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Abstract

The ionization front accelerator (IFA) is the first
controlled collective accelerator powered by an intense
relativistic electron beam to demonstrate particle
acceleration with a high acceleration gradient. Here
the IFA concept is reviewed, results of second gener-
ation accelerator experiments are summarized, and an
analysis for future IFA development is presented.

Concegt

The ionization front accelerator (IFA) is a col-
lective ion accelerator in which the large space charge
field at the head of an intense relativistic electron
beam (IREB) is controlled by a }aier to produce high
gradient particle acceleration.™’ In the basic con-
cept, as shown in Fig. 1(a), an IREB is injected into a
metallic drift tube filled with a special working gas.
The pressure of the working gas is chosen low enough so
that the IREB does not significantly ionize it before a
photoionizing laser beam does, that is injected through
a vindow along the side of the drift tube. As the laser
beam is swept, a plasma of density n_ is created with
n ~n_vhere n_ is the IREB density.® As the plasma
electrons are gxpelled by the IREB’s space charge field,
an ion background density n_. is left that permits the
IREB to propagate in a chargé neutralized state. Ions
(e.g., from an ion source gas mixed with the working
gas) are trapped and accelerated in the strong potential
well at the IREB head.

Key features of the IFA include a high acceleration
gradient, a relatively low laser energy requirement, and
a moderately high efficiency. The peak axial electric
field that can be created is

E, = 2nneerb (1)
wvhere r, is the IREB radius and e is the electron
charge. Fields exceeding 100 MV/m are already routinely
available; fields of 1 GV/m and higher should be
attainable. The energies of the laser, ions, and IREB
are ordered as

< 1rEB 2
so that a very small amount of laser energy is used to
control a large amount of pulsed pover IREB energy.
Theoretical conversion efficiencies of IREB energy to
ion energy are relatively high (e.g., 32X for 300 MeV
protons).

IFA scenarios are given in Fig. 1l(a), (b), (¢) that
produce phase velocities ranging from zero up to the
speed of light ¢. These are divided into three cases as

e
E1aser « ions

follows:
(a) non-relativistic case 0« Biz < Bez
(b) transition case Bez < ﬁiz <1
(c) relativistic case Biz =1

vhere 6izc is the ion axial velocity and 8 _c is the
IREB axial velocity. Note that because of the elec-
tron’‘s betatron oscillations in the IREB’s self fields,

we have 8 < B vwhere B c is the injected electron
velocity. "For cases (b) and (c) where Bi exceeds 8 _,
the IREB is made to pre-propagate ahead 5% the ion blAch

so the laser sweep velocity can exceed B _c. Tgis is
done by creating a weak preformed plasma with v < f
<< 1, or by using an axial magnetic field Bz' ere v, =
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[1-8 2]-1/2 and f =n_./n . For case (¢), a short

laser Sulse (typicafly 5p30 Ss for rr = 1 cm) is injec-
ted co-linearly with the IREB. Note that case (c¢) can
in principle be used to attain unlimited ion energies.

Demonstration Experiments

Two complete IFA systems, IFA—l3 and IFA—24, have
been built and tested. IFA-1 used a 0.6 MeV IREB and
had a 10 cm acceleration length; IFA-2 used a 1 MeV IREB
and had a 30 cm acceleration length. Both systems used
Cs as the working gas and two-step laser photoionization
with excitation at 852.1 nm and photoionization from the
excited state at 347 nm (IFA-1) or 308 nm (IFA-2). The
advantage of the two-step process is that the cross
section for photoionization from the excited state is
about 50 times larger than the cross section for photo-
ionization from the ground state. Synchronization of
the lasers with the IREB was needed to within 1 ms.
Self-breakdown oil Blumlein switches on IFA-1 had a l-o
jitter of 6 ns; laser-triggered gas Blumlein switches on
IFA-2 reduced the 1-c jitter to ~ 1 ns. Key re§u£ts of
the IFA-1 and IFA-2 experiments are as follows:™’

1. Cs was shown to be a feasible working gas at a
reduced preigure_gf 30 microns (i.e., a neutral density
of 1.0 x 107" ecm 7) In IFA-1, the excitation laser was
swept vhile the kicker laser was on. In IFA-2, the
entire Cs volume was excited, and then the kicker laser
vas svept. Both schemes work.

2. An accurately-controlled fast laser sweep was
demonstrated with two different methods. In IFA-1, a
passive light pipe array swept the dye laser exciter
beam quadratically in time. In IFA-2, an electro-optic
crystal deflector swept the XeCl laser kicker beam
quadratically in time (typically 30 cm in 20 ns).
swveep methods work.

3. Laser-controlled motion of the IREB beam front
vas demonstrated on both IFA-1 and IFA-2. Programmed
sveep motion was observed with streak photography.
Controlled phase velocities s‘c programmed for
B¢ =0 -0.07, 0 - 0.1, and 0"- 0.14 were demonstrated.

4. A small amount of laser energy was shown to
control a large amount of IREB energy in IFA-2
experiments. Specifically, it was shown that
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Fig. 1. Ionization Front Accelerator (IFA).
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0.001 J/cmz of dye laser and 0.0005 J/cm2 of XeCl laser
could control 1,000 J of IREB energy.

5. Ion acceleration at the programmed ghase
velocity was demonstrated on IFA-2. 5 MeV H',
10 MeV D+, and 20 MeV He'™ ions wvere produced (each
originated from the appropriate ion source gas). The D"
and He  ion data demonstrated that particle acceler-
ation with controlled fields of 33 MV/m over 30 cm had
been achieved with a controlled collective accelerator
using an IREB for the first time.

Scaling for Future Development

Previously, scaling calculations were made for the
IFA case of Fig. 1(a), including efficiency Tstimates
and seven limits to the beam front velocity. Here wve
consider scaling to higher energies, and we examine
radial focus, adiabatic cooling and damping of trans-
verse oscillations, axial energy spread, secondary
electron escape, gas scattering, and potential instabil-
ities. Following this, we present an IFA design chart.

Radial Focus
Using the two-mass approximation, the radial force
equation for an ion in the potential well is

YiApr- —ZeZIe(Bezcrb)—l{(l-fe)—ﬁ. 8 (l-fm)}r/rb (3)

iz"ez
2,-1/2 . X
vhere v, = [1-8,"] , M_is the proton mass, A is the
atomic fiumber, +Ze is the*ion charge, I is the IREB
current, f is the fractional charge netitralization, and
f 1is the fractional magnetic neutralization. For the
1PA case of Fig. 1(a), with £, = £, = 0 in the vell
region, we have

" -1
viAHpr = —ZeZIe(ﬁezcrb) {I—Bizﬁez)r/rb (4)

As the ion accelerates, the transverse mass increases
(~ Yi) and the radial focusing force decreases
(~17- Bi Se ) but always remains focusing.

For ‘¥h&”IPA cases of Figs. 1(b) and (c) with a weak
preformed plasma and ﬁi > B8 _, the radial force will be
focusing or defocusing 5epen3§ng on the radial distri-
bution of the pgiformed plasma. If the plasma is
uniform with y < f << 1, then the electrons will
focus and the Yons wifl defocus. However, it is pos-
sible to focus both the electrons and the ions if the
preformed plasma is created with an annular laser beam.
For example, if n_ = 0 in an inner core (e.g., 0 ¢ r/rb
€ 0.5) and n_ # 0"in an outer annulus (e.g.,

0.5 {r/r 5p1), then the ions contained within the
inner core will have f = 0 and will always focus, and
the electrons will traVerse both areas and will always
be focused in the outer annulus. The plasma ion annulus
will be attracted inward, but the IFA sveep can occur
before the ion annulus contracts significantly.

Adiabatic Cooling and Damping

The radial force Eq. (4) is an harmonic oscillator
equation with slowly varying parameters (y.,, 8,). For
the adiabatic case, the motion maintains constiancy of
the action angle variable £/w where ¢ is the local
oscillation energy and w is the local oscillation

frequency. The resultant solution of (4) is
1 t K(1—Bizﬁez) Y2

r=r cos | |——————— dt  (5)

0 1/a(1_6 8 )1/4 0 Yy

Y3 iz ez
2 -1
vhere K = ZeZIe(Sezcrb AHP) . It follows that
-1/4 -
r -y (1_Bizsez) 174 (damping) I
- (6)
. -3/4 +1/4 ;
ro-yg (I-Bizﬁez) (cooling) ’

The transverse emittance then scales as
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. -1
g = nr(YiAHpr)/(BiviAHPC) ~ (Bsvy) N
which improves as the ion energy increases.

Axial Energy Spread

Following a similar procedure for the axial oscil-
lations, and using the two-mass appgoximation (so the
longitudinal oscillating mass is y,”AM ), we find the
adiabatic harmonic oscillator equa%ionpfor the axial (z)
motion yields

-3/4
Yy

z ~ (damping) )

-9/4 5(8)

z - Yy (cooling)

The longitudinal emittance and the axial ion energy
spread then scale as

3 . -1
8” = nz(Yi AHPZ)/(BiYiAHPC) ~ (BiYi) (9
-3/2
Aei/si 2 (e¢o/€i)yi (10)
vhere e¢ 1is the initial potential well depth. Both ¢

i

and Aei/%1 improve as the ion energy increases.

Secondary Electron Escape

As plasma is created by laser photoionization near
the potential well, it is assumed that the plasma
electrons will be expelled to the walls at radius R
(R=x~r,) essentially instantaneously until £ = 1. 1In
reali?y, expulsion by the radial electric ffeld E_ is
complicated by the presence of the beam’s self maénetic
field B, which, if large enough, can tend to trap the
secondaries. If trapped, the secondaries will drift
tovard the beam front with trajectories that resemble
E_ x B, drift trajectories. Fortunately there is also
an axial E_ near the potential well that causes an
E_ x B, drift in the outward radial direction, that does
cause ?he secondaries to escape. These drifts are given
approximately by:

(1l1la)
(11b)

-1
axial drift: v, = (Er/Be)c ~ (l—fe) Bez _1c
radial drift: v = (Ez/Be)c =~ (rb/Az) Sez c

where Az is the axial gradient length over which the
potential drops. Initially, E_ > B_, and the
seggndaries do directly escaperradially. As £ exceeds
Y , then trapping can begin if the height of the drift
tfajectory is contained within the IREB. The cyclotron
radius of a secondary electron at the beam edge using
(11a) for the drift velocity is

Tee = rb(;-fe) Bez 1(mc3/e)/(21e) (12)
This shows that for large I , and/or as f_ approaches 1,
trapping occurs with the ax?al drift (11a? and second-
aries will not escape directly in the net E_. Howvever,
they will escape by the radial drift (11b).

Gas Scatterin,
Since the IFA requires a background working gas,

it is of interest to see if the accelerated ion beam
will be scattered significantly by the gas. The mean
square angle ofsthe Gaussian multiple scattering
distribution is

<8% = 4mn (222 ez)Z(SiZYiAH c?y?

-[1n(210 zg‘1/3)1 L (13)

vhere g refers to the working gas and L is the ion path

length. For proton accelefstiog3with Cs as the working

gas (Z = 55, ng = 1.0 x 1077 em 7), this is
<92> = 1.4 x 10'11 (Bi_4yi_2) L(cm) (14)
WE3-44
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In an IFA with 100 MV/m accelerating fields, proton =

acceleration to 1 MeV (B = 0.046) occurs in 1 cm, and to
100 MeV (8 = 0.43) in 100 cm. Because acceleration to
high 8 oceurs so quickly, scattering effects as given by
(14) appear to be negligible. Also once relativistic
energies are reached (y, > 2) scattering effects become
even more negligible.

Potential Instabilities

Ve have examined several possible instabilities,
and we can present only a brief summary here. The e-i
two-stream instability for IREB flectrons and plasma
ions has a 2-D current threshold™ at Ie = v (ye+1) I
for the IFA, I < I, typically so I_ is vel? b&low the
threshold current for instability. We have also
examined the e-e two-stream instability (IREB electrons,
plasma electrons), return current (Buneman) instability
(plasma electrons, plasma ions), filamentation =
instability, and resistive hose instability.
ideal IFA (f_ = 1, no return current, ¢ = 0) none of
these instabilities should even occur. For a real IFA

with possible over neutralization, some of these may Y2

occur. However, for that case, we have estimated
saturation effects to be small, or stabilization to
occur by transverse velocity spreads or by image current
wvall stabilization.

IFA Design Chart

Having established from the above that scaling of

-

the IFA to very high energies appears plausible, we
present in Fig. 2 a chart to aid in designing IFA’s.
Here the IREB current I is plotted against the IREB
radius r, . If ve speci?y I <1I,, then the IREB energy
must be ?e > eIe/(Bezc). In practical units, this is

co(eV) 230 I (A)/8,,

o
=3

wn
=
-_—

For the

(13)

Fig. 2 shows sets of lines giving the axial acceleration oo

gradient E_, the IREB current density J , and the number
of ions N,"= n.r accelerated per pulsé. Two con-
straint boundariés are also shown. The working gas

depletion limit occurs when n_ = n_ so the working gas,
if fully ionized, can just refch € = 1. The charge
exchange, limit for the ion source gas requires

E/p g 10" V/cem/Torr for the initial acceleration to 100
keV. The IFA-2 operating point (1 MeV, 30 ka,

£, = 1 cm) is shown in the center of the figure.

Some interesting comments can be made in relation
to Fig. 2. First note that fields of 1 GV/m and higher
are well within the alloved parameter space. To achieve
high fields at moderate currents requires small radius
beams with high current densities (e.g., 16 kA in a 1 mm
radius beam gives a 1 GV/m field). Also, for high
fields (E > 1 GV/m), Stark field ionization may be used
to ionize the excited state working gas atoms; then no
kicker laser is required, and only a swept dye laser
exciter is needed.

Most IFA applications require ion energies of
100 MeV < £./A < 1 GeV, vhich can be achieved with the
IFA of Fig.'1(aj with a length of 1-10 meters. For high
energy physics applications, a staged IFA consisting of
all three IFA cases of Fig. 1 would be used. For
example, for a 1 TeV proton IFA, the three cases of
Fig. 1 would be:

(a) 0 to 1 GeV Si
(b) 1 GeV to 20 GeV B;

(c) 20 GeV to 1 TeV s;

0-0.87 Y= 0-2
0.87-0.999 v, = 2-22

0.999-0.999999 y; = 22-1067

For case (c), 10 meter sections at 1 GV/m are
envisioned.

Conclusions

The IFA concept for O < 8, < 1 has been discussed.
Results of IFA experiments that demonstrated particle
acceleration with controlled fields of 33 MV/m over
30 cm wvere summarized. Several scaling features of the

0.1 1 r, em 10 100

Fig. 2. TIFA design space for high gradient

acceleration.

IFA vere examined, and a design chart for future IFA
development vas presented.
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