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1 HE year 1970 was the seventy fifth anniversary of
the discovery of χ rays—one of the most remarkable
achievements of the experimental physics of the past
century. The enormous influence of this discovery on
the development of twentieth-century physics, as well
as on medical diagnostics, radiation genetics, radiation
therapy and other fields of science and technology is
generally recognized.

The extensive utilization of χ rays in var ious physical
and applied problems has stimulated the continuous per-
fecting of the existing and a search for new sources of
this radiation. During the first two decades (1885—1915)
the x-ray sources utilized in physics and medicine
differed l itt le in working pr inciple from the tubes pro-
posed by Roentgen himself. These were gas-discharge
devices operating on the left branch of the Paschen
curve at res idual gas p r e s s u r e s of about 10~3 Torr .
The source of fast e lectrons in such tubes was the
cathode bombarded by positive ions in the gas dis-
charge. The chief shortcomings of these tubes were the
lack of constancy of the i r c h a r a c t e r i s t i c s and the diffi-
culty of separate control of the current and of the volt-
age.

In 1914 Coolidge proposed and constructed a high-
vacuum x-ray tube with an electron source in the form
of an incandescent tungsten cathode. The cathode tem-
p e r a t u r e determines then uniquely the emission current
and the voltage applied to the vacuum space determines
the energy of the e lectrons. During the past half a cen-
tury tubes with hot cathodes have been the principal
sources of χ rays in the most varied fields of physics,
medicine, and technology. A large number of various
modifications of such tubes have been made from de-
vices operating at voltages of several tens of kilovolts
for surface radiation therapy and x-ray s t r u c t u r e analy-
s i s of m a t e r i a l s to la rge sectioned tubes for several
megavolts used in radiation therapy and x-ray flaw de-
tection in bulky i tems.

Limitations connected with the permis s ib le tempera-
t u r e s and s ize of the cathode surface, as well a s with the
space charge of the e lectrons, do not make it possible
to obtain large electron current s in x-ray tubes with
incandescent cathodes. As a ru le they do not exceed
several tens of a m p e r e s . Therefore, for physical and
technological problems requir ing part icular ly powerful
s o u r c e s of χ rays pulsed devices with x-ray tubes util-
izing the phenomenon of field emission have been devel-
oped and have acquired independent significance. The

electron current s in such generators l ie within the
l imits of 1 0 3 - 1 0 6 A and the peak power can reach 101 2

watt.
In addition to large instal lations for obtaining very

intense flashes of hard χ r a y s , during the past decade
tubes with field-emission cathodes have began to be
utilized in miniature portable pulsed x-ray units. The
absence of sources for supplying the tube heating and
the decrease in the dimensions of the elements for
pulsed high-voltage operation made it possible to pro-
duce a setup for a voltage of 150—300 kV weighing no
m o r e than 30 kg, and in certain cases only a few kilo-
g r a m s . These ins t ruments found use not only in special
physical investigations but also in x-ray flaw detection
and in medical diagnostics.

In this a r t ic le we consider the present-day state and
features of the application of pulsed sources of χ rays
making use of the phenomenon of field emission. We do
not discuss in the review three-e lect rode pulsed x-ray
tubes with " p r i m i n g " at the cathode. Such devices
which gained considerable currency in the For t ie s and
Fifties a r e now being displaced by the s impler two-
electrode sys tems. We considered it useful to include
in the ar t ic le information on the methods of generation
of short flashes of χ rays in pulsed discharges in a i r as
well as in hydrogen and other gases at low p r e s s u r e s .
Although devices making use of the excitation of χ rays
of d ischarges on t h e right branch of the Paschen curve
and near its minimum have so far not seen appreciable
pract ical application, this direction in the development
of methods of generation of χ r a y s appears , undoubtedly,
promising.

The last section of the review contains brief informa-
tion on radioactive s o u r c e s of character i s t ic χ rays and
low-energy (4.5—100 keV) gamma rays . In spite of the
relatively low intensity of the radiation of such sources ,
they have recently found increasing application in var-
ious physical investigations and technical problems.

1. PULSED X-RAY SOURCES WITH FIELD EMISSION

Experimental and theoret ical investigations of field
emission have made it possible to reveal a number of
physical proper t ies which determine the utilization of
this phenomenon for pract ical purposes. The emission
of considerable electron current s in e lectr ic fields
~ 107—108 volt/cm without cathode heating, the large
slope of the current-voltage character i s t ic , the possi-
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bility of obtaining high current densities (up to
108 A/cm2) provide advantageous differences between
field emission and thermoemission cathodes and ensure
simplicity of construction and economy of devices with
field-emission cathodes.

It follows from the Fowler-Nordheim formula that to
obtain stable field emission one must stabilize the elec-
tric field intensity (the dimensions and shape of the
emitter, the voltage across the gap) and the work func-
tion of the field-emission cathode. In practice this is
connected with a number of difficulties which were con-
sidered in the work of Dyke and Dolan,113 Elinson/2 '3 3

Martin et al,'4 3 and van Oostrom.'5 3 Emitters are usu-
ally prepared using refractory metals or alloys by
electrochemical etching of wires down to final radii of
curvature between tens of angstroms and several
microns. Individual points are welded into "combs" or
"carpets . " In order to insure the simultaneous opera-
tion of numerous points, their radii of curvature are
stabilized, in accordance with the proposal of Dyke
et al., 1 6 ' 7 3 by heating in an ultrahigh vacuum. The sta-
bilizing of the electrical fields on the emitters in the
work of Dyke463 and Charbonnier et al. ' 8 3 is also car-
ried out by a "field evaporation"—by keeping the emit-
ter at a positive potential with a high field intensity
(Ε ~ 108 V/cm). Single emi t te r s , " c o m b s , " and " c a r -
p e t s " can be utilized in an ultrahigh vacuum after care-
ful outgassing of the ent ire instrument. Infringement of
these conditions leads to deformation of the points dur-
ing operation due to ion bombardment, as well as to a
change in the work function when gases and vapors a r e
adsorbed on the surface of the field emitter . Both of
these destroy the stability of the field-emission cur-
r e n t . w > 5 ] At a p r e s s u r e of Ρ ^ 10"6 t o r r stable opera-
tion of a point cathode i s only possible with continuous
heating of the cathode up to ~ 1800°C.' 6 J

The extreme case of current instability i s e lectr ical
breakdown between the cathode and anode, which usually
leads to melting of the point and r e n d e r s it inoperable
because of the sharp increase of its radius of curvature.
Investigations of the breakdown mechanism under condi-
tions of ultrahigh vacuum a r e given in ar t ic les by
D y k e , " ' 1 0 3 Dolan et a l . , t 1 1 3 F u r s e t and Vorontsov-
Vel 'yaminov, ' 1 2 3 and in other p a p e r s . For large emis-
sion current densit ies of the thin points of the cathode
a r e heated up by Joule heat, and thermal field emission
appears . This leads to further heating of the point, a
current increase, an explosion-like evaporation of the
emitter , and the development of e lectr ical breakdown in
the metal vapors of the cathode point.

When the outgassing of the field-emission device is
insufficient, the breakdown voltage of the vacuum gap
with a sharp cathode i s appreciably lower. The p r o c e s s
of the appearance of breakdown under such conditions
becomes more complicated by the participation of atoms
and ions separating from the p a r t s of the tube under the
action of electron bombardment . [ 2 ] Jones and Morgan' 1 3 3

and other authors ' 2 ' 1 1 - 1 indicate that the d e c r e a s e of the
breakdown voltage can also be connected with sparking
at the die lectr ic inclusions on the cathode surface under
insufficiently clean experimental conditions.

In comparing the data on electr ical breakdown in high
vacuum it was possible to d iscern the possible regions
of existence of various mechanisms of vacuum break-

down a s a function of the t ime of operation of the voltage
and the degree of conditioning of the electrodes. ' 1 5- 1 A
d e c r e a s e in the duration of the electr ic pulse and a
lowering in the p r e s s u r e of the res idual gases (the
amount of adsorbed mat ter on the electrodes) lowers
the probability of vacuum breakdown and d e c r e a s e s the
number of possible mechanisms. In ultrahigh vacuum
the usual cause of breakdown i s field emission, even in
the case of close to uniform fields. The same p r o c e s s e s
a r e most probable for breakdown with short voltage
pulses (τ < 10~7 sec) independent of the degree of con-
ditioning of the electrodes. Instabilities related to
cathode sputtering a r e also less probable for short ap-
plications of the voltage to the electrodes. For this
reason field emit te r s came to be part icular ly extensively
used in x-ray tubes operating with short voltage pulse.

Extensive investigations and developments in this
field were c a r r i e d out by the American firm " F i e l d
Emiss ion C o r p o r a t i o n . " 1 1 ' 4 ' 6 " 1 1 ' 1 6 ' 2 2 3 This firm produces
a s e r i e s of electrovacuum devices in which the electron
sources a r e pointed tungsten cathodes. The technique
of pumping down without oil to a gas p r e s s u r e of
~ 10"12 Torr , the use of high-purity mater ia l s and of
special g lasses, and the utilization of short voltage pul-
s e s ensured adequate stability and satisfactory serv ice
life of the devices with field emiss ion cathodes.

Generators of x-ray flashes, Fexi trons, and sources
of fast e lectrons, Febetrons, uti l ize cathodes in the
form of multipoint emit ter s . In high-power operation
the current i s generated by field emission, evaporation,
and ionization of the vapor of the metal c a t h o d e . [ 1 6 > l 7 J

The high-voltage pulsed breakdown is interrupted until
the discharge goes over into the a r c phase. The dura-
tion of the high-voltage pulse is shor ter than the t ime
of flight of an ion between the cathode and anode. t 1 8 3

Similar discharge phenomena can destroy one or m o r e
points during each pulse. However, a sufficient number
of points on the cathode ensures a large number of
operat ions . [ 1 6 3 Depending on the purpose of the device,
Field Emiss ion Corporation operates in the voltage
range of 100—2000 kV. The c u r r e n t s in pulsed x-ray
tubes and sources of fast e lectrons a r e in the range of
1-10 kA, the duration of the flash i s 3—100 nsec, and
the dimensions of the focal spot a r e 0.5—9.5 mm. The
dose power in the plane of the window can according to
the data of Dyke, Charbonnier et a l . a 9 > 2 0 ] reach
2 χ 101 1 r / s e c working with an x-ray tube and
2 χ 101 5 r / s e c in the emission of fast e lectrons. Similar
character i s t ic s of Fexitrons and Febetrons produced by
this firm a r e given in 1 1 9 " 2 3 3 a s well a s in the patents and
sales l i te ra ture .

In the Soviet Union studies of the theory of field
emission and the experimental verification of a s e r i e s
of laws accompanying this phenomenon were carr ied out
by M. I. Elinson, G. N. Shuppe, I. L. Sokol'skaya, G. N.
Furse t , V. N. Shrednik, G. A. Mesyats, and others .
Most of the experiments were c a r r i e d out in ultrahigh
vacuum. However, unlike in the firm Field Emiss ion
Corporation, pulsed x-ray tubes with field emission
were constructed to operate at res idual gas p r e s s u r e s
of ΙΟ"6—10"7 Torr without the use of specially prepared
tungsten point field-emission cathodes. At voltages of
1.5—2 MV the e lectr ic fields of 10~7—10~8 V/cm essen-
tial for appreciable f ield-emission c u r r e n t s can be ob-
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tained on a cathode in the form of a tube with sharpened
edges. The microrel ief of such relatively roughly pro-
cessed cathodes e n s u r e s large field-emission c u r r e n t s
during the initial stage of the electr ic breakdown which
goes over subsequently into a low-voltage discharge in
the metal vapors and gases . The t ime between the be-
ginning of the field-emission current and the appear-
ance of the low-voltage discharge determines in this
case the duration of the x-ray flash. Depending on the
capacitance and inductance of the supply and on the am-
plitude of the voltage pulse, the pulse duration l ies
within the l imits of 150-600 nsec.

Character i s t ic representat ives of such devices a r e
pulsed x-ray tubes with a needle shaped anode. Their
development was s tarted by Tsukerman and Manakova
in 1948 and continued in the work of Zyuzin/ 2 5 3 Tara-
sova, and o t h e r s . 1 2 6 3 In spite of the lack of the required
focusing of the e lectrons, for such an electrode geom-
etry the actual projection of the focal spot in a plane
perpendicular to the tube axis for beams of smal l diver-
gence is c i rcular with a diameter close to that of the
tungsten needle (2—4 mm).

The devices for obtaining microsecond and nano-
second x-ray flashes were initially intended mainly for
the study of rapidly occurr ing phenomena (explosions,
experimental gas dynamics, bal l i s t ics problems). In
o r d e r to obtain sharp shadow photographs under such
conditions, it i s necessary for the x-ray flash to be
shorter than the t ime interval during which the image
of the investigated object is displaced by tenths of a
mi l l imeter in the plane of the photograph. A technique
was developed for obtaining two, four, and eight succes-
sive x-ray photographs of the same phenomenon with
given t ime intervals between the " f r a m e s . " C 2 4 3 Along
with these applications, field- emission tubes and the
methods of pulsed x-ray photography came to be used
in the x-ray s t ructura l analysis of rapidly changing
s t ructura l t r a n s f o r m a t i o n s . t 2 7 ' 2 8 3

It was subsequently found that the principles of pulsed
x-ray generation also have definite advantages in such
tradit ional fields of x-ray application as flaw detection
and medical x-ray diagnostics. The determining factor
in these applications i s not the duration of the x-ray
flash, but the considerable decrease in the dimensions
and weight of the radiation generator connected with the
short action of the high voltage. The electr ical strength

of die lectr ics , including vacuum, increases considerably
if the t ime of action of the voltage becomes less than
10"6 sec. Discharge phenomena in solid and liquid
dielectr ic and in vacuum which usually develop after a
t ime exceeding the duration of the voltage pulse a r e ex-
cluded or occur at higher gradients. The l inear dimen-
sions of the main components of the apparatus, including
the x-ray tube, decrease severalfold. Pulsed devices
have, therefore, in the past decade began to be used as
smal l-s ize portable x-ray sources .

Table I p r e s e n t s the character i s t ic s of several porta-
ble pulsed devices developed for such problems in the.
U.S., U.S.S.R., and England. The source of high voltage
in the Fexitron 846-2 is a Marx capacitor surge circuit.
This device can operate at a repetition r a t e of 20 pulses
per second. An χ ray of steel 8 mm thick with an anode
to x-ray film distance of 50 cm can be obtained after
33 pulses (total exposure t ime 1.7 sec); the maximum
thickness of steel that can be x-rayed is 14 m m . c 2 3 ]

The pulsed x-ray apparatus IRA [ 2 9~ 3 2 ] developed in the
U.S.S.R. has s imilar character i s t ic s . Its special feature
i s the use of a pulsed t r a n s f o r m e r for obtaining the high
voltage. A two-electrode x-ray tube with a needle-
shaped anode has a dielectr ic washer near the
c a t h o d e / 3 3 3 Discharge phenomena on the surface of the
dielectr ic stabilize the conditions of the appearance of
the x-ray flash. The latest model of the IRA-2D appar-
atus i s shown in Fig. 1. It can operate at a repetition
r a t e of 5 pulses p e r second. An x-ray of 20 mm thick
steel at an anode-to-x-ray film distance of 100 cm r e -
quires 50 flashes (total exposure t ime 10 sec). The
principle of pulsed transformation of the high voltage is
also employed in the portable apparatus of the English
firm " H i v o t r o n i c . " ' 3 4 · 1 The device x-rays 50 mm thick
aluminum. In addition to the AC grid, dry cells and auto-
mobile storage bat ter ies a r e used as supply sources of
portable pulsed x-ray units . This makes it possible to
use them for testing of the quality of welds in pipelines
and g i rders under field conditions in the absence of an
AC grid. Komyak and P e l i k s " 2 3 note that the IRA ap-
paratus , first developed for the study of rapidly pro-
ceeding phenomena, has been applied mainly as a porta-
ble device for x-ray flaw detection of inaccessible com-
ponents.

The next step in the problem of decreasing the
dimensions and weight of x-ray units was a change to

Table I. Character i s t ic s of some portable pulse x-ray
devices

Country

U.S.A.

U.S.S.R.

England

U.S.S.R.

Name of
instrument,

firm

Fexitron model
846-2, Field
Emission
Corp.

IRA-2D,
"Burevestnik"
plant

X-ray generator of
the firm
Hivotronic

RING

Voltage,
kV

100-150

300

150

150

Current,
A

100-200

1000

700

Duration
of x-ray

flash, nsec

60

100-200

50

8

Dia-
meter

of
focal
spot,
mm

1.8

2

—

3

No. of
permissi-
ible tube

operations

10»

2-10*

—

2-105

Weight,
kg

25

25

11.3

1.4

Litera-
ture

23

2». 30,
32

34

35
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FIG. 1. Pulsed x-ray apparatus IRA-2D. Produced by the Leningrad
x-ray plant "Burevestnik." Weight 25 kg; x-ray tube voltage 300 kV.

FIG. 2. Miniature pulsed x-ray tube fora voltage of 150 kV.

FIG. 3. Portable x-ray pulsed nanosecond generator RING. Operating
voltage 150 kV; weight 1.4 kg.

nanosecond voltage pulses. Denholm135·1 showed that for
pulses with a forward-front steepness of 1014 V/sec and
above the insulator of a 2.3-MV x-ray tube can operate
at an average electric field intensity of about 80 kV/cm.
With such a high dielectric strength the length of the
insulator and the total dimensions of the x-ray tube de-
crease appreciably. The same rule is observed at lower
voltages. Figure 2 shows a miniature pulsed 150-kV
x-ray tube, whose volume does not exceed 20 cm3, de-
veloped by Belkin, Avilov, and Aleksandrovich and
others. ί3β>37} In spite of its small size, the tube can
withstand more than 105 operations and provides well
reproducible nanosecond x-ray flashes. The production
of the tubes requires neither ultrahigh vacuum nor
special point field emitters. In their mechanism of
operation (field emission, initial stage of vacuum break-
down) such x-ray tubes are similar to Fexitrons. The
duration of the voltage pulse is such that the discharge
phenomena are interrupted during the phase of directed
motion of the electrons from the cathode to the anode.
As in Fexitrons, the duration of the high-voltage pulse
is insufficient for the development of electric breakdown
(a vacuum arc).

Figure 3 shows the x-ray pulsed nanosecond genera-
tor RING, developed by N. V. Belkin, E. A. Avilov, and
V. I. Kolesov, which employs the tube of Fig. 2. Its
dimensions a r e close to those of a present-day t r a n s i s -
t o r rece iver (140 χ 100 χ 60 mm). It i s to be expected
that during the next y e a r s portable radiation sources

FIG. 4. Schematic cross-section of a pulsed source of hard x-ray
bremsstrahlung of the type RIUS-5. K—lead for connecting the capaci-
tor bank serving the primary winding of a pulsed "Tesla" transformer.

weighing 1—3 kg, employing components of the pulsed
x-ray microtechnology, will become common not only in
physical investigations, but also in numerous technical
and medical applications.

2. GENERATORS OF HIGH-POWER X-RAY BREMS-
STRAHLUNG PULSES

The advantages of short high-voltage pulses a r e used
extensively in producing very powerful generators of
hard bremsstrahlung. In recent y e a r s such devices
have gained considerable significance in the study of the
proper t ies of mater ia l s under intense irradiation, as
well a s for obtaining powerful pulses of relat ivist ic
electrons.

The increase in the intensity of the x-ray flash i s
achieved in two ways: by increasing the energy of the
electrons and by increasing the current . In the
Ε = 2—6 MeV energy region the dose of a single x-ray
flash in the direction of motion of the electrons increa-
ses as E 3 ' 4 . The large value of the exponent i s connec-
ted with an increase of the coefficient of the transforma-
tion of the electron energy into x-ray quanta, as well as
with a decrease in the divergence of the x-ray beam at
large accelerating voltages. In o r d e r to increase the
amplitude of the electron current , t h e r e i s a tendency to
a limiting curtai lment of the internal r e s i s t a n c e of the
voltage source. This is achieved by the use of coaxial
l ines and by decreasing the induction of the discharge
circuit by decreasing the dimensions of the high-voltage
part of the device and of the accelerat ing tube by using
highly stable d ie lectr ics .

The phenomenon of field emission at the initial phase
of the vacuum breakdown i s also utilized in accelerat ing
tubes of powerful generators of x-ray flashes. The
enormous energies produced at the anode lead to con-
siderable heating of it and to an i n c r e a s e in the p r e s -
sure of the res idual gases in the accelerat ing tube after
each discharge. i 3 B 1 Therefore such devices a r e , as a
rule, demountable continuously pumped systems operat-
ing at a p r e s s u r e of 10~6 t o r r and above. This excludes
the use of field-emission pointed cathodes of the " F i e l d
Emiss ion Corporat ion" type which operate only under
ultrahigh vacuum conditions. For accelerat ing voltages
of 3—10 MV and inter-e lect rode separat ions of only a
few cent imeters the e lectr ic fields required for the ap-
pearance of powerful field emission a r e provided by
cathodes with radi i of curvature of the order of tenths
of a mi l l imeter . It i s also possible to make use of field-
emission cathodes with la rger radii of curvature by
having numerous micropoints on the cathode surface.

In high-power generators the sources of high voltage
can be Marx type capacitor surge c i rcui ts , pulsed t r a n s -
f o r m e r s , and electrostat ic generators . A small section
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Table II. Character i s t ic s of certain powerful generators
of hard x-ray bremsstrahlung pulses

nt
ry

Co
u

U.S.A.

U.S.S.R

U.S.S.R

U.S.A.

CCCP

Author and type
of installation

Denholm, type
FX-25

Zelenskil et al

Abramyan et al.,
type RIUS-5

Pechersktf
etal.

Electrostatic
generator

High-voltage
source

Resonance
"Tesla"
transformer

Capacitor Marx
circuit

Martin et al.,
"Hermes-2"

Capacitor Marx
circuit

Capacitor Marx
circuit with HaOaccumulator

en
erg

y,

•ou
Ο

VI Μ

1 . 7

2 0 0

5 , 4

1 0 0 0

3 0

t .

3 . 5 / 2 . 3

5 / 4

7 / 4

2 4 / 1 3

3 / 1 . 5

*The numerator of the fraction indicates the voltag

; c
ur

ren
t,

Ζ
£$

19

50

15

200

100

: d
os

e a
t a

ne
e o

f 
10

0
Pu

lse
dis

ta
cm

, 
ι

2

250··

10

6800

10

ur
at

io
n,

•a

Pu
ls

e
ns

ec

2 0

5 0 0

4 0

7 0

6 0

D
at

e

1 9 6 5

1 9 6 7

1 9 6 9

1 9 6 9

1 9 7 0

5 on the conductor or the

1

L
ite

r

4 0

4 1

3 8

4 2 . 4 3

4 7

g e n e r a -

tor voltage for no-load operation, the denominator is the voltage on the electrodes of the
accelerating tube.

**A dose of 50 r is indicated in [41]; a f t e r c h o o s i n g a

in the accelerating tube the dose was increased to 250 r
rationalized electrode geometry

>er pulse.

of a coaxial line or a capacitor charged by such sources,
discharge to an accelerat ing tube through a d i scharger
which increases the steepness of the forward front of
the high-voltage pulse to ΙΟ 1 4—10 1 5 V/sec. An example
of such an installation is the RIUS-5 resonance pulsed
acce lera tor proposed and constructed in 1969 by
Abramyan, Vasserman, Pecherski i , et a l . L 3 9 ] A pulsed
accelerat ing tube 2 and a metal l ic cylinder 3 a r e placed
in a cylindrical steel tank 1 (Fig. 4) filled with com-
p r e s s e d gas. The metal l ic cylinder i s charged up to a
voltage of 7 MV with respect to the generator body by
means of a " T e s l a " resonance pulsed t r a n s f o r m e r 4.
Such t r a n s f o r m e r s have recently been used in high-
current industr ial electron a c c e l e r a t o r s and in x-ray
insta l la t ions . [ 4 0 J The amplitude of the voltage pulse and
the s teepness of i ts forward front a r e determined by the
discharge gap 5. During the breakdown of this gap the
capacitance formed by the cylinder and the generator
body is discharged to the pulsed tube.

In Table 2 we present the main c h a r a c t e r i s t i c s of
several high-power generators of hard x-ray brems-
strahlung radiation pulses developed between 1965 and
1970. The s e r i e s FX installations proposed by
Denholm135-1 differ from the RIUS-5 generator which
has been considered in the method of charging the con-
ductor (electrostat ic generator) . Zelenskil, Zavada, and
the i r co- a u t h o r s t 4 1 J built a generator in which to de-
c r e a s e the inductances of the discharging circuit two
synchronously connected pulsed capacitor Marx c ircui ts
a r e simultaneously discharged onto the pulsed x-ray
tube. The relatively long duration of the x-ray flash
(500 nsec) i s connected with the absence in the circuit
of a peaking spark gap; the s teepness of the voltage
pulse front amounts to ~ 2 χ 101 3 V/sec.

The most powerful among the generators of hard
x-ray pulses i s at present , apparently " H e r m e s - 2 "
developed by Martin, Johnson, and P r e s t w i c h [ 4 2 > 4 3 ] in
the U.S. (the firm " S a n d i a " ) . A Marx capacitor pulsed

circuit, a Blumlein line doubling i ts voltage, and a
pulsed accelerat ing tube a r e placed in a common tank
6.8 m in diameter and 25 m long and filled with t rans-
former oil. Ninety t h r e e hermetical ly sealed pres sur-
ized-gas spark gaps a r e used to switch the capacitors
from a paral le l to a s e r i e s connection. Under s imi lar
conditions the dose at a distance of 100 cm from the
target reaches 101 1 r / s e c .

The dimensions of the high-voltage pulse generator
and i ts internal res i s tance can be decreased appreciably
if one uses for insulation m a t e r i a l s with a high dielec-
t r i c constant e. S c h e r r e r £ 4 4 J constructed capacitors
with a dielectr ic of pure water (e = 80) operating at a
pulsed voltage of 500 kV for experiments with exploding
wires . Kulikov and co-authors M 5 : l proposed the use of
an analogous technique for obtaining large pulsed cur-
r e n t s and strong electromagnetic fields. Mesyats and
Vorob'ev noted the good commutational propert ies of
water and of some other liquid die lectr ics . Using these
principles, Pechersk i i and his co-authors L 4 7 2 proposed
and constructed a pulsed generator of short x-ray
flashes with water as the die lectr ic . The relatively low
resist iv i ty of water (ΙΟ6—107 ohm-cm) when the capaci-
tor i s charged by a short e lectr ical pulse is not a limit-
ing factor. Under s imi lar conditions the dielectr ic
strength of water approaches that of such perfect dielec-
t r i c s a s t r a n s f o r m e r oil (2—5) χ 105 V/cm. In a capaci-
tance with water as the dielectr ic having relatively
small dimensions (body diameter 100 cm, length 50 cm),
it has turned out to be possible to concentrate an energy
of 30 kJ with a voltage of 3 MV, and to rea l ize it rapidly
in a pulsed accelerat ing tube. On decreasing the charg-
ing t ime of a water capacitor down to 10"7 sec the spec-
ific energy concentration can reach 1 k j/decimeter 3 .

In 1967 Rex P a y t 4 8 ] reported that the firm " P h y s i c s
Internat ional" s tarted planning a flash generator of hard
bremsstrahlung providing at a distance of 1 m from the
target a dose of about 50,000 r per 100 nsec pulse. In
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order to obtain such a high radiation intensity, exceeding
by almost an order of magnitude the intensity of the
Hermes-2 generator, the authors intend to increase the
amplitude of the electron current in the tube up to 3 MA
for an electron energy of 10 MeV. We have no informa-
tion about the completion of the construction of this
unique installation and about the actual characteristics
obtained in testing it. There is no doubt, however, that
the realization of projects of such ultrapowerful sources
of hard x-ray pulses is at present not connected with any
difficulties of a physical nature in principle. The use of
high-strength dielectrics with large values of e and of
contemporary techniques of generating high-voltage
pulses make it entirely realistic to produce giant gener-
ators operating at pulsed currents of millions of amperes
and accelerating voltages of tens of magavolts.

It should be noted that the majority of flash genera-
tors of hard x-ray bremsstrahlung considered in this
section are also simultaneously used for obtaining and
investigating high-power pulses of fast electrons. To
this end the target (anode) in the accelerating tube is
replaced by an exit window of beryllium or titanium
foil. In such a way it proved possible to bring out into
the atmosphere or into a chamber with rarified gas
electron beams with currents of the order of tens and
hundreds of kiloamperes. Graybill[49:l investigated the
focusing of such electron beams by the intrinsic mag-
netic field, as well as the conditions of ion focusing in
chambers with gas pressures of 1CT1—10 3 torr. Such
very powerful pulses of fast electrons are of indepen-
dent interest for the problems of controllable thermo-
nuclear fusion1503, pumping of optical quantum genera-
tors, radiation chemistry, and radiobiology."83

3. GENERATION OF X RAYS IN PULSED DISCHARGES
IN AIR AND OTHER GASES

A vacuum or the presence of a low-pressure gas in
the volume of the device were until recently considered
an essential condition for obtaining χ r a y s . All x-ray
tubes operated on the left-hand branch of the Paschen
curve. However, it i s in principle also possible to ex-
cite χ r a y s on the right-hand branch of the Paschen
curve at gas p r e s s u r e s close to atmospheric . If the
high-voltage pulse has a sufficiently steep front, then
the discharge phenomena in the gas develop at higher
voltages. The field intensity at the cathode becomes
sufficient for field emission. The ionization of the gas
and the emission of e lectrons from the cathode result ing
from its bombardment with positive ions leads to a rapid
increase of the number of free e lectrons in the gap.
Under certain conditions the energy los ses of the e lec-
t rons in collisions turns out to be lower than the energy
obtained by them as a resu l t of accelerat ion in the field.
X radiation should appear as a resu l t of the braking of
fast e lectrons in the gas and in the anode m a t e r i a l s .

Soft χ r a y s were first recorded in an electr ical dis-
charge in helium by Frankel et a l . : 5 1 J and in a i r by
Stankevich and Kalinin. t 5 2 J The intensity of the x-ray
flashes in these experiments was low. I n L 5 2 ] it amounted
to 6 χ 104 quanta in the complete solid angle; about one
hundred such flashes a r e required for appreciable black-
ening of an x-ray film. Noggle et a l . 1 5 3 J observed χ r a y s
with quantum energies of 11—13 keV in discharges in

helium (p « 760 Torr ) . The radiation intensity amounted
to (2—4) χ 107 photons per discharge.

Tarasova and Khudyakova' 5 4 ' 5 5 ' 3 6 3 showed that by in-
creas ing the steepness of the voltage pulse and by de-
creasing the internal r e s i s t a n c e of the source, as well
a s by a choice of the construction of the e lectrodes of
an open-air spark gap, one can i n c r e a s e the intensity of
the radiation appreciably. The amplitude of the high-
voltage pulse amounted to 120—130 kV and the steepness
of i ts forward front was about 101 4 V/sec.

The character i s t ic s of the x-rays depend on the dis-
charge regime. At voltages below the breakdown voltage
the χ r a y s a r e produced mainly in the layer of gas in the
cathode portion of the gap. With such a reg ime one ob-
serves a diffuse glow near the cathode. In discharges
with clearly expressed channels (breakdowns) part of the
fast e lectrons may bombard the target. In this case the
emission of χ rays o c c u r s simultaneously from the anode
and from the gas layer. The duration of an x-ray flash
does not exceed several nanoseconds.

A high-temperature plasma in hydrogen, helium,
xenon, and other gases in high-current electr ic dis-
charges can also be a source of short flashes of χ rays .
In such experiments one usually makes use of capacitor
banks with current r i s e ra tes d l/dt κ 101 0—101 2 A/sec;
the amplitude of the current pulse i s within the range of
ΙΟ5—106 A. The first investigations of such radiation by
Lukiyanov and Podgornyi 1 · 5 6 3 and by Artsimovich et a l . : 5 7 3

were car r ied out in cylindrical chambers with insulating
walls where under the action of the magnetic field of the
current the discharge contracted into a narrow pinch
along the axis of the chamber (straight cylindrical
pinch). Subsequently, T. I. and N. V. Fillipov and
Vinogradov,'5 8·1 Mather and B o t t o m s / 5 9 3 and others
observed that the intensity of the radiation i n c r e a s e s
appreciably with d i scharges in chambers with metal l ic
walls (non-cylindrical ζ pinch).

Under such conditions there a r e two sources of x-ray
flashes with different spectra l character i s t ic s separated
in the chamber volume. Soft χ rays with energies of
1—10 keV appear at the focus of convergence of the
p lasma cloud. According to the data of Beckner [ e o 3 such
a p lasma focus provides a dose of about 60 r at a dis-
tance of 10 cm per 200—300 nsec pulse. The soft χ rays
of the p lasma focus r e p r e s e n t the bremsstrahlung, r e -
combination and line emission of the dense, high-tem-
p e r a t u r e plasma.

The anode of the chamber and the layer of metallic
vapors near it due to the contact between the pinch and
the anode a r e the source of harder χ rays . According
to the data of Agafonov et a l . C 6 1 ] at the instant of cumu-
lation of the noncylindrical ζ pinch fields a r e induced
which acce lera te e lectrons to energies of 100—300 keV.
The electron current entrained into such an accelerat ion
p r o c e s s amounts to 10—100 percent of the total dis-
charge current . The dose of hard χ r a y s l ies within t h e
l imits of 0.1—1 r at a distance of 100 cm from the target
per 100-nsec pulse. So far t h e r e is no complete theory
of the origin of the hard χ r a y s which is in quantitative
agreement with the experimental data. It i s proposed
that local radial deformations of the pinch can give r i s e
to a rapid r i s e of the magnetic field and produce condi-
tions for l inear or cyclic accelerat ion of electrons in
induced electr ic fields.
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Table ΙΠ. Some radioactive isotopes emitting character-
ist ic χ r a y s and low-energy gamma r a y s

Element

Vanadium

Iron

Plutonium

Am eric him

Isotope

23V49

26Fe55

QEAHI241

Type of decay

e-capture

e-capture
α-decay

α-decay

Half-
life,

years

0.915

2.6

84.6

458.1

Quantum energy, keV

χ rays

K-sereis Ti
4.5; 4.9

K-sereis Mn
5.9; 6.5

L-series U
13.6; 17.2;

20.2

L-series Np
13.9; 17.7;

20.8
—

__
_

gamma
rays

—

—

43
99.

—

26
33
43
59
99

102

5
8

4
2
4
6

8

Radiation inten

quanta/g-sec

5

2

8

2
5
2

1
8
4
2
2

.9-101 3

.5-1013

.6-101»

.5-108
,3-10'
,8-101°

3-109
.3-108
.4-10'
.3-101°
.8 10'
.3-10'

ity

quanta/cm2-sec

1

3

4
1
1

1
1
1

5

6-10"

1- 10n

8-10»

7-10°
1-10'
9-10*

3-10'
1-10»
6-10»
2-10»
5-10»

5.2-10»

4. RADIOACTIVE SOURCES OF X RAYS AND LOW-
ENERGY GAMMA RAYS

The p r o g r e s s in the techniques and technology of
production of artificial radioactive elements has ren-
dered isotopes whose x-ray and gamma radiation c o r r e -
sponds closely to the spectra l c h a r a c t e r i s t i c s of x-ray
tubes available in pract ice . Radioactive sources offer
the advantages of highly constant intensity and energy,
the possibility of obtaining radiation without employing
an e lectr ic supply, and high reliabil ity. Along with the
widely known sources of hard gamma rays based on the
radioactive isotopes Co 6 0 and Cs 1 3 7 , in the past decade
numerous methods and devices have been developed
and have attained independent significance; these employ
various radioactive isotopes as sources of χ radiation
with energies up to 100 keV.

Table ΙΠ l is ts data on severa l radioactive isotopes
that emit character i s t ic χ rays and low-energy gamma
r a y s (up to 100 keV). The isotopes V49 and F e 5 5 decay by
means of the €- capture scheme. They a r e convenient
sources of soft, pract ical ly " p u r e " character is t ic
χ radiation of titanium and manganese. The t ransuran-
ium isotopes P u 2 3 8 and Am 2 1 1 undergo a decay. In the
past they were mainly used as a emi t te r s . In recent
y e a r s these isotopes have come to be used a s sources
of χ r a y s and low- energy gamma rays .

The last two columns of Table ΠΙ present data on the
quantity of x-ray and gamma quanta emitted per second
p e r gram of pure isotope, as well as that emitted from
one square centimeter of surface into a solid angle 2π.
The radiation yield from a unit of surface (the last col-
umn) i s par t icular ly important for pract ica l purposes .
This yield was calculated for a layer of isotope whose
thickness corresponded to the range of the radiation of
the given energy. By virtue of the relatively low energy
of the quanta the self-absorption of the radiation in the
source mater ia l is considerable and the range of the
character i s t ic χ radiation or of the low-energy gamma
r a y s is relatively smal l . It amounts to 15 microns for
the character i s t ic χ rays of the F e 5 5 isotope and about
80 microns for the 59.6-keV gamma rays of the Am 2 4 1

isotope.
The intensity of the radiation of radioactive isotopes

i s considerably lower than that of conventional x-ray
units. The yield of character i s t ic χ rays of manganese
from the surface of a source of t h e isotope F e 5 5

( 1 0 u quanta/cm 2 sec) is approximately equal to that of
an x-ray tube with a manganese anode operating at a
voltage of 15 kV and a current of 50 μ A. Such tubes a r e
commonly used with cur rent s of 5—15 mA. The inten-
sity of the emission of a tube exceeds in this instance
by m o r e than two o r d e r s of magnitude the x-ray inten-
sity emitted by the F e 5 5 isotope. For the isotopes P u 2 3 8

and Am 2 4 1 th is difference in the intensit ies i s more ap-
preciable . Nevertheless, the possibility of an apprecia-
ble decrease in the distance between the radioactive
source and the i r radiated object, the use of high-speed
methods and other p r o c e s s e s , makes it possible in many
instances for radioactive isotopes to compete success-
fully with the tradit ional techniques of obtaining χ rays .

The isotopes in Table III represent a r a t h e r large
range of quantum energies—from 4.5 to 60 keV. Fluor-
escent targets i r radiated by these isotopes can consti-
tute radiation sources of intermediate energies . The
excitation of fluorescent radiation is part icular ly effi-
cient if the atomic number Ζ of the target element is
1—6 units below the Ζ of the element emitting the char-
acter i s t ic χ rays . For such a relationship between the
energies of the p r i m a r y and secondary radiation, the
intensity of the fluorescent radiation may reach tens of
percent of the pr imary-beam intensi ty. I 6 2 J

Figure 5 shows two ar rangements of the radioactive
source and of the fluorescent target . When the dimen-
sions of the emitter a r e immater ia l , one uses the ar-
rangement in Fig. 5a. The radioactive source 1 is in the
shape of a smal l disk located near the center of a hemi-
spherical fluorescent target 2. This method is marked
by very high efficiency, since the pr imary radiation of
the source is utilized within a solid angle of almost 2π.
The arrangement 5b is less efficient but makes it possi-
ble to obtain sources of fluorescent radiation of small
dimensions. The radioactive source is in the form of ?
ring with the fluorescent target located opposite its ac-
tive layer. The opening in the ring determines the active
dimension of the radiation source.

We shall descr ibe several methods and devices in
whose pract ical real ization the advantages of radioactive
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m
a) b)

FIG. 5. Diagrams of the arrangement of the radioactive source (1)
and of the fluorescent target (2) for exciting secondary characteristic x-
rays. a) Hemispherical target; b) source of limited dimensions.

FIG. 6. Diagram of a radioactive con-
tact x-ray microscope. 1—radioactive source,
2-fluorescent target, 3—investigated object-,
4—fine-grain photographic plate.

sources of χ rays turned out to be part icular ly impor-
tant. In recent years , in connection with the development
of r e a c t o r technology for the production of the iron iso-
tope F e 5 5 Ls3i it has become possible to obtain relatively
low-cost sources of this isotope. A s e r i e s of devices in
which radioactive iron constituted the source of soft
character i s t ic χ r a y s has appeared.

The radioactive contact x-ray microscope with a F e 5 5

isotope makes it possible to investigate smal l entomo-
logical and botanical objects and thin hystological sec-
t ions and to determine the chemical identity of the r e -
vealed s t ructure . 1 and 2 a r e the radioactive source
and the fluorescent target whose radiation i r r a d i a t e s the
investigated sample 3 which is in close contact with a
fine-grain photographic plate 4 (Fig. 6). If the opening
in the source i s smal l (0.3—0.5 cm) and the observed
object is no more than 0.1 mm thick, then for dis tances
of 5—10 cm between the source and the photographic
plate the smearing of the image due to geometric factors
does not exceed several microns . The contact x-ray
photograph obtained in such a manner can be magnified
after development by a factor of 10—60.

Figures 7 and 8 a r e pr int s of contact x- ray micro-
graphs of hystological sections of a heart valve and lung
of persons who died of an infract and of s i l icosis . [ 6 4 : l

The section of the heart valve was x-rayed with direct
radiation of a source with the F e 5 5 isotope
( λ Κ α = 2.103 A). Fluorescent radiation of a sulfur
target ( λ Κ α = 5.36 A) was used to reveal the distribu-
tion of the silicon compounds in the section of lung t is-
sue (Fig. 8). The sulfur radiation i s preferential ly ab-
sorbed by silicon and the dark sections surrounding the
bronchus reveal clearly the regions occupied by com-
pounds of th i s element. The control x-ray photograph of
the same section was made by using silicon character-
istic radiation ( λ Κ α = 7.11 A). The m a s s absorption
coefficient for this radiation in silicon is severa l t i m e s
smal ler than the absorption coefficient for sulfur radia-
tion. A comparison of t h e x-ray micrographs obtained
with radiation preferential ly absorbed by a given ele-
ment with those obtained with radiation of a target of
this element which i s weakly absorbed by it makes it
possible to establish the chemical identity of the s t ruc-

FIG. 7. X-ray microphotograph of a histological section of a heart
valve of a person who died of an infract. The dark inclusions are regions
of concentration of calcium and sodium salts. Optical magnification X
10.

FIG. 8. X-ray micrograph of a histological section of the lung of a
person who died of silicosis. The dark inclusions around the bronchus
are concentrations of silicon compounds. Optical magnification X 10.

t u r e s determined by means of the x- ray microscope.
The u s e of the character i s t ic χ r a y s emitted by the

isotope F e 5 5 in x-ray s t r u c t u r e investigations of poly-
crystal l ine samples and single crys ta l s i s interesting
and promising. The first proposals and experiments in
this field were published in this country in 1 9 6 5 . m i

Analogous investigations were published in the U.S. by
P r e u s s , Toothacker, and Bugenis I 6 6 ] in 1966. The low
radiation intensity of the radioactive isotopes compared
with x-ray diffraction tubes led in the first experiments
on the photographic recording of reflections to very long
exposure t i m e s (exceeding 100 hours). The use of axial
focusing of a widely divergent x- ray p r i m a r y beam due
to P r e s t o n and Al'tshuler1 6 7-1 made it possible to remove
this shortcoming to some extent. In the " R a d a " camera,
utilizing such focusing, a 1 χ 3 m m s t r ip of radioactive
iron foil is mounted in place of the entrance slift.1·68'69·1

With a total activity of the source of about 60 μϋϊ
(6—8 percent enrichment in the F e 5 5 isotope) x-ray
pat terns of polycrystall ine samples of the primit ive
cubic system (copper, nickel) a r e obtained after 1—3
h o u r s . [ 7 0 ] Toothacker, Bugenis and others have pub-
lished a number of p a p e r s in which the source with the
F e 5 5 isotope was used in Debye-Scherrer cameras, ' 7 1 " 7 3 · 1

Compared with the generally accepted method of
x-ray diffraction investigations the advantages of cam-
e r a s with radioactive sources of character i s t ic χ rays
a r e the complete independence of these devices (the ab-
sence of a source of e lectr ical energy), their small
dimensions and weight, and the high stability of the
radiation intensity. Such a technique i s of definite inter-
est for the x-ray diffraction analysis of geological sam-
ples in prospecting for minera l s under field conditions.
Sources with the F e 5 5 isotope can find application in
special devices for the study of the s t ructure of mater-
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ials at high and low t e m p e r a t u r e s , in m e a s u r e m e n t s of
internal s t r e s s e s in p a r t s of machines and metal s t ruc-
t u r e s and in other s imi lar problems.

The soft χ rays of radioactive sources were used by
Cook, Mellish and P e i n [ 7 4 ] to m e a s u r e the thicknesses
of thin coatings. The method of determining the thick-
ness of metal l ic foils and organic films by the absorption
of the character i s t ic or bremsst rahlung χ radiation ex-
cited by the β par t ic les of t r i t ium ( E m a x = 1 8 keV) is
described i n t 7 5 ] . The measurement of the thickness of
coatings with aid of sources with the F e 5 5 isotope i s
based on the excitation of the fluorescent radiation of
the substrate mater ia l or of the coating. The thickness
of the coating is determined from the absorption of the
substrate radiation by the coating or from an intensity
measurement of the radiation of the coating. A sensitiv-
ity of 6 χ 10"6 g / c m 2 was attained for certain substrate-
coating p a i r s (for instance, gold coating on lead). L 7 6 J

The number of possible substrate-coating combina-
tions can be extended considerably by the use of diffrac-
tion. This method consists of the spatial separation and
recording of diffraction peaks at different Bragg angles
from the coating and from the substrate . Within certain
l imits the increase in the intensity of the diffraction line
of the coating is proportional to the increase in its
thickness. The intensity d e c r e a s e of the diffraction line
of the subst rate due to i t s attenuation in the mater ia l of
the coating is also uniquely re lated to the thickness of
the lat ter . Making use of the character i s t ic radiation
of the F e 5 5 isotope and of the (113) diffraction line of
gold, it turned out possible to m e a s u r e a gold layer
1000-A thick on a copper subst rate with an e r r o r not
exceeding 10 percent .

Radioactive isotopes which emit soft χ rays and low-
energy gamma r a y s have turned out to be convenient
sources in x-ray spectroscopic investigations. The
isotope F e 5 5 is used to excite the fluorescent radiation
of light e lements from aluminum to chromium
(Z = 13—24) in quantitative analysis employing spectro-
graphs without crys ta l s . c ? 7 : l In such devices the charac-
t e r i s t i c radiation of the elements of the test sample i s
recorded separately as a function of the energy of the
x-ray quanta. X r a y s and gamma rays of P u 2 3 8 and
Am 2 4 1 a r e used in the analysis of elements of the cen-
t r a l portion of the periodic table (Z = 24—69). [ 7 8 : 1 These
compact sources of radiation make it possible to con-
struct small portable units for the analysis of samples
under the conditions of geological prospecting in deter-
mining the concentration of minera l raw mater ia l in
adits, and in other s imi la r problems.

The proper t ies of the radioactive isotopes under
consideration may turn out to be useful in some radio-
biological and medical applications. Notwithstanding the
low radiation intensity compared with x-ray units, on
close contact with the i r radiated surface these sources
are capable of maintaining a sufficient radiation dose
for observation of radiobiological effects. Applicators
of the isotope F e 5 5 with a 6—8 percent enrichment
provide under such conditions a dose of 6000—8000
r/hour. The required therapeutic effect can be obtained
on applying such an applicator to the i r radiated part for
several minutes. In i ts c h a r a c t e r i s t i c s the radiation of
the F e 5 5 isotope corresponds roughly to the b r e m s s t r a h -
lung of an x-ray tube operated at 12—15 kV, and the

radiation of Am 2 4 1 corresponds to a therapeutic x-ray
unit with a voltage of 120—150 kV. An advantage of
radioactive isotopes i s the possibility of radiation
therapy of internal cavities into which it is difficult,
and sometimes impossible, to introduce a therapeutic
x-ray tube. In radiobiological experiments the soft
χ r a y s of the F e 5 5 isotope make it possible to localize
the i r radiated layer because the range of this radiation
in the biological object i s small (0.5—1 mm). An impor-
tant pract ica l advantage of radioactive sources of
χ rays and low-energy gamma rays i s the simplicity
of shielding the servicing personnel from the radiation.
When mater ia l s a r e used that attenuate preferentially
the radiation of the isotope, the weight and dimensions
of the containers and installations d e c r e a s e s consider-
ably. Sources of the F e 5 5 isotope with an activity of
some tens of cur ies can be safely s tored and transpor-
ted in containers weighing about 0.1 kg. Containers for
P u 2 3 8 and Am 2 4 1 isotope sources a r e also of relatively
small dimensions and weight. This makes it possible to
util ize the sources and devices considered above in
ordinary rooms without cumbersome shielding arrange-
ments used in working with sources of hard gamma r a y s
based on Co 6 0 and C s 1 3 7 isotopes.

The flash technique, field emission, discharges in
gases and radioactive isotopes do not, of course, ex-
haust the physical phenomena and principles which a r e
used in producing new sources of χ rays . There is an
interest ing and promising report on pulsed i ron-free
betatrons with circulating c u r r e n t s of ~ 90 A with an
electron energy of 100 MeV.1791 The duration of a
bremsst rahlung flash in such installations can vary
between severa l tens of nanoseconds up to tens of
microseconds. There a r e also other t rends . Neverthe-
less for problems whose solution requires the use of
miniature, portable x-ray units the flash technique and
tubes with field-emission cathodes have advantages over
other methods of generation of radiation. The use of
radioactive isotopes i s promising whenever one re-
quires, along with minimal dimensions of the source,
high stability and a smal l expenditure of e lectr ical en-
ergy. One should also expect new developments in the
use of pulsed generation of very powerful flashes of
x-ray bremsstrahlung and relat ivist ic electrons in de-
vices with direct accelerat ion with megavolt voltages
and megaampere electron c u r r e n t s .
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