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- LINAC - general
- Injection - effects of RFQ

- Emittance

- Envelope equation

- Beam distribution

- Equipartioning
- Acceleration process

- Collision

- JHP design
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RKiBERZFIVZ=ZT v

C BSIRILF— ~ 1 GeV Beam Power

PULSE LINAC Normal conducting Linac

Iave =IpXTXfr Q() z104 Pc =10 MW

JHP 50 mA x 200 usec x 25 Hz = 250 pA
CW LINAC Superconducting Linac

Lave =1p Qo ~10° Pe=100W
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A Proposal for CW-PLA 100 mA

132 m gl 1

oo Sowree JfRUO R

{ 432 MHux ) ( 432 MHz )

j } } | }
100 keV 3 MeV 150 MeWV 1 {leV
432 MHz DTL with 1.7 MV/m 432 MHz CCL LINAC 910322
*cell number 593 * APS with S0 mm bore radius
* Total cavity length 132.11 m *E0=1.7 - 2.5 MV/m
*Total rf power 3.89 MW *fs = -30 degrees

*Total rf power x 1.3 5.70 MW * Total cavity length 590.06 m
*Beam power (100 mA) 14.5 MW *Total cavity length with Q 814.01 m
*Total rf power 97.7 MW
*Total rf power x 1.2 117.2 MW
*Beam power (100 mA) 86.7 MW
*Total number of tanks 268
p'S 2 *Total number of cells 2328

OHO '96 LINAC 6



1 GeV Proton Linac for JHP old design

[on Source RFQ DTL CCL

50 keV 3 MeV 150 MeV 1 GeV

20 mA 432 MHz 432 MHz 1296 MHz
1 mmmemrad 2.7 m 791m 411 m
329 cells 13 tanks 152 tanks
800 W 342 cells 3576 cells
q WIW 82 WW

OHO '96 LINAC 7




Frequency transition

- LANL x4
32 F
[I:qu ] . i

P
B 29

2.8

q | pOMZ 1 2.7-8-0I I-laolll:m”-lzol”0“‘20'“40”'6-0
Mg = 2 Phase (degree)

B 2 2.3
mc BOYO €g k[

20,(1- 1) <0 < -0s{1-1y)

2 2,3 3,3 3
AWmax = iJ'ﬁ}\qumc BOY Oq)s(l' Wf)
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Beam loss problem

- T DOEEDE —LERICFE D EHMEICE S
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- EBEOFETEFHEE L WL
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Transient Beam Loss
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dependence of loss for pulsed beam.
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Beam Loss in High-Energy

Structure
10 g
8 ®
Cl |
4 6 >
7
= 4 ®
3 %
2
® @
® 0.0 ! ® ®
0 ! Qwﬁ 'l. ” D SIDew QA, ) SODe
0 100 200 300 400 500 600 700 800

Energy (MeV)
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Beam loading
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Comparison
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BEARL

for a unit cell

ol 2mx3Ux 10° x 3333 x1073(J)

~ 57900
% P 1171(W)
6 2
g2 (1x10°) x0.0738
7 - —0 _ =63 MQ/m
P /L 1171
T =0.728

ZTT =33.4 MQ/m
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Old-type injection

CockCroft Prebuncher DTL

750 keV
Beta=0.04

80 N ¥ T T T T T T T T 1 T T ! T 1 T T
PREBUNCHER Q3 Q4D QIS DTL TANK S 75|
[ . ’,/'-f -. -\\
~ 70 |~ F— 165 — — 70 w70 ,EI/"'\‘\\\
| l DTL Q-magnet .% 65 : ,"’: I’( 4 X R . .
: | ~ g : V2 :
| | T S <A I
' ' o 55wl o 0mA —
| ! ! 5 - ¢ — 2 — 60 mA _
| | | 'g- S0 : --@--100mA
[‘7 202.5 —=F— 182.5 —~—182.5 —] 293 ¥ 45 E - o % -200mA ]
' - ]
| 40 T T | | Y I | PR R T N N T T Y S [ T S A
| 860.5
! 10 15 20 25 30 35
Voltage (kV)
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RFQ Impact

Ion Source RFQ DTL

50 keV 3 MeV
Beta=0.08

100 | 1 1 1 ] T 1 1 1 T 1 ] ] 1 ] ] ] i | ] | I. ] 1 1 1 1 ] ] T
SO r’”‘m : 20 | g BT

: -’-h"k-._ : : -y . = ro

i T E ] i
-50 : i, -3 =20 i

OLD -40 ;

AW (ke¥)
—
-
Aw (ke¥)
—J

100 Lo Lo
-200 -100 0 100 200 30 20 -10 0 10 20 30

Phase (degree) ¢ (deg)
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Prebuncher with space charge

100 ———
50 - ‘ ‘ : |
> = i
o
o
ol 0 [ " b -
w ey
i
=
Z
m =
~50 . ‘ : -
_100 i i L I 1 il 1 ‘ L I I
100

~100 0
PHASE (DEGREE)

Fig. 17 Longitudinal emittance for a 100 mA

beam at the DTL entrance. The buncher volt-
age1s 25 kV.
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: i
RFQ Impact-2 [B B j

Higher DTL injection energy

Higher capture efficiency

better beam quality in longitudinal motion
Comparison between experimental data
and theoretical prediction
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BEAM

Emittance-1

S nye@ o SX ~

Exn = PYEx

(p3,4
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rms emittance

> Ty — ~ 5 T X aX
=4 X2 X'z_xxz 8X='JX2X' = max4magg
~ eV
£, =XX'=Xx—=
Vo

- 1
x? = ﬁfxzf(x, p,t) dxdp

- T
€xn —X( = J'YO)

12
- . . kpT
iy =, =R
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Longitudinal emittance

Av, =v-vy
Ap, = p-po "5 VO Y% P gzz' =77 =L2§Z
Qo =me50\(0/ 10
. %
Ap 8nZ = ﬁOY OSZZ'
@ s- vt = Tndyr g2
i ¢ oy =00 AW =—mc fyy == —L¢
\ / MAW }\, OYO pO }\ "
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uniform
Gaussian
Waterbag
K-V
Hollow

Beam distribution

Maxwell-Boltzmann distribution

H)q
kgT)

/ miy 5
f(H)=fOexpL— = ) Vy tVy +Vy +q0

[ 2 2 2 T
ey +7) i)
flrv)=foexp - —— -7, 5
B B

H H
f(H,,Hy)= ACXP(—_'L_\ _U_k T”)
B

p.-7~
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Background-1

Gouville's theorem \

o of ofof T\,
—=—4+ Y |—(qi+—Ppi|=
1:

@3q d3p = const /

Collisionless Vlasov equation

3

of of .
— 4 E(—qi +(qE+ qVXB)iE

q- XN Ty
Fi-7 2 3
TTE j=i I
) Collision term
J " q fj
i =~ (0s 3
Jr dmey T o1
3
of of of
=, E/—ql 8 v E vvxB). 2
t i (aqi m laql)

%,
2] = () Boltzmann equation
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Background-2

# X 18 % S Fokker-Planck equation

d of df K of o) o

— — — — — _+ —

=—
dt ot ar m dr gy oy ov2

=0 DEEMRIT Gauss 7T TH Y. Maxwell DIRETHE—HT S

w7l eded)

f(V)TznkBT} eXpL_ T
D _kgT
B¢  m
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Temperature

f(H,,Hy)= Aexp(—iﬁ—) exp(—%) / \
112

- . (1okgT|
4 -2 ) oy =X~ 7
kpT| =y omAvy me
/2
3 a2 - _[v3kgT))
kgTj =yomAv; €nz =ZKYO B2 ”J
\- J \ me /
laboratory frame vs beam frame B l]l
4 Yo
p.14
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Space-charge force 2D beam

Uniform distribution

— 2
[ = Nqv Fr = GE; - qvitoHy = gEf[1 =)
r<a  __N¢o
r— e Oa2 Field energy
W =lfb(aoE2 - MOHZ)Zmdr
H. Ngv 1]
P 2na? r b
r >3 W, =W0(1 +4€nz)
Nqg 1 ; "
P = = _(Ng) 2y _(Ng)
23‘580 ! Wo = 167, (l_ﬁ )_ 16n80y2
H(I) _ NqV l Non-linear field energy U — W - Wu

23131’

OHO '96 LINAC 26



Space-charge force 3D bunch

Uniform distribution

47

=?azzmp0f=Qf=qu 1

P 2
E px =_Q(l_f’0)MXX u

80 -

_Pofi_g2
Epy = g (l‘ﬁO)Myy
Po >
Eo, = e M,z
2 -2 Ellipsoid form factor M.
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Longitudinal motion with space charge

L dfg3 5dA0y _ of A0 ) L daady [ )
By dS(ﬁOYO ds)_ kzg(1+2¢s W)Ad) ﬁ%YS 1 (ﬁOYO dZ)——kgpkHZq)spJAq)
Kt =~ kip =ki(1-u)
m(:2 A ﬁ%yg
204(1- <O <-0l1-
g 1 opgM, 1 ¢s( W)q) q)s( W)
Uy >

2 2333, P
AWipay = iJ'a)\qumC ﬁOYO(Ps(]‘ W)
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Transverse motion with space charge

d dx q [- nE smq) pO M A
y “_ (B |x 2 22
rl L et oy et A G A e
1 d XY 2(1_ ) o k2
Bty s (Bovo ds) kt(l e x = kipx : . B
Kigq = —>
mc ﬁOYO
ki, = ki (1-p)
tp = K\l = Uy |
" q nEpsing
M | td =7 )
0 = q2 Po X me )\, BOYO

p.-12
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¥ (mm)

Beam envelope

=0
2
(I‘Mz)'_élﬂ)
d
A =0
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Envelope equation and rms matched beam

~2 2
" € K
X +kx-=-—-0 ka"=¢ Lo
X 4X , K, 2
a=J2-r=2X=2Y €= 4:C“X k2 _ /2_75\ —k2 _E )
'\xf) 072 om0
kO

rms matched beam

2
£ K
a’ +k%a -—5-—=0 / 2 2 space-charge\
& d Ka > € dominated
a = const
4 > ™ 2 ) emittance
2 & K Ka <€ dominated

|ll i a a
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Beam distribution-1

H,
f = f()eXpL gﬁ} / \
() = n(0)exp|- Lm0

2
HL=E(V§+V§)+(|)3+(|)S | 2kpT) kBTLYO_
2
Py = %YomV%k%rz Eq(r)= —fr n(r) dr
. Yomvg(r‘i +k%r2) 00 ' (1) = —fES(r) dr
[ =fpexpl- S 0
il kg, 10

p.18
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Beam distribution-2

4 ) T
k

n(r) = n(0) exp _M_M

ZkB]l kBTlYO_

- /

Space-charge limit Zero current
yOmV%k%rz _ q.(r) _ q2n0r2 (l) g = O
2 Yo o 4e0Ys

n(r)=ng for0 <rs<a n(r)=n(0)exp{— 2kpT,

n(r)=0 forr>a

2 |

)
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n/ng

0.0

Beam distribution-3

AN ]

1.5

2.0

n/ng,

2.0 = : : .
2
: (b)
15 1
]
6
L7
1.0 82
051 1
0.0 0.5 1.0 1.5 2.0
r/ag

a
-

e
F 5 m.,__-‘-

0.8 | e

0.6 | S ———C

0.4 | \\
I N
r %

0.2 el

0 11 1 11 1 11 1 11 1 1 1 I=
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0
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Beam distribution-Table

1 3 - 1 Relevant parameters for the radial Boltzmann density profiles of Figure 3 - 2.

Cuve n()/ng Ap0)/ag T/fy Apla Kale* kiky n(0)/ngfor T=rg

1 0.1 482 443 1352 0.054 0.974 1.96
2 0.25 [.81 275 0905  0.153 0.931 1.89
3 0.5 0795 18 0562  0.396 0.846 1.77
4 0.75 0432 146 0374 0893 0.727 1.60
5 0.95 0229 LI8 0223 235l 0.534 1.32
6 0.995 0.145 1.08 0.144  6.00 0.378 1.16
7 0.9995 0.107  1.04  0.107 109 0.290 1.08
Ta 0.999995 0.0710 1.02 00710 24.8 0.197 1.04
8 | 0 | 0 o0 0 I
p'2 0 OHO '96 LINAC 35




Effects of acceleration on beam distribution

2MeV By =0.065

Ka? k% .
e2 K2 ¢y = Pye =02 mm - mrad
Ka> 1 22> 1 %7 X =2mm

by b 2E |\ o j0mA Ty = 1A

dmeome 1 mec?
Io= Omc ~ z31 MA

¢ 30 g 1000 MeV KaZ

82

= 0.89

By =1.81 Kk — 0.73 }:D/a=0.37
ko
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Equipartitioning

12

p'37 OHO '96 LINAC 38



Emittance equation-1

dr 1 -k qE qE
= F= r+ = -Kr+—* o oL
o e e P VeE, » n(x,y,z,s)

2 de2 2 \
ﬁdsx+i 8y+id8z T 1 qu

x2 ds 2 ds ;2 ds u-— Nq ds
| 4w o 11— 1P — 1)
- 0 ff¢ —FE, da-= =iXEX+=LyEy +=LZEZ
Nq ds  NgqJJ s 2|42 ds y2 s /L ds
| s /

4-2-20
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Emittance equation-2

2 ) \
y dS ) 32 dﬂ _)\ %

ds 2 ds .2 ds my3V2N ds 7 ds

source = difference in field energy

charge redistribution

O

O

O emittance transfer - equipartitioning

O W for potential energy or something else
O

with envelope equations

[p29~ ] OHO '96 LINAC 40




Emittance equation-3

i~ = = & dy?
—(xX'"+y"+12 ke(s)— +ky(s)— +k
ds(X K )+ ()ds+ ()ds th)
L ey s A
T=—(x' +y +z)

p.28

T +Vex +

——— W = const.

Y2N
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Coupled envelope eqs. for a bunched beam

g al ) & \ @ce-charge dominated e=h

23NI‘1(18\

2 kipa -——< | =0
kgozm_i Nr. &g %z _ Zﬁ(z)yg azm( 3y02m)
2 B2y3 22 B2y
K oY0 Zm oY 0Zm J

equipartitioning
k

€
Enx Kx
Yo =1
SHZ kZ
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Acceleration process-1

/ﬁ@ﬂl% o,=const
Ky g = 9Ox0_
0 2 EX!L o
1 kzO
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Acceleration process-2

60 [T 1 1 1 T T 1 1 1 LI I LR N U 6 _. T T L
) . 1
@ [ “m
B 0 F 5 F
D C
= 40 F o
o L v 4
E 30 | pe ” .
[ g 3 MO('OO
w20 ¢ 5000300
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(= C m
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2 " e 1 Nr
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a= 0 Yo m 23
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DTL injection-1

- matched
* equipartitioned

gy
LY ..:O.:. °
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DTL injection-2

% - 4 matched and equipartitioned )4 2 7> T A9 X~ 4 —~()Zt B,
F W EZOPT AMDPHIRMS P DPBYP ENXN CI BD SIGZ0 SIGZ SIGX MUX MUZ KX/KZ SCPX SCl
twE atp phpe I'B o o okkFkkkk n u
243305 182 73 981 0047 15 .03 1092 172 204 477 82 77 180 32 4

34,3280 183 74 1022 004

g 1
Y15 05 1092 165 250 479 & 76 192 32 4
] 1
) Y
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DTL injection-3

. 40
24 [, _
- .'°.... - 20
e A a ...'"- E
M . arhg * = 0
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1.8 | R
-40
1.6 1.8 2 22 24 26 28 3 3.2 30 200 -10 0 10 20 30
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JHP 200-MeV Proton Linac

peak current 30 mA
pulse length 400 usec
repetition rate 25 Hz
rf max. duty factor 3%

- output energy 200 MeV

- negative hydrogen

OHO '96 LINAC 48



Fundamental parameters

- frequency

- in and out energies for each structure
- rf power source

- accelerating parameters

- Eacc, stable phase

- unit-tank length, total length
- peak surface field, rf power

- focusing criterion

OHO '96 LINAC 49



JHP 200-MeV Proton Linac

RFQ DTL SDTL

Frequency 324 324 324 MHz
Output energy 3 35 200 MeV
Length 32 122 m
Structure only 30 874 m
Number of tanks 4 41

Number of cells 160 205




New structure concept SDTL

- DTL (difficulties, higher cost etc.)
+ Q-magnet inside of the drift tube
 permanent Q-magnet
 const. tune

- take out Q-mags from drift tube
+ SDTL (separated-type)

fllocooiEdodSpdddd

>
B

-




SDTL

reduce construction cost
+ Q-magnet fabrication
DTL fabrication

alighnment
increase shunt impedance

ZTT

0 50 100 150 200 250
Energy (MeV)

. OHO '96 LINAC %2




code LINSAC

: : 2
average accelerating field . J A q Ii;
¢ o e — + —
average Coulomb force 1 4%s TR
5 Jr dmey T o1
3 MeV (200 MHZz) 203 MeV
8_ T [T rrr 1ttt rrr 4_............ _ll TT T T[T rr1
7 E : /’“'-.
6 L 3¢ d
5 - —
S E 2 |
B 4 E )
3 E 1 ._.
2 ¢ 0 \
1
0: 1 . 1 siilesselissaluisilonis
0 1 2 3 4 5 6 -5 0 5 10 15 20 25 30
Z (cm) g et}
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code LINSAC 2

J— B o SRS dp
—< —q(E +vxB)
N\ dt
o -
A
\
E TN
=} B o0 PR PO PO
2 3 4 5 6
Length(cm)
. k2 _ /z_n)z(/m_}\’\z_l)
360 cell, 181 step/cell, 48000 particle m\a/\\ L)
Fujitsu Supercomputer VPPS00
Vector-parallel 64 processor units E, - — § r_g
__| 32 hours Amteg = T
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Collision
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Rutherford scattering
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Beam profile

10 L I 1 ) 1 ] I- ] I l. 1 1 1 I 1 1 1
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Beam profile-2
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Equations without space-charge

j—s(ﬁovoz—:) = i( ; Eﬁ cB')x

OHO '84 I-p.15 2.72 R
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Beam structure

200 |Lsec
V-

I =30 mA

; !

40 msec
25 Hz

330 ns

130 ns = 200 ns

_—

200-MHz bunch shape (example)
|
S nsec <« >

200 s

with rf fast chopper

=75, -&0. -Z6. 25. B0, 5.

degree ,
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Beam loss

- Transient beam loss - beam loading
- Transition

 Space-charge effects

* Beam halo

 Errors

- Fabrication
- Alighnment
+ Tuning: rf amplitude, phase, Q-magnet
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Number of particles / bunch
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RFQ impact
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Injection into DTL
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