Transverse Emittance Splitting in the UNILAC

* Requirements at SIS injection

« Conceptual layout of emittance splitting section (brief)

* Beam dynamics tools

* Magnetized beams

* Procedure to apply

« PARMT simulations

» Set-up for experimental proof of principle, required components

 Additional application: beams from ECR

L. Groening, /AP Freitagsseminar, October 22" , 2010




GSI Accelerator Facilities
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UNILAC as Injector for SIS Synchrotron | %

/3

MUCIS HLI (ECR, RFQ, IH) i #
) Foil [Stripper
MEWA | gt 108 MHz 2 ,é!.
A ‘ / HSI (RFQ,IH1,IH2) '?”—-'*“‘" Poststripper (Alvarez, Cav.)
3= h-—EEEn-E—‘é-—_ _L.._,H
—ﬂj . ' .
36 MHz Gas Stripper 108 MHz \ ®
PIG

Fiqures of merit for an injector:

* small emittance
* high current

— high ratio current / emittance = Brilliance

GSH
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UNILAC in the Press
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Development of Horizontal and Vertical UNILAC Beam Brilliances %

2.0 —@— hor. achieved (Ar) unstripped
— hor. FAIR Design (U73+)
L Lo 16 —@— ver. achieved (Ar) unstripped
Brilliance Definition: E " — ver. FAIR Design (U73+)
= : <
B,y:= (a/A)*Current / Emittance,,, £ Y
< 12
s
2
g 0.8 -
©
@
0.4 147/
OO T T T T T T

2002 2003 2004 2005 2006 2007 2008 2009

Year

» achieved hor. & ver. UNILAC brilliances are similar
* horizontally we are not ok

« vertically we are ok

L. Groening, /AP Freitagsseminar, October 22" , 2010



Transverse Beam Brilliance Definition _ %

 Horizontal and vertical brilliances are defined separately
B, =(q/A) "I/ E,
‘B, =(q/A) " I/E,

* Now define one single transverse brilliance as
*BL=(a/A) " I/ (ESE))

G=H

L. Groening, /AP Freitagsseminar, October 22" , 2010



Transv. Brilliance [emA / um”2]

'BJ_ ok
-By ok

* B, not ok
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How to Meet Horizontal and Vertical Design Brilliances ? | g

BN O . TSR O -
 present UNILAC brilliances are equal

* pushing both brilliances over hor. design value : quite hard & not really required
» emittance transfer from horizontal to vertical plane should help

« transfer should preserve E,*E,

4
2.0 —@— hor. achieved (Ar) unstripped
—— hor. FAIR Design (U73+) '
16 —e— ver. achieved (Ar) unstripped
E —— ver. FAIR Design (U73+)
E
& * =
S12 E,"E, = const
5 '
§ 0.8 / /./
o
0.4 -
00 T T T T T T

2002 2003 2004 2005 2006 2007 2008  Future

Year
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Conceptual Layout of an Emittance Splitter in the UNILAC %

H*» 3p

e . o nmm @0

(e}
c"?) 5 s = Ver. Chicane A skewed triplet « pepper pot
g F2o g triplet
C YL=3 =
®O =
Beam Magnetizer Emittance Stretcher Diagn. Box
« Splitter integrated around existing Charge State Separator
 Splitter comprises :
* coil pair (B = few T)
« skew triplet + doublet or triplet
» diagnostic box with pepper pot
GSH

L. Groening, /AP Freitagsseminar, October 22" , 2010



Beam Magnetizer | %

stripping inside long. B-field

long. B-field couples x & y motion

foil

L. Groening, /AP Freitagsseminar, October 22" , 2010



Skew Quédrupble Jhg

v

normal quadrupole skew tilted by 45°

no x-y coupling X-y coupling

L. Groening, /AP Freitagsseminar, October 22" , 2010



Demonstrator for Emittance Splitter in the UNILAC , %

Hy*— 3p

||||~‘ e mnm @

o) 5 Chicane 8 skewed  triplet « pepper pot
8 ?_)%DC_U g triplet
C w53 <
= 9O -
< =12 m >

Set-up for testing:

* low current Hy*— proton beam (B =0.8 T)

* NO space charge

* low magnetic fields

* required equipment might be available on-site

» simulations: no losses, AE, =-41%, AE, = +142%

1) | -
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Emittance Splitting: Beam Dynamics Tools | %

» the following tools deal with beam rms properties
« concepts hold for total emittances, beam sizes, etc...
* linear elements, to avoid emittance growth from non-linear elements

emittances defined through beam's second moments :

!
« a, b; : two coordinates of particle i C, = <IT > <IT > E? = detC,

« <ab>: mean of product ab, <r'r> <1’z >

* C is moment matrix (symmetric) _ -
<yy > <uyy >
Cy = v v , E? = detC,
<vy><yy >

L. Groening, /AP Freitagsseminar, October 22" , 2010



Emittance Splitting: Beam Dynamics Tools | %

assumption: x & v plane are decoupled

linearly transport from point_1 - point_2 through matrices :
o I VN M, = | e, =1
T’ , x! 1 Ma1 Ma2

beam moments transport by matrix equation :
Cpo = M, Cypy MT

analogue iny

1) | -
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Emittance Splitting: Beam Dynamics Tools | %

If x & y plane are decoupled :

mqp M2 0 0

My Mgy [0 0
M = , det M = det M, - det M, = 1-1=1

0 0 Mlgg 1May

0 0 MMyg 1Myy

* E, and E, are preserved separately
 X-y coupling moments are zero
» non-coupling elements: drift, dipole, quadrupole, rf-gap

« transport in x calculated w/o knowledge on beam properties in 'y

* to change E, and/or E,, coupling elements must be non-zero :
* solenoids
« tilted (skewed) quadrupoles or dipoles

* non-linear magnets not considered here

L. Groening, /AP Freitagsseminar, October 22" , 2010



Emittance Splitting: Beam Dynamics Tools %

if x & v plane might be coupled

— generalization to 4d equations :

(<12 > <22’ > <ry> <zy >

5 <rr> <z2'r’> <rly> <2y >
E4d = dﬁt = df'tc
<yr> <yr' > <yy>=> <yy =

<vzr> <yr’'> <yy> <yy >

transport of moments from 1 - 2 as usual:

T M1 My Mg Mg T
r !
T Ma21 Maz M2z MMag T
= Cdet M =1
U Mgy Mgz Mgz M3y uy
! !
v, | a1 Mgz Mgz Mag | |V ]
- T
Co = MO, M

GSH
L. Groening, /AP Freitagsseminar, October 22" , 2010



Emittance Splitting: Beam Dynamics Tools | %

<zr> <zz'> <EY> <2y >

) <r'r><zr><xy> <z >
E;, = det = det C

<yr> <yxr' > <yy> <uyy >

_-::‘.gf:r:::» <yz' = <yy> <y > |

 E,4 is preserved for even solenoids, tilted dipoles & quadrupoles; all tilt angles
» These elements couple x & y plane and produce x-y correlations
® EI . Ey = E4,i

« £, - E, = E, holds just for zero x-y correlation

- although E, is preserved, E, - E, increases if x-y correlation is produced

L. Groening, /AP Freitagsseminar, October 22" , 2010



Emittance Splitting: Beam Dynamics Tools | %

Transport matrix of a solenoid, length L, and field strength B :

¢ F sC % K:—Q(E)
~KSC C? —KS* CS ’

52 2 scC
—5¢ - C K C = cos(KL)
I KS* —SC —KSC C-’E_

ﬂ'{Soie noid —

S = sin(KL)

Transport matrix of a thin hor. foc. quadrupole, rotated clockwise by -45°, focusing length 1/q :
(100 0
0 1-—q0
0 0 1 0
~q 0 0 1]

i""irS kewQuad —

1) | -
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Symplectic Transformations .;:%

« drifts, gaps, tilted quads & dipoles, solenoids are "symplectic" :

MYIM = J
(001 0 0
10 0 0

b —

00 0 1
0 0-10

» symplectic transformations preserve two quantities :
« B}, = det C
e Trace{ JCJC'}

see for instance prst-ab 6 104002 (2003)

GSH
L. Groening, /AP Freitagsseminar, October 22" , 2010



Symplectic Transformations

Svymplectic beam lines :

* preserve E,

* change simultaneously E, & E, :
* no initial x-y correlations - E, & E, generally increase in x-y coupling devices
« initial x-y correlations ~ E, & E, might be decreased by lowering correlations

- allow swapping E, < E,

But
» symplectic beam lines do not change the "emittance splittability" of a beam
* "regular" beams are not "splittable”
* "regular": distributions as generally used for simulations (no inter-plane coupling)

« splittablity related to Trace{JCJC}, how ????7?7?

L. Groening, /AP Freitagsseminar, October 22" , 2010
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Magnetized Beams

* no emittance splitting with skewed quads/dipoles or solenoids only

 to make beam splittable — apply non-symplectic action

solenoid fringe field: non-symplectic transformation, changing Trace{JCJC},

J'TH—S ol Fringe —

—K

0 0 0
1 +K 0
0 1 0

0 0 1

K(in) = -K(out)

L. Groening, /AP Freitagsseminar, October 22" , 2010
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Magnetized Beams _4%

g B-Field
Beam
* transverse kick by transverse fringe * spiraling around B * -(transverse kick) by —(transverse fringe)
* non-symplectic transformation * non-symplectic * kick removes L,

« complete solenoid is symplectic again

* Ax' ~y, Ay~ X,
* each particle gets angular momentum (follows from divB =0)
*Li=nxp ~ Xy - XY,

change of beam's Bp prevents kick-cancellation
— beam experiences non-symplectic transformation

- beam is "magnetized" (splittable) at solenoid exit

L. Groening, /AP Freitagsseminar, October 22" , 2010



Magnetized Beams | %

* Magnetized beams are splittable

 "Magnetizatized" and "x-y correlated" are not the same !!!

* X-y correlated beams can be magnetized or not

» Beam lines made just from solenoids, skewed quads & dipoles, drifts, gaps :
 can change x-y correlations

 can not change Trace{JCJC}

* preserve the magnetization, i.e. the "splittability"

L. Groening, /AP Freitagsseminar, October 22" , 2010



Magnetized Beams | %

« electron guns inside a solenoid provide magnetized beams
* e-linacs: emittance ratios of EX/Ey = 50 were achieved (D. Edwards, XX LINAC Conf., Monterey)
* proposal to apply this principle to ion beams :

» stripping inside long. magn. field

* non-symplectic action - transverse emittance splitting possible

remark: beams from ECRs are magnetized and can be split

L. Groening, /AP Freitagsseminar, October 22" , 2010




Procedure of Emittance Splitting in the UNILAC (1) | %

Hy*— 3p

||||~‘ ae nnm @

8 ?_)%g_ g triplet “pepperp
e 53 ¥
®O =

N J

~

/

» place the stripping foil inside a long. B-field (0.n T) produced by coil pair

« switch off the skew triplet and the normal triplet
» proton beam behind coil/foil combination :

* magnetized, emittance splitting possible

* inter-plane correlations, i.e. E, - E, > Euq4

1) | -

L. Groening, /AP Freitagsseminar, October 22" , 2010



Procedure of Emittance Splitting in the UNILAC (2) | %

H3+_) 3p

e e -mmnm @

skewed triplet
triplet

ICane - pepper pot

TK3QS5
Foil
Stri Slper

Coil Pa
TK3QD6

« at entrance TK3QDG6: measure full 4d beam's second moment matrix C,, i.e. 10 values
(<> <z’ > < Ty > <:ry’>-
c - |° 't > <77’ > <7y> <1y > C is symmetric !
<yr> <yr'> <yy> <yy >

P 7o i .
| <YT > <YT > <YY> <YV > ko6,

- set TK3QD6 and skew triplet to provide transport of beam moments C; = M C; M” with

-< rr > < rr > 0 0
<2z > <2'r’ > 0 0 . e <rr> <rr > ]
Cy = and minimized det at skew exit
0 0 <yy > <yy > <:r’:r><:r.’:r.’>5k
SEW ot
|0 0 <vy> <yy >

Skewgys

» use last triplet to re-match envelope for further transport

GS=N
L. Groening, /AP Freitagsseminar, October 22" , 2010



Simulations with PARMILA-Transport | Tg

|||~‘ g LIl .

0 Chi R skewed triplet
3 %§§ cane S triplet " pepper pot
™ W = CQ
e +— O
F  ®O =
Y S —
st E,=1.2um ] : : :
2 x \ R Simulations assume :
E Of 1 i 0
£ 1 ] N
5 I:;,-;mmé z.giglsa?%inmm mrad [
e 165984\ 1. 2t Moo, 5 37957E09 7]
2 AT g 2 1 012 * H;*, 11.4 MeV/u, low current, no space charge
A e « initial Gaussian distribution, no x-y correlations
£ o w g o * rms momentum spread 0.1%, (from measurements)
NP I S—— * rms emittance hor./ver. 1.2 ym (from measurements)
2 1 'Io : o2 . 2 A '[n | 12
T mes -B=08T
st ] st Ey=1.2pm | ] ] ]
- - * angle scattering at stripper foil
£ o aE | E of L : . :
- P> « 2" order transport in dipoles (dispersion, 6-pole fringes)
5 ] 5F I‘#.-mm_t a1ae.zsmm mrad |
‘"""51&*:]55 - e ifﬁ? e « existing aperture limits (chambers, irises, ...)
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before foil scattering
ENTRIES 2000 2F ! ' ]
stE,=132pm | | _
T L d £
£ of § of H ]
x = 3
[ ’ e
5 ‘msm‘mé= 0.21:;58252 mm mrad [
farmions = O GRSTEE, L, 2Ly 20182984
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= B
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I 3 ! - ]
E of E of - ]
= | = |
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=0.3p4102 P SIS

-5 0 5
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Inside Coil Pair, i.e. on Stripping Foil

Hs —>!p

2 4 0 1
y [cm]

2

hicane

long. B-field:

* X-y correlations

«AE, ;=0

‘EoE,=12Ey/

* AEx , AEy

Foil Scattering:
'« AE,, = 38%

« AE, , AE,

x' [mrad]

y' [mrad]

y' [mrad]

o

Sk B ams 100 = 0.214682 mm mrad ]

o mmm @

] skewed ftriplet
g ftriplet
™
|_

* pepper pot

8

after foil scattering

T ERTRIES T ]
- E,=1.37 ym 1

1, S0.571702 m
Ui -0.0857076, |

2 A1 0 1 2
x [cm]

5 - ~f
0 L 4
sk ]
Cemmiipary 5 0338792, ,
5 0 5
X' [mrad]

y [cm]

6
=106 81 cm
T T T T T
5L 4
=
@
E Of ]
=
5 - -
17 =-0,306285,
=0 156138 '2 ‘1 0 1 2
o ougaas y [em]
wist = 0 164158
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st E,=1.68 um |
=) .
Eof W
N

2T T T T ™7
1F ]
of § ]
AF . ]

"2 [ Cppng 520182964 | Lo
-2 -1 0 1 2
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5. =100 5 28815 m

erms 100,y =

Pty 5 9596 sl sl
2 1 0 1 2
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&
S
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Exit of Coil Pair %

i o o mmim @

0 = Chlcane ] skewed triplet pepper pot
=on g triplet
g Gat @
 »O =
T ERNTRES 2000 2F ! ! ! T
5F EX=1.i.\76um 1 |
g £ |
g of | § of ] « inter-plane correlations
] [ & [ k
2 4k 2
-5 [ B¥eemer00, = O: 276848 mm mrad] E ° [} —_
e B S BBy = 1.7 By
-2 -1 x[gm] 1 2 H’f;'i“"'""“""““ -2 -1 x[gm] 1 2 AE AE
=116 82 cm . X ’ y
T UL B R LI B MU LR B LR I
5¢ . 5¢ :
'E £y ‘E‘
E 0 g £ 0
- 5 ®
51 . 51 :
% = -0,386469 L o, .= 0.929348, I
-2 -1 0 1 2 -2 -1 ] 1 2
X [cm] i o o tods i y [em]
. . . L=334318 vm - . . .
5[ ] 5L Ey=1.95|Jm_
) z
E Of 1 E of e 3 : :
= = % beam is magnetized
5F = 5 Eﬂ:m‘mg 22334%%4?“8 mm mrad
[ Cemmonay 3 -DQ957518, |, [ iy = D386581 1, . 1,
-5 0 5 -2 -1 1] 1 2
x' [mrad] y [em]

GS=N
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Entrance to TK3QD6 .;:%

H3+—> p
lc.tD) s '5 Chicane 8 Sk_ewed triplet « pepper pot
=on g triplet
g Ga &
Q ws 3 X
~ »no =
T RIS T e ]
st E,=1.76 ym
5 [ i -
5 sy 20278048 o v N ] * inter-plane correlations
.'E;L‘SL.—. 3152240 ] 2 [ o 063857011
2 x|gm| ! 2 rwermiaos 2 Xlgml ! ‘ ° E OE = 1 7 E
"l""l""l""l"wtig:;acm LI I L I R X y_ ’ 4d
50 | 5.5y » evaluation of beam moment matrix
= % 5T 2
£ E OPaieE e » setting TK3QD6 and skew triplet ...
50 . 50 B
[ haton e 50663333 ) 0 ] [ £ W =0793318 1
-2 -1 0 1 2 -2 -1 0 1 2
x [om] R y [em]
sl 1 sk Ey=1.95pn‘_1.____
T O - o
s [ A = /”'J beam is magnetized
-5 . -5 u;r:mmd = 0.306458 mm mrad
[ oty 0769681, | . ] L gy = FR0ge Ly
_ Q 5 -2 -1 0 1 2
x* [mrad] y [em]

G=H
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Entrance to First Normal Quadrupole | %

H,*— 3p

0 Chicane ewed ftriplet ;
8 6§§ triplet “pepperpo
¢ P53
= no
" EntrIES T 2000 2F7 ! ! ! e
5¢ Ex=0.69um ] .
g / I
g 0 S 0f
= [ = 1
B [ E] 9
sf m‘mm‘ x = 0108952 mm mrad"] E
[ oo 515655.6'.".,..,,..' 2 [ hmain 700322344
2 4 0 1 2 2 41 0 1 2
X [em] acss X [em]
5 5 * x-y correllations almost fully removed
E L ..,:.-' 4 G‘ 8 -
£ o | £ o * E.E, = 1.01 E,q
= ~ o= ]
s I . “E/E,=024
[t =0.0838295, . .. ] Lt w500297434, | ]
2 4 0 1 2 2 41 0 1 2
x [cm] ?J;‘T:;“I:f:ﬁxﬁi; v’ [cm]
5 ;. s By =2.90 pm beam is magnetized
= [ e 1 = [ S ]
. Y
= = ¥
st - st B e 100, = 0.455305 mm mrad- e . . .
ey 200704 gemtezma 0 splitting did not remove magnetization !
-3 0 5 2 A ] 1 2
X' [mrad] y [om]

G=H
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Comparison: Before/After Section

—a §

(e}
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+ .
entrance (H3 ) exit (p)
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2 1 0 1 2 2 4 0 1 2 . . <2 - J— -
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g | 5 ) 0 =) = !
i . + g g 1
E 0 ﬁ £ o AEy 142 % E of 1 E of ]
o ] » . 0 = ® ]
° + ]
A 1< . eAE,y +42% o 1 —.
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Experimental Set-up for Proof of Principles

Hs*— 3p

l|||~‘

TK3QS5
Foll
Strlglpe

Coil Pair

e 10000 0ED .

Chicane

TK3QD6

skewed triplet

triplet

* pepper pot

built a set-up for experimental demonstration of simulated case (Hg+ - 3p) :

* Coil pair :
*B,=077T

* L =40 cm;ie. Rgy =29 cm

« 2 Triplets :

* 6 "Bokemeier" Coils
* Reoi =28 cm
* Aconductor = 50 sz

*Lyoke =4.75 Cm
* B,,,ax 10 be measured

* Rapp

b B'.Leff 2

240 mm
3T

* 2 "Injection Triplets"

* Ry, =40 mm
* Lt = 20/40/20 cm
*B'hax = 15 T/m

* 1 Triplet "E-12_156"

* Lot = 35/60/40 cm
|+ B',.« to be measured

* Pepper pot device - improvements, but further testing required

L. Groening, /AP Freitagsseminar, October 22" , 2010




ECR LEBT @

beam after extraction from ECR

N st T confining in long. B-field:
100 . 250 sl ]
s | I . :
E o E o HNE. 48
} Ot 1 7Ll S ] extracted beam
0oL B N -25 : o ] >
| B¥ermdfon = 0.285554 mm mrad | E ' 1 >
Brf'““”fx ;‘!sf’é’éé’%"" ] BSFoy o =-00274358 | ] &
-5 0 5 -5 0 5
X [CI'I"I] ;If:::;mlmlfhll parout X I_cmj — Z
100] i woof ] « ECR-extracted beam has x-y correlations
£ or . ’qi&u .1 E o ?,.g, ! ] . Ex = Ey
)\-100} i _ f,r- - ) 100 F T . .
: ¥ ] ; o ; *E»E,=4.2E,y2E,y (from correlations)
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Emittance Splitting of an ECR Beam %

dlrectly after ECR extractlon after emittance splltter
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Emittance Splitting of an ECR Beam | %

45°-skew
45°-skew

solenoid quadrupole

 ECR beams are used at therapy accelerator facilities

* split emittance beams could be injected into the synchrotron

« split emittances will increase MTI efficiency

G=H

L. Groening, /AP Freitagsseminar, October 22" , 2010



Summary \
BN S T WOy ) RS T

« Emittance splitting might improve synchrotron injection efficiency without :
 primary beam current increase
* beam collimation
» Method requires long. B-field along stripper and 3 skewed quads
« Simulations (low current, light ions): hor. emitt. reduction by n*10% possible
 Experimental proof of principle using H3" - 3p along UNILAC proposed

 Additional application - ECR beams (no stripper required)

« Might be applicable also along mod. HSI-Alvarez section (F* — P7*) .
« lower B-field (= 2 T) w.r.t. stripping (F”* - U’3* at 11.4 MeV/u
* simulations needed:
* does split beam survive transport fo SIS ?

* what beam is really required at SIS injection (1, q, E,, E,, AT,,ss) ?

IE5SI
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