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Abstract

The U.S. Heavy lon Fusion Virtual National Laboratory is continuing research into ion sources and injectors that
simultaneously provide high curreft.5-1.0 A and high brightnesgormalized emittance better than mémm-mr).

The central issue of focus is whether to continue pursuing the traditional approach of large surface ionization sources or
to adopt a multiaperture approach that transports many smaller “beamlets” separately at low energies before allowing
them to merge. For the large surface source concept, the recent commissioning of the 2-MeV injector for the High
Current eXperiment has increased our understanding of the beam quality limitations for these sources. We have also
improved our techniques for fabricating large diameter aluminosilicate sources to improve lifetime and emission
uniformity. For the multiaperture approach, we are continuing to study the feasibility of small surface sources and a
RF-induced plasma source in preparation for beamlet merging experiments, while continuing to run computer simula-
tions for better understanding of this alternate concept. Experiments into both architectures will be performed on a newly
commissioned ion source test stand at Lawrence Livermore National Laboratory called STS-500. This stand test
provides a platform for testing a variety of ion sources and accelerating structures with 500-&¥,plifses. Recent
progress in these areas is discussed as well as plans for future experiments.
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1. INTRODUCTION this configuration of beams that the source injector must
deliver.
The D-T target of a heavy ion inertial fusiqiIF) power In addition to the total power requirement of the target,

plant requires around 5 MJ of beam energy delivered in dhe possible energy gain of a target increases with decreas-
time window of tens of nanoseconds for ignitigflabak ing delivered beam spot. Since the spot size on target is
et al, 1998. This, together with the desire to have the ion directly related to the beam emittance, the phase space oc-
stop inthe target to maximize efficiency, demands the sourceupied by the beam, emittance, or brightness is an important
injector of the a HIF driver deliver approximately 1 mC of figure of merit for the accelerator and the injector. Bright-
total charge. Beam transport and bunch length compressiamess is proportional tys ~2, wherel is the current and is
in the accelerator dictate this amount of charge must bé¢he emittance. In the source injector, it can also be thought
delivered in multiple beams. And given cost considerationof as proportional td/T, wherel is the current density and
of induction linacs, it is desirable to have the beams adlistheiontemperature. Brightness this high can be achieved
closely backed together as possiBangerter, 1998 In by either low-temperature or high-current-density sources.
many point designs, the input to the linac optimizes withWhile a lower emittance is always better, a four times RMS
approximately 100 0.5-Abeams that areidlong withion  normalized emittance of 1.68-mm-mrad per beam exiting
energy of 2 MeV. The radius of each beam is 1 cm, and thehe injector is thought to be adequate. The maximizing of
beams are spaced apart by 7-10(¢reeet al,, 1996. Itis  beam brightness while meeting the total current criteria and
configuration of the accelerator has been the focus of effort
. for the Source Injector task area of the United States Heavy
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2. SINGLE APERTURE PER BEAM Vertical Profile (time slice)
Achieving high brightness with low ion temperature is the %[
method of using a single source aperture for each of the 100
beams of a driver. Making the assumption of a single aper-
ture and applying the Child—Langmuir equation for space
charge limited emission reveals the necessity for large volt- soor
age (I ~ V¥2) to achieve high current, typically around
500 kV for 0.5 A. But voltage breakdown scalifig ~ d/?)
for large gaps results in falling current dengify~ V*2/d?)
as the voltage rises. Thus, the ion temperature must be low 1%
(~0.5eV) to achieve the necessary brightness, and the emit- .
ter surface must also be large10 cm diameter, to achieve -60 -40 -20 o 20 40 &0

the total current. In addition, a pierce electrode must sur- millimeters

round the emitter to minimize beam aberrations due to badig. 1. Vertical profile measurement of ILSE beam at end of ESQ injector.
source gun optics. Thus, the beam-to-beam spacing must B’@_e profile is_ for one time slice during the middle of the beam. Haeis

at least 25-30 cm. This is about three times larger than th&'ts are arbitrary.

input of the accelerator and necessitates a long, complicated

matching section that focuses the beams to a smaller si

400

200

4few sources and injector concepts except for the commis-
and funnels them togetheAhle et al, 2003 sioning of a new 500-kV ion source test stand, STS-500, at

The only known ion sources that can achieve such a IoV[awrence Livermore National Laborato(@angsteet al.,,

lon temperature are the surface ionizat@on SOUTCES. The%O]). Figure 3 is a picture of the test stand. A high voltage
sources work by applying a layer of alkali metal atoms on latform sits above an insulator column, which grades the

!ng wczrl:jf;mctk;on sull:())s&r)ate,dusgally t:..mgst;zn. Thte tur;?ﬁte 7-us, 500-kV pulse down to ground through a water resis-
IS heated to above and absorption chemistry of the r. Apulse-forming network whose output is connected to a

alkali metal on the tungsten substrate results in a layer o tep-up pulse transformer generates the pulse. A diagnostic
ions just off the surface of the tungsten. These ions are

tracted when high volt . lied. In addition to th ank sits below the column. Sources are mounted from the
extracted when high voltage 1S applied. In addition to etop and extend downward into the column with beams emit-

advantage of the low ion temperature, surface sources al§8d downward into the diagnostic tank. The high voltage

ha;/el trt'ﬁ advantage of atf;]xegtemltter tsurfaceh_Uhnfortut- latform and column are exposed air to facilitate changing
nately, these sources run athign temperatures, Which Créatgs, ., ce or accelerating structures inside the column. The

heat Ioa(z 'SSU?S’ e_mdt_work otr;lly W|thftalkalltmeéalj, Wh'Chfirst source test on STS-500 will be a detailed characteriza-
can create contaminalion problems atter extended use. ., 4t emission uniformity for the aluminosilicate sources

Our understanding of issues related to the single aperturgoated with the new technique mentioned above. There will

concept has improved with the retrofit of the ELISESE also be experi . . .
L . periments developing a pepper pot diagnostic for
2 MeV injector (Yu et al, 1996 for the High Current these high current heavy ion beams.

eXperiment(HCX) (Kwan et al, 2002; Seidl, 2002 The After these experiments are completed, the source will be

beam from the 2-MeV injector had p.ers'lste.ntly shown aNysed to study beam aperturing of high current ion beams.
outer rim as shown by the beam profile in Figure 1. Inten-

sive simulation and experimental effort indicated that poor
beam optics in the source gun triode was the cause. After Vertical Profile Measurement
shrinking the size of the emitter, thus lowering the current, |
and redesigning the electrodes in the source gun, the simu |
lations showed the disappearance of the outer rim, which |
was demonstrated in the experimental beam profile, as showt |
in Figure 2. The program has also significantly improved its |
process for making aluminosilicate surface ionization |
sources. The technique coats a tungsten plug with alumino-
silicate doped with an alkali metal, which is then sintered |
onto the tungsten. Previously, the uniformity of the sintered |
surface, which affects uniformity of ion emission, was poor
and inconsistent. Now a uniform aluminosilicate surface |
can consistently be produced. HCX is currently using one of 1
these new sources. -80 millimeters 80
With HCX taking over operations of the 2-MeV injector, Fig. 2. vertical profile measurement of HCX beam at end of ESQ injector
the program was left without a high voltage platform to testafter modifications to source geometry. Thaxis units are arbitrary.

https://doi.org/10.1017/5026303460220422X Published online by Cambridge University Press


https://doi.org/10.1017/S026303460220422X

HIF injector development 605

1.2 MY Preacoelarator
using Einzed lens
focusing for beamlets

0.4 MV beamiet-
manging section

- ES@ Channe

e LD [ i
%

| 1om |

Fig. 4. Schematic diagram of multiple aperture source injector to produce
one 500-mA beam.

accelerated through a series of plates with matching hole
patterns, or grid plates, and then merged together during the
last section of acceleration. Since the merging of the beam-
lets causes emittance growth, a bright beam can only be
achieved if the current density of the beamlets is high. Given
a high enough current density and a reasonable transparency
for the aperture grid, the beam spacing that can be achieved
atthe source is comparable to the spacing of the beams at the
accelerator. Further, the beamlet-merging section of the in-
jector could also serve as the matching section, if an ellip-
tical pattern of beamlets is used and the beamlets are aimed
Fig. 3. Picture of STS-500, a newly commissioned 500-kV ion source together with the appropriate convergence angles. Thus, a
test stand. source injector using this concept has the potential to be
much smaller and less complex than the large source concept.
Simulation efforts of this concept have focused on devel-
Aperturing can be a way to improve beam brightness sinceping a qualitative understanding of design rules and estab-
the edge of the beam is usually the part that is affected bjishing a self-consistent point design. The starting point is to
aberrations that increase emittance. By removing this outunderstand how to minimize the emittance growth of the
side edge, the beam current will be reduced, but the emitmerging process. The emittance growth is directly related to
tance may be reduced more, so that the total brightnestie empty phase space between the beamlets being en-
increases. Unfortunately, aperturing high current beams catrained into the merged beam. This empty phase space can
be problematic because the beam potefitid kV) cantrap  be reduced by having the beamlets converge together in the
the many electrons produced by ions impacting surfacesnerging region and by maximizing the transparency of the
The electrons can degrade the beam quality and even sourgeid plates. Maximizing transparency implies many small
performance if allowed to back stream all the way to theholes of beamlets closely packed. Given engineering con-
source. There has been some success with aperturing if &fraints for making closely spaced holes in thin plates and
electron trap is used to stop electrons. The proposed expestignment tolerances, 4-mm-diameter holes with 6-mm spac-
iments would look in detail at understanding under whating is a practical design. A hexagonal close pack array with
conditions an electron trap is necessary and what type dfix rings of beamlets for a total of 91 was chosen as a
electron traps can be used to maintain beam quality. starting point. The 91 beamlets were chosen to lower the
current per beamlet to allow transport up to 1.2 MeV, the
3. MULTIPLE APERTURES initiaIIy_cho_sen merging energy. An Einzel lens I_at_tipe, as
PER BEAM CONCEPT shovyn in Flgure_ 5, achieves this transport. After initial ex-
traction, the lattice decelerates the beamlet by 100 kV and
Recently, the source injector program has begun to study #then accelerates the beamlet by 200 kV, which results in a
different concept, based on the neutral beam work of théransverse focusing force, as can been seen from the simu-
magnetic fusion energy communitynoueetal, 1995. The  lation result in Figure 5. The extracted current density from
idea is to have many small apertures, around 100, to creatbe source is 100 mAcm? and the total beam current is
~5-mA “beamlets” which are accelerated up+d MeV 5 mA.
before the beamlets are allowed to merge and create 1 of the The specifics of the merging section are constrained by
100 500-mA beams. Figure 4 shows a schematic of thishe beam parameters required by the accelerator, 1.6 MeV in
design for a single beam. The beamlets are extracted arghergy and an average radius of 1.6 cm, and the beam energy
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Fig. 6. Simulation of the beam envelope in the merging section of the
at the beginning of the merging section. In addition, themultiple aperture injector and the first few quadrupoles of the accelerator.
desire to have the merging section serve as a matching sec-
tion requires the beamlet packing structure be made ellipti-
cal by increasing the spacing in one transverse direction. Figure 8 shows a plot of the merged beam emittance as a
Then by choosing the converging angles in the mergingunction of ion source temperature. This plot clearly shows
section appropriately, the parameters of the merged beam kttle dependence with temperature and implies this source
the end of the injector will correspond to the beam paraminjector architecture is no longer limited to using surface
eters in the accelerator at the midpoint of the quadrupolesources, which cannot provide the high current densities.
Figure 6, which is a simulation of the beam envelope in theThe leading source option is a RF-induced gas plasma source.
merging section and the first few quadrupoles, demonstratéBhese sources can provide over 200 fof? for a variety
how this matching is achieved with only the addition of a of gasegReijonenet al., 1999, though HIF would be most
half quadrupole. To achieve those convergence angles, seinterested in noble gases. These sources create plasmain a
eral methods of steering or focusing the beamlets was exchamber at a few millitorrs of pressure by the application
plored, but presently the only practical way of achieving theof an RF field from an antenna. Typically a few kilowatts
desired angles is by aiming the beamlets from the sourceaf RF power are needed. In this architecture, there would be
Thus, the spacing between beamlets is at its smallest at tteesingle source for each beam, but the aperture plate of the
end of the Einzel lens lattices and largest at the source. source would be a grid of holes to form the beamlets.

Figure 7 is a plot of the emittance of the merging beam One of the most critical issues for these sources is charge
and the first few quadrupoles of transport. Notice that botrexchange in the extraction gap from neutrals leaking from
thexandy emittances stabilize at aroundgrimm-mr, which  the plasma chamber. If charge exchange occurs, ions of
is comparable to what can be achieved by the single largdifferent energies will be produced and degrade the beam
source architecture. Further simulations revealed a depermuality. The effectis hard to simulate and will depend on the
dence onthe envelope angle of the beamlets as they enter thperating pressure of the source. Therefore experiments on
merging region. These studies indicated a minimum in finak 100-kV test stand are presently being conducted to under-
beam emittance is achieved when the beamlet transport sestand the magnitude of this effect. The experiments have
tion provides beamlets with an envelope angle-@mrad.  started by exploring the trade-off between pressure, RF
The Einzel lens simulation shown in Figure 5 does not propower, and extracted current density since the same current
vide this envelope angle, but, by optimizing the voltages andlensity can often be achieved at a lower pressure by increas-
positions of the plates, it is possible to achieve the appropriing the RF power. The plan would then be to measure charge
ate angle. Simulations were also done exploring the effeaéxchange by running the beamlet through a dipole field used
of varying the number, the size, and the current of the beamas a spectrometer. In the years to come, experiments on
lets. The only significant reduction in emittance is seenSTS-500 will be performed to understand the beamlet trans-
when the clearance between the beamlet envelope and tipert and merging process of this concept. There would be a
edge of the holes in the plates is reduced. Reducing thiscaled beamlet experimentin which the current density would
clearance will require a more stringent alignment tolerancebe reduced so that the full system could be modeled at
which will require a considerable engineering effort to 500 kV instead of 1.6 MeV. There would also be a full-scale
achieve. test of the first 500 kV of the beamlet transport system. If
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Fig. 7. Plot ofxandy normalized emittances as a function path length through the merging section and the beginning of the accelerator.

these tests are successful, then the HIF-VNL would be in éeads to a large and complex source injectors and matching

position to build a full-scale system.

4. SUMMARY

section. A new concept that has only recently been pursued
would use multiple apertures to create many beamlets for
each beam. These beamlets would be transported and accel-
erated separately up to 1 MeV before being allowed to merge.

The U.S. HIF-VNL is pursuing two different source injector This approach promises a great reduction in the size and
concepts to try and meet the challenge of a source injectatomplexity of the source injector. The leading source option
for heavy ion fusion. The approach that has been explored ifor this approach is a gas plasma source, which provides the
the past would use a single aperture for each of the 100ecessary current density. Experiments for both approaches
beams of the injector. The criterion of high brightness forcesvill be conducted on a newly commissioned 500-kV ion
the use of surface ionization sources for this approach anglource test stand. Based on the results of these experiments,

(ST o p s s S S S S B S S B S S S S —

-y
[=]
T
1

Norm emit (pi-mm-mrad)

=
n

FAr=15mm, -3.5 mrad B
FBr=028mm, -3.5 mrad 1
FCr=1.0mm, =1.0 mrad R

0.0 T TR T N NN N TN SN SR NN T N SO SO AN TR T
0.0 1.0

Source temp (eV)
6 rings, 0.572 A, 1.2 MeV merge

the architecture of the source injector for future machines in
the HIF-VNL research plan will be determined.
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