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Transverse physics: The envelope equation LL%

2 1 y
m—d)z( = —-(mV)kx+ gE here ém\f = qVv Beam
dt / cross-section
1. Change independent variable: X
dz = v dt
2. Average over distribution function:
<>
3. Define: a=2(<x%>)12, b=2(<y>)Y2  For uniform density elliptical beam:
2 E — )\ X — )\ y
da _ _ae 2K & ‘" mea(atb) ' meb(at b
dz at+b & ., dx/dt
\ = dz/dt
where K = =
K ATE Perveance

£, = 4./ CITX - [xx[1 = (x-x' phase space
area)/t

= rms emittance
Phase-space

area

(Envelope equation is valid generally if ~ n(x,y)= n(é/a?+y?/b?) )



Longitudinal physics: E, = —gg—); &ug
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r, = pipe radius ‘
y4

a =beam radius

E = AMr) (from Gauss law)
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=> To confine beam longitudinally, “ears” are applied to beam
at each gap.
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There are two principle methods of acceleration
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1. r.f. acceleration

(Approach in Europe
and Japan)

beam electric field

rf linac multiple

%D_\ storage rings
—— OO

5

multiple

o

synchrotron  storage rings

\E"J

cavity rf feed

2. Induction acceleration

(U.S. approach)

multiple beam induction linac

= (I

| \possible beam merge
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recirculator
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Induction acceleration for HIF consists of several f\l A
subsystems and a variety of beam manipulations ’\\
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Drift Bending
Matching/ i Final
Matching Possible comPpression / focusing
| Merg;ng \ Chamber
lon _1Acceleration [Z=>-{Acceleration transport
source —jwith —~-with
and —electric ~- ][nagn_etlc
injector —_{focusing . ocusing
I I | Target
1.5-3.0 MeV ~100 MeV ~1-10 GeV I
~ 0.5-1 A/beam  ~10 A/beam ~100 A/beam ~1-10 GeV
~ 20 s 14 us ~100 ns ~1-2 kA/beam
~ 50-200 beams ~ 10 ns
For “example IRE:”
1.6 MeV 9.4 MeV 200 MeV 200 MeV
0.8 A/lbeam 1.9 A/beam 15.3 A/beam 1.0 - 0.26 kA/beam
6.7 US 2.8 Us 335 ns 5-20 ns

32 beams
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A velocity tilt is required to compress beam (or ceeeey] f

even keep beam together while accelerating)
Vi(zZ-1/2) Vh(z+1/2)
T —————— s - - =

Vo‘(z) ‘&Acceleraﬂng gaps

Also, qV = 1w = 1dv _ 2dv,
g = iﬁ/vz V%+1D—V _I_D 2 Vdz VOdZ
dt  dvdz ° o] 2]

0 N

V +_ _Vt - =

Velocity = AV_ vi(2)—vi(2) _ dv,| % 200 20
tllt VO - V0 dZVO VO

]
- vdz2 1dvO  Evenif dli/dv=0, dV/dz>0 requires
~+— tilt >0.

But,
AV < _0.3in electrostatic section so head 0p < 85° and tail remains
Vo within pipe ( og ~ 1/v?).
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Induction acceleration: Volt-second limits % Lg
[BerkeLEY LAB]

Applied Switch Energy
\oltage V [=~+ Storage
, _ 0B
r Faraday’s law, OxE = 5t %Cef;;?ration
5 0 VAt=AAB _ A\ —
bk y
ovJ ) O )

Cross-sectional area A
A=(R,-Ry)/
Volt-seconds per m:  (dV/dz) At=(Ry-R;j) AB fragiar fiongit.
~lm ~2.5T ~0.8 ~0.8

(dVv/dz) At <~ 1.6 V-s/m




Envelope instabilities set upper limit on “single ’\l A
particle” phase advance o l\
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Experimental data (Tiefenback, 1986) from LBL's Single Beam Transport
Experiment (SBTE)

Op < 850




Focusing systems scale differently w/ ion energy f\ A
gV, charge/mass ratio ¢/m, and lattice period 2 1\
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Electric quads Magnetic quads Solenoids
%
Envelope
equation. ______________ =
2 2 K
a” - 8— +
33 a+b
smooth limit, averaging over L
| _"""ETF ___________
k2 = ) [ 1 (" ) IS
] 4rg 1)

(where K= perveance= A4TEyV, w=rotation freq., w, —cyclotron freq.,
0 C
0o = undepressed phase advance., & = emittance, and mv ,%/2 =qV)



Scaling of line charge density A, with ion energy
gV, charge/mass ratio ¢/m, and lattice period 2

Electrlcgjads Magnetic quads
e ©W©WO 00
2 Irl N 2 _;| 1 (N qBZ I
) D)l YD)

_____________________________________

Envelope/lattice instability limit: Og <102

Maximum line charge den3|ty per beam )\b (found from K/a =k 2 a)

______________________

______________________

______________________________

_____

i

__________________________________

___________________________

___________________________

for @ (magnetic quads) :

b= 164 ()R (L) () ©
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Conclusions LLS

1. Space charge and phase space considerations dictate much of the
architecture of the accelerator.

2. Focusability is the key scientific issue and is amenable to simulations
and experiment.

3. The example IRE would serve to test the limits encountered in both
architecture and focusability.



Major components of an induction linac

Wil

.

Capacitors

High Power Switch

Pulse forming network

Superconducting
guadrupole

arrays

~
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Insulator

lon
beams



In an induction linac, certain limits constrain /\I A L |
deSIgn BERKELEY LAB ‘

(to avoid envelope/lattice
instabilities)

where K is the

perveance (proportional to line charge density over beam Voltage), ais
the average beam radius and L is the half-lattice period.

(larger for magnetic quads)
to avoid mismatches at head and tail of beam, and to ensure tail radius
within pipe and head g within limit)

(for “reasonable” core
sizes)

(to avoid breakdown in gaps)
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In “analytic” design, accelerator has three e Il |
sections “5

Three sections:
1. Electrostatic quads; constant bunch length (load and fire)
2.

3. Magnetic quads; const. bunch length and maximum acceleration
gradient

1. Constant bunch length =>  dI/dV=0, maximum velocity tilt ( Av/v=0.3 =>
dV/ds ~\{ Maximum space charge => L ~ VY2 Constant o, and
constant E' => n [const.

2. Assume velocity tilt such that acceleration and compression give equal

contributions => | ~ V2 constant volt-seconds per meter =>  dVv/ds ~ V:
Maximum space charge => L ~ V¥4 Constant o, at maximum B’ =>
n Lconst.

3. When maximum gradient reached, freeze at max =>  dV/ds ~const.;
Constant bunch length => L ~ VY2 constant magnet length => n ~Vv12
constant oy => B’ ~ 1/(1-/3)Y2 velocity tilt Av/v ~1/V



Variation with ion energy of some key parameters
through the example IRE
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Waveform generation algorithms using CIRCE/ /\I I
WARP are being developed for 3D simulations /\\ LLS
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Magnetic (constant bunch-
length) section

1.5
voltage, .

1.0

0.5

Electric section ¢
0.0

- Head
-0.5——— e BE— * Center of pulse defines t=0
-4, -2 o 2.

_ : 1076 4. at each induction gap
Time ()
IRE 12/04/98

S-G slice beam. 64x64, 40000 particles, 12 steps

D. P. Grote warp r2 iii

In addition ear electric fields must be generated to confine the beam
longitudinally.



frreeerer

beam current through the core 1\

EEEEEEEEEEE

An array of small beamlets increases the total ~ A |H.

Core (radius =R o1 )

Multibeam quad array

beam pipe (radius =r )

beam (radius = a)

quadrupole magnet winding
Current per beam = | , ~ a® B p?/r,

rp ~a (until misalignments require minimum size--better: r p=Cpa+cy)

so I, ~a; Ny =number of beamsin array ~R 2. /@°

Total current through core = | o = Ny Iy ~ R%core /@ (until misalignments
dominate scaling)



Compression, velocity tilt, drift length, and target >~ A |H.

parameters for 3 IRE final pulse durations
dv _ _ [APA . Ama = 0.66x 10° C/m
eri gUnEBz At end of accelerator: max 5
, K. =3x10
Y _4AZ°
- max |§ |:| |a = 105rn
g 1.3 Attarget: s = 95mm
Pulse Compres- | Velocity  Drift Energy Temp.
duration | sion ratio | tilt length  |flux
Ty C Aviv d(m) | FWicm?)|ksT (eV)
a2 1(1-1/C) E 1/4
la/l; [BKa g (C-1)]MY 2ty e | ke(Flo)
5ns 67 0.145 71.7 76x101%| 93
10 ns 33.5 0.101 101 3.8x10%%| 78
20 ns 16.8 0.071 140 1.9x101?| 66
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requirement

Final focus beam quality and neutralization N A |H.

g
< | Is= 0.5cm
£
£ Y
L =-=0.1
Hw B < 0.105
- >
Spot size from: d=2m
Emittance
& = 5 mm-mrad BrEDﬁ = 3.2mm (en = 1 mm-mrad
i Be at injector)
Chromaticity 5
op _ 0.01 Or 5 16d0<P = 1.8mm
p P P
From perveance, what neutralization is required?
2
da _ (1_f)Ka9 => 1—f = 6 K., =3x10°
dz’ a A
] - - 1 2K.CIn 1
0.0 67 98 Lt

(1-f)=0.04 for C=33.5; (|96 % neutralization)
0.0 16. 92




Effect on spot size of uncertainty in :
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neutralization point
aJ=3 c
g ['s= 0.5cm
g | Or
E
[
-
- » d=2m
Sl
d da C ¢ d C
= (1-)K=+= => _Ja,/ OfK,=
dz ( ) a, a a2 a,
50 = 5a = fK cg—i > & OfK c5'd
If ol Ua, =>  ®00OfK,C
4 67

or = dfK,.C = |o2lmm for C=|33

16.

R N B
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Focusability at the target is key scientific iIssue & Lg

Conditions of beam at target are set by hohlraum and implosion physics

Energy in pulse: ~3to 6 MJ
Duration of main pulse: ~ 8to 10 ns

Duration of foot pulse: ~ 30 ns

Spot radius: ~1.5to 3 mm

Transverse and longitudinal compression are required to meet target
y , specifications.

|
Length of beam just outside of injector ~25-50 m Attarget ~0.5-1m
YL — o
X
Radius of beam at source ~ 1-3 cm At target ~ 1.5-3 mm

Compression factors of 10 to 50 in both longitudinal and transverse directions
are required.



Emittance constant for linear force profile & matched beams

Linear force profile  (x”

s=0.0

0.1

X

Emittance = phase space area
Emittance constant if forces linear

0.2

~

/\l /\
frreeerer

BERKELEY LAB

&

k2 x) => Phase space area preserved, ellipse stays elliptical.

0.3

Here, width of beam is oscillating or “mismatched.”

Non-linear forces (e.g. x"=-k?x+ ex3) [0 position-dependent frequency
[1 Emittance increases if forces non-linear

[1 phase mixing, increasing effective area

s=0.0

3.0

7.0

23.0




Sources of non-linearity and mismatch are well
defined

Sources of non-linearities
External focusing magnets
Space-charge
Multiple-beam effects

Sources of mismatch
Accelerator imperfections
Quad strength and placement errors
Acceleration waveform errors
Bend strength errors
Velocity tilt

Simulations give reliable and definitive tolerances on each source
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Avoidance of accelerator activation and heat load on superconducting
magnets, limits the amount of beam loss in the accelerator

Mechanisms for beam loss:
Halo production
Charge-changing collisions with residual gas
Charge-changing collisions with other beam ions

A
1]

Beam loss also constrains design ]



Several potential instabilities have been /\I A L |
Investigated in HIF drivers \

Temperature anisotropy instability
After acceleration T | << Tp, internal beam modes are
unstable; saturation occurs when T || ~ T/3
Longitudinal resistive instability
Module impedance interacts with beam, amplifying space-
charge waves that are backward propagating in beam
frame
Beam break-up (BBU) instability
High frequency waves in induction module cavities interact
transversely with beam
Beam-plasma instability
Beam interacts with residual gas in target chamber

All of these instabilities have known analytic linear growth rates, which
constrain the accelerator design (to ensure minimal growth or benign
saturation).



Heavy ion accelerators use alternating gradient

quadrupoles to focus (confine) the beams (non- )\‘ . 1
neutral plasmas
pasmas) &

Space-charge forces and thermal forces act to expand beam
Quadrupoles (magnetic or electric):

- alternately provide inward then outward
impulse
- focus in one plane and defocus in other

- act as linear lenses. (Force proportional to
distance from axis).

Horizontal (x) plane:

Wire
conductors

Magnetic quad

Vertical (y) plane:

Ccvlind Average displacement
ylindrical . . :

electrodes IS larger in focusing lenses
Electric quad so the net effect is focusing.
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Space charge reduces betatron phase advance ‘ |H (
i : Focusing quads
Without space charge / Defocusing quads

Particle
orbit

With space charge:

Beam envelope

Particle
orbit

AR

Lattice period




Final focus requires high beam quality LLS
ﬁReactor wall At final focus:

Final focus magnet lspot <~ 2.7 Mm
J A7 <~ 05m

Be 2 Avylv, , Dvylv, <~ 6/2 <~0.005
\\ emittance requirement

- d > Tspot  Av,lv, <~rg0/126d <~ 0.005 chromatic
aberration limit

} beam intensity requirement

(6 ~ 0.010 geom. aberration limits; d >~ 5 M reactor constraints)

Back at the injector (typical example):

ZZ~~3 Zanm } constrained by transportable space charge limits

Av,lc, Avy/c ~2x10°%  source temperature ~ 1.0 eV after injection

Av,/v, ~ 0.0005 voltage injection errors; Npeam initial /Nbeam final = 4
Ratio of final required 6D phase space volume to initial volume:
(rspot2 Az Apy Apy Ap;Npeam final
(@* Az Apy Apy ApzNpeam)initial

Emittance leeway in eac:h/2 direction )
172 o . L 1 ~
€x final /Ex initial (Nof/Npi) Fspot AVxfinal/ & AVyinitial (Npt/Np) 20

€, final '€z initial  ~ DZfinal AV zfinal! AZinitial AV zinitial

~ 2000
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Radial electric field and beam potential ]
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Radial electric field at pipe radius ( r, =5 cm)

|16 67
E = e g| MVIm for C=|33 g
|4 16.7

Potential difference, center to beam edge:

N 40 67

AQ = = KV f =

@ i, |20 or C=(335
10 16.7

Potential difference, center to pipe:

o | 890 67
BH 2In/ = 400 kV for C =335
200 16.7

A
A = 4TtE




Compression factor sets limits on voltage errors
at injector and gaps

- A
Apzi# L\ 7 ApzaT /\ A
v > ¢ / \/ \j\/ . » Z
Bunch length at ith gap Bunch length at end of accelerator
Phase space conservation:  opli = op.l. Also, at each gap
Energy/momentum: P’ _ _ 1p
2m qV = 6pl 2V,6\/I 6V|2 \A/VQap6V pulseri
At end of accelerator where \;p's:e 010kV
=> 6p a — 1|:At |:| DAVgap @VDUBEFID 1lﬁto|:| @VII’IJGCIOI’D

pza Z 4|1t U mVIDU|SGJ:|:| Va 4|1t U Dvlnjector [

For equal contributions
6pa —_ ulse|D Vln ector|:| //&/tllser
EJ VA %) 0876 J D} V.

J/2(0.01)
pulser II’]]ECIOI‘ Vpulser
At target: I 10° i 3 i
6pt —_ 6pa —_ 6Vpu|ser —_ 96x U 6Vinjector _ 12x 10 f C_ 67
o - Ch. Ty T [1.9x 107 and T = o 45 107|100 &= 33,
injector

pt pa Vpulser

3.8x 107 4.9% 10° 16.
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