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Summary

« An HIF driver point design must be an integrated
system that is self-consistent from injector to
target

« The Robust Point Design (RPD) is an integrated

system based on a single accelerator with multiple
beams

« Ongoing Modular Point Design (MPD) study
seeks a self-consistent integrated solution based
on 10-20 accelerator modules with single
beam/module
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A Robust Point Design study established a baseline for
a multiple-beam quadrupole induction linac HIF driver
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4 GeV Bi*1 Bendin .
0.63 A/beam 94 A/lbeam 9 rmal _
ocusing
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120 beams < > s 400m Chamber
\V/ Common transport
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lon Target
Multiple-beam acceleration || Drift compression Input
Source/
. 7MJ
Injectors .
| : Yield
nduction cores
_ S 400 MJ
Relative beam bunch length at end of: injection
T 4 GeV
acceleration
: —> 1.9 kA/beam
drift compression_ 9.3 ns
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Integration of target, chamber, and accelerator
requirements led to the self-consistent point design

‘ Focus Magnet ‘ Shielding Structure Flinabe Liquid | Pocket
| 2000 | 3400 Jet Grid Void
Bare Tube Plasma/ Flinabe Vortex 1700 900—
Mag. Shut, (<400°C) (600 - 650°C)
>2000 +-500—+F 2900

Schematic Liquid Jet Geometry

Chamber dynamics

lon: Bit (A=209)

Main pulse: 4 GeV

Foot pulse: 3.3 GeV

120 beams total (72 main,
48 foot)

Pulse energy: 7 MJ

Final spot radius: 2.2 mm

3 D neutronics calculations

Length: 2.7 km; Efficiency 28%
Total cost: 2.8 B$

Final beam optics

= (S

Mechanical engineering

+ target physics +
chamber propagation
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Target design is a variation of the
distributed radiator target (DRT)

Foot pulse
beams

(typical)

* This new design allows beams to come in from a

larger angle, up to 24 degrees oft axis.
* Yield =400 MJ. Gain =57 at E =7 MlI

driver
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A building block pulse shape is used

Beam and Pulse Shape Requirements

500 7
No. of Power, Pulse Emnergy,
Block Beams W widlh, ns LT
400 T A {Foot) 16 70 6.5 0.46
B {Fint) 1 20 JE3 077
i (Fol 1ix 53 101 .54
E 300 4 (F et
L 1 (Mlaim) 24 124 137 1.64
[ |
g E (Main) 15 388 03 361
o Ll .
© 200 :
| 48 toot pulse beams:
' D T'=33GeV, Eg=1.76 MJ
100 + |
A E : 72 main pulse beams:
- T =4.00GeV, E,,=3525MJ
1 B | |
0 10 <0 30 40 1 120 total beams:
Time (ns) " |
E,=7.0 MJ
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The Robust Point Design (RPD) beam line

| Focus Magnet | Shielding Structure Flinabe Ligmd | Pocket
| 2000 i H00 Jet Grid Voiud
Bare Tube Plasma/ Flinabe Vortex 1700 0
Mag. Shut. =400°C Mo
= 2000 \_}gﬂm ,J ( 2900 } (600 - 630°C)

Target Injection

Meutralizing Plasma

[njection Ligquid Vortex

Co ) [njection
Liguid Vortex J
Extraction



Neutralization is required for small spot sizes

Results for standard Xe main pulse
» time histories of rms radius at selected axial positions
 plasma is electrically connected to wall by images and emission

no pre-neutralization full pre-neutralization

4rqm m 4f_1ﬂ

(RO
60 80

%0 20 40 60 80 100 120 %0 20 40 100 120
t (ns) t(ns)

« 2.5 mm waist is close to value needed by distributed-radiator target

» Biis easier to focus and meets spot requirement
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Beam envelop in final focus region

0.14 |
0.12 [
0ot

Radius ;

(m) 0.08 |
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W Target
| TaVavaVaVaNs /
002 L u" L-" AW

3
() 5 10 & 20 05 30 35

Distance from start of matching section (m)

Xx- and y- envelopes for the Block E main pulse
beams in the final focus system. The target is
to the right.
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Final focus configuration uses four magnets

— Yortex
TS /P / tube
Dipole w -
magnet - Magnet | \

lnner and
Outer

Shell

Magnet 3

Shielding
End Can

'._,.‘-ﬂ"'"} End Plate

Beam Tube
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Magnet Lifetime: Sufficient material has been added to
make the shielding & activation results very robust

Magnet lifetimes, which are limited by dose to the insulators

and neutron fluence to the superconductor, exceed the plant lifetime;

Insulator & superconductor lifetimes (in years) are:
— Last magnet: 230/260

— 2nd magnet: 410/1580
— 3rd magnet: 100/610

» Waste disposal ratings are

significantly reduced from
previous work: 1.7, 0.5, 0.4 (®*Nb)

* Increasing liquid stand-off distance
in vortices (from 125 mm) will
reduce lifetimes by ~2x

.

» Optimizing shielding to increase neutron effectiveness (at cost of gamma-
ray shielding effectiveness) should enable all magnets to qualify for
disposal as lowlevel waste; adequate margin exists for magnet lifetime
to exceed plant life.
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lllustration of final focus arrays is a
real eye opener

From Tom Brown. PPPL Grant Lﬂ'gan
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Example of critical physics issue: drift compression
of bunch length by factors of 10 to 30

Induction acceleration is most
efficient at ¢, ;. ~100 to 300 ns Target capsule
e e implosion times
pm-’»;u 1l T.Lﬂs,— . . . .
wFT T Bunch tail has a few percent higher require beam drive
e o —L velocity than the head to allow pulses ~ 10 ns
compression in a drift line

J

Drift compression line

Superconducting —

arrays

The beam must be confined radially
and compressed longitudinally
against its space-charge forces

Issues that need more study and experiments:
1. Matching beam focusing and space-charge forces during compression.
2. Beam heating due to compression (conservation of longitudinal invariant)

3. Chromatic focus aberrations due to velocity spread

PPPL

rrrrrrr i il | \§
I The Heavy lon Fusion Virtual National Laboratory I E %7,4



Modular Point Design Example: A 16 module,

1 beam/module solenoid focus option’

Pulse energy ~ 6.7 MJ
V~ 200-300 MV: T~ 2.5 GeV Xe*® ions or T ~ 200 MeV for Ne*1

N\ § /¢

N
Wi\

'
N\ Wl /7 //

C : | [N\
S cusp focusing
X N nduction linag it @isymmetric < e—
igh A injector single beams _ _
Merging beamlet r,~15cm or Neutralized drift
sourcelinjector B ~9T _ _ compression
s adiabatic plasma
or |~ 6.7 kA lense assisted Aviv ~0.01
accel/decel L:Zi%(? ﬁ\sl pinch with cross- (1o space charge
injector jet flow. liquid  g¢agnation)

double pulsed for
foot and main pulses

1. B.G. Logan, “A chamber integrated, ....multi-beam, heavy ion power plant ..,” Draft, June 17, 2002.
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Solenoids can transport high line charged
density at beam low energies

Maximum transportable line charge density has a different scaling
than quadrupoles on key quantities:

O el |
—

Advantage for large B, r,,

Advantage for small A/q (cf. extensive experience with e
induction linacs)

Note A is independent of energy , so very low
energy transport is possible

For magnetic quadrupoles,
A~ (q/A)VB r,, favoring small beams and high energy.
For electric quadrupoles,
A ~independent of g/A, r,, and f3 (except at very low energy when A ~ f32),

favoring small beams and low (but not too low) ion energy and heavy ions
=4 B 3PPPL
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RPD and MPD accelerators have different scalings

7,000 tons of induction cores
4000 solenoids
$750 M total capital cost

AR, = R, =0.27m

39 200 tons of

$2.8 B total capital

ost 0.4 V's/m

cores

0.63 V-s/m cores

|

16 single-beam modules x 200 m

= 3.2 km total length of linacs

One 120-beam x 3 km

= 3 km total length of linac
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Injector Options

Three injector options have been suggested so far:
1. Standard injector with aggressive bunch compression within the accelerator.
A~ 0.25 uC/m compressed to ~ 25-60 uC/m requires large initial pulse

duration. (May require high gradient to increase initial A and minimize initial pulse
duration.)

ACCEL ELECTEODE

e Possible accel/decel expt on NTX:
2. Accel/decel injector: Use high .o e
voltage diode to obtain large el SRS

current; immediately goo GRS iRy
decelerate, to reduce bunch

length; use load-and-fire i [eeeoee

acceleration to rapidly LOAD AND FIRE REGION

decrease pulse duration and

minimize core volume. I I D il g W

3. B=0 injector: Inject plasma into solenoid. Apply a longitudinal electric field to

separate ions from electrons. Utilize velocity independence of solenoids
to confine low velocity beam.
E %%I'PPI.
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Target will be “hybrid” design, allowing

larger focal spots’

“Hybrid design” for Modular Point Design:

Hybrid target:
Large beam spot

Spot radius: ~5.0 mm round (or ~5.4 x 3.8 mm elliptical)
Pulse energy: 6.7 MJ
Minimum 8 beams per side
lon range equivalent to 4.5 GeV Pb (main) and
3 GeV Pb (foot)

New task: define the allowable velocity spread that maintains
high target performance

In contrast, Robust Point Design used “Distributed radiator design”

Distributed radiator:
"Baseline" target

\

Spot radius: 1.8 mm x 4.2 mm (main)
Pulse energy: 6.5 MJ
lon range equivalent to 4 GeV Pb (main) and 3.3 GeV (foot)

1. D.A. Callahan, M.C. Herrmann, and M. Tabak, Laser and Particle Beams, 20, 405 (2002).
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The drift length for NDC is determined by how
much velocity tilt the target can accomodate

Drift Av,Ivy | Av,, v,
length

134 m |.037 .256
268 m |.0188 |.128
536 m |[.0095 |.0638
1032 m |.0048 |.0319

. . I T T T vy | i | =
IEEE The Heavy lon Fusion Virtual National Laboratory I “E@__

0.2F

015}

01 ¢

0.05}

1

0.8

0.6

0.4

0.2

0L

Velocityvs. time (at target

=T AV
Av, Av, Av;

m

0 5 10 15 20 25 30 35
time ns)
lambda vs. time @at targetf)

0 5 10 15 20 25 30 35
time ns)
Jrree



Chamber Options

Beam Splitter

l_./

Reactor
Chamber Wall

Beam
Combining

Adiabatic
Plasmalens § Transport
ST @ _ Channel

Current
Return
Path

Quadrupole

Lens Pulsed Power Generator

Mirror

Target

Vortices with liquid FLiNaBe or FLiBe
serving as wall protection, and heat
absorbing fluid, may be well suited for
cusp or solenoidal focusing options
(upper left).

Hi-life-like chamber protections
schemes (as in the RPD design, lower
right) may be extendable to assisted
pinch designs (lower left)
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A solenoid-based final focus system for a modular
driver has attractive features

pulsed _ _
_ solenoids for final focus solenoid (B ~ 1 T)
.m,:‘;t::beeam chromatic
Interrac .
correction -
/ fringe field flibe vorte
g B~02T g S

symmetrization |

@ neutralized drift compression -8

» Large cone angle 6 ~ 100 mr produces a small spot (~ 5 mm) on
target for ¢ ~ 4x10-* m-rad

* Moderate fields allow normal magnets
« Highly stripped ions (200-300 MeV Ne*10)
 Fringe field aberrations minor

,,,,,,,,,, 3
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Self-consistent target / chamber / drift compression: an example
|

Hybrid Target Solenoid / NDC Assisted Pinch
Cont_rolled by initial velicity Independent of Beam current
Pulse shape shaping at entrance to NDC
Range shortening Beam at exit of NDC maintains Can accommodate large

initial velocity tilt energy variations

Driver optimized with high Q/M | Tighter focusing with high

Spot size Q/M
(~dmm radius) Some stripping can occur in

NDC Insensitive to Z-variation
Symmetry Few beam driver Anharmonic focusing in Z-

pinch symmetries

Shallow entrance : Beam merging in adiabatic
Nearly parallel beamlines
angle lens

fffffff i i 1 g
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An integrated PIC Simulation (LSP) from Accelerator Exit to Target
Demonstrates 92% energy deposition within required 5mm spot

lon beam Neutralized drift Neutralized Chamber
in Brillouin compression region focusing region first wall

flow equil.
XOO0OOOK |« Solorcrss

Adiabatic section

Hybrid
Immersed /
Plasma nBe tagt
< ~100 m > 50 kA channel current

[ Il

. . - ar L e Frrrrra| i %
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The RPD and MPD have distinctly

different architectures

Driver components

RPD (M beams M=120)

MPD (N modules
N=10-20)

Accelerator/Pulse
Power System (PPS)

1 accelerator/1PPS

N accelerators/1PPS

beams

lon species Heavy - Bi (Xe possible) Medium (Ne to Ar)
Injector M compact injectors N high A injectors

i Solenoid/hybrid
Transport Multiple quad array for M olenoia/nyori

(1 solenoid/module)

Drift Compression

M vacuum drift compression
beamlines

1 Neutralized drift
compression
beamlines/module

Final focus / chamber
transport

Quad focusing / neutralized
ballistic transport

Solenoid in plasma or assisted
pinch

Chamber

HYLIFE Il

Vortex chamber or modified
HYLIFE

Target

Distributed Radiator Target
With Large Angle

Hybrid Target

SPPPL
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Summary

« An HIF driver point design must be an integrated
system that is self-consistent from injector to
target

« The Robust Point Design (RPD) is an integrated

system based on a single accelerator with multiple
beams

« Ongoing Modular Point Design (MPD) study
seeks a self-consistent integrated solution based
on 10-20 accelerator modules with single
beam/module
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BACKUP
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A 7 MJ induction linac driver using Bi+ is
the baseline

Along Accelerator
Imjector Ti= Ti -
Exit 33 GeV 4.0 GeV

lon energy, GeV [INT113 [+ 5.3 4.0
Pulse duration, jis ) .2 0.z
Lon speedTight speed 0,004 .18 0.2
FPulse length, m 6.5 1% 120
Beam current, A* 063 24 2
Beam radins, cm* 38 1.9 1.y
Bore radius, cm a3 29 2.9
Field gradient, T/m &2 106 106
Core inner radins, m 1.29 0.77 .62
Core huild, m D45 0n.47 0.47
OQuad Ocenpancy, "o 078 0.090 0073
Hall lattice period, m 0,30 3.53 4,43
Ace. gradient, MV /m 0.026 1.5 1.5
Dist. From injector, Km i 2.39 2.56

*For max current heams (Block E)

I The Heavy lon Fusion Virtual National Laboratory I

Accelerator parameters at:
* Injector

* Foot pulse final energy (3.3 GeV)
* Main pulse final energy (4.0 GeV)

* lon = Bi+ (A = 209 amu)
* Length = 2.9 km

* Driver efficiency = 38%
 Total cost = $2.8B



147 J beam energy transport design with 105
m drift length

e 3.35-kA, 10-cm, 8-mm-mrad, 231-MeV, 210 ns Ne*! beam (147 kJ) with
a 20% perfect energy tilt to axially focus at L=104.5 m

* Injected Billouin Flow equilibrium into 10 T

e Transition to neutralized drift (0=102s!)with.14 Tatz=24m
—n,/n, =10, 1;/Ay=0.01 << I (no self fields)

e 5 kG dipole field at 2.2 m, no plasma electron transport

* Focusing solenoid at 90-100 m (2.7 T)

e 50-kA, discharge channel z>101 m: 2-0.5 cm radius in 1.5 m adiabatic
channel; 3-m long, .5-cm radius straight channel

0.001 — =

20 [~ m

Q; 510 % - — a

10

\ \ \ \
0
0 5000 1-104 ~1000 1750 4500 7250 1-10

4

Zj Z

. | —=p T =PPPL
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Good energy transport to target

« 92% of 147 kJ energy strikes target within 5 mm radius
» Halo forms from lack of “ears” and due to filamentation (s model dependent)

Neutralized Drift Compression 10 T peak field: drift.lsp — Tue Jan 27 08:ralized Drift Compression 10 T peak field: drift.sp — Tue Jan 27 08:
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Neutralization of beam space charge in fusion
chamber is critical to focusing of driver beams

Plots show 3.2-kA beam of singly charged 2.5-GeV xenon ions
Beam radius vs time is shown at selected points over a 6-m focal length

no plasma neutralization with plasma neutralization

> > 0.2 —waist

4| M a4 [ 3
= ! A ™
5 3 3 ~ (] E 3 —"
i ) = 110

E o 25 t (ns)

o ,f

1 1

0 20 40 60 80 100 120 0 20 40 100 120
t (ns) target t (ns) target

Without plasma neutralization, the ion kinetic energy would have to triple to recover
the 2-mm focal spot for the target, increasing the linac voltage, length, and cost
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