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Experiments with a second-generation collective ion accelerator (IFA-2) are reported. Results
demonstrate that ion acceleration with fields of 33 MV/m over 30 cm has been achieved with a

controlled collective accelerator for the first time.
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In collective accelerators,'=3 the collective fields of
an ensemble of charged particles are to be used to ac-
celerate a smaller group of charged particles, usually of
a different species. In this manner, collective accelera-
tors may produce accelerating fields orders of magni-
tude higher than those in conventional accelerators.
However, the quest for a scalable, working, collective
accelerator has proved to be elusive for many years.
In the ionization-front accelerator (IFA), the large
space-charge field of an intense relativistic electron
beam (IREB) is accurately controlled with a laser to
produce high-gradient ion acceleration."*> We report
here the successful operation of a second-generation
collective accelerator system (IFA-2) which demon-
strates that particle acceleration with accelerating fields
of 33 MV/m over 30 cm has been achieved with a con-
trolled collective accelerator for the first time.

To show that large space-charge fields are possible
with an IREB, consider first a long electron beam of
uniform density n, and radius 7,. The beam appears as
a rod of charge with peak radial electric field E,
= 2m ner,, where e is the charge on an electron. For a
steep axial charge-neutralization gradient, the peak ax-
ial electric field at the end of the rod of charge is given
by E;=E, ! or

E;=2mn,er,. (1)

For a modest IREB with energy €,=1 MeV, current
I,=30 kA, and r,=1 cm, we have n,=2.0x10"?
cm™3 and E;=180 MV/m. For higher IREB densi-
ties, fields exceeding 1 GV/m will be attainable.b If
the IREB is neutralized in a controlled manner, as in
the IFA, then these large fields can be used to ac-
celerate charged particles.

In the IFA, controlled neutralization is achieved as
shown in Fig. 1. An IREB is injected into a metallic
drift tube filled with a low-pressure working gas. The
gas pressure is chosen low enough so that the IREB
does not significantly ionize it by IREB-induced ioni-
zation processes.’ Initially the IREB remains stopped
and diverges radially because of its own space charge.
An ionizing laser beam is then injected through a win-
dow along the side of the drift tube. As the laser beam
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is swept, it ionizes the working gas, creating a plasma
of density n,= n,. The plasma electrons are expelled
radially by the IREB space-charge field, leaving a plas-
ma ion background density n‘i = n, to provide charge
neutrality for the IREB. The IREB propagates quickly
through the charge-neutralizing plasma region; just
ahead of the plasma region the IREB is subjected to its
own space-charge field and diverges radially again.
The strong potential well associated with the space
charge at the head of the IREB follows the moving
laser front synchronously. Ions (produced, e.g., by
IREB-induced ionization of a light-ion-source gas
mixed with the working gas) are trapped in the poten-
tial well and experience acceleration as the laser sweep
accelerates.

The IFA is a direct extension of the natural collec-
tive acceleration process that occurs when an IREB is
injected into a low-pressure neutral gas.!'3-10 In the
natural process the potential well elongates, has a rela-
tively small axial electric field, and moves at constant
velocity. In the IFA a steep potential-well back
results, with a very high axial electric field, and with a
velocity that can be increased by sweeping of the laser.

For a nonrelativistic IFA, the IREB current is
chosen with I, <, and v/y=1,/1, < 1 where I, is the
space-charge limiting current!-!!

L=B.(y.—1)(mc3/e)[1+In(R/r,)]17 1, (2)

and I, is the Alfvén-Lawson magnetic stopping
current!- 1213

In=B.y.mc%e. (3)

Here B.c is the electron velocity, ¢ is the velocity of
light, y,=(1—82)"Y2 mis the mass of an electron,
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FIG. 1. lonization-front accelerator (IFA).
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and R is the radius of the drift tube. This choice en-
sures that there is sufficient space charge to create a
strong potential well (I, = I,), yet still allow the IREB
to propagate easily in the charge-neutralized mode
(I, < 1,). The laser is chosen to photoionize the
working gas to a plasma density n, = n, ina time t <7
where 7= r,/B;c and B,c is the desired final ion veloci-
ty. The IFA concept is very forgiving in that perturba-
tions in y,, /,, or n, may cause fluctuations in the po-
tential well size but not its axial location. With such
perturbations some ions may be lost from the well, but
the final energy of the trapped ions will be unchanged
because the potential-well axial velocity is determined
by the laser sweep velocity.

The energies of the laser, the accelerated ions, and
the IREB are ordered respectively as

€jaser << €jons < €[REB- (4)

It is emphasized that a very small amount of (expen-
sive) laser photon energy is used to control a very
large amount of (inexpensive) pulsed-power IREB en-
ergy. The theoretical conversion efficiency of IREB
energy into accelerated ion energy should be, e.g., 32%
for 300-MeV protons and 10% for 1-GeV protons.!

Two complete IFA systems have been built (IFA-1
and IFA-2). The first-generation system (IFA-1) had
a 10-cm acceleration length and used Cs as the work-
ing gas.'*!1° The second-generation system (IFA-2)
has a 30-cm acceleration length,!6 and is shown in Fig.
2. In its final version, IFA-2 uses Cs as the working
gas.!” Three state-of-the-art innovations were created
for IFA-2. These are a laser-triggered IREB machine
that has nanosecond command firing jitter, a beam-
conditioning cell that substantially reduces the IREB
current rise time, and an electro-optic crystal deflector
that sweeps a high-power laser beam on a nanosecond
time scale.

The IFA-2 IREB machine is a pulsed-power driven
electron accelerator with laser-triggered Blumlein
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FIG. 2. The IFA-2 system.

switches and a field-emission electron diode. An
argon-filled beam-conditioning cell is used to reduce
the IREB current rise time from 18 ns to as low as 2.3
ns. The desired IREB parameters at the foil entrance
to the IFA acceleration section are 1 MeV, 30 kA,
rp,=1 cm, rise time <S5 ns, flat top > 30 ns, and a
command firing jitter of <1 ns. The actual parame-
ters are 1 MeV, 12-42 kA, 3-8 ns rise time, 40 ns
FWHM, and a command firing jitter of a few nano-
seconds.

The Cs cell contains the main IFA acceleration sec-
tion. The 30-cm drift tube is a rolled copper screen
with an inner radius of 1.1 cm. To obtain the desired
neutral Cs density, the Cs cell is placed in an oven
heated to about 225°C. A Cs ampule is held at a
slightly lower temperature to set the desired reduced
gas pressure to about 30 um, which gives a neutral Cs
density of about 1.0x 10'® cm~3. The IREB density is
n,=2.0x10'? cm~3, and so the Cs has to be ionized
only 0.2% to produce n, = n,.

A two-step Cs photoionization scheme is used be-
cause the cross section for photoionization of Cs from
the excited state is about fifty times larger than the
cross section for photoionization from the ground
state.'®1° A ruby-pumped dye laser (852.1 nm) is
spread with a cylindrical lens and used to excite the en-
tire Cs volume. The nominal dye-laser parameters are
100 mJ in a 30-ns pulse. The swept laser beam is pro-
duced by an XeCl injection-locked amplifier system
(308 nm) that produces a very uniform, very low-
divergence beam. The nominal XeCl laser parameters
are 1100 mJ, 30-40 ns FWHM, and 75% of the energy
into a four-times diffraction-limited spot.

The main portion of the XeCl laser beam is directed
into an electro-optic crystal deflector with a 1.1x1.1-
cm? throughput aperture. The deflector contains
eleven potassium dideuterium phosphate crystals and
produces a maximum deflection angle of 2 mrad for a
net 30-kV change in applied potential. Typically, the
deflector is biased at — 15 kV and an electric driver
circuit produces a rise to +15 kV with a quadratic
temporal dependence. After traversing the optical
equivalent of 150 m, the beam sweeps 30 cm along the
Cs cell in 20 ns with a quadratic temporal dependence.
The sweep time can be changed by change of an induc-
tance in the driver circuit. The desired laser parame-
ters at the Cs cell are 127 mJ in a spot diameter < 2.5
cm. The actual parameters were 65-195 mJ in a spot
diameter of about 2.5 cm.

An extensive number of diagnostics were used on
the full IFA-2 experiments to monitor the IREB, the
Cs working gas, the ion source gas, the dye laser, the
XeCl laser, the deflector, the timing, the IREB beam-
front motion, and the ion output. Here we will sum-
marize the key photoionization experiment results,
and the key ion results from the full IFA-2 experi-
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FIG. 3. Proton results.
ments. 20

Initial experiments were performed to verify that the
two-step photoionization scheme was working as
planned. In these experiments, the two lasers were
used to excite and photoionize the Cs in the first 10
cm of the cell, just before the IREB was injected.
Then, by observing with a streak camera whether the
IREB stopped at the entrance foil or jumped quickly
through the first 10 cm, we were able to observe the
threshold for charge neutralization. From these exper-
iments we found, in agreement with theory, that only
0.001 J/cm? of dye laser and 0.0005 J/cm? of XeCl
laser are needed to control 1000 J of IREB energy.
These results demonstrate that the photoionization
scheme works and that relation (4) holds well.

The main ion results were obtained with a magnetic
ion spectrometer using a solid-state nuclear track
detector (CR-39). After development of the CR-39 in
NaOH, individual ion tracks are produced which may
be counted with the aid of a microscope. By division
of the CR-39 surface into a series of bins, and count-
ing of the ion tracks in each bin, an energy spectrum
can be obtained. In the following, we have normalized
each energy spectrum to its peak value, so that energy
spectra for different cases may be easily compared.

Proton results are shown in Fig. 3. For the natural
collective acceleration process with 100 um H, and no
lasers, the proton energy peaks at about 1 MeV. For
the full IFA-2 system with a 10-cm sweep, and with 50
um Cs and 50 um H,, the final velocity B,c was pro-
grammed to be 8;=0.058 which corresponds to a 1.7-
MeV proton. The resultant proton energy spectrum
peaks at 1.7 MeV. For the full IFA-2 system with a
30-cm sweep, the final velocity 8;c was programmed to
be B;=0.1 which corresponds to a 5-MeV proton. The
resultant proton energy spectrum peaks at 5 MeV.
Deuteron results are given in Fig. 4. Here the natural
process for 100 um D, produces a D* energy peak at
about 1 MeV. For the full 30-cm IFA-2 system, with
50 um Cs and 50 um D,, the final sweep speed had
B,=0.1 corresponding to a 10-MeV D* ion. The
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FIG. 4. Deuteron results.

resultant D spectrum shows a peak at 10 MeV.
Helium-ion results are shown in Fig. 5. Here the na-
tural process for 100 um He produced a peak in the
He** spectrum at about 2 MeV. For the full 30-cm
IFA-2 system with 50 um Cs and 50 wm He, the final
sweep speed had B8,=0.1 which corresponds to a 20-
MeV He** ion. The resultant He** energy spec-
trum peaks at 20 MeV.

These ion results show that IFA-2 has trapped and
accelerated ions at the programmed phase velocity.
The D* and He** results show that accelerating
fields of 33 MV/m over 30 cm were achieved.

The number of ions N that can be trapped should be
about NZ = nmyry where Z is the ion charge state.! By
the assumption of a normal phase-space distribution?!
for the ion bunch and by the assumption that the
bunch is charge neutral and drifts ballistically, a
lower-bound estimate for N can be made based on the
number of ions in the phase space accepted by the
spectrometer, as given in Table I. If the bunch is not
charge neutral, then the number of ions could be
much higher than the estimates given in Table I. The
30-cm case results are really in a ‘‘test particle regime’’
since the XeCl laser intensity was marginal and there
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TABLE I. Lower-bound estimate of N for various cases.

H* D* He**
Natural process 5% 1012 1x 1012 1x 10!
10-cm IFA-2 1x10!2 coee <
30-cm IFA-2 2x 10 2x 107 3x107

was no opportunity to optimize the laser timing and
ion-source gas pressure to maximize N. For the 30-cm
case for D* and He**, the XeCl laser intensity was
about 0.5 MW/cm? at the Cs with a 2.5-cm spot, which
yields at the end of the sweep about 0.4 mJ/cm?. For
the 10-cm case, the XeCl laser intensity was ample
(about 0.8 MW/cm? at the Cs with a 1.5-cm spot
which yields at the end of the sweep about 0.7
mlJ/cm?), and we obtained N = 1.0x 10!2. Thus, with
proper laser intensity and ion source optimization, we
believe N > 102 should be routinely attainable for all
cases.

As noted with result (1), the IFA-2 IREB is capable
of producing a peak E; of — 180 MV/m. Our present
experiment was limited in XeCl laser intensity so that
the condition n,=n, for 8;,=0.1 was achieved in a
distance of about 2.5r, instead of the desired distance
< ry; this limited the usable field to about 33 MV/m.
With proper laser intensity, so that the ionization
length is < r,, the same experiment should control
fields of 100 MV/m over > 1 m.

In conclusion, the physics of the IFA concept has
now been demonstrated experimentally. The IFA con-
cept should permit the development of compact ac-
celerators for such diverse fields as nuclear physics,
heavy-ion inertial fusion, cancer therapy, and military
applications. In addition, the IFA concept can ulti-
mately be extended to the relativistic case (8,=1)
where the laser pulse is injected on axis and no sweep
is needed.® It is then conceivable to have 1-GV/m ac-
celerating fields with 10-m accelerator sections to pro-
duce essentially unlimited ion energies.
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