phase
distortions.
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Figure 3. (a) X-ray image of an exploded 25-um W-wire in polyimide
insulation in radiation of 2 x 25-um Nb X-pinch; (b) image detail;
(c) densitogram of image in radial direction (indicated is the magnitude
of blackening density jump of photographic film in the case of only
radiation absorption in expanded shell); (d) schematic for calculating
absorption.
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Figure 4. Schematic of interference and appearance of interference fringes
during point projection.

According to Ref. [9], the criterion for the observability of
interference fringes is given by the condition

A
Dtana)gz. (1.1)

For small angles @ = /1/2a, and the condition will be of
the form

ai
D< . 1.2
o (1.2)
The width of the interference fringes is
b
p= 1.3
=" (13)

The size of the image on the detector in the point
projection scheme in the ray approximation is

b\ b
v:h(l+7>:1—, if b>a. (1.4)
a a

It is reasonable to put v=w. Then, by combining
expressions (1.3) and (1.4), we obtain

al=h*.

(1.5)

This relationship exactly corresponds to the diffraction
resolution criterion Axgirr = h ~ Val[2]. We compare expres-
sions (1.1) and (1.5) to obtain the following criterion:

p<l.

5 (1.6)
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Figure 5. High-magnification X-ray imaging experiment; (a) design of test
subject, (6) experiment layout, (c) radiation wavelength range involved in
image formation.

The fact that, in the approximation used, the criterion for
the visibility of interference fringes in this case does not depend
on the wavelength suggests that the most important parameter
is the size of the source, while the monochromaticity of the
radiation does not play a significant role. If criterion (1.6) is
met, at least one fringe should be visible even with a very broad
spectrum. However, we should not forget that the fringe width
must be experimentally recordable, i.e., the characteristic size
of the inhomogeneity of the object on which the interfering
rays are deflected must be quite small.

A complete analysis of images with the inclusion of the wave
properties of the probing radiation required the use of
calculations of Fresnel-Kirchhoff integrals taking into account
the functions of object transmission and wave propagation in
space, as well as staging special experiments [2, 5]. In particular,
images of opaque and semi-transparent wires and fibers were
studied with a very high magnification (> 50), which made it
possible to eliminate the factor of spatial resolution of the
radiation detector (photographic film). The experimental setup
and an example of the resulting image are shown in Figs 5 and 6.

Figures 7 and 8 display the results of our analysis of
experimental images of glass fibers and tungsten wires. Figure 7
shows the radiation intensity distributions of a point source in
the plane of the screen for two wavelengths. In the case of a
tungsten wire, almost only the period of oscillations near the
edge of the image changes, while, in the image of a glass fiber,
their amplitudes and positions of the maxima also change.
Averaging the two images leads to a rapid attenuation of the
oscillations; however, the first period is visible quite clearly. To
compare theory and experiment, calculations were made of the
distribution of radiation intensities from a source with different
sizes for three wavelengths (2.5, 3, and 3.5 A), which were
averaged with weighting factors corresponding to the detection
efficiency curve shown in Fig. Sc.

We assume that the spatial distribution of the source
radiation intensity is Gaussian:

o= (2)on (-5

(1.7)
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Figure 6. Negative images of a glass fiber and a W-wire with an 82x
magnification in the radiation of 2 x 25-um Nb X-pinch.

The calculation results are plotted in Fig. 8. The specified
values of the s parameter are related to the size of the source as

follows:

Drwim = 2V2 In2s = 2.355. (1.8)

The bold lines show the distributions that most closely
match the experiment.

In this approximation, it was not possible to achieve
complete compliance, especially for glass fibers, so the choice
of the compliance criterion was important. This criterion was
chosen to be the number of oscillations visible in the image,
which seems more reliable than, for example, the ratio of
amplitudes, whose measurement calls for careful calibration
of the entire imaging system. In addition, we did not know the
exact chemical composition of the glass fibers. The function
of brightness distribution over the cross section of the source
was also unknown. However, we can state with confidence
that the size of the radiating region of the Nb X-pinch,
which was used in the described experiment, did not exceed
0.9-1 pm.

The size of the smallest resolvable element of the
imaged object can also be estimated from the radius of
the first Fresnel zone for a given experimental geometry.
The radius of the first Fresnel zone is determined by the
formula [9]

2
ro= _ab 1/21/2
a+b '

For b > a, the formula gives the same well-known
estimate Ax = (a/l)]/ ? of the diffraction resolution limit. A

(1.9)
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Figure 7. Calculated radiation intensity distribution in detector plane depending on spectrum of probing radiation.
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Figure 8. Calculated radiation intensity distribution in detector plane depending on size of radiation source. Parameter s is related to source half-width as

Drwnm = 2v21n2s = 2.35s.
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Figure 9. (a) Radiation intensity in diffraction at edge of slit; (b) dependence of coefficient K on magnification.

rigorous calculation of the radiation intensity in the
diffraction at the straight edge of a screen gives the
dependence shown in Fig. 9. In this case, the distance
from the geometric position of the screen edge (0 along
the abscissa axis) to the first maximum Ax = 0.8511/2 W,
where W = (ab/(a + b))"/*.

To summarize, we note that the important parameters of
the experiment in practice are the magnification M =
(a+ b)/a and the distance from the radiation source to the
detector / = a + b, which largely determines the sensitivity of
the system. Formula (1.9) can be rewritten as follows:

rn=Ax= (A)"’K, (1.10)
where
12
k- M-H"
M

The dependence of the K coefficient on magnification is
plotted in Fig. 9b. This dependence is useful for the practical
use of the X-pinch as a source of spatially coherent X-ray
radiation. It shows that the wave properties of radiation
manifest themselves most strongly (all other things being
equal) when the object under study is located in the middle
between the source and the detector. In projection radio-
graphy, this arrangement corresponds to a twofold magni-
fication. In this case, the phase contrast of the images is
most pronounced, and the density gradients of the objects
under study are well determined in them, even when the
differences themselves are small. In cases where the wave
properties of radiation are an interfering factor and it is
necessary to obtain the best spatial resolution, either high
magnification factors or the contact technique, when the
object ‘lies’ on the detector and the magnification is equal to
unity, must be used. In the former case, the spatial
resolution of the detector does not matter much, since the
image element can always be made larger than the detector
element. In addition, the object has no physical contact with
either the source or the detector and therefore can be of a
dynamic explosive nature, which is characteristic of matter
with a high energy density. In the case of contact radio-
graphy, spatial resolution is determined only by the
parameters of the detector, so that obtaining high-resolu-
tion images is a special task, and recording fast processes is
completely out of the question.

2. Generation of coherent X-ray radiation
at initial stage of high-current surface
breakdown of ferrite

2.1 Introduction

In the course of studies of VUV radiation from the plasma of
a high-current discharge on the surface of a ferrite [10, 11], at
its initial stage, we discovered the generation of a short,
narrowly directed pulse of fairly hard radiation
(hv > 500 eV) [12]. The brightness of this radiation signifi-
cantly (by more than an order of magnitude) exceeded the
brightness of the ferrite surface radiation measured in
Refs [10, 11].

The production of X-rays from electrical discharges is
now well known. For instance, in Ref. [13], an X-ray pulse
was recorded in the study of Formed-Ferrite-Flash Plasma
(FFFP) (initial voltage of ~ 30 kV, discharge gap length of
14.5 cm). Its production began ~ 2 us before the start of the
high-current phase of the discharge, i.e., in the mode of
heating the amorphous channel on ferrite, and abruptly
ended with the beginning of the high-current phase. In this
mode, intense electron-ion emission occurred; electrons,
when entering a strong electric field, formed fast electron
beams, which excited high-energy states of atoms and ions
with the subsequent emission of X-rays. This radiation was
observed in Ref. [13] perpendicular to the ferrite surface and
did not have a clearly defined directionality.

X-ray production occurs not only during surface break-
downs. Specifically, in Refs [14, 15], X-ray emission was
observed in the pre-breakdown stage of pulsed atmospheric
discharges caused by runaway electrons. In Ref. [16], intense
X-ray radiation was detected in a meter-long megavolt
atmospheric discharge, and a model of electron acceleration
with subsequent generation of X-ray photons due to
bremsstrahlung was proposed. In Ref. [17], it was first
discovered that X-ray bremsstrahlung during a megavolt
nanosecond breakdown of atmospheric air is characterized
by a fairly high directivity (angular divergence of ~ 10°).

Note that the production of X-ray radiation, which was
previously observed in discharges of various types, was
associated with the formation of fast electron beams. In the
case described in Ref. [12], we discovered a physical phenom-
enon of a different nature, when the observed X-ray radiation
was not caused by the passage of high-energy electrons
through the discharge gap. This paper presents the first
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results of a study of this phenomenon and their possible
interpretation.

2.2 Experimental and diagnostic techniques

The experiments were performed on a BIN generator with an
output current amplitude of up to 270 kA and a rise time of
100 ns [2]. The impedance of the generator’s forming line was
~ 1 Q, and the voltage at the generator output in the
experiments amounted to 240 kV, with the charging voltage
of the forming line being about 350 kV. The generator load
was a rectangular prism made of ferrite (Ni—-Zn)Fe,O4 grade
MI1000NN with transverse dimensions of 10 x 20 mm. The
prism was mounted orthogonal to the diode axis, as shown in
Fig. 10a. By changing the length of the electrode on the
cathode side, it was possible to vary the length of the working
part of the ferrite prism from 1.5 cm to 7 cm. The path of
current flow along the surface of the ferrite was defined by a
line drawn with a graphite pencil. This path is generally
preserved during a series of sequential discharges [10, 11].
The generator load was not matched and its impedance varied
greatly during the pulse. The pressure in the discharge
chamber did not exceed 10~* Torr.

The discharge radiation intensity was measured by
calibrated diamond detectors with photoconductivity
(Photo-Conductive Detectors, PCDs), which have a flat
dependence of the spectral responsivity on the photon energy
in the range from 10 eV to 10 keV, equal to C=

Ferrite

Ground . = o

electrode
7

Rogowski Cathode  Negative
coil electrode

Intensity,
arb. units

%

-6 —4 -2 0 2 4 6
Angle o, 0, deg

Figure 10. (a) Layout of experiment for studying radiation of ferrite. /—
7 — orientation of detectors. (b) Angular dependences of intensity of
ferrite radiation under study.

5x 107 A W~!. In the high-energy region, the sensitivity
smoothly decreases in accordance with the carbon absorption
curve [18]. The dimensions of the detector crystals were
~ 3 x 1 mm in the transverse direction and 0.5 mm in the
detection direction, which ensured sufficient responsivity of
the detectors up to 10 keV with a constant spectral
responsivity in the range of 10 eV-5 keV. The response time
of the detectors was less than 0.3 ns. The total time resolution
of the recording path, taking into account the bandwidth of
the Tektronix TDS 3104B oscilloscope and cable lines, was
~ 2 ns. The detectors, as a rule, were located at a distance of
26 cm from the ferrite end at different angles relative to the
discharge direction (x-axis in Fig. 10a).

The layout of the detectors is shown in Fig. 10a. The
radiation detection angles varied in the xy plane of the
ferrite surface (azimuthal angle —8°<60<+22°) and in the
xz plane orthogonal to the ferrite surface (polar angle
—1° < a < +5°). To record cross sectional images of the
generated radiation, use was made of Fuji BAS TR memory
plates, sensitive to both X-ray and UV radiation, located at a
distance of 26 cm from the end of the ferrite. To eliminate the
influence of UV radiation from a high-current discharge
plasma on the ferrite surface [11], aluminum foil filters were
used. The time dependence of the load current was deter-
mined by numerical integration of the signal from a
Rogowski coil (bandwidth > 500 MHz), and the output
voltage on the diode was measured by a resistive-capacitive
divider.

2.3 Experimental results

The time dependences of voltage, discharge current, and
radiation intensities recorded along and perpendicular to the
direction of the ferrite surface (PCD in positions 2 and 7) are
shown in Fig. 11. The dependence of the first time derivative
of voltage, which characterizes the rate of voltage increase,
is also presented here. Experimental conditions: length of
the working part of the ferrite prism /= 6.5 cm, one
detector was located parallel to the working surface of the
prism at distance L =26 cm from its end, the other was
perpendicular to the working surface at distance
L, =26 cm from it.

40 —— ] — Voltage (x10 kV)
4 ——2 — Current (x9kA) - 200
30 | ——3 — Istderivative of voltage (kV ns™") .
[l 4—PCD0° 1150 =
|| — 35— PCD° g
2 ' Z
el 100 &
2 )
a 50 ©
: £
E 0 T
= g
. —50 &
s
—100 &,
n
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Figure 11. Time dependences of voltage (/), discharge current (2), first time
derivative of voltage (3), and radiation intensities recorded along (4) and
perpendicular (5) to direction of ferrite surface (positions of detectors 2
and 7in Fig. 10a). One detector was located parallel to working surface of
the prism at distance L = 26 cm from its end, the other was perpendicular
to working surface at distance L; = 26 c¢cm from it.
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One can see from Fig. 11 that, in the initial (pre-break-
down) stage of the discharge, when there is no discharge
current yet, a short (t < 2 ns) pulse of ionizing radiation is
observed in the direction of the discharge axis, the intensity of
which is more than an order of magnitude higher than the
intensity of the radiation recorded at the same points in time
in the perpendicular direction. Note that the actual duration
of the signal may be shorter, since the measured duration
coincides with the temporal resolution of the recording path.
We also note that the onset of the indicated radiation pulse
coincides in time with the maximum of the first derivative of
the voltage with respect to time, i.e., at the point where the
rate of voltage rise is highest (the inflection point on the
voltage versus time curve). The discharge current at this
moment is zero, the voltage continues to increase, and
finally, in the vicinity of the applied voltage peak, a discharge
current appears and a breakdown of the discharge gap
develops.

Also studied were the angular dependences of the
radiation intensities. The radiation detectors were located at
a distance L=15 cm from the end of the prism of length
/=2 cm. The measurement results are presented in Fig. 10b.
It can be seen that the radiation under study is concentrated in
an area with angular dimensions of ~4° in a plane
perpendicular and ~ 5°(£2.5°) in a plane parallel to the
working surface of the ferrite prism. Considering that the
angular resolution is ~ 2° in the measurement geometry
involved, the presented results should be considered to be
estimates.

Possible, in principle, in discharge experiments carried out
at such high voltages (100-300 kV) is the production of high-
energy electron beams [19, 20], which, when interacting with
recording devices, produce an effect similar to that of high-
energy photons. Therefore, experiments were carried out to
prove that the observed phenomena are caused precisely by
hard electromagnetic radiation. First of all, the transmittance
of a 50-um Al filter and a 10-um Be filter was measured (see
below for details). Such measurements in the case of an
electron beam make it possible to estimate its average energy
[21]. In the case under study, for Al (Ix; = 0.09 x [y, where
Iy is the intensity in the absence of filters), the electron energy
should be at the level E. =95 keV, and for Be (/g =
0.56 x Iy), E. = 55 keV, i.e., there is a noticeable discrepancy.

The next series of experiments was carried out under
conditions where a permanent magnet with transverse
dimensions of 10 x 25 mm was located at the end of the
ferrite prism to produce a constant magnetic field of intensity
H =700 G. Estimates show that, with electron beam energy
E. = 100 keV, the beam displacement should be Ay~20 cm,
and with electron beam energy E. =50 keV, Ay ~ 32 cm. Our
measurements (see Fig. 10) using diamond detectors showed
that pulse-to-pulse fluctuations in the amplitude of the
emission peak ranged up to 20% in a series of consecutive
experiments. When a magnetic field H = 700 G appears, no
effect greater than these random intensity fluctuations is
observed. The existence of narrowly directed electromag-
netic radiation during breakdown above the ferrite surface
was also confirmed by us with other parameters of the applied
voltage: an amplitude of ~ 300 kV and rise front of ~ 1 ns
[22]. It can therefore be considered proven that we are indeed
dealing with fairly hard electromagnetic radiation.

The spectral composition of the radiation pulse was
estimated. For this purpose, the integral intensities /x|, Ige,
and Ipp behind aluminum, beryllium, and polypropylene

Table 1. Fraction of radiation intensity in different energy ranges.
Measurement error (electrical noise and possible background radiation)
did not exceed 10%.

Quantum energy iv Radiation intensity

hv > 1072 keV (4 < 1240 A) 100%

1072 < /v < 0.1 keV (124 < 2 < 1241 A) 10%
0.1 <hv<0293keV (42< /<124 A) 22%
0.293 <hv < 0.5keV (25 </ <42 A) 7%
05<hv<1keV(124<1<25A) 10%
1<hv<4keV(B.1<i<124A) 26%
4<hv<10keV(1.2<4<3.1A) 2%
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Figure 12. Spectral density of radiation intensity versus photon energy.

filters were measured: Al: d=50pum, hv>4keV,
(A<2.5A), In =0.09 x Ip; Be: d =10 pm, hv > 0.5 keV,
Ige = 0.56 x I); PP (Cs;Hg-polypropylene) d =4 um,
0.1 <hv<0.293keV (124 <A <424 A), Ipp = 0.66 x I.
Here, I is the integral intensity recorded by the detector in
the absence of filters, i.e., integral intensity in the photon
energy range 1072 < hv < 10 keV (1.24 < 2 < 1241 A). The
measurement results make it possible, using a database on the
transmission of various materials [23], to estimate the spectral
composition of the radiation under study. The table presents
the results of such an estimate, and Fig. 12 shows the
dependences of the spectral densities of the intensity of the
radiation under study on the photon energy in the range
1072 < hv < 10 keV.

It follows from Table 1 that the X-ray range £ > 1 keV
(2 <12.4 A) accounts for 50% of the radiation energy
spectrum and most of the UV radiation has an energy above
100 eV. Note that the radiation from the discharge, measured
in the perpendicular direction from the ferrite surface, lies in
the range of 10-800 eV [10, 11].

Anindependent estimate of the angular distribution of the
radiation under study was carried out using the cross-
sectional image of the generated beam. Images in the photon
energy ranges determined by aluminum filters with thick-
nesses of 4 um and 15 um were recorded on Fuji BAS TR
storage plates placed at a distance of L = 26 cm from the end
of the ferrite prism with the length of the working part
/=45 cm.

The results are presented in Fig. 13. The image densito-
grams (Figs 13b-d) correspond to the time-integrated
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Figure 13. (a) Image of cross section of radiation beam on a Fuji BAS TR storage plate placed at distance L = 26 cm from end of ferrite prism behind an
Al filter (d = 15 pm) with working area length / = 4.5 cm. (b) Angular dependence of plate blackening along image behind an Al filter (d = 15 pm).
(c) Angular dependence of plate blackening across image behind an Al filter (¢ = 15 pm). (d) Angular dependence of plate blackening across image
behind an Al filter (d = 4 um). (e) Spectral radiation densities behind Al filters with = 4 pm (solid curve) and 15 pm (dashed curve).

radiation energy absorbed by the plate emitted in this
direction. One can see from the figure that the longitudinal
section of the radiation beam behind an Al filter (d = 15 pum)
is characterized by an angular size Af ~ 2.2° (linear size
a ~ 1.2 cm), comparable to the transverse size of the ferrite
(2 cm). The transverse angular size of the beam behind the Al
filter (d=15 pm) is Ao ~ 1.0° (linear size b ~ 0.5 cm). When
using an Al filter (d = 4 um), the dimensions of the long-
itudinal section of the beam remained virtually unchanged,
but the cross section increased (Fig. 13d) and amounted to
Ao ~ 1.4° (linear size b ~ 0.75 cm). A comparison of the
spectral densities of radiation behind Al filters with
d =4 pm and 15 pm (Fig. 4e) shows that, in the transmitted
radiation for d = 4 um, the proportion of low-energy quanta
is noticeably greater than for d = 15 pm.

The energy characteristics of the radiation under study
were investigated. The total energy ¢ recorded by the detector
is determined as follows:

_ IJm
*TCR

-0

V(t)dz. (2.1)

Here, R is the load resistance of the detector (in our case
R=75Q), V() is the instantaneous signal magnitude
measured in volts at the point in time 7, and C is the detector
responsivity (in our case C = 5 x 10~* A W), The duration
of the radiation under study may turn out to be significantly
shorter than the time resolution of the recording path
7, ~ 2 ns, and it is impossible to determine the pulse duration
and its shape only from electrical measurements. Never-
theless, since the spectral width of the signal (see Table 1)
barely exceeds the spectral sensitivity domain of the detector
(quantum energy range from 10 eV to 10 keV), relation (2.1)
can be used to estimate the total energy incident on the
detector. The value [~ V(r)ds was determined as the area

under the V(¢) curve (see Fig. 11). During the measurements,
the length of the working area of ferrite / varied from 1.5 cm to
7 cm by changing the size of the negative electrode. In several
series of experiments, the length of the working area first
increased (2; 3; 5; 6; 7 cm) and then decreased (6.5; 5.5; 4.5;
3.5;2.5; 1 cm). For each length, 2 to 3 consecutive shots were
fired in each series. In this case, the total length of the ferrite
sample did not change.

In the cases under study, the size of the detector crystals
in the transverse direction (rp ~ 0.3 cm, area: Sp =
3 x 1072 cm?) is just over half the smallest transverse size of
the beam cross section recorded behind an Al filter
(d = 15 pm); accordingly, the signal recorded by the detector
is proportional to the energy flux density P transferred by the
radiation pulse under study:

_ &
=5

In Figure 14, the squares represent the measured depend-
ence of the radiation energy flux density P on the length of the
ferrite working area.

It follows from Fig. 14 that the radiation energy flux
density P increases nonlinearly with ferrite length; the growth
rate increases with increasing ferrite length. The line in the
figure corresponds to the approximation of experimental data
by the quadratic dependence of the energy flux density on the
length of the ferrite working area. For the case under
consideration, the proposed model (quadratic dependence)
is reliable with probability I > 0.87. The maximum value of
the flux density P with a discharge gap length of 7 cm was
~ 1 mJ cm™2. To estimate the total energy ¢ transferred by a
pulse of the radiation under study, we use the relation

P (2.2)

¢=PS, (2.3)
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Figure 14. Dependence of radiation energy flux density P on length of
discharge gap. Recording along ferrite surface (radiation detector in
position 2 in Fig. 10a).

where S is the cross-sectional area of the beam. The cross
section was considered to be a rectangle with dimensions
a = 1.2 cm (width) and » = 0.5 cm (height) (the smallest size
recorded behind the Al filter (d = 15 pm)). The maximum
radiation energy for a discharge gap length of 7 cm was
~ 0.6 mJ, and the average power was 0.3 MW.

2.4 Discussion of experimental results

What is the physical cause of the observed radiation? In view
of the sharp asymmetry in the angular distribution of
radiation intensity in the absence of focusing and limiting
devices, it can be assumed that the radiation is coherent and
the asymmetry in the spatial distribution is due to interference
phenomena. Only in the case of coherence of electromagnetic
radiation can a narrowly directed beam be obtained in the
absence of special optical elements.

Interference phenomena lead to the formation of a
preferential direction of radiation propagation, and inter-
ference phenomena are impossible for incoherent radiation.
By way of example, we can demonstrate a simple reasoning
based on the theory of partial coherence [24].

Consider some surface o, which consists of identical
emitters emanating electromagnetic waves of the same
amplitude, and some observation point P (Fig. 15). Let us
assume that the radiation source is stationary and emits
radiation of constant intensity over time. Let V(z) be the
complex amplitude of the intensity of the electromagnetic
wave E (1), 1.e., E(t) = 1/2(V(t) + V*(1)), where V*(¢) is the
complex conjugate of V(). For simplicity, let us abstract, as
was done in a number of cases in Ref. [24], from the
polarization properties of the radiation.

Let’s divide the surface ¢ into N small areas. Let
81,82, .. .,5, - -.,5y be the distances from these areas to point
P. Let Vi(t), Va(2),..., Vi(t),..., Vn(t) be the values of the
electric field amplitudes at P. Then, the electric field at this
point can be calculated using the superposition principle as

kz:/:v Vie(t = (sx/c)) '

V(t) = (2.4)
= Sk
The intensity 7 at point P can be calculated as
I=(V()V*(1)), (2.5)

Figure 15. Radiating surface and observation point P.

where (. ..) means time averaging, and from expression (2.5) it
follows that

= <ki}:v Vk(lf (sk/c)) mZ:]:V V,;(Z

=1 Sk

— (5m/0)) > . (26)

m=1 Sm

Expression (2.6) has two components:

,:quvk(,_ /)

=1 s,f
k=N m= N
— (s¢/¢) t— (sm/c)
+Y Z )Vl ) . (2.7)
k=1 m=1 SkeSm
Here and further, k # m.
The terms in expression (2.7) of the form

Vit = (se /) )/sf are the radiation intensities of dlffer-
ent areas of the surface at point P: [ = (|Vi(1 — (s¢/¢))[* V/sP.
The terms of the form (Vi(t — (sk/c))V,i(t — (Sm/€)))/SkSm
are those that describe the interference between the waves
emitted by different parts of the surface. If the waves from
these areas are not coherent, time averaging gives
(Vie(t = (si/e)) Vi (t = (sm/c)))/ (sksm) = 0, and their contri-
bution to expression (2.7) vanishes. Then,

bl

=N
I = Iy .
k=1

(2.8)

Could a sharp angular anisotropy occur in this case? No,
since, according to the condition, the radiation amplitude of
each surface area is the same and does not change with time,
the time shift ¢ — s /c does not change the value of I. The
difference may be introduced by the 1/s? factor, but if we
consider the geometry of our experiment, the distances differ
only slightly from each other. Consequently, with a incoher-
ent addition of waves, a generally uniform illumination
should be observed in a sufficiently large vicinity of point P.
A completely different situation occurs if the contribution

(Sm/c))>

k=N m= N

22

=1 m=1

Vk l‘— SA/C)) (t—
SkcSm

is significant.

It is responsible for interference processes [24], since each
term of this sum depends on the difference among the paths of
rays from different areas of the surface. If the phases of
electromagnetic oscillations emitted by different parts of this
surface are correlated, i.e., if the waves are coherent, this
contribution (interference term) causes a significant restruc-
turing of the picture in the screen area. It can be shown that,
due to the difference among the paths of coherent rays
emitted by different parts of the ferrite, a pattern of spatial
radiation intensity distribution close to the experimental one
is observed. It is clear that it cannot arise in any other case.
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Screen

y

Ferrite

Figure 16. Observation scheme.

Consider, as an example, a situation in which the ferrite
surface in our experimental configuration emits incoherent
radiation. The geometry of the experiment is shown in Fig. 16.

According to expressions (2.7) and (2.8), in this case,

P S LAG Y]

2 )
Sk

k=1

where
1
s=A) = [(L+1=x" 47~ L= x 45207,
subject to /,x,y < L. Since we are considering a source
stationary in time, the time dependence can be omitted, i.e.,

2
<Vk<t—s—k) >:]0:c0nst.
c
Therefore,

1 1 5 -2

1= L+[—x+— d
oJ (i) e

Iyl

- (L+1+(1/2L)y2)(L+ (1/2L)y?) (2.9)

The result of the calculation using formula (2.9) for
/=45 mm and L =260 mm is shown in Fig. 17. One can
see from the figure that, even at a distance of ~ 100 mm from
the axis along which the ferrite surface runs, the intensity
changes by no more than 30%. Therefore, if the radiation
from the ferrite surface were incoherent, no narrow direction-
ality would be obtained.

We encounter a sharp asymmetry in the angular distribution
of radiation intensity in the absence of focusing and limiting
devices, for example, when Cherenkov radiation occurs:
coherent radiation of optically transparent media caused by a
charged particle moving in a medium at a speed exceeding the
speed of light propagation in this medium [25 —-27].

What takes place in our case? Let us make the following
assumption. In the pre-breakdown stage of the discharge,
when a high voltage is applied to the cathode, a long-
itudinal electric field E is formed in the interelectrode gap,
and a displacement current with density Jor =
(1/4m)(OE/0t) arises, which causes the formation of a
magnetic field in the direction perpendicular to Jo; and
normal to the ferrite surface n. A powerful magnetic field
pulse thereby passes through the discharge gap. This pulse,
when passing through the discharge gap, causes short-term

Incoherent source, I = 45 mm, L = 260 mm
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Figure 17. Intensity distribution on a screen when radiation from ferrite
surface is incoherent (2.9).

magnetization of the ferrite: each small area of the ferrite
surface becomes a source of coherent elementary electro-
magnetic waves. The radiating magnetic dipoles are
oriented in the same way as the magnetic field that forms
them, i.e., perpendicular to Joy and the normal to the
ferrite surface n. Taking into account the geometry of the
experiment, cylindrical elementary waves are emitted,
which interfere with each other to produce the resultant
radiation. If the magnetization of the surface layer of ferrite
and the fronts of elementary waves propagate at the same
speed, a common envelope of the wave fronts of elementary
waves exists in a small neighborhood near the working
surface of the ferrite prism, where the phases of elementary
waves emitted by different parts of the ferrite surface
coincide. In accordance with Huygens’ principle, as a
result of interference, elementary waves cancel each other
everywhere, with the exception of their common envelope,
where their intensities add up. Accordingly, the resulting
radiation propagates with a small angular divergence
parallel to the ferrite surface in the direction of the anode.
The coherence of radiation, as in the case of the classical
Vavilov—Cherenkov effect [25-27], is a consequence of the
same excitation conditions for all emitters. This assumption
can become a rigorous model of the process of generating
electromagnetic radiation in the pre-breakdown stage of a
discharge on the surface of the ferrite, provided that the
magnetization wave propagates in the surface layer of the
ferrite (a dielectric with a high value of magnetic perme-
ability u) at the same speed as the electromagnetic pulse
above the surface of the dielectric. Otherwise, a common
envelope for elementary waves will not be formed. We are
reminded that, in the absence of surface conduction
currents, the tangential components of the electromagnetic
field (i.e., components parallel to the dielectric plane) near
the discontinuity surface satisfy the conditions [28]

Ey = Ey, (2.10)

Hy = Hy,, (2.11)

where E\, H), are the components of the electric and
magnetic fields in the surface layer of the dielectric, and
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Figure 18. Section of a coaxial waveguide with a ferrite rod 2 cm in
diameter with a half-plane passing through axis of waveguide. Diameter of
central core of waveguide is 2 cm, internal diameter of braid is 24 cm.

Ey, Hy, are the components of the fields in the surface layer
above the dielectric.

From relations (2.10), (2.11), it follows that electromag-
netic pulses in the surface layer of the dielectric and above its
surface move at the same speed. Note that the formation of
magnetization is a material process associated with the
ordering of the orientation of the magnetic moments of the
atoms of a ferromagnet caused by the spin of the electrons.
This process may take some time 7, which will ultimately lead
to a time shift 7 between the passage of the electromagnetic
excitation pulse and the magnetization wave. Nevertheless,
the speed of the magnetization wave must be the same as that
of the exciting electromagnetic pulse; accordingly, the phases
of the elementary waves emitted by different parts of the
ferrite surface must coincide.

Using a special computer program (Comsol Multi-
physics 6.1.), we analyzed the electrophysical processes that
arise when pulsed electric fields pass through dielectrics with
high values of magnetic permeability u and permittivity & [29].
A nonstationary electrodynamic problem was solved for the
vector potential A of the magnetic field (notation in the SI
system):

0A 0 0A
-1 oA o i
Vxu (V% A)+uoo—al + 1o T <eoer 6[) =0, (2.12)

where ¢y and y are the dielectric and magnetic constants of
vacuum, & and u, are the relative permittivity and magnetic
permeability of the sample. The computational domain is
shown in Fig. 18. A solid ferrite rod 10 cm long and 2 cm in
diameter was located between two hemispherical electrodes in
the gap of the central core of a coaxial waveguide with an
impedance of 149 Q. The diameter of the central core was
2 cm, the internal diameter of the braid was 24 cm. A TEM
wave passed through boundary 2 from the side of the first
electrode (indicated in the figure). The boundary condition
for boundaries 1 and 2 in the figure is a waveguide with an
impedance of 149 Q and along boundary 3 a superconducting
surface.

We considered the passage of the following electrical
pulses with a voltage amplitude Uy = 100 kV.

Electromagnetic load 1(z)
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Figure 19. Voltage rise time: 0.1 ns. Voltage decay time: 0.1 ns. Total pulse
duration: 0.2 ns.

Electromagnetic load 2(¢)

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

x10°,V
N B B

0.1 -

0 ——n t L L
0 2 4

e |
6

1,109 s
Figure 20. Voltage rise time: 0.1 ns. Voltage decay time: 0.1 ns. Total pulse
duration: 1 ns.
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Figure 21. Voltage rise time: 1 ns. Voltage decay time: 1 ns. Total pulse
duration: 2 ns.

The spatiotemporal dependence of the p-component of
magnetization /, (magnetic moment per unit volume of the
dielectric) was analyzed. The calculations were carried out in
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Figure 22. Voltage rise time: 2 ns. Voltage decay time: 4 ns. Total pulse
duration: 4 ns.
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Figure 23. Picture of magnetization formation at point in time #; = 0.1 ns.

a cylindrical coordinate system (variables p, @, z); the z-axis
coincides with the axis of the cylinder and the waveguide.

As an example, Figs 23-25 serve to illustrate the magnetiza-
tion formation pattern when a ferrite rod with L = 10,
u = 1000, length ¢ =10 cm, and a diameter of 2 cm was
exposed to a voltage pulse (voltage rise and fall times
1. =17 =0.1 ns; pulse duration 7, + 17 =0.2 ns; voltage
amplitude Uy = 100 kV; preliminary pulse parameters can be
found in Figs 19-22). Figures 23-25 show the distribution of
the p-component of magnetization /, at a certain point in time
along the cross section of a ferrite rod with a half-plane passing
through the cylinder axis. Figure 23 corresponds to the point in
time ¢; = 0.1 ns after the onset of the pulse. It can be seen from
the figure that during this time a thin sub-millimeter near-
surface magnetization layer of length /(0.1 ns) = 3 cm was
formed; accordingly, the speed of propagation of the magneti-
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Figure 24. Picture of magnetization formation at point in time 7, =
0.25 ns.
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Figure 25. Picture of magnetization formation at point in time 73 = 0.6 ns.

zation wave v, = c¢. Figure 24 corresponds to the point in time
t» = 0.25 ns. During this time, a near-surface thin layer of
magnetization of length /(0.25 ns) = 7.5 cm was formed, in
line with the speed of propagation of the magnetization wave
vm = ¢. Finally, Fig. 25 corresponds to the point in time
t3 = 0.61 ns. During this time, light travels a distance
/(0.61 ns) = 18.3 cm, i.e., in the case of a rod of length
L =10 cm, the magnetization wave obviously reached the
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Figure 26. Diagram explaining formation of region of coherent radiation
propagation.

opposite electrode. One can see that the layer with nonzero
magnetization as a whole is contracted towards the axis of the
ferrite cylinder; accordingly, the radiation that can be formed in
it will be absorbed by the outer layer of the ferrite.

As a result, it was found that, during the passage of all the
considered voltage pulses, the magnetization of the ferrite
cylinder is formed in a narrow cylindrical submillimeter layer,
first on the surface of the cylinder, and, upon reaching the
magnetization wave of the opposite electrode, the layer as a
whole contracts towards the axis of the cylinder. It is significant
that the front of the magnetization wave in the surface layer
moves at a speed ¢. For the ferrite sample under consideration,
the values of the permittivity and magnetic permeability are
e~ 10 and u ~ 1000. And if the speed of movement of the
magnetization wave front is vy, = ¢/,/eit = 0.01c, then coher-
ent addition of elementary electromagnetic waves emitted by
different sections of the ferrite surface is out of the question.

Since, as shown above, the magnetization wave front and
the elementary wave fronts propagate at the same speed, the
common envelope of the wave fronts of the elementary waves
exists in a small neighborhood near the working surface of the
ferrite prism, where the phases of the elementary waves
emitted by different parts of the ferrite surface coincide.
Figure 26 shows a diagram explaining the formation of the
radiation propagation region due to the coherent addition of
elementary electromagnetic waves. In accordance with
Huygens’s principle, as a result of interference, elementary
waves cancel each other everywhere, with the exception of
their common envelope, where their intensities add up.
Accordingly, the resulting radiation propagates with a small
angular divergence parallel to the ferrite surface in the
direction of the anode. Coherence of radiation, as in the case
of the classical Vavilov—Cherenkov effect, is a consequence of
identical excitation conditions for all emitters.

To a first approximation, we can assume that the long-
itudinal electric field strength E is proportional to the applied
voltage U; accordingly, a narrowly directed pulse of electro-
magnetic radiation is formed when the displacement current
Joit = (1/4m)(OE/0t) reaches its maximum (see Fig. 11,
curve 3). It is easily shown that, for cylindrical waves in the
case of coherent addition, the energy flux density P trans-
ferred by the pulse of the radiation under study

12/ ny?l 2
P(y,l,L) ~T (smc[zluz}) ,

where y is the coordinate of a point in the observation plane,
lis the length of the working part of the ferrite prism, and L is

(2.13)

Figure 27. X-ray image of a house fly recorded using emission of X-pinch
of four Nb wires with a diameter of 25 um in radiation with an energy of
25 < E<S5keV.

the distance from the end of the prism to the observation
plane. (Relation (2.13) was obtained under the condition
L > [,y.) In other words, the dependence of the energy flux
density P on the length of the working part of the ferrite prism
should be quadratic, which we observed experimentally with
a fairly high accuracy.

3. Conclusion

In conclusion, we note that this study analyzed the properties
of radiation generated by high-current nanosecond discharges.
The first part of the paper is concerned with the feasibility of
using a plasma source of soft X-ray radiation — the X-pinch.
It turns out that the so-called hot spot (HS) of the X-pinch can
have micron dimensions, and the radiation energy output is at
the level of fractions or even units of joules with a pulse
duration not exceeding a nanosecond. Such dimensions of the
HS in a large number of cases make it possible to consider it a
spatially coherent (i.e., point-like), high-brightness (with a
brightness temperature Ty, ~ 107 K) source of soft X-ray
radiation. Spatial coherence plays an important role in the
formation of images of non-self-luminous objects. When the
high brightness temperature of the HS is taken into account,
then, notably, any plasma object with a temperature up to
Tor ~ 10° K can be considered a non-self-luminous object.
Non-self-luminous objects are observed as a result of the
scattering of waves incident on the object from extraneous
light sources. If the source is point-like, then electromagnetic
oscillations at all points of the illuminated object are in strictly
defined phase relationships, i.e., coherent. Accordingly, in the
image, too, it is necessary to add up not the intensities but the
amplitudes of electromagnetic oscillations coming from
various points of the object to a given image plane [9].

By way of example, Fig. 27 shows an image of a house fly
recorded in the X-pinch radiation of four Nb wires with a
diameter of 25 pum in radiation with an energy of
2.5 < E < 5 keV. Source-to-film distance: 30 cm; source-to-
subject distance: 7.5 cm; magnification: x4. Use was made of
the setup shown in Fig. 4 [§].

The X-ray image clearly shows micron-sized details of the
internal structure of the fly, which should be practically
transparent in the radiation of 2.5 to 5 keV used in these
experiments. Therefore, the use of a spatially coherent soft
X-ray source made it possible to obtain a high-quality image
of the internal structure of a weakly absorbing biological
object with submicron resolution without the use of focusing
or limiting optical elements.
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The second part of the paper describes an investigation of a
new physical phenomenon involving the production of a short
(< 2 ns), narrowly directed pulse of electromagnetic radiation
in the pre-breakdown stage of a high-current discharge on the
surface of ferrite, the X-ray region (kv > 1 keV) accounting for
50% of the energy spectrum. We emphasize the important
feature and novelty of the phenomenon we are observing: there
is no optically transparent medium with a refractive index n
and there is no charge moving ata speed v > ¢/n. The radiation
under study results from the passage of an exciting electro-
magnetic pulse over the surface of a ferrite prism during the
formation of a longitudinal electric field in the interelectrode
gap. This process leads to the appearance of a magnetization
wave propagating in the submillimeter surface layer of the
dielectric. Each small area of the ferrite surface becomes a
source of elementary electromagnetic waves. The front of the
magnetization wave and the resulting radiation move in the
same direction at the same speed, and the propagation region is
formed as a result of the coherent addition of elementary
electromagnetic waves. As a result, due to interference, the
total radiation from the entire surface is concentrated in a small
spatial region, which explains the high intensity and direction-
ality of the radiation without any focusing or limiting devices.
As in the case of Cherenkov radiation, it is coherent, but not
monochromatic. Each small area of the ferrite surface emits
radiation with the same energy distribution (see Fig. 12) and a
strictly fixed phase shift for each wavelength. In this case, no
restrictions are imposed on the size of the source, unlike the
case discussed in the first part of the study.

This study was supported by the Russian Science
Foundation under grant no. 19-79-30086.
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