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A joint scientific session of the Division of General
Physics and Astronomy and the Division of Nuclear
Physics of the USSR Academy of Sciences was held on
24 and 25 December 1980 at the P. N. Lebedev Physics
Institute of the USSR Academy of Sciences. The follow-
ing papers were delivered:

24 December

(Session dedicated to the 100th anniversary of the birth
of Academician N. D. Papaleksi)

1. V. V. Migulin, N. D. Papaleksi (on the 100th
anniversary of his birth).

2. V. K. Abalakin and Yu. L. Kokurin, Lunar Lidar.

3. L. A. Kulevskii, A parametric infrared radiation

generator.

4. A. E. Salomonovich, N. D. Papaleksi and Soviet
Radio Astronomy.

25 December

5. G. 1. Dimov, Production of strong beams of
negative ions and accelerated hydrogen atoms.

6. V. A. Kuz'min, Neutron oscillations (from a visit
to CERN).

The papers read at the session of 24 December 1980,
which was dedicated to the 100th anniversary of Aca-
demician N. D. Papaleksi, appear in the "From the
History of Physics" section of this issue; a brief
summary of G. I. Dimov's paper is published below.

G. I. Dimov. Production of strong beams of negative
ions and accelerated hydrogen atoms. During recent
decades, a charge-transfer method of modifying the
motion of accelerated-particle fluxes based on deliber-
ate variation of the charge state of the particles (par-
ticle-energy multiplication in electrostatic accelerators,
injection of protons into ring accelerators, extraction
of particles from cyclotrons, separation of high-energy
beams; accumulation, confinement, heating, and diag-
nosis of high-temperature plasma) has been used in
charged-particle accelerators and in thermonuclear-
fusion research.1 The charge-transfer technique intro-
duces fundamentally new possibilities in these areas of
science and engineering, owing to the fact that transfer
of particle charges removes the limitations on their mo-
tion that are established by the classical Poincare and
Liouville theorems.

To bring about charge-transfer processes in proton
accelerators and thermonuclear systems, it is nec-
essary to have beams of negative ions and accelerated
hydrogen-isotope atoms of appropriate intensity.

One of the principal methods of producing negative-
ion beams—a charge-transfer process consisting of
double charge reversal of relatively low-energy positive
ions to negative ions—began its development in 1956.
In 1961, beams of these ions were being produced with
intensities no greater than 200 jiA.

Using a specially developed multiaperture heavy-
current positive-ion source, we increased significantly
the intensities of negative-ion beams produced by the
charge-transfer method. This ion source2-3 differed

from other sources known at the time in the method
used to produce the plasma and in its use of a multiple-
slit system for extraction of positive ions from the
plasma. The multiple-slit system made it possible to
obtain beams of protons with currents up to 3 A at an
energy of 13 keV (beam emission diameter 2.2 cm).
The 87-jjuA • V~3/2 maximum perveance obtained in the
proton beam corresponded to an increase of the proton
current by two orders of magnitude over the current
of the conventional single-aperture ion source. The
very low content of impurities in the ion beam (the pro-
ton content in the beam ranges up to 95%, and there
are no more than 1% of heavy elements), the low emis-
sion temperature of the plasma (0.25 eV), the good
homogeneity of the plasma at the emission surface, and
grid stabilization of this surface ensured relatively
high beam quality at high intensity.

A beam of H" ions was obtained by charge transfer
between the protons and hydrogen in a charge-transfer
tube mounted directly behind the slit extraction system.
Good compensation of the space charge of the ions was
obtained. By 1968, we had produced beams of H~ ions
with currents up to 15 mA,4 which is 3 times the ab-
solute results that had been obtained in negative-ion
production in other laboratories. By 1973, with the
first use of the vapor-jet sodium target in sources for
charge-transfer conversion of positive to negative
ions, well-formed beams of H~ ions with a 76-mA cur-
rent, of D" ions with 104 mA, and of He" ions with cur-
rents up to 12.5 mA had been produced.5 Simultaneously,
the current of the H~ ion beam was brought up to 54 mA
by charge transfer on hydrogen.3 These experiments
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served as a basis for development of a charge-transfer
H"-ion source for van de Graaf accelerators, which
was used for charge-transfer injection of H" ions into
a storage ring. In 1973, a 200-pisec pulsed beam of H~
ions with an energy of 1 MeV and current of 20 mA was
obtained from the charge-transfer injector.8

Developmental work on charge-transfer sources
continues in other laboratories with the best results ob-
tained thus far having come recently from the scheme
that we had tested (a multiple-slit ion-extraction sys-
tem with charge transfer in sodium vapor). H"- and
D"-ion beams with currents of 1.4 and 2.2 A have been
obtained at the I. V. Kurchatov Institute of Atomic
Energy (IAE) and at Livermore, respectively.7-8

In 1965, Ehlers developed a Penning plasma source
of H~ ions with a 5-mA current in which the negative
ions are formed in a gas-discharge plasma as a result
of dissociation of molecules and molecular ions on
collisions with electrons.9 On going from the Penning
chamber to a gas-discharge chamber in the form of a
flat magnetron (planotron), we succeeded in raising the
H~-ion current from the plasma source to 22 mA.10

It was found subsequently that proximity of the
cathode to the emission orifice in the planotron made
it possible to detect an increase in the H"-ion yield
when cesium vapor was added to the hydrogen (from 5
to 20 mA).11 At the same time, we obtained a high H~
secondary emission coefficient from a cesium-coated
tungsten surface by bombarding it with ions in a hydro-
gen atmosphere.12 This fact, the increase in the H"
yield with decreasing thickness of the plasma layer be-
tween the cathode and the emission orifice, the de-
crease in H" yield with increasing density of the hydro-
gen, and the saturation of this yield with increasing
plasma density pointed to the conclusion that strong H~-
ion fluxes from a plasma depend on emission of these
ions into the discharge from the surface of the cathode.
Optimization of the geometry and discharge regime on
the basis of this conception resulted early in 1972 in the
production of H~-ion beams with a current of 200 mA.13

Studies of the energy spectra of the H" ions produced
and various other experiments,14'15 together with calcu-
lations of the H"-ion yield from the surface,18-17 de-
finitely established the following surf ace-plasma mech-
anism of formation of strong H"-ion fluxes from a hy-
drogen plasma with a cesium impurity.18'19

The electrodes are bombarded in the gas-discharge
plasma by fast ions and atoms formed as a result of
ionization of the gas, acceleration of ions in electric
fields, dissociation of molecular ions, and charge
transfer between particles. Reflection of the fast par-
ticles and their dispersal of the hydrogen sorbed on
the electrodes give rise to a high-velocity flux of hydro-
gen particles from the electrode surfaces. As a result
of electron exchange between the electrode and the
outgoing particles, some of the outgoing atoms capture
electrons at the electron-affinity level and cross the
surface barrier in the form of free negative ions. If
the plasma above the electrode is thin enough, the
negative ions leaving the electrode surface can pass
through the plasma layer to the extraction system

without large losses. Emission of negative ions from
a cathode is most favorable: the density of the bombard-
ing ions and atoms is higher, and the negative ions leav-
ing from the surface are accelerated in the near-cathode
potential drop. Sorption of cesium lowers the electrode-
surface work function. Under gas-discharge conditions,
however, it is not possible to lower the work function
below 1.5 eV, which is still quite far above the electron-
affinity energy of the hydrogen atom. The unexpectedly
high (~1) yield of H~ ions from the surface under these
conditions is explained by the long-range action of the
electron image forces and the high velocity (-10 eV) of
most of the reflected and dispersed hydrogen particles.

By 1973, the surf ace-plasma method was being used
to produce H"-ion beams with currents up to 300 mA
at emission densities up to 3.7 A/cm2.14 By 1974, the
H"-ion current had been increased to 0.9 A,20 and by
the end of 1979 an H"-ion beam with a current of 4 A
had been produced.21 By 1977, a surf ace-plasm a source
had been developed for accelerators—specifically, for
the meson factory being built in the USSR.22'23 Its
parameters: pulsed beam intensity up to 150 mA, pulse
duration up to 300 jxsec, pulse repetition frequencies
up to 100 Hz, and ion energies up to 30 keV.

The surface-plasma method can be used to obtain
negative ions not only of hydrogen, but also of many
other elements. It is possible in principle to build
quasistationary multiampere surface-plasma sources
with sufficiently high gas efficiencies for thermonuclear
system atom injectors. Work on the development of
surface-active negative-ion sources is being advanced
in various other laboratories.

The surface-plasma method permits generation of
strong hydrogen-atom beams with energies of the order
of 100 eV: negative ions formed on the surface of the
gas-discharge-chamber cathode are accelerated in the
cathodic potential drop and, on passage through a
moderately thick plasma and gas layer, are converted
to a fast-atom flux. In 1979, this scheme was used to
produce a beam of hydrogen atoms with a current of
2.7 A, an energy of 200 eV, and an energy scatter of
±15%.24

In 1973-1976, a number of laboratories developed
several types of atomic-hydrogen injectors with
currents in the tens of amperes and energies in the
tens of keV for thermonuclear installations.25"28

These injectors are plasma sources of positive ions
with large emission areas and multiple-aperture ex-
traction systems, in which, immediately after extrac-
tion and acceleration, the ions are recharged to atoms
on interacting with the hydrogen leaving the sources.
At the present time, the currents and energies of the
atomic beams from such injectors are approaching 80 A
and 120 keV, respectively.

At Novosibirsk, we are working on the development of
similar atomic injectors with high (95%) content of
atomic ions in the primary beam. In 1980, a beam of
hydrogen atoms with an energy of 25 keV and a current
of 35 A was produced here. The DINA-1, DINA-2, and
DINA-3 diagnostic atomic injectors with energies up to
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25 keV and currents up to 3.5 A were developed in 1974-
1979; they are distinguished by low scatter of energy
and angle. The local parameters of ions in high-tem-
perature tokamak plasmas were first measured on the
T-4 unit of the I. P. Kurchatov IAE with the aid of DINA-
1 injector. The DINA-3 injector had been installed on
the T-10 tokamak.

The yield of hydrogen atoms from positive ions on
charge transfer drops off rapidly with energy, amount-
ing to -20% at 100 keV per nucleon. At energies above
50-100 keV/nucleon, it is more advantageous to pro-
duce hydrogen atoms by conversion from accelerated
negative ions. We have proposed and tested experi-
mentally a plasma target in which H" and D" ions are
converted to atoms with energies up to 1 MeV and higher
with a conversion coefficient of 84%.32~M The state of
development of surface-plasma and charge-transfer H~
and D~-ion sources is encouraging for the development
of powerful high-energy hydrogen-atom injectors for
thermonuclear installations in the very future.
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