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INTRODUCTION

Optimum plasma lens (PL) realized in experiments [1] at weak magnetic fields has been
theoretically researched. The optimum PL is lens, in which the perturbations are not excited and
particle density is uniform. Three possible reasons of perturbation damping in PL have been
researched: namely, finite time of ion movement through PL, finite time of electron renovating in it,
proximity of PL parameters to optimum ones. It has been shown, that the vortices are not excited in

PL, if the overbalance of ions by electrons is close to limiting one.

INFLUENCE OF PLASMA VORTICES ON ION BEAM FOCUSSING IN PLASMA LENS

In short cylindrical electrostatic PL for ion beam focusing the vortices can be excited in wide
on radius, R-r<r<R , near wall region. Two kinds of vortices are excited. Namely, quick vortices
are excited due to development of the resonant hydrodynamic instability of interaction of electron
vortices of PL with ions. Also slow vortices are excited, which phase velocities are much smaller
then the electron drift velocity in PL crossed fields. The excitation of the vortices leads to
anomalous electron radial transport, therefore, to decrease of electron density and to PL focusing
quality deterioration. The numerical simulation shows (see Fig. 1) that if the overbalance of ions by
electrons decreases monotonically due to vortices excitation in wide near wall layer, which width

equals 4/7 of PL radius, then ion beam can be focused six times.



At increase of the PL magnetic field, H,, electron confining properties of the magnetic field
increase and, though vortices are excited, PL focusing quality is improved. The latter dependence

has been observed in [1].

4 T T T

Fig. 1. Focusing of ion beam by plasma lens if
ne-n; decreases in its circumferential region, R-
1<r<R, monotonically on radius to 0 due to

excitation of vortical perturbations
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Vortices are not excited in PL, if the overbalance of ions by electrons An=n¢,-nj, is closed to
limit Ang,. Let us determine Any, from the condition of balance upset of the radial forces, confining
electrons in the region of finite radius: OneVeme=m,Vo/r-eE,. From this expression one can obtain
that two last forces exceed first one if overbalance of ions by electrons, An=n¢,-n;,, is not smaller
then Ang, determined by AnchHoz/ 8nmec2. If An could be formed such that the following inequality
is executed An>Ang, then the electron cloud could propagate freely transversally to magnetic field.
Then the vortices can not be excited in PL in the limiting case An=Ang. Let's explain it. The
instability development of the vortical perturbation excitation leads to the electron bunch formation.
But at An, closed to Ang, the electron bunches can not be formed due to the vortices excitation,
because any electron bunches formation leads at once to their destruction by centrifugal and electric
scattering forces.

The following expression Ang=H,%/8mm.c’> shows observed in [1] quadratic relation of
optimum electron density n., on optimum H,.

The expression Ang=H,?*/ 81tmec2 also shows fulfillment of criterion that the radius,
rne=€eE,/m.w’ye, of the radial electron oscillations in crossed radial electric, E,, and longitudinal

magnetic, H,, fields should be approximately equal to the PL radius, R.

SUPRESSION OF EXCITATION OF VORTICES IN OPTIMUM PLASMA LENS

Let us derive the dispersion relation and show that the oscillation excitation in the cylindrical
PL is damped at its optimum parameters. We take into account that the beam ions pass through the
plasma lens of length L during time t;=L/Vy;=1/vi. The electrons are renovated in PL also during

finite time, T.=1/ve.



We use the electron, ion hydrodynamic eq.s
8tV+ve(V-V90)+(VV)VZ(e/me)V(p+[mHe,V]-(Vzth/ne)Vne, OMet(NeNeo)/Te V(N V)=0 (1)
O Vitvi(V-Vui)H(ViV)Vi=-(qi/mi) Vo, Omi+(n;-ni,)/ti+V (n;V;)=0 (2)
and Poisson eq. for the electrical potential, ¢ ,
Ap=4m(ene-qin;) (3)
Here V, n. are the velocity and density of electrons; Vy, is the electron thermal velocity; Ve, is the
electron azimuth drift velocity in crossed fields of PL; Vj, n;, q;, m; are the velocity, density , charge
and mass of ions.
As the sizes of vortices are much greater than the electron Debye radius, rge=Vu/ope, then the
last term in (1) can be neglected. Here copez(4nnoeez/me)1/2, N, 18 the unperturbed electron density.
From eq.s (1) one can derive non-linear eq.s
di (a-ope)/ne]=[(a-0pe)/Ne |0,V -ave/ne, diV 4V V,=(e/m.)0,p 4)
describing both transversal and longitudinal electron dynamics. Here
d=0+(V.1V.), 0=0/0t, 0,=0/0z (5)
V., V, are the transversal and longitudinal electron velocities, a=e,rotV is the vorticity.
Taking into account higher linear terms, from (1) one can obtain
V i~(e/mope)[e,, V1] He/mo 1) (Btve) Ve (6)
From (6) we derive
o~x-2€eE,o/rmope-(€E;o/m)0(1/®he)H(e/mmpe )AL d+(e/m)(5:9) O 1/wpe)+
+(e/m)(Otve)e V1,0 1V 1d]l=pone , Vo=V d-Eq (7)
Here E is the radial focusing electric field, ¢ is the electric potential of the vortices; -
2eEm/rrane:(wzpe/wHe)(An/noe)znO)He, An=n,e-qingi/e.
From (3), (7) az(mzpe/coHe)Sne/neo approximately follows. Thus the vortical motion begins, as
soon as the electron density perturbation, dn, appears.
We use that, as it will be shown below, the characteristic frequencies of perturbations
approximately equal to ion plasma frequency, ®p;.
As beam ions have large mass and propagate through PL with fast velocity Viy, we will
describe their dynamics in linear approximation. We derive ion density perturbation from eq.s (2)
Sni=-nio(q/my)AQ/(0-k, Vi Hivi)* (8)
Here k, ® are wave number and frequency of perturbation, Vj, is the ion beam velocity. Substituting
(8) in Poisson eq. (3), one can obtain
BA@/4me=0n, P=1-mpi /(©0-K, Viptivi)’, Ne=noe+dne 9)
Let us consider instability development in linear approximation. Then we search the

dependence of the perturbation on z, 0 in the form dn.ocexp(ik,z+ilg0). Then from (4) we derive



di(@pe/ne)(1-p)=0Ve/Ne-(€®H/MeNeo )ik, @(1-)/ (@-lo®petiVe), ®oe=Voo/T. (10)
From (5), (6), (9), (10) we obtain, using the radial gradient of the short coil magnetic field, the
following linear dispersion relation, describing the instability development
1-(1-1) 0 pe(lo/1) 0 1/0p1e) K (0+/Te-lo®po)-00pif (0+i/Ti-k, Vi) -(1-1) 00 pek, /K (0H/Te-lo00) =0. (11)
It is necessary to note, that at optimum PL parameters n=1.

Let us mean the quick vortices those, which phase velocities V,5=Vg,. For them from (11) we

derive in approximation k,=0, o=0"+8w, | dw | << and neglecting T, T

m(o)zmpFlemeo , c090=(0)2pe/2wﬁe)(An/noe), An=n,e-qinei/e (12)
Se=itfq, Yo=(@p/K[(1-M)(0p/2)(lo/r) | 8:(1/come) [172
Here n,; is the unperturbed ion density. At obtaining (12) we used a validity of an inequality
(1-0) (AN (t/016) 0 pe | 3(1/00p1e) | <<me/my; (13)
It is fulfilled at a weak overbalance of beam ion space charge by electrons of PL, An/ny,.<<l1, at
small radial non-uniformity of wp., small plasma density, wp/0n.<<l and for PL, closed to
optimum one. From (12) one can see that in PL, which parameters are closed to optimum ones, the
excitation of the quick vortices is damped.

From (12) it follows le=(me/mi)1/2((;)He/0)pe)(noe/An), that for typical parameters of
experiments, An/ny.=0.1, the perturbations with lo>1 are excited at a large magnetic field and at
small electron density.

As v4 grows with r, taking into account T, T; can lead to that perturbations with r smaller then
critical value can not be excited.

Let us introduce slow vortices as those ones, whose phase velocity is small, V,,<<Vj,. We
derive for them from (11) in approximation k,=0 and neglecting 7., t; the following expressions

Ye=(N3/2") @ pilo(®%pe/ 2011 (AN/Noe) >, KP=-(1-1)(1/ Vo) pelr( 1/ 0ome), Rew=y/N3 (14)

Here ys is the growth rate of excitation of slow vortices of small amplitudes, Rews is the real
part of the frequency. As ys grows with r, then taking into account te, T; should lead to that
perturbations with r smaller than some value are not excited. In other words, the vortices are excited
far from the PL axis.

(14) is obtained in approximation of a validity of a following inequality
le>>(noe/An)2(x)pi(oHe/m2pe. From (14) one can show that not large lp are excited. From (21) it also
follows that in optimum PL the slow vortices are not excited.

So, the quick vortices are excited at relatively small plasma density, and at parameters of
optimum PL the quick vortices are not excited. The slow vortices are excited at large plasma

density, and the growth rate equals zero for optimum PL parameters.



SIMULATION OF HIGH-CURRENT ION BEAM FOCUSSING IN PLASMA LENS

Let us numerically simulate the ion beam focusing in high-current PL of different structures.

Namely, the spatial structure of magnetic field lines of short cylindrical permanent magnet or short

coil such that the electron cloud of PL can be solid cylinder of length L and radius R with hollow

cones of radius R and with cones lengths Z; and Z, on the ends. In Fig. 2 the simulation results of

ion beam focusing in such PL are presented.
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Fig. 2. Focusing of ion beam by plasma lens if

electron column has hole cones on its ends

ta

Fig. 3. Focusing of ion beam by plasma lens if
electron density grows in region, R-r;<r<R, on

1/3

One can see that all trajectories do not converge in one point, however if the altitudes of hollow

cones are small, the aberrations are small.

In Fig. 1 the results of the ion beam focusing in PL, in which in wide near wall region, R-

r<r<R, the strong vortices are excited, are shown. These perturbations lead in the region of their

excitation to anomalous radial transport of electrons, and certainly to strong decrease of electron

density in this region.

The excitation of the oscillated fields in the near wall region of PL can be damped by

providing of the positive radial gradient of the electron density. Certainly, this gradient of density

could lead to aberrations of focused beam. The numerical simulation, presented in Fig. 3, shows

that aberrations are not large.
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