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The paper proposes a design and method for calculating an electromagnetic filter for separation of negative hy-
drogen ions extracted in the longitudinal direction from the Penning discharge with a metal hydride cathode. The
design of the filter was calculated on the basis of preliminary experimental data and analysis of the trajectory of
charged particles, which were obtained by the numerical solution of motion equation. It has been built a model that
allows to choose the optimal external parameters for effective separation of H™ ions and the interpretation of subse-
guent experiments. An experimental test of the model has been performed.
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INTRODUCTION

The application of a metal hydride cathode as a solid
hydrogen generator in Penning discharge led to a num-
ber of unexpected phenomena [1 - 5]. In particular, the
desorption of hydrogen from the metal hydride cathode
in the vibrationally / rotationally excited state has signif-
icantly changed the discharge conditions [1 - 3]. This
was appeared in the fact that in the longitudinal direc-
tion along with positively charged particles a negative
current was registered [1 - 3]. The authors showed that
the main part of this current consists of electrons
(e = 100 eV), which overcome the potential barrier near
the cathode due to the development of instability in the
anode layer. In addition to electrons energy collection, a
reduction in potential barrier near the cathodes was also
observed [1]. Moreover, the potential barrier near the
metal hydride cathode did not decrease as much as from
opposite side, which makes negative particles yielding
precisely from the side of the cathode-reflector.

On the other hand, the hydrogen H," desorbed from
the metal hydride cathode is already in vibrationally
excited state and is injected directly to the region, which
contains the greatest number of thermal electrons: to the
cathode region [2]. Thus, the efficiency of the formation
of H™ ions by the mechanism of dissociative attachment
substantially increases. Traditionally, the extraction of
negative ions is made perpendicular to an external mag-
netic field through the aperture in an anode. However,
due to a change in the discharge properties when a metal
hydride cathode is using, it is opens the possibility for
longitudinal extraction of negative ions [6, 7]. The prob-
lem that arises in this case is the need to separate H™
ions from the total flux of particles yielded along the
external magnetic field. Taking into account the large
difference in the mass of hydrogen ion and electron, it is
convenient to make their separation by an inhomogene-
ous magnetic field in the region behind the cathode-
reflector. And the diverting of positive ions H," is to
make by electric field. Taking into account the results of
the previous calculations [6] and experiments [7, 8], the
goal of this work was to improve the design of the de-
veloped filter for efficient separation of charged parti-
cles extracted from the Penning discharge with a metal
hydride cathode.
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RESULTS AND DISCUSSION

A cathode unit (Fig. 1) consists a copper cathode-
reflector and a magnetic filter which includes a grid 1,
electrons current collector 2, a coil of magnetic field (4)
and a collector of negative ions 5. The copper cathode-
reflector 3 has got an aperture in the center 0.5 cm in
diameter for charged particles extraction.

The magnetic filter was set on the axis of the dis-
charge behind the aperture in the copper cathode-
reflector so, that all reverse magnetic field of the coil 4
was concentrated outside the discharge cell. For conven-
ience the distance between the cathode 3, the grid 1 and
the electron collectors 2 were the same and were 0.4 cm.
The ion collector 5 were at the distance of 1.8 cm from
the copper cathode-reflector 3.
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Fig. 1. The cathode unit with electromagnetic filter
1 - retarding grid; 2 — electrons collector; 3 —copper
cathode-reflector with an aperture; 4 — coil of the filter
magnetic field; 5 - H™ ion collector

The cathodes and collectors were under ground po-
tential. The grid (1) was supplied with +3 kV for posi-
tive particles removing. The whole electrodes system
was placed in external uniform longitudinal magnetic
field H,, with intensity that could be changed in the
range of H,o0 =0...0.1 T.

The idea is to create reverse magnetic field in the
gap between the cathode 3 and the ion collector 5 to
divert electrons on the electron collector 2, but not im-
pact on H™ ions being registered by ion collector 5.
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The main differences between the cathode unit and
those one considered earlier [6, 7] are primarily the re-
duction of its longitudinal dimensions. This was done in
order to place the ion collector 5 maximally close to the
cathode-reflector 3, and set the edge of the ion collector
5 at the zero-point magnetic field H,y (see Fig. 1). The
distances between the cathode 3, the grid 1 and the elec-
tron collector 2 were 0.4 cm. Apparently, this is the
minimum possible distance, since its further decrease
leads to an electrical breakdown between the grid and
the cathode, when discharge is working in the mode of
electron emission in the longitudinal direction. Reduc-
ing the distance between the ion collector 5 and the
cathode 3 will change the configuration of the coil 4 and
increase the transverse dimensions of the cathode unit.

Taking into account the configuration of the elec-
trodes, which ensures the registration of only the parax-
ial group of particles, the equation of motion can be
considerably simplified and the trajectories of the mo-
tion of charged particles can be considered only near the
axis in axially symmetric fields [9]:

Lzr_kl(piég_ q I’HZZO 1— rOZHzoo i =0
dz> 2¢,dz 8mc® ¢, r’H,,

where ¢ = (0,z) — potential on the axis with respect to

the potential of particle creation point ¢ = (0,z,)- (In

our case the potential of particle creation point is emitter
potential o =0); H, = H(O,z) — magnetic field on

the axis at an arbitrary point; H, , = H(O, zo) — mag-

netic field on the axis at the emitter point z,.

Equation (1) was obtained under the assumption of a
homogeneous magnetic field (H,,0 and H,y do not de-
pend on r) and for the case of slowly varying magnetic
and electric fields.

To solve equation, it is necessary to specify a non-
homogeneous magnetic and electric field in the gap.
The magnetic field profile in equation (1) is determined
by two  parameters: H,o=H(0,z,) and

H,, = H(O,Z)- The firs one is an external magnetic

field created on the axis of the Penning cell in the ab-
sence of a filter coil. The second one is the profile of
inhomogeneous magnetic field on the axis in the cath-
ode-collector gap, which is created by the counter-
switching of the coils. The values of the parameter H, |

were fixed and selected at 600 Oe, 800 Oe, and
1000 Oe, basing on the conditions of the device. Pro-
files H,, and ¢ =¢(0,z) were calculated in the pro-

gram femm 4.0 basing on the geometric dimensions of
the cathode unit, the potentials of the electrodes and the
current flowing through the coil.

The solution of the paraxial equation of trajectories
(1) was carried out numerically by the Runge-Kutta
method of the fourth order with a fixed step of integra-
tion. The result of numerical solution is the dependence
of r(z) - particle's position at a certain value of the lon-

gitudinal coordinate z in the cathode-collector gap. In
our calculations, the coordinate z = 0.0 cm corresponds
to the end of the cathode 3, z = 0.4 cm to the grid 1, and
z = 1.8 cm to the collector edge 5 in the center of the
filter coil 4 (see Fig. 1). These dependences in the form
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of graphs are presented in Fig. 2. In the figures the pro-
files of total magnetic field, the filter coil and the ion
collector are presented. The position and dimensions of
the filter coil and the ion collector correspond to the
scale of the picture.
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Fig. 2. The trajectories of electrons and ions as well
as the normalized profile of magnetic field in the gap
cathode (z = 0 cm)-collector (z = 1.8 cm)

One can see, that a inhomogeneous magnetic field in
the cathode-collector gap has little effect on the trajecto-
ry of H™ ions, while the electron trajectories are noticea-
bly curved and do not fall on the collector at a zero val-
ue of total magnetic field H,.

One can see that the main part of electrons diverts to
the electrons collector 2 at a resultant zero magnetic
field on the collector edge H,, = 0. The rest of electrons
have an entrance radius ro<0.08 cm. The magnetic
field in the gap has weak effect on them. Estimates
shown, that their current should be an order of magni-
tude smaller, than the total electron current.
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Fig.- 3. Current on H™ ion collector (lign cor) and on
electron collector (lg. o)) depending on Hegii / Hioo

An experimental check of the filter operation was
carried out using an electron gun, which simulated the
electron flow characteristic for the discharge cell [4].
The electron gun was set on the axis of the system in-
stead of the metal hydride cathode. It created a cylindri-
cal electron beam 1.2 cm in diameter with a current
10 mA and energy 100 eV. The experimental results are
shown in Fig. 3.

One can see that at Hc,j / Hy0 = 1 the electron beam
is diverted almost completely on the electrons collector.
Only a small group of paraxial particles passes through
with a current by order of magnitude smaller than the
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total current. Thus, the obtained data are in good agree-
ment with the calculation. Large errors are caused by
using a non-stabilized emission power source of the
electron gun.

CONCLUSIONS

So, as a result of numerous calculations, it was built
a model that allows to choose the best external parame-
ters for the efficient separation of H™ ions from the axial
flow of charged particles. Good coincidence between
the experimental and the calculated data shown the pos-
sibility to apply the model for the interpretation of fol-
lowing experiments.
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JIEKTPOMATHUTHBIN ®UJIBTP 151 CEMAPALIAA H™ U3 PA3PSJIA TEHHUHT A
C METAJJVIOTHAPUJHBIM KATOJOM

LH. Cepeoda, A.D. llenyuxo, /1.JI. Paouukos, A.A. I peuxo, A. Kpynka

[Ipemmaraercss KOHCTPYKIMSA U METOJMKA pacdeTa 3IEKTPOMArHUTHOTO (GMIIBTPa, MPETHA3HAYEHHOTO IS cema-
palyy OTPHUIATEIBHBIX HOHOB BOJOPO/A, U3BJICKAEMBIX B IPOJOJIHLHOM HAIpaBICHUH U3 paspsna [IeHHuHTA C Me-
TaJUTOTHIPUIHBIM KaTOJOM. PacueT KOHCTPYKIMH (QUIbTpa TMPOBOIMIICS HA OCHOBAHHH IMPEIBAPUTEIHHBIX JKCIIC-
PUMCHTANBHBIX NAHHBIX U aHAJIH3a TPACKTOPUU 3aPSKCHHBIX YACTHII, KOTOPhIC OBUIM PACCUUTAHBI MMyTEM YHCIICH-
HOTO pEIICHUs YpaBHEHUs JBIKeHUs. [locTpoeHa MoJieNb, TO3BOJISIONIAs BEIOUPATh ONITUMATbHBIC BHEIHUE Tapa-
MeTphI i 3¢ (HeKTUBHON cenapaluy noHOB H™ v MHTepnpeTanuy nociae ymux skcnepumMenToB. [IpoBeaena sxc-
epUMeHTaIbHAs IPOBEpKa PabOTOCIIOCOOHOCTH MTOCTPOSHHON MOJIEIIH.

EJEKTPOMATHITHUN ®LIBTP JIJIA CEHAPAIII H™ 3 PO3PAY NEHHIHT A
3 METAJIOTTAPUJHUM KATOJOM

IM. Cepeoa, O.®. llenyiuxo, 1.JI. Paouuxos, A.0. I'peuxo, A. Kpynka

[IponoHyeThCS KOHCTPYKIIiSI i METOJMKA PO3PAaXyHKY €IeKTPOMAarHiTHOTO (inbTpa, MPU3HAYEHOTO JUIS Cemaparii
HETaTUBHUX 10HIB BOAHIO, BUIOOYTHX y TIO3IOBXKHROMY HANPAMKY 3 po3psny [leHHiHTa 3 MeTaioTiqpuIHuM KaTo-
noM. Po3paxyHok KoHCTpyKuii (inbTpa MpoBOAMBCS Ha MiACTaBl MONEPEHIX EKCIIEPUMEHTAIbHUX JaHUX Ta aHali-
3y TPaeKTOpil 3apsPKEHUX YaCTHHOK, sIKi OyJIM po3paxoBaHi IUISXOM YHCEILHOTO pillleHHs PiBHSAHHS pyXy. [100y-
JIOBaHa MOJIENb, L0 J03BOJIS€ BUOMpPATH ONTHMANbHI 30BHIIIHI apaMeTpH Juisl eeKTHBHOI cemapaii ioHiB H™ i
iHTepIpeTanii HacTyITHUX ekcriepuMeHTiB. [IpoBeneHa excriepuMeHTallbHa NepeBipka Npane3jaTHOCTI mo0y 0BaHoT
MOJIEIII.
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