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An experimental analysis of the focusing of a continuous electron beam, induced by the mutual in-
teraction with charges produced by electron impact, is presented. The phenomenon has been observed
by measuring the beam current on two different detector active areas as a function of the gas pressure in
H, and D,. The stationary solutions of a three-fluid model, already developed, allow us to measure the
maximum beam density. Moreover, we carry out information about the main processes responsible for
ionization and their cross sections in the case of a three-component quasiequilibrium plasma.

PACS number(s): 52.25.Wz, 34.80.Dp

I. INTRODUCTION

Collective effects, depending on the electron-ion mutu-
al interaction, have been recently highlighted and ana-
lyzed in experiments where ionization of the gaseous
sample was produced by laser-induced multiphoton in-
teraction or by collision with an electron beam [1-3].
Particularly, relevant collective effects, consisting in a no-
ticeable ion and electron-beam focusing as a function of
the gas pressure, were observed in a low-density molecu-
lar gas (pressure 107°—107* torr) ionized by a pulsed
electron beam, whose duration, energy, and intensity
were 10 ns, 40 eV, and 10 nA, respectively [2].

The increase of the peak and of the total charge of the
electron-beam current, after it has passed through the
target gas, was observed in a very narrow range of pres-
sure variation. A similar sudden change in slope was ob-
served for the total ion count rate in the same range of
pressure variation.

Basically, the phenomenon depends on the different
mobility of the involved charged species, i.e., incident
and produced electrons, and ions. The produced elec-
trons leave the interaction zone, as an effect of their ini-
tial kinetic energy, so that a positive internal field, due to
the ions at rest, grows up, stops the electron expansion,
and reverses the electron motion. Therefore, incident
and produced electrons are focused and their local densi-
ty overcomes the ionic one, because of the excess of nega-
tive charges due to the incident beam, in such a way that
ions too begin to be focused.

As pointed out in Ref. [2], the efficiency of the process
depends mainly on the expansion of secondary electrons
which leads to the growth of a positive-ion field. A quan-
titative description of the phenomenon, whose main
features are briefly recalled in Sec. III, has been given in
Ref. [2] by means of the three-fluid-equation system.

The time scale of secondary electron expansion de-
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pends on their initial kinetic energy, and on the width of
the interaction zone. In order to observe the focusing
effect, this time scale must be shorter than the pulse dura-
tion.

In this work, we report on the continuous-electron-
beam focusing in the presence of a uniform background
of D, or H, gas, and in the case of gas injected by a nee-
dle, whose diameter is 500 um, which introduces a local
overpressure.

The total electron charge has been measured for two
active areas of the detector. By combining both electron
charge’s dependences on the gas pressure, and by using
the stationary solution of the model, we carry out the
value of the maximum electron-beam density, and the
rate of ionization. Moreover, the deduced rate of ioniza-
tion, in H, and D,, allows us to evaluate the main ele-
mentary processes involved in the ionization of gas. By
the same technique, we obtain the value of the overpres-
sure due to the needle. Finally, we discuss the experi-
mental conditions in order to achieve focusing of a con-
tinuous electron beam.

II. EXPERIMENTAL SETUP

Figure 1(a) shows the experimental apparatus mainly
consisting in the electron gun, which includes an indirect-
ly heated oxide cathode and two electrostatic lenses [2],
and the detector in front of it, at a distance of 8 cm,
placed in a cylindrical vacuum chamber whose diameter
and height are 40 and 15 cm, respectively. The residual
pressure is 3X 1078 torr. A spatially integrated imagin-
ing of the beam is obtained by a detector, whose head is
constituted by five electrodes, as Fig. 1(b) shows.

In order to evaluate the effects of the density gradient,
according to the model of Ref. [2], we compare the
dependence of the current on the pressure when the gas is
uniformly distributed into the vacuum chamber, and
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FIG. 1. (a) Experimental setup. (b) Details of the detector
head.

when the gas is injected by a needle, whose diameter is
500 um, inserted in the region between the electron gun
and the detector. In the second case, the needle intro-
duces a local overpressure, whose value is about a factor
of 10 greater than the background one (Sec. IV).

We measure the transmitted current on the central
electrode (I,), whose diameter is 0.3 cm, and on the four
surrounding electrodes (I;) [Fig. 1(b)], whose external di-
ameter is 2.5 cm, as a function of the gas pressure in the
range 107 7-10"* torr, for two different beam energies,
i.e., 40 and 100 eV, and for H, and D,.

III. THEORETICAL MODEL

According to Refs. [3] and [4], the three-fluid approxi-
mation constitutes a suitable approach to describe the
time-space evolution of charges. In fact, it is sufficient an
isotropic velocity distribution to make the fluid scheme
valid. The basic equations describe the time-space evolu-
tion of the fluid mean quantities (velocity, density, and
temperature) referred to the laboratory frame. The fluid
velocity represents the average component of collective
motion, whereas the temperature is related to the mean
kinetic energy of random motion of the particles. Thus,
the energy conservation includes two terms, representing
the internal energy of the fluid, function of the tempera-
ture, and the mean kinetic energy of the fluid collective
motion. Therefore, the basic equations are given by

Iv; e; 1 kT,

- +(v;V)y;=——E ——V nil, (1)
ot J J mj ”j mj J

on; _

Y%-V-(njvj)—Sj , 2)
T TV VU KT T VKT =6 vy B

(3)

kT; , _

where Vi, e;, mj, and n ; are the collective velocity,
charge, mass, and density of the involved species, respec-
tively. E, represent the self-generated electric field given
by the Poisson equation. The term ¢;v;-E, takes into ac-
count the energy exchange per particle due to the self-
generated field. S; represents the source term responsible
for the growth of ionization. U; is the total average
charged particle energy, i.e., U;=1mv?+im(w}). The
first term is the kinetic energy associated with the mass
(collective) motion of the gas and the second is the aver-
age kinetic energy of a particle. Hence, for the incident
beam, the first term corresponds to the beam energy,
whereas the second term represents the beam thermal
spread [2]. In the system of Egs. (1)—-(4) we neglect the
two-body collisions because of the low charge density
range of investigation.

A solution to the system can be found by using the
approach developed in Refs. [3] and [4], based on an
analysis of the time-space evolution of an initially pro-
duced Gaussian-shaped profile of charges. In the follow-
ing, the technique of solution is briefly recalled, and ap-
plied to reduce the partial derivative system of Egs.
(1)-(4) to a total time derivative system of coupled equa-
tions.

In the simplest case, i.e., assuming E, =0 and U, =kT,
constant and uniform, and negligible ionization time for
charges produced by electron impact, motion is still
represented by a Gaussian-shaped profile, whose width is
a function of time. Thus the one-dimensional time-space
evolution of the density profile along the x axis is ex-
pressed as

nj(x,t)=nof; (1) %exp[ —f; [()x?/d} ], (5

where d; , and n, represent the initial charge distribution
width and density of the j species, respectively. The con-
tinuity equation provides the functional dependence of
the fluid mean velocities on n; and, thus, on the fj,x(t)
function, namely
X

ve=——5{Dln[fx(t)]} . (6)
The function f;,(#) satisfies initial conditions
fix(t=0)=1, and Df;,(1)[,—-g=0. A second-order
differential equation describing the f;, () time evolution
is derived form the motion equation by replacing the n;
and v; dependences on f;,(¢), and by equating the terms
with the same power dependence on the spatial coordi-
nates.

Due to the independence of motion along the axes, the
three-dimensional motion is represented by a product of
three Gaussian profiles with different initial widths, de-
pending on the symmetry of the charges production.
Thus the time evolution of fj,k(t) (k =x, y, and 2) along
any axes depends on the initial width d; ;. Therefore, in
the cylindrical symmetry, as in the present experiment,
we can neglect the expansion along the beam direction,
and Eq. (5) becomes
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where r is the radial coordinate.

In general, the previous scheme does not hold if ap-
plied to the complete system. Nevertheless, if all terms
can be expressed in a form such as G (z)+F(t)r, where
r=(x,y,z), the basic scheme of solution still holds true.
Hence the Poisson equation is linearized around the coor-
dinate of the single-particle-like motion for electrons, i.e.,
around the top of the Gaussian profiles [3,4]. Since we
are dealing with a stationary motion, ions can be assumed
at rest, i.e., the ion local density is simply given by the
balance between electron-impact ionization and loss
terms. Hence we assume f; ,(#)=1.

For the sake of simplicity, the model is developed for
the case of diffuse gas, which implies an equal width d,
for secondary and incident electrons, since the extension
to the case of gas injected by a needle is straightforward,
once the technique of solution is established. According
to Refs. [3] and [4], the internal field is given by

E,(r,t)=4me[N,(1—f)—ng,f,1r , (8)

where N, f, ng, and f, are density and f functions of
the secondary charges produced by electron impact, and
of the incidence beam, respectively.

Equation (8) is valid insofar as the second term of the
series development of the electric field is negligible [3].
Thus the spatial interval of validity of Eq. (8) is given by
the condition

Tlim 2< 3|a5(1-_ 51/2)_fpl/2| )
dr - |as(1_ S3/2)__fp3/2 ’

where a;, =N, /n,.

According to the approximations of Ref. [3], the radius
deduced from Eq. (9) defines a sharp boundary between
the fluid motion of charges coupled by the self-generated
field and the single-fluid expansion of each species.
Therefore the beam density can be represented as

n,(r,t)=ng, f,(t)exp[ —f,,(t)rz/d,z]
+k(ng, fr(thexp —f()r?/d}],  (10)

where n, is the initial beam density, and f » and f; are
the f functions of the beam in the coupled and uncoupled
region, whose boundary ry;,, is given by Eq. (9).

The fraction k (¢) of particles in the uncoupled region
is given by the integral equations [3]

Tlim r2
nopfpfoI exp ——fpz 2rdr
2
© r
+k(t)n0pfff’r exp _féz 2‘rrrdr=n0p1rd,2
(11)
and, after integration,
FRE:
k(=exp [(f;—f,) [ - ] l : (12)
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Hence the beam current I is obtained by integrating Eq.
(10) on a surface of the detector, whose radius is Rp. If
rim = Rp, i.e., the detector area is internal to the coupled
zone, the beam current is given by

I=eng,vo,md?[1—exp(—f,R} /d})] (13)

1]

(14)

and, in the case of r;;, <R p, I becomes

I=enopv0p1rd,2

2,42 Flim
X {1—exp(— f(R} /d; )exp a

(fr=1fp)

where v, is the beam velocity.

In the stationary case, the second-order differential
equations for the f functions [3], in the coupled zone, of
incident and produced electrons, i.e., f, and f;, respec-
tively, become

20}(1—f,)—2B,f*— 2w} f,=0, (15)
20}(1—f,)—2Bf}*— 2w} f,=0, (16)

where w} =4me’N,/m and w) =4me’n, /m are the plas-
ma frequencies due to produced and incidence electrons,
respectively. The B coefficients represent the expansion
due to the average kinetic energy of random motion of
particles, i.e., B,=2kT,, /(md?) and B,=2kT, /( md}?),
where T, and T, ar the initial average kinetic energy of
produced electrons and the initial thermal spread of the
beam, respectively. In the system of Egs. (15) and (16),
we take into account that Eq. (4) relates the temperature
to the charge density by an adiabatic relation. In the ab-
sence of collisions and temperature gradients, as in the
present experiment, then T(2)=T(f,f,f, )!73, which
under hypothesis of radial expansion becomes
T(t)=Tyf*3[4].

From the system of Egs. (15) and (16), it turns out that
Ss=(Ty, /Ty )3/5fp. Hence the ratio of ionization a;is
related to f, by

B,
: 1-¢f, 7

where B,=2B, /o? and £=(T,/To,)*”*. Equation (17)
gives the maximum beam density achievable in this
configuration, i.e., f,=1/§=(T, /T, )3/5, which corre-
sponds to the condition a;>>1. It turns out that the
maximum value of f, depends on the ratio of the radial
expansion of produced and incident charges, and hence
on the ratio of the temperatures. As the rate of radial ex-
pansion for produced electrons increases, the electric field
due to ions is less neutralized, and then the incident elec-
trons experience a stronger focusing.

Finally, the value of f, is given by integration of the
differential equation without the coupling term due to the
produced charges, namely [3]

3(Dfy)?
2ff

(17)

Df,= —2B,ff—20lf} . (18)
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The integration time is given by the transit time from the
cathode of the electron gun to the detector.

The limit of validity of the assumption of ions at rest,
i.e,, f;,(t)=1, can be analyzed in the framework of the
system of Egs. (15) and (16). Actually, the stationary
equation for ions, obtained by the transformation m =M,
Ty, =T;, with MandT; ion mass and temperature, respec-
tively, and by sign inversion of the term related to the
self-consistent field, should be added to the system. In
such a case, the only stationary solution should be
fi=fs=f,=0, which corresponds to the asymptotic
evolution of charges in the absence of ionizing sources.
In the present case, ionization of gas occurs continuously,
and hence the ion density is only determined by the local
balance among elementary processes (ionization and
recombination), if the time scale of ion expansion due to
thermal motion and/or to Coulombian repulsion is negli-
gible during the transit time of the electron beam from

2

the gun to the detector. It turns out that the focusing
condition is approximately given by

: M )M | 2
min , >> =
4me’N,(1—f,) = 2kT; Vop

) (19)

where L is the distance between the electron gun and the
detector, and the other symbols have been already
defined.

In our case, with L =8 c¢cm and a maximum ion density
~4X10° ion/cm? (Sec. 1V), Eq. (19) is always satisfied. It
turns out that the ion density must fulfill simultaneously
the above-mentioned condition N, >>n,, and Eq. (219),
in order to achieve the maximum electron-beam focusing.

In the case of gas injected by a needle, the scheme of
solution holds true providing that the additional contri-
bution to the ionization be introduced in Eq. (8). It turns
out that the boundary of the coupled zone is given by

(20)

IV. EXPERIMENTAL RESULTS

"lim < 3|ax(1_-fsl/2)'—fpl/2|+3|asN(1—fslA{2)fdr/dN
d, | 7 la,(1= 3= 32+ lan(1—fXDNd, 7dy)?
where a,y =N,y /ng,, fin, and dy are the ratio of ioniza-

tion, the coupled f function, and the width of the needle,
respectively. By adding to Egs. (15) and (16), the
equation for fyy, it turns out that fy
=(T,,/To,)*"*(dy /d,)*”°f,, and then

- B, f3*+ f, —a,(1—Ef,)
N l—ngp ’

21

where £y =(T, /T $¥3(dy/d,)%>. In this case, the
maximum beam density is achieved when f,
=1/Ey=(To /Ty, )*"*(d, /dy)®>. Tt turns out that the
ratio of density gradients, proportional to d, /dy, intro-
duces an additional focusing in the case of needle, be-
cause the produced electrons leave the interaction zone
faster, as pointed out in Ref. [2]. Moreover, owing to the
local overpressure due to the needle, it is possible to satu-
rate the ratio of ionization, and hence to achieve the max-
imum focusing, without an increase of the background
pressure in the chamber.

Recalling Eqgs. (12) and (20), for a,y >>1, the fraction
of untrapped particles becomes k(¢)=exp[—3(Ty/
To,*(dy/d,)**], where f,>>f;. In our case, with
To,=2 eV [2], Ty,~0.2 eV, d,=0.1 cm, and dy =0.05
cm, k(z)=0.001. It turns out that the most important
part of the beam is focused by the ion field in spite of the
smaller dimensions of the needle. Moreover, the condi-
tion of Eq. (19) is fulfilled also in the case of total ioniza-
tion of gas, in our range of investigation, due to the nee-
dle length along the beam direction, which implies a tran-
sit time much shorter than in the case of diffuse gas.

The electron current has been measured on a surface
detector diameter of 0.3 cm (I;) and 2.5 cm (I7), respec-
tively. Figures 2 and 3 show a typical behavior of the
beam current in D, and H, as a function of the gas pres-
sure, with a beam energy 100 eV, and diffuse gas.

Since the diameter of the smaller surface is equal to the
aperture of the electron gun, the low-pressure measure-
ments with the largest surface show that the beam diver-
gence is higher than that simply due to the beam thermal

(uA)

beam current

-7
pressure (10 torr)

FIG. 2. D, diffuse gas. Electron-beam energy 100 eV. (a)
Open circles I7. (b) Black circles I,. Solid line is the best fit of
I, deduced from data of I; with ng, =4X 107 electrons/cm?.
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FIG. 3. H, diffuse gas. Electron-beam energy 100 eV. (a)
Open circles Ir. (b) Black circles I;. Solid line is the best fit of
I, deduced from data of I, with ny, =4X 107 electrons/cm’.

spread [B, in Eq. (18)], otherwise I should be less sensi-
tive to the pressure variation. Hence the Coulombian
repulsion plays a relevant role, and the lowest value of
the beam density can be calculated by the equating
second and third term of Eq. (18), with f=1. Starting
from this value, we deduce f, from the experimental
values of I;, by using Eq. (13) or (14), according to the
condition of Eq. (9), with R, =0.15 cm. Once calculated
fp» we try to fit the experimental values of Iy, by using
eq. (13) or (14), with f, corresponding to the selected
value of nops and Rp=1.25 cm.

Once I is fitted by a proper choice of the beam density
ngp, (solid lines of Figs. 2 and 3), we obtain immediately
the ratio a, between the produced charge density and

107! 10° 10! 10?2 10°

-7

pressure (10 torr)

FIG. 4. Ratio a, between the produced charge density and
the electron-beam density no, =4X 107 electrons/cm® vs pres-
sure, for diffuse gas. Electron-beam energy 100 eV. Black circle
values deduced from data of Fig. 2 for D,. Dashed line is the
best linear fit, i.e., a, =0.3+4 X 10722, where P is in units 107’
torr. Open circle values deduced from data of Fig. 2 for H,.
Solid line is the best linear fit, i.e., @, =0.7+7.5X 10 22.
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ng,» and f,, as a function of the gas pressure. The value
of n,, corresponding to the solid lines of Figs. 2 and 3, is
4% 107 electrons/cm® with a confidence of 20%. More-
over, the deduced beam parameters allow us to fit the
current behavior measured in H, and D, with 40-eV
electron-beam energy. Then it confirms self-consistence
of the theoretical model.

Figure 4 shows the a, values as a function of the gas
pressure for H, (open circles) and D, (black circles), for
diffuse gas and an electron-beam energy of 100 eV, de-
duced from data of Figs. 2 and 3. a; values are given
with a confidence of 20%, which accounts for experimen-
tal errors in measuring the beam current. f, ranges from
0.1 at P =10"*% torr to 1.4 at P =10""* torr for H,, and f,
is a factor of 2 less for D,, except for pressures around
107* torr where f » approaches the maximum value for
H,.

The value of ff is 1073, from Eq. (18) with
ng, =4X 107 electrons/cm®. Hence the beam focusing be-
gins to be effective even for a very low value of proposed
charge density, i.e.,, =3X 107 electrons/cm?®. Neverthe-
less, f, does not reach f,ma.=(To /T, )3/3~4, where
To;=2 eV, and T\, =0.2 eV. Then, a produced charge
density about 4 X 10° electrons/cm? (a, =~ 10?) is not yet
sufficient to achieve in this configuration the maximum
beam focusing. However, the beam density increase due
to the ionization is about 1.4 X 10* times compared with
the free expansion in vacuum. In the case of gas in-
jected by needle, f,=38, i.e, fp, approaches f,,.«
=(Tos /Ty, 3/3(d, /dy)®°~9.2 due to the gas overpres-
sure which increases the degree of ionization (see below).

Figure 4 shows a mass dependence of «; in favor of H,
which disappears at 107* torr, in apparent disagreement
with values of the cross sections for direct electron-
impact ionization of H, and D, measured by several au-
thors [5,6]. However, in the stationary case the charge
density is given by the balance among competing process-
es as direct ionization, recombination, and formation of
ionized molecular compounds.

The a, dependences on the gas pressure are fitted well
by a linear function a +bP. Solid line represents the best
linear fit for H,, i.e., @, =0.7+7.5X 10 %P, where P is in
units of 1077 torr, and the dashed line is the best linear fit
for D,, i.e., a,=0.3+4X 107 2P (Fig. 4). The interaction
of the beam with the gas leads mainly to the production
of M, and M*, where M is H or D, in a ratio 1:0.1 [7]
or 1:0.17, according to more recent measurements [8].

Direct recombination, which occurs with secondary
electrons since their energy is much less than that of the
electron beam, should give a pressure dependence P!/?
far from that observed. For the sake of simplicity, we
neglect M1 compared with M,". Moreover, we consider
two loss channels for M2+, i.e, recombination with secon-
dary electrons, whose density is N,=N(M,")
+N(M,;"), and formation of the ionized compound
M; " by collisions with M,, while the main decay channel
of M3Jr is simply due to recombination with secondary
electrons.

Since the degree of ionization is very low (Fig. 4), we
solve the stationary rate equations for M,* and M;"
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neglecting terms containing N,;M," and N, M;" com-
pared with terms depending on M,M,". Hence we ob-
tain

+_ OoVopMop + o30,Ng
M=, Y T S (22)
OR2 O R3Ves
o3V, |1+——
OR3
and hence
o Oolop o030, Ng 23)
s
ORr2 20 R3VesNgp
o3V, |1+
OR3

where 0, 03, 0g,, and o0 g3 represent the cross sections of
electron-impact ionization of M,, of formation of M;* by
collision M, " +M,, whose relative velocity is v,, and of
recombination of M,* and M;* with secondary elec-
trons, whose velocity is v,,, respectively. Ng is the gas
density.

Unfortunately, not all values concerning the involved
cross sections are at present available in the literature
especially for D,. Moreover, some data differ from each
other for a factor of about 3 or more especially with re-
gards to the recombination cross sections.

We evaluate the coeﬁicxents of Eq. (23) for sz assuming
oo=1 A [5,6], 03=76 A% [9], or,=~15 A° [10] and
Or3=~3 A? [10], for the estimated temperature of secon-
dary electrons T,,=2 eV. Then, the values of first and
second term are ~6 and =~1.3X1072 respectively,
whereas the best fit gives 0.7 and 7.5X 10~ 4, respectively,
where the angular coefficient is converted in units of Ny
dividing by 100. A different choice of the cross section
values leads to no significant reduction of the gap be-
tween calculated and best-fit coefficients.

For instance, different values for o; were measure in
the experiments of Refs. [11] and [12], i.e., 51 A? and 29
A2, respectively. Moreover, Peart and Dolder report on
recombmatlon cross sections, i.e., Og,~3 A? [13], and
ORr3=6 A? [14], quite different from values of Ref. [10]
especially for the ratio og,/0g3. Then, assuming the
lowest and highest value for o3 and ogj3, i.e., 29 A’and 6
A?, respectively, the second term is reduced by a factor of
5, whereas the first one increases by a factor of 10.
Therefore, this disagreement cannot be ascribed to an un-
perfect knowledge of the cross sections.

A partial explanation can be given in the framework of
collective effects. In fact, the rate of processes can be
modified by the self-generated field, which affects the en-
ergy of reactants. Then, in principle, coefficients of Eq.
(23) depend on the gas pressure, i.e., on the degree of ion-
ization.

First of all, the secondary electron temperature T
depends on the thermal expansion as T,f2"

=Tos(Tg, /Ty, )2/5_)”2/3 (Sec. III). Hence the eﬂ'ectxve
temperature, at P—lO 8 torr, is T,~0.08 eV. Takmg
into account that og; scales approximately as T,!
[10,13,14], the recombination rate is about a factor of
(Tos /T,)""*~5 greater than that calculated above. At

(7.5%10~

P=10"* torr, Ts=~0.5 eV because of the focusing, and
hence (T, /T,)!?~2.

Let us now evaluate the effective ion energy, and the
rate of H;" formation. An estimation of the o depen-
dence on the energy of reactants can be extrapolated
from data of Ref. [12], even though authors studied the
reaction H* +D,. Then o, scales approximately as E ~ !,
and the rate of E ~ 172,

The collective ion kinetic energy, in the coupled region
defined by Eq. (9), is given by integration of Eq. (3) under
stationary conditions, i.e.,

U(r)=kT;+2me*ng,[a,(1—f)—f,1r* (24)

whose maximum value occur for » =ry . It is convenient
to represent the H;* formation as a function of the
thermal rate calculated above, i.e.,

1

2

1+———kT

030, =[030; ] 72 » (25)

where b =2me’ng,[a,(1—f,)—f,]. The average value
of Eq. (25) in the coupled region is given by

KT, 172
o030, =[030; ]y br2
lim
brd_ 172 brd. 1/2
X1 — + [14+— 26
kT kT, (26)

From the above data, it results osv,=[o3v,]y, for
P=10"% torr, with br,,’=0.4 eV, and ow,~0.17
[o30, ], for P =10"* torr, with bri, ~40eV.

Taking into account collective effects, it turns out that
the value of the angular coefficient of Eq. (23) becomes
~2.6X 1072 quite close to that deduced from the best fit
4), and barely dependent on pressure, because
the rates of Hy* formation and recombination exhibit a
similar decrease as a function of pressure. Nevertheless
since o3, =[0o 3, ], for P =108 torr, the constant term
of Eq. (23) is not modified by collective effects. However,
at present, no detailed data are available about the o ; be-
havior in the energy interval 0-0.4 eV, which could be
less than E !, In this case, assuming o3, < E /%, we ob-
tain an overestimation of the rate of H;" formation,
whose mean value, in the range O-ry,, becomes
o3, ~3[030; ]y, for P=1078 torr. In this case, the con-
stant term of eq. (23) approaches better the value of the
best fit.

Note that, in the pressure range 1078-107° torr, the
value of o3v,=3[0o3v,;]y IS quite constant, and the
second term of Eq. (23) is negligible. In the region
1078-107 torr, a nonperfect agreement with the linear
fit may depend on the weak variation of coefficients of
Eq. (23) with pressure.

As pressure increases further, the first term becomes
negligible compared with the second one, whose
coefficient becomes approximately constant. By the way,
the constant term of Eq. (23) scales as Epl/ 2, what is
confirmed by measurements with 40-eV beam energy.
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Although consistent, the theoretical values of
coefficients of Eq. (23) are systematically greater than
those deduced from the experimental data. Since o
should be not affected by collective plasma interactions
for a beam electron energy 100 eV, it could indicate an
underestimation, in the rate equation model, of loss chan-
nels for both H,* and H;*, as for instance formation of
Hst [13] by collision Hy*+H,, and by H," collision
with neutral long-lived highly excited H;. On the other
hand, very large recombination rates were found in equi-
librium plasmas [15], close to our experimental situation,
probably due to the interference among several decay
channels, and modifications of reactant energy induced
by the self-generated electric field.

From the above discussion, it turns out that plasma
effects play a role at a very low charge density, namely
~3X 107 electrons/cm>. Hence, plasma, although tenu-
ous, seems a not convenient tool to measure cross sec-
tions of elementary processes [16]. The ratios between
the best-fit coefficients for H, and for D, are 2.33 and
1.88, respectively, with a confidence of 40%. Since o
does not depend on the gas [5], taking into account the
different velocities of ions due to the mass, after rear-
rangement we obtain (og,+0g3)p/{OR ORI M
=5+2and ({03)p/{03)u({or3’x/{oR3)p)=0.6102.

A ratio less than 2 between the total recombination
cross sections of H,™ and D,* can be inferred from data
of Refs. [10 and [13]. Anyway, assuming that the total
recombination ratio is equal to the recombination ratio of
H,* and D;", we obtain {03)p/{0;)y=3%2. Actual-
ly, an indirect confirmation of a higher value of D; " for-
mation cross section is given in Ref. [17], where the D; ™"
and H;* formation through high-lived autoionizing
states has been investigated. In this case, the deuterium
cross section that results is two times the hydrogen one.

Figure 5 shows the experimental behavior of I in the
case of diffuse gas and gas injected by the needle. We
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FIG. 5. I; vs D, pressure. Electron-beam energy 100 eV. (a)
Open circles, experimental data for diffuse gas. (b) Black cir-
cles, experimental data for gas injected by needle. Solid and
dashed lines are the fits for gas injected by needle and diffuse
gas, respectively.
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FIG. 6. Ratio a, between the produced charge density and
the electron-beam density no, =4X10 electrons/cm® vs pres-
sure in D,. Electron-beam energy 100 eV. Solid and dashed
lines correspond to gas injected by needle and to diffuse gas, re-
spectively.

choose a linear scale for the horizontal axis in order to
emphasize the needle contribution, which begins to be
important at a pressure of about 2X107° torr. The
dashed line is the same fit of Fig. 2, while the solid line
has been obtained by using data for diffuse gas in Egs.
(20) and (21), which represent the needle contribution.
Figure 6 shows the a; dependences on the gas pressure
from which we estimate the needle overpressure in the re-
gion of linear dependence, i.e., ten times the background
pressure with a confidence of 20%.

Note that the needle contribution begins to be effective
at a background pressure approximately corresponding
to the ratio between the needle radius and the distance
between the electron gun and the detector times the nee-
dle overpressure. Actually, the contribution to the self-
consistent electric field, due to the additional ionization,
occurs only in the needle region.

V. CONCLUSIONS

In the past little attention was paid to the focusing of a
continuous electron beam compared with the pulsed re-
gime where strong increase of the axial beam current
occurs [2,18,19]. In Refs. [18] and [19], authors observed
strong focusing during the injection of a nonrelativistic
electron beam (~2 keV) in a low-density gas (10~ * torr).
In this case, during the transient stage, the axial beam
current is far greater than that measured in a steady-state
regime, which occurs some microseconds after the beam
switching occurs. Whereas the transient behavior is rath-
er independent of the distance between detector and elec-
tron gun, the steady-state current decreases quadratically
as a function of the distance [18], in agreement with the
focusing condition given by Eq. (19). Moreover, max-
imum steady-state current was observed up to =15 cm
from the electron gun, a value deduced from Eq. (19)
taking into account degree of ionization (=~5X10°
electrons/cm?), and beam energy ( =2 keV) in the experi-
ments of Refs. [18] and [19]. As a consequence of ion
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diffusion, and of the neutralization of the self-generated
field by secondary electrons, steady state has been con-
sidered a regime not convenient in order to reduce diver-
gence of electron beams [18,19].

Initially, we considered measurements in the continu-
ous regime as a diagnostic support for a pulsed electron-
impact ionization experiment in D, and H, similar to
that of Ref. [2]. In fact, our first aim was simply to carry
out the maximum electron-beam density ng,, which plays
a crucial role in electron and ion focusing [1-4]. Never-
theless, a glance to data of Figs. 2 and 3 showed that ng,
could not be directly calculated from the measured
current. In fact, from the maximum value of I; and Iy
(Figs. 2 and 3) and assuming a uniform distribution, we
obtain ng, =4X 10% electrons/cm® and ng, ~4X 10*
electrons/cm?, respectively. It indicates a not surprising
nonuniform radial density distribution. Hence we could
accept ng, ~4X 10° electrons/cm?, deduced from T, 4>asa
value close to the maximum. Unfortunately, since the ra-
dial distribution is unknown and I, is not completely sa-
turated, this value is affected by a large incertitude.
Indeed, the value, deduced from the experimental results
by using the model of Sec. III, is one order of magnitude
greater. Therefore, in order to use the continuous beam
focusing as a diagnostic method, it was necessary to un-
derstand, and hence quantitatively describe, the involved
phenomena.

As demonstrated in Sec. IV, the three-fluid approach,
which describes the time-space evolution of Gaussian-
shaped charge-density distributions [1-4], can be suc-
cessfully applied also in the stationary phase, providing
that ions be assumed at rest. It leads to Eq. (19) which
gives the spatial scale, as a function of beam and gas pa-
rameters, where focusing of a continuous electron beam
occurs. Moreover, as a consequence of Eq. (19), the use
of gas injected by a needle seems a posteriori an attractive
method to achieve high focusing of a continuous electron
beam, which deserves further investigations, especially in
view of applications.

Finally, the behavior of the ionization as a function of
the pressure gives information about the elementary pro-
cesses, and the influence of collective effects. Moreover,
the maximum value of fp, if achieved, provides an in-
direct evaluation of the temperature of secondary elec-
trons. Then the method can be considered a complemen-
tary, quite simple, diagnostic of quasiequilibrium plas-
mas. Tests with different gases should be convenient to
ascertain the applicability of this technique.
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