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Tandem surface—plasma source: A new concept
for a dc negative ion source

G. |. Dimov®
Budker Institute of Nuclear Physics, Novosibirsk 630090, Russia
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The newly developed tandem surface—plasma so(B€5 concept is expected to break new
ground in the production of high-current, high-brightnessibn beams. The tandem SPS consists

of three successive separate stages: the multipole plasma driver; thenHgenerator with a
low-voltage closed converter, and the ion extraction and beam formation system. To date the plasma
driver stage has been designed, and is anticipated to produce an intense plasma stream with high
efficiency (low energy-per-ion expenditureThe atomic processes in the second stage have been
analyzed, the anticipated result is a dense population ofads with a very low temperature. The
tandem SPS source is expected to produce dc beams obé with currents up to 50 mA and
pulsed H beams at large duty factors with currents up to 100 mA. 2@2 American Institute of
Physics. [DOI: 10.1063/1.1432468

Surface—plasma sourcéSPS of H™ ions are distin- hydrogen plasma confinement in the driver. This allows one
guished in the way of plasma generation. There are threwm hopefully obtain an intense ion flux with high-energy ef-
main kinds: magnetrofplanatron SPS, Penning SPS which ficiency.
were originated by Belchenko, Dimov, and Dudnikoand The plasma comes into the second stage from the driver
multicusp with a converter developed by Ehlers and Leting.through a pass hole with the magnetic field existing only
Later Leunget al® and Okumureet al* discovered that the near a wall. A cylindrical top part of the converter is 2.9 cm
H™ output was enhanced many times by seeding cesium intin diameter and is inserted into this hdleee Fig. L Some
a volume source. Seidet al® proposed a superthermal ions from the driver will strike this pass cylinder and reflect
H-atom source of H ions with an external cesiated con- as H atoms and Hions. The main ion flux will come into
verter. the converter. Before the pass hole, we anticipate to obtain

There are difficulties with dc one-aperture”Hion  plasma with a density-5x 102 cm™3, temperature of the
sources for accelerators with long-term operation. In a magmolecule ions of 0.5—1 eV, and electron temperatuBeeV.
netron SPS and multicusp with an internal converter, largefhe plasma will come into a confuser collisionally with a
amounts of cesium are consumed, and its accumulation leagsagnetic wall and outflow with the velocity of the ion sound
to a breakdown of the sources. The Penning SPS works aft the critical cross section into a flow nozzle diffuser. Since
high hydrogen pressure in the discharge, and its operatiofhe time of energy exchange between the ions and electrons
time is limited by the erosion of electrodes. Use of hollowis very large, each stream of the ions and electrons is isen-
cathodes in the Penning SRBef. 6 may essentially in- tropic. In our model the ion stream consists gf'Hons only.
crease its lifetime. From the energy and Bernoulli equations we find the follow-

The proposed tandem SPS can operate for a long time iihg parameters in the cross section: ion density 3.3
a dc regime. It consists of successive separate st@ges x10'2cm 2, H; ion energy 2.5 eV, and H current I
Fig. 1: a multipole plasma driver and a'Hion generator =343 A. At the exit from the pass cylinder the density and
with a closed Cs/Mo converter and, as usual, an ion extracg|ectron temperature fall, H ion energy becomes;
tion and beam formation system. Thanks to small consump= 4.5 eV. The electrons are confined in the pass cylinder by
tion in the converter at low voltage 25 V" a cutoff potential  the electrostatic potential. From the Bernoulli equation for
drop between the driver and converter plasmas, and vefrpe electronede=kT.dn/n, whereT, is the electron tem-

small cesium ionization length in the cor!verteﬂ0‘4 CM,  perature and is the ion density. The potential drop in the
the cesium vapor cannot pass into the driver. The absence 9535 cylinder is\¢=3.5V.

cesium in the driver makes sputtering of a hot cathode there \ynen the injected B ions fall to the converter, a pri-
very weak, and one may use a tablet of heatedsL&Bull  mary flight(hot atom flux originates with the current, which
separation allows for better optimization of plasma generais 1.6 times larger than the injected ion currént(E;,)

tion in the driver, H ion generation in the converter, and ion 1q eV) and H ion flux is generated. Many hot atoms
extraction system with a magnetic filter for suppression Oforiginate when the H ions hit the converter. The Hmol-

the electron escape. Near-cylindrical systems of permaneiglyles and atoms are ionized by the rapid electrons and fall
NbFeB magnets form a good multipole magnetic trap forgn the converter with the nucleon currdint and originate
from the hot atom flux, too. The primary atoms fall on the
3Electronic mail: dimov@inp.nsk.su converter, the majority of them are reflected with the loss of
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H, atoms with the energig,>® — S produce electrons as a re-
AN, HAI Ao YA, sult of many-particle Auger transitions in the-+H™ —H
e A 3 A2 L processes close to the surface. For fast ions and fast atoms
| v Q (E,>3 eV), we took the electron yield about 0.2 electrons
| | per nucleon, but for the Maxwellian tail of the cold atoms
> with energy>1 eV and Frank—CondofC) atoms, we took
= = the yield 0.02 electrons per atom, which is close to the yield
N Plasma i of the H ions evaluated from its energy dependetice.
Za driver :/ Emission electrons from the converter will be accelerated in
7 f_ the Debye layer, fly from the converter with the eneky,
/;J | =25eV, and come to the opposite wall causing SEE with
B i the coefficienty.~0.41? Subsequent SEE of the secondary
= = electrons will lead to multiplication of the primary rapid
Z a I nz electrons by the factoy.
B | When the injected Bl ions hit the converter with the
AL M1t v[3 3] 4] energy 30 eV, the flight H ion flux originates from the
% /12' W 77 current 0.4; (Ref. 11 ((E;4-)=35 eV). When the primary
Cs ., Hion 25y hot atoms hit the converter, the flight Hon flux originates
§ I generation |~ 7 from the current 0.32 (Ref. 11 ((Ey-)=32eV). The ion-
NS g ST TTSY ized H, molecules and H atoms with energy of 25 eV, which

ﬁm m% fall on the converter, cause origination of the flight kbn
% flux. Some flight H ion flux originates by secondary, ter-
ﬂ:% tiary, and charge-exchange fast atoms. The analytic study of
H- beam the H™ ion generation in the spherical converter by injected
ions made it possible to evaluate the flight ibn current by
the value 1.08 . The Frank—Condon atoms and Maxwellian
tail cold atoms T,.=0.5 eV) produce about 2% and 3% of
their energy~30%. The cascade of subsequent reflections ofy— jons, respectively.
atoms from the converter leads to a decrease in their energy The current of the rapid electrons can be determined by
down to binding energ¥g,=2.7 eV, and the atom flux de- the relation
creases due to losses through the pass cylinder. An experi-
ment on the interaction of deuterium yvith niok_JiunES( 2k (1+a)lj+ yKal amit YK (1 +a) 1y,
=2.5 eV) demonstrated a fast decrease in reflection at ener- |
gies<E.° Probably, the slow atoms with energyEs lin-
gered on the surface and were cooled. They could not linger ; ) )
very long, because the surface was irradiated by a large flu¢herek; is the electron yield per nucleon for the fast ions
of fast atoms and ions. Cold atoms come from the surfac@"d atoms ;>3 eV), k, is the electron yield per nucleon
with delay and form a population with low-temperatdrg,  10f the Maxwellian tail of the cold atomsEe>1 eV), lam
<1 eV in the converter. = nadvagV/l is the current of the Maxwellian tail cold at-
Measurements of the temperatures of the atdpsand  °MS Ea>1eV) to the walls,; is their portion in the popu-
H™ ions TH; in the Penning SPERef. 10 showed thafl . lation, (v, is the average velocity of the cold atonas, is

_ . : the summary yield of the fast atonis,>3 eV per nucleon
~Tu;, and with dc discharge$,;-<0.4 eV. Probably, the - ¢, o injected ionsa; is the summary yield of the fast

cooled atoms originated when particles hit the electrodes. latoms per nucleon for the ionized lind H., o, ando,, are
our case the temperature of the atoms confined in an almogie cross sections of ionization of,#nd H. by rapid elec-
closed volume by the cooling walls will possibly not exceedtrons, o4 is the cross section of dissociation of Hy rapid
0.5 eV. From the analytic study of the atom generation in &lectrons,v is the increase factor of the rapid electron life-
spherical converter, it follows that the summary hot atomjme by scattering of the electrons on the Holeculeanz

currentl =71+ 3l,;, and the slow atom current Which. is is the density of the H molecules,V is the volume of the
not reflected and leads to the cold atom accumulatidngs converter, and is the average path between the converter

=14+0.73 5+ ke _ . walls for the flight particles. The nucleon current of the ion-
When the ions hit the converter, the potential ion—;, . hydrogen

electron emission appears. Regardless of the energy, 0.2 elec-
trons are emitted per protdh.In the experimenfson irra-
diation of a Cs/Mo surface by thermal atoms with
temperature 0.23 eV, electron emission was observed with a
current of 0.7 of the emission Hion current. The H ions
may be generated on the surface only when the energy of t
incident atoms is>(®—S)~1eV.® Here, ® is the work
function andS is the electron affinity. Probably, hydrogen

FIG. 1. Schematic diagram of the tandem SPS.

:1_2')’ka0'd| vnH2+(nH20'ir+ NaTirc) | V12 @)

|ni:(2nH20'ir+nac0'ira)|Vler' @

The density of the cold atoms is calculated from the
l{‘gllowing equation:

nac=(2/V)[Cj|j+Ci|m+ nH20d| Vler]Taca (3)
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wherec; is the yield of the slow atoms per nucleon for the From the condition of quasineutrality it is necessary that

injected ionsc; is the yield of the slow atoms per nucleon ni+=nHC—+nHﬂ—+ne. If the densities of the K" and H'

for the ionized H and H,, and,is the lifetime of the cold  jons are inadequate, their lifetimes increase due to confine-

atoms. ment of the slow ions in a potential well of small degthl
Equationg1) and(3) allow us to determine the values of e\/). Such a potential well is formed in a self-acting way in

|l andn,c Without taking into account the production of the the converter. The positive ion density should not be allowed

Franck—Condon atoms by the reacti@tH, —2H. The  tg increasdby decreasing the hydrogen density order not

density of the rapid electrons with the initial velocity, to let the electron density increase.
v 1 The lifetime of the hot atoms with average energy of 4.5
e 0 V' (4 eV is determined by their average time of flight. Their den-

cr

sity is more than ten times smaller than the cold atom den-
The density of the warm electrons formed by ionization ofsity. In the charge exchange of the flight Hons on the hot
hydrogen atoms, a population of hot Hions is formed. The hot ion
density is determined by an equation similar to Ef). But,
8(Ny. oy + Naeira) | VI
New= (M, i+ Naciva)| ¥ er, (5)  here the influence on the hot Hon lifetime of the second-
(VewSp ary charge-exchange process between the originated hot H

where (v,,) is the average velocity of the warm electrons iogs_ and cold atom_s prevails. As a _result, the majority of hot
and S, is the cross section of the pass cylinder. The initial!” 1ons are substituted by cold Hions. The hot H ion
average energy of the warm electrons is about 5 eV, and theftensity becomes very small, less that 1% of the coldith
maximum energy is 10 eV. The time of the energy exchang&ensity. . .

of the warm electrons is close to the time of the energy loss e have adopted the converter in the second stage in the

on H, excitation and is larger than its lifetime. The density of form of a cylinder with the height equal to its radiug
flight H™ ions =3 cm. The converter volume i¢=85 cn?. From our es-

timationl=r. We takeny,=2x10" cm™* (5.6 mTor).
Ny =[2051+ Gilnit 2Yecodl v, ler From Egs.(3) and (1) we find n,=6x10" cm 3 and
1—exp — o) l=1.5x10°s™1. From Egs.(4) and (1) we obtain ng,
acTtr , (6) =0.9x10" cm 3. From Egs.(5) and (1) we find ne,=2.8
N v )V X 10" cm™2, Thus, Ng=nNg+ Ney,=3.7X 10" cm™3 if den-
whereg; is the total yield of the flight H ions per nucleon SV of cold electrondfrom plasma driver nec<ney. From

for the injected ionsg; is the total yield of the flight H ions Eq. (6) we Obta'n<anT>= 1.5x10" em. From Eq.(7) we
per nucleon for the ionized Hand H,, Ygc is the yield of — obtainny-=1.45x 10**cm™2 andn; =2x 10" cm™2 (to-
the flight H™ ions per nucleon for the Frank—Condon atoms,gether with the quasineutrality conditioriThe hot H™ ion
Y. is the yield of the flight H ions per atom for the Max- density (E)~4.5 eV) is 16° cm 3.

+ Yat77< Va(> n VI

wellian tail of the cold atomsE,>1 eV), (v Hf7> is the av- Thus, it seems possible to form a population of cold H
erage velocity of the flight H ions, andoy is the cross ions (T~0.5eV) with a density~1.5x10"cm™2 in the
section of the charge-exchangg HH;. second stage. The hydrodynamic current density of the cold

The density of the cold H ions originating in the charge H~ ions can be up to 135 mA/dnin order to obtain a

exchange of the flight H ions with the cold atoms is deter- high-quality H™ ion beam, it is necessary to exclude the
mined by the equation presence of escaping flight' Hons (E)~30 eV) at LEBT.

Ny-)n
Ny = < +Hjt> aCK: Y (7)  1yu. 1. Belchenkoet al, Dokl. Akad. Nauk SSSR13 1283(1973.
¢ MisKrect NeKaet NewK dewt NadKag™ 17z 2K, W. Ehlers and K. N. Leung, Rev. Sci. Instrusi, 721 (1980.

. 3K. N. Leunget al, Rev. Sci. Instrum60, 531 (1989.
whereKy, Krec, Kaer Kgew: @ndKyq are the reaction rates 4y o muraet al, AIP Conf. Proc.210, 169 (1990.

(ov) of the charge exchange, recombination, detachment by m. seidiet al, AIP Conf. Proc.287, 25 (1992.
the rapid electrons, detachment by the warm electrons, andYu. I. Belchenko and A. S. Kupriyanov, Rev. Sci. Instrusb, 417 (1994).

7
associative detachment, respectively; is the summar K. W. Ehlers and K. N. Leung, AP Conf. Pro11, 227(1984).
P e"y* y 8G. Kuznetsov, Nucl. Instrum. Methods Phys. Res340, 204 (1994.

density of the positive ionsty— is the lifetime of the cold  sp” A Evanov et al. Nucl. Instrum. Methods Phys. Res. £35 532
H™ ions determined by their escape through the pass cylinl-o(1998é ot al o 63 27231999
H i ~ _ H. V. Smithet al, Rev. Sci. Instrum63, 2723 (1 .
der. The cold H ions are colllspnal Kd~0_.4 cm), there 113, D. Isenbergt al, AIP Conf. Proc.287, 38 (1992.
fore, they flow out with the velocity of the ion sound at the 12 . gronstein and B. s. Fraimarytorichnaya Elektronnaya Emissiya

pass cylinder entrance. (Nauka, Moscow, 1969
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