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] Neutralized drift compression

Acceleration and velocity ramp for compression
1 induction core(s) or other (Pulse Line lon Accelerator?)

Need to cancel out space charge
O plasma column with n, >>n,

Preservation of emittance
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“ Huge advantage of neutralized
compression for high perveance (K = 10-3)

Beam Conditions at Focus Beam density
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~500 x enhancement of intensity on target is possible
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ﬂ Before WDM user facility, we plan a modest

| upgrade ... NDCX-2
'\".

Neutralized | | Final |
Compression | | Focus |
P R TR I TR TR T TR Ta T IRt ~ ,"".
>

Solenoid
Focusing |

Short Pulse
Injector |

Solenoid
matching

1 eV target heating
>0.1 uC of Na* @ 24 MeV
heating @ Bragg peak dE/dx |
NDCX-1C + $5M hardware |

Alternative:

2.8 MeV Li* -- Possibly less costly.
Issues: source, beam formation, higher ¢, at injection, T,
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= injected 10-usec, K*, 280-310 keV, 22-26 mA,

= bunch a portion of beam with induction module —
head to tail velocity ramp, Av/v = £15% (=0.2 us)

* Plasma column neutralizes space charge

'ﬂ 1. Neutralized drift compression experiments

—

’— Experimental

Voltage (kV)
3838388

S 884

8

)
© o

Induction Plasma
module column 0 200 400 600 800 1000 1200

Time ‘ne)

Source

Quadrupoles nagnostics | If T, limits compression,
4| i boXx — bunch duration:

1

L [2kT,
t=— \/
\% M

L = drift length

Im v = <velocity>

2006 Goal: Experiments and modeling on combined transverse
and longitudinal focusing of intense heavy-ion beams.
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e | plasma sources for 1-2 meter drift

compression.
Filter cathode arc plasma |

t = 1.400E+004 ns

FCAP coll o
| 11.%

Plasma density [Log scale]

source
Injection from end into weak 5
solenoid v
n,=5x 10" cm-3measured .

Ferro-electric plasma source

Generated from cylindrical titanate

surface '\ ceramic ring
n, = 2-8 x 10" cm-3 e
Beam test planned this summer§
(Efthimion, Gilson, et al.)

Both approaches not yet optimized, higher density possible.
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'] Neutralized drift compression experiment
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" (NDCX)

QUADRUPOLE @8 BUNCHING

it MODULE pimillSEEssss [nduction
" L bunching
module:
foi 4 -80 <AV <470 kV
e applied to the beam

Building one more
module with
greater AV

PLASMA
SOURCE

TILT CORE PULSER
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Experiment for neutralized drift
compression

Drift compression / plasma

Frreerer
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ﬁ}l 60x beam compression observed in a 1-meter neutralized
f—\'ﬂ drift experiment agreed with EM-PIC model results.

BERKELEY LAB

70

Average of 4 pulses, with detailed waveform input to modeling...

o))
o

Experiment (fast Faraday cup)
LSP (PIC) Simulation

& O
o O

<— 4.5 ns FWHM

N
o

n,= 5x101° cm-3

Compression Factor
- w
o o

0
-10
779 78 781 782 783 784 785 786 787 7.88
Time (us)

Toward target heating experiments: Will characterize shot-to-shot
reproducibility / reliablility.

LSP*: EM - PIC code including plasma modeling and beam plasma interaction.
*Voss Scientific, www.vosssci.com
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Next: For beam compression suitable for near term WDM
m experiments, simultaneous longitudinal compression
_ and transverse focusing must be demonstrated...

Frreerer

Net defocusing in gap due to energy change, E.

NP Angle at entrance to bunching module «  Beam radius at 210 cm
= (V) 0, = 7.5 milliradian 0, = 13.5 milliradian s e A .
I544.1 4:""""' """""""""""""""" . : """"""""""""""" . E 7.5 mr
. [ Larger R near 1 £ Smaller R near 1 E 1'5?W‘ﬁf“»Wﬂlﬁ\\v«w 13.5mr ]
E ' . ] E . . Tn/ LA L | i
= 3 max. bunching { £ max. bunching £ 1of 4 | o e V\WUWH«WMW?
3153 F 1 F © Wy ]
286:6 O-O_ """""""""""""""""""""""
2500 2600 27(TJQ ( Z?OO 2900 3000
R R T R D Compression l/l,
Z (cm) Z (em) T A A E
Compensation of transverse focusing effect in induction gap “O
(test this summer.) g 30F
This would demonstrate simultaneous longitudinal {
compression and transverse focusing on NDCX for ..
the first time. 0 st ¥ - N—
2500 2600 27?__0 ( 2?00 2900 3000

Later we will optimize the induction voltage
waveform that would yield higher compression.
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A new bunching module will increase the voltage
amplitude and voltage ramp duration
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122 I <~ 250x compression (model)

50 & 125x compression

— 401 (model)

> L

X 07

7 0160 '
80 1 X COmpression

120 £ measured, modeled

B0 e

0 100 200 300 400 200 600 700 800 900 1000 1100 1200
Time {ns)

Beam experiments in 2007.

i
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straightforward modifications

ﬂ Gap geometry - design allows for

acceleration
gap

"compression

Removeable plates insulator '
Induction

cores
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”\l A final focus solenoid is needed to achieve
Ti~1 eV. Modeling for NDCX and HCX input beams

NDCX, 0.4 MeV,1,=0.07 A HCX, 1.6 MeV, | ,=0.36 A
B(Gauss) e 15T sotenoid Energy (keV) . ) .
R St - e e 1725, All species; time 50(Q.0 2 emwolencid
1. 1E+0D4 ; ' \ 3 1698 E T T T T T T T T T T T T T T T T T * E
:: 3 ............. S — oo 4;_‘“ /Tlltgap e - X
o, l ; 1643, ; ; :
Hm 5 e e e AAAAAAAAAAAAAAAAA P|asma neutrahzatlon
w060, I1588. Z> 15 Cm
- o 1560, 3000 59 rims
1533, :
O R T R | DY SRS T | (S WS\
1508,
Loatn) 1478,
og(n;
l 13.00 1450,
Compressed
e beam
g.m £
0 Simulations: D. Welch (Voss Sci.) & A. Sefkow (PPPL)
7.00 2 )
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/’\l 1st NDCX longitudinal energy spread measurement
’—\'ﬂT, = 1.5 eV (new electrostatic energy analyzer)

BERKELEY LAB

Energy Spread at 7.5 us in Pulse

w

N
N U

—— Original }/ %\
|

FWHM ~ 2.5 keV i

f/

5 "
0 NN 1 o
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\

50 ns Time Slice (au)
o
= O

2

ro———

« T,=<(AE)?(2E) =1.5eV.

* Upper limit due to coarse measurement intervals, uncertainty of instrumental resolution.

* broadening due to finite entrance slit =1 mm --> 8%.

« New analyzer can measure up to 1 MeV ions, with resolution few x 104.

« It was used to verify ion acceleration and beam dynamics of the prototype Pulse Line lon
Accelerator module.

valuable for disentangling contribution to focusing limits from initial beam
conditions and bunching waveform fidelity.
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2 . Initial experiments with a Pulse Line lon Accelerator
(PLIA) accelerator section.
' Potential for inexpensive, high-gradient ion acceleration

Conducting tube
transformer coupling

a) Helix ntums/m
radiusr \ radius b _.
+ f f\]f??t%?\;n,:tf\f? ff\f\?\?n? l% l/ o\
\\\k\\‘x\\a\\\\\\\k\ M \/ (5:1 step u)

D|ele<;tnc media Insulator
(vacuum barrier) V,

z
—
<

Voltage
-~

=> helical coil structure, submerged in a di-electric medium (oil) powered by
a pulsed, HV waveform --> energy gains many times higher than the

input voltage to the helix.
= Beam energy modulation of -80 keV to +150 keV was measured using a

PLIA input voltage waveform of -21 kV to +12 kV.

= Comparison to simulations, dynamics understood.
= Flashover presently limits <E> = 150 kV /m -- see Coleman et al. poster
’ N
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The predicted energy amplification and beam
bunching were experimentally observed.

Experiment WARP-3D

Energy distribution: Measured with new energy analyzer

Ringing waveform — modulation
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450 |
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=
]
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Bunching: qualitative similarities between
experirg)en{z,‘oand PIC
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Short bunch expt: Acceleration of a 350-ns pulse

a) 400 b) 480 c) 480
350 460 | o
300 440 |
<250 - 420
<200 340
150 3 380
S 2 360
=100 &

0
-50

0 200 400 600
Time (nsec)

0 200 400 600 0 200 400 600
Time (nsec) Time (nsec)

Flashover problem: Wave B, & B,
accelerating electrons suspected,
and being modeled.

Plan:

Bench tests with grading rings on
the insulator vacuum interface (both
open and closed rings).

If successful, then higher gradient

tests with ion beam.
E %ﬁjPPPI. 17
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3. Studying solenoid transport of high
'ﬂ perveance beams for future WDM experiments

Solenoids can transport high current, space charge (in
one beam).

Objectives:

ematch and transport a space-charge-dominated ion beam,
maintain low emittance (Brillouin flow).

study associated electron-cloud and gas effects that may limit

the beam quality or beam control in a longer transport system.
*Beam halo scraping = e emission ™

- lonization of background gas Compare / contrast with
-Expelled ions hitting vacuum wall (| SXperience in magnetic

elle d les.
*lonization of desorbed gas _ g‘;g gulf\?[(;i,ik talk
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Begun experiment by diagnosing beam before
,ﬂ and after 2 solenoids. Later will extend to 4

._SOlenOid__s_'_ :

r’"

~ E=300keV
1=25-45 mA
Bg,= By, =2.7T

Diagnostics for
transverse phase
space:

Slits, slit-
collectors,
scintillator / gated

Rail support system

!

Using pulsed solenoids, B <3 Tesla, t =4 ms. Measured & modeled
eddy current effects at beginning and end of beamline (e).

Same injector as NTX/NDCX |
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ﬁ}l Beam transverse phase space characterized

BERKELEY LAB

immediately after injector and after two solenoids.

Beam Current
Marx Charge Voltage: 300 kV 10 pus Pulse

75
60 | Transport of 45 mA
i beam with little or no
beam loss

—2 Solenoids z =156 cm
—No Solenoids z=41 cm

Current [mA]

f Gated CCD
.. L M Camera

Vacuum Tank & SEWSEERREE & =
lon Source mﬂ

.

i o
Diagnostic Box S

10 mm

Hurizon{‘aI Scan D = 48 mm

0.10

0.05

The Heavy lon Fusion Science Virtual National Laboratory "/:>l ﬂ E %;\JPP Pl. 20
= =



”\l Negatively biased e- or “traps” control electrons
from aperture and intercepting diagnostics

electrons are liberated wherever beam ions hit surfaces
aperture plates and diagnostics, such as slit-plates, are major sources
rings at -3 kV on both sides of an aperture keep electrons out of diode

third ring is placed after the solenoids to block electrons from
diagnostics |

© 00 0O

~ two rings + aperture single ring

¢~ solenolds
w i |

s . ¢ Y SO

— diagnostic box

5! ¢ e
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,a\l At first, x-x’ phase space showed spurious time

BERKELEY LAB

" dependence due to e-trap, diagnostics in B,

Injected: ¢ = 23 mmemrad

Vertical Sheared Phase Space

4*:rms = 22,8363 x.mm.mrad
(95% 45 <t < 5.52 js)

Y' (mrad)

I
10 mm

Vertical Scan D = 48 mm

WARP PIC envelope
agrees near beam
head.

But, large envelope
parameter variation
within ~2 us.
Electron/gas
effects?

Diagnostics in ~1 kG
fringe field?

I The Heavy lon Fusion Science Virtual National Laboratory s ::>l

current (mA)

250

200

150

100

-100

=150

After two solenoids
e = 35 mmemrad ~ 2x g,

Horizontal Sheared Phase Space

X (mm)

STX data
250
Capacitive ol 200
signal oc —
ot 150
\ g 100
g 50 |
2 o

WARP calculation

\‘.D\

ionized H,

migrating to trap [] ||‘

/V WARP
e-cloud

g T~ Oscillations as in modeling
=1 .
a virtual cathode (W.Sharp)
-150
0 1 2 3 4 0 1 3 a

time (us)

time (us)
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Moved the diagnostics downstream 30
cm, B, =3 kG --> 0.1 kG.

N T
‘ | | | | Camera
; N Nt |
N DN\ T

HHT
|
|
|
|
|
|

En End
. diagn diagnostic
low emittance, g g
. bC box t_elope Paramgters at
small envelope time dependence. i < viww: —iit Plane vs Time ‘e
Vertical Phase Space 7
15 — 12
o= 22461 mrad —b (mm) i _
::;r:s_?;:;zﬁﬁ:mrmm.mrad =—b' (mrad) g
<x'>=7.7592 mrad b
10 (90% ; 6 <t < Gah 5 4 8 E
g r-)
> _ 4
— 0
¢ =20 mmemrad 2.5 5 7.5 10
%5 -10 -5 0 5 10 Time (uS)

Y (mm)
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4-Solenoid Transport eXperiment, e cloud
.ﬂ diagnostics, and neutralized drift compression

tune

254.31 cm )
/ *Faraday cup
*4” square Scintillator
*Horizontally & Vertically
|, = 26 mA (aperture) Driven Slits and Slit-Cups
== Camera

/N4 End
= ; ---- diagnostic
¥ f SODE DORROR I DORRH RRRRSE ==l SRRAR] DRRRIOS: === RRODES 1Y OO MODMNE I DO box
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First measurements through four
solenoids, 26 mA beam (aperture

FrreErer
BERKELEY LAB
Horizontal Phase Space
5
a = 7.3985 mm
a'= -11.7538 mrad
0 4*rms = 21.5179 x.mm.mrad
<x>=-5.3622 mm
<x>--11 9477 mrad
-5 (88% ; 7.4B <t <8 us)
T
@ 10
E
X 15
=20
-25
=30
-15 =10 ] 4]
X {mm)
Vertical Phase Space
30
b = 6.1965 mm
b'= -12.1564 mrad
a5 4%rms = 20,951 amm.mrad
-q.r> =1.4713 mm
=13.4157 mrad
20 {BSm,?l‘iB(tcSHs}
—
=
® 15
E
> 10
5
0
10 -5 0 5 10
¥ (mm)

Issues: centroid / alignment

e, = 0.06 mm mrad = ¢_=0.08 mm-mrad

Phase Plot

a
alues clipped to zero ELOU

tiv
Images deconvolved

ped to zero
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Addition of two more solenoids
] e-cloud studies, matching into NDC

Marx column ‘ solenoids




’:\| ,ﬂ We have installed e--cloud diagnostic rings in
four solenoids

e’, neutral sources: aperture, desorption from wall (halo particle loss).

Solenoids Electron collectors/ Electron
clearlng rings suppressor rings

Injector 75 5 mm

k—60 cm—>
Insulator Coax cable to
1st suppressor ring

Biased rings (=1 kV) in bore of solenoid magnets to trap or collect e- from
surface emission, ionization,..

I The Heavy lon Fusion Science Virtual National Laboratory s ﬂm E %;\PPPI, 27
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Rings in solenoids short enough that E, > 0 to
;\l W expel (or trap) electrons

* Negative electrode in solenoid
will expel e-. ———
« Can expel electrons in outer ---Solenoids- -
0.1-0.5 of beam radius. 0.05 =
 Positive electrode between will N

LR WAL UM i 'l |1‘|'||'|\|4|5||i|rv *fﬂfﬂﬁmﬁﬂ*ﬂwwlmw lIIITI?IUI!li\II‘
. . Eﬁ;f), JIIIWIII /« <L 4 \ \
suppress emission. A /
’.I | -

* Reverse bias to emit and trap e- & /

Electrostatic potential in z-x plane
T T T T T T T T T T T T

0.05 F - | =
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] STX e-cloud diagnostics

I The Heavy lon Fusion Science Virtual National Laboratory s
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] Preliminary results

Short electrodes (-500 V) in
solenoids expel or attract
electrons

Current (mA)
o o 8

051015\5

Time (microsecond)

777777777777777777777777777777777 —2 Lo
2 B | b
] _ E 20 iy — | ]
| > 0 e e
long electrodes (+500 V) ; o

collect electrons along RS N | S—
solenoidal field lines =k . P a—

between magnets- Time (microsec)
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'ﬂ New diagnostic to measure Larmor rotation of

’—/:\|\ beam within the solenoid

BERKELEY LAB

Pinhole array followed by scintillator (Az =10 cm).

[ Viewing geometry (for CCD camera).
O For o, ,mor = 1.7 x 10% rad / sec, r,,, = 2.5 cm, A¢ = 142 mrad.

Image on scintillator
10 cm downstream.

iInhole array

Z(m)
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«cer] i IMplementation in the experiment

ERKELEY LAB

Viewing port for
image intensified
CCD camera
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ﬂ conclusion and summary

BERKELEY LAB il

1. Neutralized drift compression:

a) Will attempt simultaneous longitudinal beam compression with
transverse compression this summer.

b) T,=1 eV:inferred from compressed pulse width & also consistent with
uncompressed beam through new energy analyzer. More measurements
planned, valuable for disentangling contribution to focusing limits from
initial beam conditions and bunching waveform fidelity.

d) 5-15 Tesla final focus solenoid is planned to increase transverse
compression to < 1 mm.
2. Pulse Line Ion Accelerator:
a) Experimental verification of the predicted PLIA beam dynamics: beam
energy gains many times higher than the input voltage

3. Solenoid transport
a) Injected and matching high-perveance beam into solenoid channel.
Beam dynamics studies, gas and electron effects...

c) A new induction bunching module may provide compression up to 200x.

b) Flashover problem being pursued with design modifications, modeling...

s [he Heavy lon Fusion Science Virtual National Laborator ceereer] fi E x\j
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,ﬂ Extra slides...

I The Heavy lon Fusion Science Virtual National Laboratory s ::>l

@%ﬁjﬂpl y




50 .
45 |
40 |
35 |
30 |
25 |

Compression ratio
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60x beam compression observed in a 1-meter neutralized
drift experiment agreed with EM-PIC model results.

Early comparisons,
Effect of plasma...

LSP—»
plasma on

— Exp. plasma on

LSP Exp. plasma off

plasma off

3.94 3.96 3.98 4
Time (uS)
.
np=5x1010 cm3 6
o)
©5
&
= 4
@ 3
0
2_2
51
(&)

-
o

LSP*: EM - PIC code including plasma
modeling and beam plasma
interaction.

*Voss Scientific, www.vosssci.com

Average of 4 pulses, with detailed waveform
input to modeling...

Experiment (fast Faraday cup)
LSP (PIC) Simulation

o o

4.5 ns FWHM

o O O

[

782 783 784 785 786 787 788
Time (us)

o

779 78 7.81

E



Next: For beam compression suitable for near term WDM
ﬂ experiments, simultaneous longitudinal compression and

Ffrreerer] |l

’_\transverse focusing must be demonstrated...

S
o

ARC T T T T T T T T ; T T T T ; T T T 1

Theory { 300keV.

290 keV -

TTTT
[

w
o
w
=
>
<<

(LSP)

w
o

N
(&)}

o
0 10 keV 1
e ......... e ..............
g 20
£ | |
(o] r s
0 15 :
g :
3 10 :
5 |
O j : ; ; - Pl Pkt Gl L fet } : i . :
0 50 100 150 200 0 50 100 150 200

Time (usec) Time (usec)

Snapshot at fixed location. Induction module voltage, entrance envelope held constant
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Minimize electrons — suppressors (traps) biased negatively (=1 kV) to expel

'ﬂ E-Cloud diagnostic objectives in solenoids

electrons (=23 ns = n/n, ~ 0.01%) and collectors (clearing rings) biased positively
(=1 kV) to collect them and suppress emission.
Suppressor electrodes short enough that potential peaks at center with axial E-field
throughout to repel e- (length ~ diameter)
Bias potential of =1 kV is 2-4x beam potential — adequate?
Can expel electrons in outer 0.1-0.5 of beam radius.
Tilting bias (50 V/solenoid) expels some (to most) e- at all radii in ~1 us.

Or
Maximize electrons in Penning Trap geometry — “suppressors” (+) to confine
electrons within solenoid and “collectors” (-) to emit e-.
lonization of gas: n/n, ~ 10% for 20 us pulse at 10" torr, assume 101 cm?,
Desorbed gas moves a few cm, some will reach axis. May be able to photograph
from diag. tank (at end).
Wall emission from negative “collectors”: n/n, ~ 14% for 10 pA loss (high?), 900 A
emission. Collect on positive “suppressors” when B-field turns off?

mmmmmmmms = The Heavy lon Fusion Science Virtual National Laboratory s Lﬁ% E %;\Pppl .



