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ABSTRACT

Experimental studies of a direct conversion of the
energy of intense ion beam are described in the pre-
sent paper. In the recuperator low electrons are sepa-
rated with a grid unit, while ions are trapped in one
of the three collectors: a flat one, Faraday cup with
and without a grid at the input (entrance) window.
The efficiency of energy conversion of a proton beam
for at a current density up to 150 mA/cm® current
pulse duration of 300 ps and a power of approxima-
tely 0.5 kW is 70%, while at a power of 30 kW the
efficiency is about 50%.
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Energy recuperation of charged particles in a plasma flow will
enable a sufficient increase in the reactor efficiency. Here the prob-
lem has two aspects. The first and more easy one concerns the
energy recuperation of ions in a plasma flow injected to a plasma
heating reactor. In this case, the energy spread of ions is usually
insignificant. The second one concerns the energy recuperation of
particles in a plasma flow that leaves a reactor. The temperature of
particles in this flow is comparable with the average kinetic energy
of which fact significantly complicates the problem. Some versions
of plasma recuperators were suggested ‘and already partially studi-
ed experimentally [l —3]. Their essential difference from the elect-
ron beam energy recuperators, which have a well-developed thech-
nology (see [4] and its list of references) consists in the necessary
separation of plasma flow components and spatial separation over
energy. But the problem of an efficient energy recuperation ol an
ion component is simplified since the receiving surface has positive
potential, which automatically supresses the secondary ion-electron
emission, while the secondary ion-ion emission, as a rule, is small.
In electron recuperators it is the secondary electron emission that
mainly contributes to the collector current loss (losses of the cur-
rent, captured by a collector).

Described in the present paper are experirpental studies ol the
ion energy recuperation in a beam generated by a proton injector
«Start» [5] at a current density of 10—100 mA/cm® In a drift
chamber the beam in neutralized by low-energy (ionizing) electrons,
so that a plasma flow, where the ion energy spread is smaller than
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their average kinetic energy, gets into the recuperator. As distinct
from previously published papers [l —3], where experiments were
carried out with ion beams, which microperveance did not exceed
10~ ' nA/V?*? and consequently, the relation of the specific trans-
verse beam size to the Debye radius was equal to 0.01 —0.1, in our
case the relation of the specific beam size to the Debye radius was
equal to 1 —10, and so the space charge. eifects were dominant.

1. DESCRIPTION OF THE INSTALLATION

The experimental set-up (Fig. 1) consists of a proton injector, a
one-meter-long drift chamber and a recuperator. The parameters of
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Fig. 1. Schematic lay-oul of the experimental set-up:

I —source of proton beam «Starts; 2 — aperture diaphragm; 3-— magretic lens; 4 — grid for neut-

ralization of a beam space charge; 5— secondary-emission probe; 6 —grid unit of the recuperator;

7 —collector of the recuperalor; & —foil; #—observation window; P5—power supply; ML —mag-
netic lens.

the proton beam injected into the chamber are given in the Table 1.
The peculiarity ol the «Start»-type injector is the strong dependence
(Law 3/2) of the beam current on the accelerating voltage (proton
energy). As a result, to reduce the beam current in some experi-
ments there were used aperture diaphragms. The total current of

4

the beam was controlled by a current transformer (Rogovsky belt)
in the injector supply circuit. :

T ahlet
Proton beam parameters
Proton energy 3—15 keV
Proton current ] 3—15 A
Beam diameter at the injector oulput 90 mm
Current pulse duration 200 —500 ps
Pulse repetition frequency 0.1 Hz

A cylindrical driit chamber not less than 150 mm in diameter
and a volume of about 0.05 m* was pumped out by three ion pum-
ped out by three ion pumps a pumping rate of | m?/s, the pressure
in the chamber was kept at a level of 5-107°=5.10° Torr (as
read the ionization pressure gauge) dependent of the experimental
conditions. As a result of the pulsed filling of hydrogen at the
moment when the injector came into operation, the pressure in-
creased up to the value of an order of 107" Torr, then it decreased
to the primary value in the course of approximately 3 s.

The beam, which parameters are given in Table 1 has the perve-
ance 10 nA/V*% Such a beam is «blocked» by its own space charge
near the output of the ion source and gets on chamber walls. An
ion beam ol this intensity can propagate on large distances along
the chamber only in case when its space charge is neutralized by
low energy electrons knocked out from the chamber walls as a
result ol a secondary ion-electron emission and electrons born from
the ionization of residual gas and hydrogen, out-flowing from the
sourse [6]. :

To focus the beam into the recuperator a «thick» magnetic lens
is placed on the drift section which generates a field up to 0.15 T in
its center. Focusing protons, the lens at the same time prevents the
low energy electrons born beyond the lens from passing along the
beam (magnetic «mirror» effect), and the beam in this is neutra-
lized. To avoid this a grounded grid made of molybdenum wires
and having a transparency of 969%, is placed inside the lens.

The space distribution of the beam current density was
measured in two cross-sections with secondary-emission probes,
molybdenum or stainless steel plates 3 mm in diameter: [irst— be-
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hind the focusing lens (at the focusing lens output)  and
second — before the input aperture diaphragm of the recuperator. A
potential of about — 40 V was applied to them to reflect low energy
electrons accompanying the ion beam.

The position of the beam in the recuperator and the form of its
cross-section were registered by a luminescence of a thin (10 pm)
beam-loaded titanum foil. The beam cross-section had a form of an
ellipse with axes ratio 1:1.5.

2. RECUPERATOR. GRID UNIT

In the chosen scheme of the recuperator low energy electrons
were separated with a grid unit and ions were gathered in one of
the collectors of three types: a flat one, a Faraday cup or a Fara-
day cup with a grid. Currents at all electrodes of the recuperator
were measured with current transformers, calibrated with an accu-
racy not worse than +5%. The collector and the suppressor griFi
were supplied from a capacitor bank charged to a required potenti-
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Fig. 2. Scheme of the recuperator with a flat collector and supply circuit if electro-
des. O— —current transformer.

al. The energy reduction on the capacitor bank for a pulse period
did not exceed 1%. The grid unit (Fig. 2) consisted ol an apperture
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diaphragm AD, the first grid G at zero potential, and a suppressor
orid S at negative potential U,. A grounded grid prevents the beam
in a drift chamber from being afiected by the electric field inside
the recuperator. The suppressor grid S serves to repel low energy
electrons, which neutralize the space charge of the beam. The aper-
ture diameter AD was specified smaller than the diameter of grid
holders to prevent them f[rom incident beam particles. The grids
were made of a molybdenum wire 0.2 mm in diameter, baked out in
vacuum to reduce its secondary ion-electron emission. The experi-
ments were carried out with two kinds of a grid unit differring in
geometric dimensions (Table 2).

Table: 2
Geometric Dimensions of Grid Units
Grid Grid Carid Dislance Diameter of
Linit piteh, diameter, diameter, grids, apening in
M mm mm [T digphragm, mm
Grid unit | 6 50 60 5 50
Grid unit 2 o 100 100 8 60; 80

The negative potential of the suppressor grid was chosen experi-
mentally and depended on the recuperator geometry and the collec-
tor potential. The potential difference Ag between the grid cell cen-
tre and the grid wire has the order of magnitude

ﬂlirw( U"wb._ e %—-J h, (1)

where U, U are potentials of the suppressor and collector, b, b.
are the distances from the suppressor to the grid G and to the col-
lector, respectively; h is the grid pitch. Electrons with a temperature
T. are pepelled by the supressor, if
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For typical values of experimental parameters ?{::Um;b— and

b~b. and so formula (2) can be simplified to
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This formula holds true when A<Zb..

Presented in Fig. 3 are typical dependences of the collector cur-
rent on the suppressor grid voltage. Experimentally obtained values
of U, agree with a qualitative dependence (3): U, increases with
the increase of U and decreases with the decrease of the ratio
h/b.. In the experiments a considerable current was registered on
the suppressor grid. For grid unit 1 with a transparency 97% it
was Is/l0i~20—30%, while for orid unit 2 with a transparency
90%, it was I5/lcwo1~60—80%.

Taking into account the coefficients of the secondary ion-electron
emission ym. irom the surface of molybdenum wires and of the geo-
metric transparency, one can write

"r-* P 1“ +'T."r'l.u:|
-'rr.'m’ 1 —'1[1 +T_\'|u:| r

(4)

where y=d/h—the wire diameter. For molybdenum, at a normal
incidence of protons on its surface, at an energy of 10 keV the coei-
ficient of the secondary ion-electron emission is o= 1 [7, 8]. Then
estimations (4) provide the following values:

Is ,-..,{ 6.5% forgridunitl,
I L 25% forgridunit2.

Thus, the experimental value of the current on the suppressor
grid is approximately three times higher than the rated one. This
difference is appearently due to the fact that a considerable portion
of protons is incident on the cylindrical surface of grid wires at lar-
ger angles which causes an increase in the secondary ion-electron
emission.

Control experiments with a diagnostics diaphragm placed bet-
ween the collector and the suppressor spaced about 1 mm from the
latter have showen that at Uei<<0.8U, the current on the diaph-
ragm is practically equal to zero. Only when the collector voltage
approximates the accelerating one a portion of ions repelled an
electric field, hit the diagnostics diaphragm and the suppressor and
their current increases.

The high current on the suppressor cannot also be accounted for
by the deflection of protons due to the suppressor field. Computer
simulation have showen that this effect is negligibly small. The
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same conclusion is confirmed by experiments where a dependence of
the suppressor grid current was measured at different potentials.

3. RECUPERATOR EFFICIENCY

The efficiency of a recuperator with a double-grid unit (Fig. 3)
is described by relation
Drmf'l;m!_us'f.s

e (5)

where I, Is are currents on the collector and the suppressor res-
pectively, Uc, Us are potentials of the collector and the suppressor,

i Icol,A | e

Fig. 3. Dependence of the collector current on the suppressor grid voltage: grid unit
2, U.n:l'[] kV: ;
Ul‘li!;i k‘f {‘f']_ U.‘.‘tr.l'=5 k1'|"r {2}1. Ur.:,l!:E kll"r'r {3}

U, Io is an accelerating voltage of the ion source and the proton
current at the entrance into the recuperator. The value of Iy in this
case was taken equal to the sum [+ 1s:

T|= Um!'!mf_Us'!s
{Icaf“"’sj Uﬂ :

(6)

The secondary ion-electron emission from the suppressor orid
reduces considerably the recuperator efficiency, since it results in an
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increase in the current on the suppressor and a decrease in the cur-
rent supplying the collector:

f-;=1’f+?!f, fmr=ffa;—?fi’, [T)

where y is the coefficient of the secondary ion-electron emission, I,
I, are proton components of the suppressor and the collector cur-
rents. Note, that formula (6) gives a correct efficiency value even
in the case of the secondary ion-electron emission, if one takes full
currents as /s, [, (7). Then

15l Teot Uor—(U coi 4 ';-n'rs} "fff'_ff L
e t15) Uo '

(8)

The second addend in the numeritor is the power losses due to the
secondary electron current through the suppressor and the collector
sources.

4. RECUPERATOR WITH A FLAT COLLECTOR

The recuperator collector, which schematic lay-out is presented
in Fig. 2, is a flat stainless disk 160 mm in diameter. The recupera-
tor operated both with the first and the second grid units (Table 2).
The distance b. between the suppressor grid and the collector was 5
and 8 mm respectively. The collector was kept at positive potential
U.... close to the accelerating potential Uy and was used to receive
the main part of ion current. A number of ions hit the suppressor
grid thus knocking out secondary-emission electrons. The positive
current I, induced in the circuit of the suppressor grid made up the
main part of current losses in the recuperator.

Typical decelerating characteristics, i. e. the dependence of the
collector and suppressor currents on the potential of a flat collector
is show in Fig. 4. In point «A» the product of a collector current by
its voltage is a maximum. Usually the maximum efficiency of the
recuperator is provided in the same point: for example, to characte-
rize Fig. 5 formula (6) gives n=049. In point «B> the collector
current is equal to zero, and the collector potential with an accu-
racy of the measurements error is equal to the accelerating voltage.
The value AU, called a «deceleration depth» of a beam is equal to

AU =Ueoup) — Ucotny = Uo—Ucora) - (9)
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Fig. 4. Deceleration Characteristics of the Recuperator with a flat grid unit collector

Us=10.5 kV.
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Fig. 5. Dependence of deceleration depth on recuperaled current:
e — [lat collector; O — Faraday cup colleclor, der=65 mm; A — the same, depr= 110 mm.
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It chgracterizes the recuperator efliciency. Presented in Fig. 5 are
experimental values of AU dependent on the value of the collector

current.

5. RECUPERATOR WITH A FARADAY CUP COLLECTOR

The collector of this recuperator has a form of a Faraday cup
125 mm in diameter (Fig. 1), which back wall (made of a titanium
foil 10 wm thick) was insulated from the side wails and connected
with them outside of collector to measure coming currents separa-
tely. The cylinder depth was varied from 130 to 210 mm. For grid
unit 1 the cylinder input (entrance) was chosen 65 mm in diameter,
for grid unit 2 it was chosen either 65 or 110 mm.

Presented in Fig. 6 are results of the experiments with grid unit
2 and a nondiaphragmed beam. With an increase in the collector

S
4T = A

e
b-

Uccﬁ kV

-{

Fig. 6. Deceleration characteristics of the recuperator with a Faraday cup collector
(Upy=10.5 kV):
1, 4 are collector and suppressor currents, do;==05 mm, n~48%, 2, 3—the same, deey=110 mm,
n=39%.

input diameter from 65 mm up to 110 mm the value of AU in-
creased two times, and consequently the efliciency fell from 48
down to 39%. The dependence of a «deceleration depth» on the
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value of a recuperated current corresponded to «law 3/2» (Fig. 9).
There were also carried out the experiments on a Faraday cup
collector with a grid-covered entrance (input). In such a recupera-
tor «the deceleration depth» AU turned out weakly dependent on the
collector current in the range 0.1—3.3 A and preserves the same
parameters as in case of the flat collector recuperator. For a beam
current density of 5 mA/cm® the recuperator efficiency is 67%, for a
density of 200 mA/cm? it is 45%. In terms of efficiency this collec-
tor is intermediate between the flat one and the Faraday cup there-
fore further experiments with this collector are of great interest.

6. BALANCE OF CURRENTS

In the experiments the current at the entrance of the recuperator
was noticeably smaller than that of the current source. To find out
the reasons for this difference in current values a number of experi-
ments was carried out.

An experimental measurement of a current on the additional
diaphragm, placed at the collector input (entrance) showed that
practically the whole beam entering the recuperator comes to the
collector and to the grids of the grid unit.

By varying the foil potential (Fig. 1) in respect to collector
walls and by measuring currents on the foil and collector, one can
estimate the contribution of a beam of neutral atoms, born near the
source and in the drift chamber. Oscillograms of the currents on the
ioil and the collector walls at Ugi="U; show, that a space charge
of the beam becomes neutralized by secondary electrons in approxi-
mately 50 ws. During this period the current on the foil increases up
to it maximum value, while the current on the collector becomes
negative, as the neutralized proton beam does not reach the walls
now, but a number of secondary electrons knocked out from the foil
lick down to the walls.

To measure the level of an equivalent current of neutrals the
foil potential U; was put by varistor circuit:

U,F: UEUI_'SU »

which differed from the collector current by a constant value 8U.
The dependences of collector and foil currents on the collector
potential for U;=1000 V are given in Fig. 7. In the region of poten-
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Fig. 7. Schematic lay-out of the experiment on measuring equivalent current oi neut-

rals in lhe recuperator (a) and deceleration characteristics (&) at 60U =1000 V:
! —1ioil current; 2—collector current.
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tials Ieoi<< U the total current. /o in the recuperator consists of a
proton current /” and an equivalent current of neutrals [". The
electrons knocked out from the surface of the suppressor grid also
arrive into the recuperator. The equations of current balance for the
regions Ueir <€ Uy and Ueei>> Uy Tor the known values of coeilicients
of the secondary electron-electrori emission from the titanium sur-
face permit to calculate the value of a coefficient of the secondary
ion-electron emission vy from titanium and a proton current to the
foil f*. Data procesing of five experiments provide:

yri=17+0.1," ["~185A.

Let coefficients of the secondary electron emission from the titanium
foil surface for protons and neutrals are equal (at same values of
kinetic energy), then from the balance equation one can estimate an
equivalent current of neutrals /"=~0.7 A. Thus, at the recuperator
entrance the beam consists of neutrals by more than 309%. The ope-
rating vacuum in the installation is about 10~5 Torr. If we assume
the charge-exchange cross-section equal to 2:107 "% cm?;for~a drift
chamber 1 m long the part of recharged ions is 6%. According to

Ref. [5] for the Start-type sources the output beam consists of ions

Tabia 3
Comparison of Maximum Characteristics

of Different Systems of Recuperator
Parameters e, T [ P, W, ),
Type of collector kV mA/em’* mA pA/BY? kW %
Flat collector 5.0 7.2 145 0.3 0.64 55
10.6 200 3000 5.0 30 43
Cup without grid 5.0 4 80 0.2 0.40 73
10.6 205 3500 5.2 32 48
Cup with grid 5.0 5 85 0.2 0.42 67
10.6 200 3300 5.0 32 45
Flat collector [2] 100 0.7 30 [ oLOm3 oy 77
Flat collector [3] 100 1.25 50 102 4 64
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by 85% and by 15% ol atoms, born in the course of a charge-ex-
change of a primary ion beam in the source-outflowing gas cloud.
Taking into account the low efficiency of beam generation at
Up=10 kV (as the ion-optical system of the present source had
been designed for Uy~25 kV), a 256% charge-exchange of the beam
seems quite possible,

CONCLUSION

In Table 3 there are given comparative characteristics for dilfe-
rent systems of a recuperator; U, is the voltage of ion injection, /.o,
Ue: are the current and voltage of the collector, which correspond
to the maximum recuperating power W. Two regimes: one with a
maximum efficiency, the other with a maximum power value of the
recuperated beam are given for each type of a recuperator. There
are also presented results of experiments [3] with a flat recupera-
tor, which design is similar to that studied in the present paper, but
which geometric dimensions fit (for) a considerably smaller beam
density. The results obtained permit the following conclusions to be
made, that at high values of a beam power all the three types of
the recuperator presented here have an approximately equal effici-
ency. For an intense beam (P~5 pA/V*?) it is about 45%, for
beams of lower intensity (P~0.2 uA/V*?) the recuperator with a
Faraday cup collector provides the highest efficiency of 70%.

The use of grids for plasma component separation results in a
considerable decrease in the recuperator efficiency.

The authors greatefully acknowledge the support of I.N. Golo-
vin; —and (I, Dimov and —the - fruitial = discussions ~with

G.V. Roslyakov| and V.I. Davidenko.
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