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The documented collective acceleration of back-
ground gas ions by intense electron beams has achieved
proton-to-electron energy ratios above 15, correspond-
ing to 14 MeV protons, and is characterized by egual
ion and beam front velocities.?:3 In order to guide
experiments aimed at scaling to higher particle
energies, it has been important to adequately under-
stand the physics controlling the beam front velocity,
R.c, which is experimentally found to be considerably
less than the injected electron velocity. We present
new proton collective acceleration data that disagree
with the space-charge-limited B¢ models, '~ but are in
accord with a power balance B¢ model that emphasizes
the beam electron energy losses connected with self-
magnetic field generation. Independent measurements
are also presented that qualitatively confirm the
predicted electron energy loss and its variation with
experimental parameters.

INTRODUCTION

In 1968 it was discovered6 that an intense electron
beam propagating through initially neutral low-pressure’
gas can collectively accelerate a compact bunch of back-
ground gas ions. One of the goye important findings to
come out of the early studies”’”™ of this CA mode in
hydrogen was the matching of the final proton velocity,
B,c, and the beam front velocity, Bgc, in the accelera-
tion region (the first ~ 20 cm of beam propagation):

(1)

Together with additional data showing a spatial associa-
tion of the accelerated proton bunch and the beam front,
Eg. (1) has formed the empirical basis for the now
widely held view that the "zero-order" electrostatic
potential well of the non-charge-neutralized beam front
is responsible for the observed trapping and accelera-
tion of background gas ions. Accelerating fields of
order 1 MV/cm are implied by the data.

In general, the advancing head or front of an in-
tense electron beam in neutral gas constitutes a net
negative charge cloud which is replenished from behind.
The beam is fully charge-neutralized behind the front
(by definition} as a result of gas ionization and
secondary electron expulsion. The relation 8 = B¢ has
motivated our studies to focus on identifying the physics
governing R_.. The data thus gathered was found to have
serious inconsistencies with the Olson B¢ model. The
problem was found to be the neglect of important beam
energy dissipation effects connected with beam self-
fields. To account for these effects, we have invoked
and extended the beam power_balance analysis used pre-
viously by Graybill et al.,’ which does not really per-
tain explicitly to collective acceleration (CA) at all,
but to an energy conservation constraint on intense
electron beam front propagation velocity, Bgc. The
power balance model for B¢ is then straightforwardly
linked to collective acceleration by Eq. (1). We
proceed now to describe the power balance picture in
relation to the phenomenology introduced by Rostoker
and re-explored by Olson.

BEAM FRONT PROPAGATION IN LOW-PRESSURE NEUTRAL GAS

As indicated by Rostoker,4 the phenomenclogical
form of the physics controlling Bf is simply
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where L is the length of the beam front, i.e., the non-
charge-neutral leading portion of the beam in which gas
ionization leading to charge neutralization is occur-
ring, and Ty is the charge neutralization time, i.e.,
the time required for gas ionization to charge-neutral-
ize the beam to the level permitting complete propaga-
tion. Ty depends on the gas pressure, p, and type.
Equation (2) says that the beam front can advance only
so fast as is permitted by the process of charge
neutralization via gas ionization. Equation (2) was
used by Rostoker4Aand again by Olson® with different
calculations for L and Ty+ It is important to note
that the form of Eq. (2) stands by itself, independent
of specific models for L and Ty. 1In both the Rostoker
and Olson treatments, £ was assumed to be governed by
purely electrostatic forces arising from the un-
neutralized space charge of the beam front. However,
our experimental data on Bf cannot be explained even
qualitatively unless the electron energy losses as-
sociated with self-field generation are taken into
account. Figure 1 shows data from the case with
0.55 torr hydrogen in the acceleration chamber. 1In
the figure, Bp and By are jointly signified by the
symbol Bg P and Bp is the proton kinetic energy. It
is seen that Bs is an increasing function of 2 = & /I e,
the diode impedance or beam electron energy-to-curfen
ratio at injection, and of the injected beam radius r
which was varied by changing the cathode radius, r .
While neither of these B; effects are predicted by the
Olson model (which gives the dashed line in the fig-
ure), they can be understood in terms of beam kinetic
energy loss due to self-magnetic field generation, as
we now show.
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Figure 1 é; and Bf' versus Z for two cathodes of
different radius, at 0.55 torr Hy.

The direct calculation of £, which is needed in
Eq. (2), is analytically intractable, so we instead use
a power balance analysis to bring out the physics. To
illustrate the power balance most simply, we first con-
sider the limiting case in which self-magnetic field
generation consumes all of the injected electron energy:

(3)

where P = (l/e) &elo is the injected beam power and Py
is the rate of energy flow into the self-magnetic field,
given by the product of the beam front velocity and the
magnetic field energy per unit length, hence
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Here it has been assumed that the axial beam current
density is uniform, that there is no current neutraliza-
tion (which is experimentally the case in the gas pres-
sure range supporting this CA mode), and that the beam
chamber is a conducting cylinder of wall radius r .

- . . w
Equation (3) is solved for Bf to give

_lem___z
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The data (Fig. 1) and Eq. (5) clearly agree regarding
the manner in which Z and r, affect B . We emphasize
that Eq. (5) represents the special lifiting condition,
Eg. (3), and so only serves in the present context to
bring out the gqualitative physics associated with the

self-magnetic field effect.

(5)

From the point of view of Eg. (2), the genera-
tion of the azimuthal self-magnetic field involves an
induced axial electric field which decelerates elec-
trons, making £ smaller than in the purely charge-
limited case. When Z or rj is increased, the effect
of the induced electric field decreases, either rela-
tively or absolutely, allowing £ to grow larger and
Bs to increase. The fact that the scaling of Bf seems
dominated by magnetic energy production (as epitomized
by Eq. (3)) means that the induced electric field plays
a role which is at least as important as that of the
electrostatic field in determining £, and perhaps much
more so.

DETECTION OF ELECTRON ENERGY LOSSES

The view that B_ is controlled by power balance
effects involving major electron energy losses gets
strong support from time-resoclved measurements of brems-
strahlung X-rays generated by electrons striking
chamber walls. A representative waveform is shown in
Fig. 2 (0.55 torr case). A fast scintillator-photo-
diode combination was used to monitor the X-ray in-
tensity, which was relatively low during the initial
phase when the beam front was moving toward the chamber
endplate, with the electrons striking the sidewall. 1In
this phase the electrons flow through the beam front to
the sidewall; it is in the beam front that self-field
generation would extract energy. Just when the beam
front reached the endplate and effectively disappeared
into it (82 cm from the beam injection window), the X-
ray intensity increased dramatically and abruptly,
indicating a significant increase in the energy with
which the electrons hit the wall. This energy increase
occurred because the electrons now struck the endplate
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— 20 T T T T
£ £ = 5.94 Mev
2 7 sk
2 0107 fe =254 cm
<
P4
(-u-):J 1.0 ~
2 ]
o 055 T
°
B 5[ by
<]
=
[S)
£ o " 1 RN v
4 20 40 60 80 100 120
TIME (nsec)

Representative X-ray bremsstrahlung wave-
forms at two gas pressures, showing (in 0.55
torr case) an initial low-amplitude phase due
to electron energy losses in beam front.

Figure 2
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purely electrostatic system, electrons would always
have full energy upon reaching any wall (so long as the
chamber is a grounded conductor, as in our case).

There were no fluctuations in injected electron energy
or current that could account for the observed change
of X-ray intensity. The correspondence of the X-ray
burst with the beam front's arrival at the endplate was
confirmed by Rogowski coil measurements of beam front
position vs. time.

GAS PRESSURE EFFECT IN POWER BALANCE PICTURE

Equations (3) to (5) bring out the role of beam
and geometry parameters in the power balance control
of Bf' , but do not yet contain the gas density or pres-
sure, p, that has been shown® to strongly influence
Sflp.‘ Figure 3 presents additional hydrogen pressure
variation data for five different beams.

Note in Fig. 3 that Bf'
eters at all pressures.
Bf, should be independent of beam parameters (except
in ghe relatively uninteresting low-pressure range,
below about 0.2 torr here), and Bf should begin to
depend on beam parameters via power balance only as p
exceeds the high-pressure cut-off of collective ac-
celeration.

p varies with beam param-
According to the Olson model,

From Fig. 3 it is seen that B_ and Bf.P increase
with p (except for certain exceptions which are dis-
cussed later). This behavior follows directly from
Eq. (2), since Ty should decrease when p increases.

But as already shown, without a realistically complete
calculation of £, Eqg. (2) does not bring out the
dominant physics, and so we turned to the power balance
analysis. To complete that picture, we now describe
the role of the gas pressure in it.
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Figure 3 é; and Bf o vs H, pressure (5 beams).

Equation (5) is unphysical regarding the pressure
because it contains only one quantity, Bg, that should
vary with pressure (via t_ in Eq. (2)). This in-
completeness is due to having taken the limiting case
[Eq. (3)] in which all the injected kinetic energy
goes into self-magnetic field energy. But as docu-
mented by the X-~ray data, there is a residual elec~
tron kinetic energy that strikes the chamber wall,
producing X-rays. The missing term in Eq. (3) is

just the kinetic power flow into the wall, Pw:



P =P +P (6)

Equation (6), together with Eg. (4), simply says that
when 8 _ increases due to increased pressure, P is
increased, i.e., self-field generation consumes a
greater portion of electron energy, so electron
energy at wall impact is reduced. Therefore P de-
creases, with a corresponding decrease of X-ray
intensity during the lossy period before the beam
front reaches the endplate. Figure 2 shows that the
X-ray waveforms indeed exhibit this behavior, verify-
ing that at fixed beam parameters, an increased beam
front velocity causes increased non-conservative
electron energy losses, in accordance with power
balance.

Returning, as promised, to the down-turn of
some of the curves in Fig. 3, we note that the col-
lective acceleration is impaired if Z and/or p is
too high, presumably because B _ is then too:high for
proton trapping to occur; the protons slip behind the
moving potential well either immediately (resulting
in no detected protons) or after gaining only some
portion of the energy which they would have had if
B, = Bf, so that actually B < B¢. This would be
tEe reason for the down-turn in some of the curves in
Fig. 3. The obvious solution to this limitation is
to have Z and p smoothly increase during acceleration
from relatively low values (Z in time, p in space),
so that Sf likewise increases from a low value. In
this way the beam front could trap the protons at a
suitably low velocity and then make a smooth transi-
tion (preserving trapping) to velocities above the
present limits set by trapping kinematics.

The increase of Z (the diode impedance) in time
is opposite the usual behavior of conventional intense
beam diodes, but might be suitably achieved using a
plasma-filled diode.? This diode technique is still
in its infancy and is not really ready for this ap-
plication. We therefore turn to the other option,
consisting of a pressure gradient, with p increasing
with propagation distance. From Fig 3 it is evident
that considerable increases of & A require only modest
extensions to higher pressures using gradients.
(Previous work documented beam front velocity of
0.7 ¢ in uniform 1 torr hydrogen, which is less than
twice the present pressure cut-off; at 0.7 c, &
would be 375 MeV.) P

The pressure gradient technique has been at-
tempted in two reported studies.'t’ In both
cases, serious flaws in the experiment account for
the negative results obtained. In one case,ll the
increasing "gradient" was a single discontinuity of
up to 0.85 torr at a distance of 30 cm from the anocde.
A thin conducting membrane was used to make the pres-
sure differential. Recent experiments at PI have
shown that abrupt pressure discontinuities completely
disrupt the collective acceleration.

The other study12 used smooth density gradients,
but was seriously compromised by a rather slow beam
current risetime of 70 nsec. Due to the slow risetime,
the injected current, I , was below the space~charge-
limiting current, I , for about 40 nsec (according to
the authors), as colpared with about 1 nsec in our
case. Since collective acceleration cannot occur until
I, > 1,7 their beam was streaming through and pre-
ionizi%g the gas for 40 nsec prior to acceleration on-
set. The effect of the gas density gradient cannot be
evaluated in such a case. (Note that very low-level
preionization was observed in another studyl4 to quite
strongly influence beam propagation in a manner that is
not vet understood.)

The power balance physics governing 8 has
been described here as simply as possible, but de-
tailed consideration reveals a very intricate web of
self-consistent effects comprising the power balance
picture. We have attempted to diagram the coupled
physics logic in Fig. 4. The scenaric shown in the
figure integrally includes the electrostatic part of

+

the problem emphasized by Olson. ,

(For completeness we mention that the localized
pinch [ "focusing instability"] model®r16 ¢ collective
acceleration should not be directly subject to the
power balance constraint, since that mode does not
depend on beam front velocity, provided that the beam
front is sufficiently far ahead of the acceleration
region.)

The problem of detailed, quantitative analysis
of Bf,p is one of non-laminar electron trajectory
calculations, self-consistently coupled to strong
electrodynamic and electrostatic self-fields and,
equally important, to gas ionization processes (which
have been theoretically evaluated by Olson,17 but still
await experimental documentation). The full intricacy
of the problem can be gleaned through contemplation of
Fig. 4. Fortunately, the semi~quantitative scaling
laws represented by Egs. (2) and (4)-(6) are quite
enough to guide continuing experiments aimed at achiev-
ing interestingly high ion energies with this collect-
ive acceleration technique.

Figure 4 Causal relationships controlling in-
tense electron beam front propagation in low-

pressure neutral gas. Arrows extend from each
quantity to those it directly influences; rec-
tangles signify independent variables.
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