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MEASUREMENT OF THE ENERGY OF FAST IONS; IK A PW^JL FÜXSED DISCHARGE 

/Following is a translation of an article'by B^ G, Brezh- 
nev in the Russian-languageperiodical"Kv|ötlja>Ato^3.i,; ;;;;•;, 
NavkSSSR — Tfrierget3.ka i Avtomtika (Bulletin or the 
Academy of Sciences USSR —. Bower Engineering and Autop- 
tion), No 2, Moscow, I960, pages 5^-58^/ 

The production and study of high-tenperäture plasma in straig/t. 
discharge tubes led to a more or less clear idea of the rate of growth 
and distribution of the discharge current,, the character of the change 
in the discharge voltage, the detachment of the pläsrta frora the walls 
of the discharge tube and the degree of its compression, and the dis- 
tribution of the proper magnetic and electric fields and other proper- 
ties of such plasma /l, 2/.   However the nature of the hard radiation' 
discovered in the first years Of the study oT high-tempera tureplesaa 
still remains unknown in spite of a fairly large number of works by 
Scviet and foreign authors. 

It i3 well known that a pulsed discharge in deuterlunrat low 
pressure is accompanied by x-ray and neutron radiation £3, *[•    The 
reutron yield is observed in a very short range of time which coin- 
cides with the time of maximum compression of the plasma.    The plasma 
is very unstable when.in a state of maximum compression.    It ±1 proba- 
ble that the instability of the plasma leads to the formation of btrong 
electric fields,.    In this case, the deuterons in the plasma are ac- 
celerated when they pass through strong eiectric •fields and their 
velocity may be several times greater than that which they would hav( 
acquired from the application of the initial potential difference to 
the discharge tube /. 5_/« . 

Up to the present time only indirect evaluations of the veloci- 
ties of deuterons are known which were obtained from studying the 
spatial distribution of the neutrons and.their energies (6, y and 
which show that the plasma may contain deuterons with energies up to 
200 Kev.   However, the direct measurement of the velocities of fast 
neutrons is of material interest. 

In order to measure the energies of fast ions it;was necessary 
to select a method which would permit measuring the energy over a wide 
range of time of a single powerful pulsed discharge. 

..Use of the method of the Thomson parabola (_ &J in this work 
permitted measuring the velocity of the ions in wide limits and deter- 
mining the. value of e/M with sufficient reliability.    Photographic 
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registration of charged particles, the use of a permanent magnet for 
producing the magnetic field and dry elements for obtaining the elec- 
tric field wholly excluded the effect of powerful electromagnetic in- 
duction when measuring the energies of the ions. 

Description of the Apparatus and Methods. The apparatus was a 
cylindrical porcelain tube Is» 80 centimeters and dyj, « 17.2 centi- 
meters, closed at the ends by metal flanges (Figure 1). The tube was 
purped out through the cathode flange to a high .vacuum :(~ 2 x 10-6 
millimeters of mercury) by means of oil diffusion and initial vacuum 
ourups. This flange was connected with a cylindrical copper casing 
which contained the porcelain tube. This copper casing was connected 
with the ground plates of nine capacitors connected in parallel with 
a total capacitance of 2^.3 microfarads and served as the return con- 
duct or for the discharge current. The battery of capacitors was 
charged from a rectifier with a grounded minus of up to kO kilovblts 
and discharged with an igniter between the flanges inside the porce- 
lain tube filled with pure deuterium. After passing through a pal- 
ladium filter, the deuterons filled a measured volume which was con- 
nected with the tube before the beginning of the discharge. The tube 
was pumped out to a high vacuum and aged by repeated discharges up to 
the point of obtaining a sufficiently high production of neutrons be- 
fore each experiment. 

An aperture with a diameter of 15 millimeters was made in the 
cathode along the axis of the tube for extraction of the beaji of 
charged particles. The end of a connecting metal tube from the spe- 
cial chamber was inserted into this aperture against a seal. The tube 
contained two diaphragms with circular apertures with diameters of 
1 millimeter and 0.5 millimeter. The first diaphragm was closed by 
a high-speed electromagnetic valve and cculd be opened in 0.01 "-«ccad- 
before the beginning of the discharge, automatically switching on the 
device for igniting the discharge. After passing through the dia- 
phragms of the connecting tube, the beam of charged particles from 
the discharge tube entered a flat box {k x k x 1.8 centimeters) mada 
of red copper placed between the poles of a permanent magneto Two 
parallel copper plates (k x k  centimeters) were, fastened to insulators 
inside the box and an electric field from a battery of dry elements 
was set up between them. Then the box was connected by means of a 
metal bell with the flat part of the chamber in which there was a 
plateholder with a 9 x 12 centimeter photographic plate /Type MR pro- 
duced by the KIKFI (Nauchno-issledovatel'skly kinofoto in3titut — 
Scientific Research Institute for Motion Pictures and Photography/. 
The plateholder was fastened to a piston in the upper part of the 
chamber and, after the system was pumped out to a high vacuum prior 
to the discharge, was lowered into the lower part of the chamber while 
the cover of the plateholder remained above. The entire system con- 
sisting of the chamber, bell, box, and connecting tube with the dia-< 
phragms were made of metal, light-tight, and were pumped out con- 
tinually to a high vacuum by means of separate -numps ■, 
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The ions from the plasma passed through the apertures in the 
cathode and the diaphragms, and entered the•'parallel magnetic and 
electric fields which acted upon the ions to change their paths in 
3uch a -way that when the ions struck the photographic plate located 
at a distance of 10 centimeters from the center of the magnetic field 
they left parabolic streaks on the film. Each parabola corresponded 
to a single value of e/M while a definite velocity of an ion cor- 
responded to each point on a parabola. The center of the plate waa 
blackened in the form of a circle with a:diametor of h millLiet.; ;1a 
yhere it was struck by a straight ray of light, fast neutral pä^ti- " " 
cles from charge exchange, fast ions and ions with large masses'which 
were scarcely deviated from their initial direction of motion bythe 
3iven magnetic and electric fields. . , v-.,-, 

If we place the origin of the coordinates at the center of th;Ls 
•spot,, then, knowing the constants of the device (z, 1), the intensiti 3 
of the electric (E) and magnetic (H) fields, and measuring the coordi- 
-.nates (x, y) of any point of the parabola on the photographic plate, 
ve can use the equation 

. ...       .• ■ -:.;:   ,H2 .-.:-. .,    -,_■ .  ^ , 

to find the value of e/M and the equations 

--^^vy-ii| ;; .;;;,'.■>)■ 

;o determine v -1- the velocity of the ion. 
The accuracy of the method of parabolas is net very .high„but . ,.. 

it is the most suitable for the simultaneous^measurement of the ener-' 
?ies of ions from several kildvolts to hundreds of kilovoXts for 8 
microseconds in a powerful pulsed discharge. 

Every pulsed discharge waa made with a gas pressure of 0.02-0,'o 
millimeters of mercury, ä discharge voltage of it-Okilovoits,? and a maxi- 

'.saw discharge current of 1.5-2 x lo5 amperes« .',., r 

The time of exposure of the photographic plate for one pulsed 
■discharge did not exceed several microseconds (on the order of the 
,/irst half period, equal to 8 microseconds). When working with deu- 
terium, the photographic plates were exposed in the presence of neu- 
tron radiation (with an average of up to 10° neutrons per pulse). 

Results of the Measurements. Measurements of the velocities 
of the deuterons flying from the plasma perpendicular to the axis of 
•Vne discharge showed that scarcely noticeable traces of parabolas were 
obtained with exposing photographic plates for 80-100 pulses. In this 
case the stream of ions was very.small. ■ 

.The stream of particles was markedly larger in experiments with 
yearns of charged particles flying along the axis of the discharge and 



passing through the aperture in the cathode,"' Weakly noticeable traces 
of parabolas were obtained on phonographic plates after one pulsed 
discharge. Exposure for 3-5 pulses yielded parabolas with definite 
dark traces. When all the discharge parameters were held constant, 
the results of the measurements showed a wide dispersion. Maximum 
energies of deuterons were more frequently obtained within limits of 
80-170 Kev and more rarely in the range of 170-200 Kev. 

Two photographs obtained on one plate with the same discharge 
conditions in deuterium are shown in Figure 2. The upper left 
oarabclas are: D+ (strong blackening) and H+ (weak blackening) and 
ehe right lower parabola is D" with the same direction of the mag- 
netic field. The maximum energy D+ is equal to 18V Kev and D" is 
50 Kev. The upper right parabolas are: D+ (strong blackening) and 
H+ (weak blackening) and the left lower parabola is D" when the mag- 
netic field is in the other direction. The maximum energy of D* is 
53 Kev while D" is 1*0 Kev. 

A photograph of D+ and H+ parabolas obtained from one pulsed 
discharge is shown in Figure 3. 

Parabolas obtained with 12 pulsed discharges in hydrogen are 
3hcwn in Figure kc The parabola of H+ ions, is the lower one on the 
left and its maximum energies are equal to 200 Kev; the parabola of 
H~ ions is the upper one on the right. 

When the exposures were lengthened (25 pulses or more), Dg and 
£>2>  &lso 0+, N+, 0" parabolas accompanied by parabolas of ions from 
ehe materials of the electrodes and walls of the tube appeared in ad- 
dition to the D+ and D~ parabolas. 

By changing the polarity of the charge on the capacitors it 
;«"as possible to analyze the beams of charged particles which passed 
through the aperture to the anode. In.this case no traces of ppraboler 
were discovered on photographic plates exposed for 50 pulses. 

Discussion of Results. The method of parabolas used to analyse 
beams of fast ions showed that the fast ions in the plasma produced'by 
a powerful pulsed discharge in deuterium and hydrogen had a continuou;-. 
spectrum with velocities ranging from h to 200 Kev. The probability 
that there were ions with energies below h  Kev is net excluded, but 
-•,he emulsion in the photographic places was hot sensitive enough to 
x'egister them«, On the other hand, when one measured the blackening 

■y a microphotometer in the direction of maximum energies, there was 
:o sharp boundary and the blackening decreased slowly up to the cen- 
tral spot on the plate. Therefore one can believe that there were 
'ons with energies exceeding 200 Kev in the plasma but that they were 
ry few. It was possible to observe spots with great blackening 

visually and especially with microphotometry of the parabolas. The 
nresence of these spots indicated a far from monotonous trend in the 
-iurve of the distribution of energies in the region of great energies. 

The mechanism of the formation of fast negative ions is proba- 
bly connected with the charge-exchange of fast positive ions, that 
is, with the apj?earance of fast neutral particles with subaequerft 
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capture of electrons. In this case the direction of the velocities 
of the fast particle's Is scarcely.changedV The maxinrom velocities of 
the negative ions are less than the maximum velocities of'the positive 
ions on the same plate«. The direction of the velocity of the negativ ; 
.ions coincides with the direction of the velocity of the positive ions, 
therefore they fly to the cathode, losing part of their energy in the 
-retarding field. 

The presence of deuterons with energies five times those of 
the discharge Voltage indicates the appearance of accelerating j.cccessc; 
■:.n  ;he discharge. Instability in a compressed plasma column car causo 

■ehe formation of strong electric fields whose direction coincides with 
;he direction of the principal field set up by the discharge voltage. 
In fact, experiments with changing the'polarity"'of the eapacitctL-s, that 
■Is, with a change in the fast ions passing through the anode showed 
ihat fast ions appear only during the first half-period of the dis- 
charge current and the direction of the fields in which the ions are 
accelerated to great energies coincides with the field of the initial 
iischarge voltage. The stream of fast ions is directed along the 
i-axis of the discharge tube toward the cathode with only insignifi- 
cant scattering toward the walls. There are good grounds for believ- 
ing that there should also be a stream of fast electrons accelerated 
in the same fields which are moving alcng the z-axis toward the anode, 

Thus, neutron radiation during discharge in deuterium, at low- 
pressure in straight tubes, is caused chiefly by accelerating proces'■;<#« 
in the plasma filament which accelerate deuterons up to 200 Kev. 
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Figur; lr. E - 1,500 oersteds,  J.=; = 1,350 volts/ce-tftimetc-r, V0 - -r*.. 
ltilcvolts,  H)2 = Ü.04 adlliEsters  of mercury.    ^'° photo- 
^rapns wltli different directions of the magnetic field; 
7 pulsed discharges;  I)+ -~ parabola opening upward; D~ -• 
parabola opening downward;  E+ -- parabo3.a opening upward 
(weak blackening) 



Figure 3.    H ■ 900 oersteds, E » 95O volts/centiiaeter, VQ « 38 kilo- 
volts, i:13p * O.0> millimeters of ffleroary.    One pulsed 
discharge; D+ -- parabola opening downward; K* -- parabola 
opening dowDwa-rd 

Fisure 4*    H * 900 oersteds, £! « 950 volts/centimeter, V0 » ko kilo- 
volts, PHo * 0«Q% millimeters of aereury:  12 pulsed dis- 
charges; B/" -- parabola opening downward; H" «- parabola 
opening upward 
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