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Chapter 8
Beam Matching with Space Charge

Matching Section Design - Some Basics

Single Phase Plane (2D) Matching (Mismatch Factor)
Transverse (4D) Matching (used for LEBTs, HEBTS)
Transverse Matching Solutions as a Function of Current
Transverse & Longitudinal (6D) Matching [

RFQ to DTL (MEBT) Matching

Transverse & Longitudinal Matching as a Function of Current

Particle Simulation of Matching Sections
= Will use the computer lab throughout the discussion
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Transverse & Longitudinal (6D) Matching - RFQ  -DTL Example

Open Saved File " LEBT_1.pbol " & Change Global Parameters:
(This is the "Incoming Beam" )

Particle Mass: +H ¥ (938.27231 MeV)
Beam (Kinetic) Energy: 2.00000 M eV
Frequency: 400.0 MHz

Change All Four Quad ("Q1", "Q2", "Q3", "Q4) Lengths to 2.54 cm
Change Length of Drift D2 to 0.25 BA (All Aliases Will Adjust)

Change Emittances of Beam To:
ex (eecm-mrad rms) ey (Tecm-mrad rms) €z (Tekev-deg rms)
0.5 0.5 140.0

Change Twiss Parameters of Beam To:

ax PBx(m/rad) ay By (mrad) az Bz (deg/kev)
-1.3649 0.1412 15125 0.1668  0.03670 0.3385

Change the Beam Piece Commentto "RFQexit"
= Save thissetupas"” RFQ-DTL A" (File: RFQ -DTL_A.pbol)
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Open the Final Piece - Change the Commentto "DTL"

Button "Final Beam" to Change Fit Goals: Use "Copy from Initial"
Then Set (Change) Twiss Parameters To:

ax PBx(m/rad) ay By (mrrad) az Bz (deg/kev)
0.0000 0.221706 0.0000 0.109947 0.0000 0.320636

Add a DTL Entrance Half-Quad Just Before the Final Pie ce
Quad "DTL" 1.27 cm Grad 160.0 T/m

Delete the Drifts "D1" and "D4"

Add Two RF Gaps, Commented "RF1" and "RF2", Centered
Between Quads Q1-Q2 and Q3-Q4 (Will Set Parameters Next)

The Model Should Look Like This:

ol
| B -
Quad

] s
| B |- iR
Quad Final

i =
B || - <
Quad Drift

B
BaE |-
Quad

e
| g || -
Quad

Drift RF Gap Drift Orift Drift Drift RF Gap Drift Drift

— Save this setup as "RFQ -DTL A 1" (File: RFQ -DTL_A 1.pbol)
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RF Gaps "RF1" and "RF2"

e |

Energyl Distam:ﬂi Use' GIObaI
Radio Frequency Selection |G|Ubﬂ|,:rﬁquen,:y ﬁ Fl’equency
Parameters Value Units Guidance Limits
| Effective Gap Voltage #"I 0.000000 IM\.( LI -0.4810 0.4510 &
O-O I\/IV - 5 Phaze of RF #}I -90.000000 IDEQFEEE j -50.0000 900000 o
_900 - Emittance Growth Flag IN':' Growth j o) N 0O
Energy Gain Flag IND Zain f O
c| Global Frequency I 400 00000 I::-|: j 1438518  3.00e+004 NO

S;E‘-h:hal Freq. Harmonic Fact. | 1 ponooo 0.2500 4.0000 @

o Energy Gain of Gap Me\ 0. 0000 00000

5.' Focal Length - x v direction I IMF m -IMF -0.1354
5 Focal Length - = direction | _IME m 0.0674 IMNF

Comments:
RF1

Reduce Global Parameters Maximum Step Size to: 0.001 m

= Save this setup as "RFQ -DTL_A 1" (same name)
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Use the TRACE 3-D Graph Beam Line Command (Bunchers Off)
Turn On Bunchers: Change the Effective Gap Voltage to 0.1 MV
Use the TRACE 3-D Trace on Background Command to Compare

PH Graph Hlipses & Profile [RFG-DTL_A_1_pbol]

File Edit

BEAM AT NEL1= 1 1= 0.0 mh BEAM AT NELZ= 15 Transverse
=T E=0_T4T | W= 2_poooo Z_0000 MeV =TT — L~
A= 1_51 B=0_167 FRE(Q= 400.00 MHz WL= 74%_48 mm A— 3t 4 B L I:
A=1_36 | B=0_141 EMITI= 25.000 25.000 700.00 — 215 B= 376 ess OoCus
W A= 1_51 B=0_167 EMITO= 25_000 25000 70000 Wi 2.0 B 156
Hi= 1 ©N2= 15 ., v
/ MATCHING TYDE = O i
e '\-‘ f‘!
b )’( P
PBEOLab TRACE Jé/(
DATE: 01-23-2011 8
4_%901mm x 54_034mrad TIME- O07-40-28 A<501mm x 54_034mfs
-
% h=0_367E-D1B=0_339 % B= 1_67 B= 1_28

]

A=-3_3ii;;_g}§iﬂ .333 Bu nchers ZE:'}}; ‘ E:ﬂ _:1-:1? Bu nCherS
s Off 1|, on

35.9443&g1'. 109 .213EeV w g e {

HEI= 1 5.80 mm{Horizontal

5.80 mm{Vertical) Length= 2599 _80 mm
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Transverse & Longitudinal (6D) Matching - RFQ  -DTL Example

Set 4 Quad ("Q1", "Q2", "Q3", "Q4) Gradients as Match Variables

Set 2 RF Gap ("RF1", — FIESImmEmrms
"RFZH) Gap VOItageS " Disable Matching Perform Watching |

Beam Matching (Find Matched Twiss Parameters)

aS MatCh Varlables “ary Initial Beam to Find the Matched Beam

{~ 1 Matched beam in X, planes {3 Matched beam in X, Z planes (Upright)
{~ 2 Matched beam in Z plane {" 4 Matched beam in X, ,Z planes

i— Wary Initial Beam for Desired Final (Output) Beam

" 13 Fit desired beam in XY .Z planes Final Beam
1 Parameter Fitting (Find “ariables for Match)
Set Trace 3D Matching
. . Vary Selected Element Parameters to Fit Desired Final (Outputy Beam
SpeC|f|Cat|On T0O Type O —— L - il beamin X plane " BFit beamin X.¥ planes
- . ¢~ & Fit beam in ¥ plane ~p {* 3 Fit beamin X, Z planes Final Beam
Flt beam In X! Y! Z {” 7 Fit beam in Z plane = 12 Fit for round beam

planes"

i— Wary Selected Element Parameters to Fit Desired R or Sigma Matrx

= 10 Fit desired B matrix elements Mot Bl s !

{11 Fit desired Sigma matrix elements

i— Wary Selected Element Parameters to Fit Desired Phaze Advances-

" 14 Fit for specified phase advances in specified phaze planes Phaze Advances I

— Save this setup as "RFQ -DTL A 2" (File: RFQ -DTL_A 2.pbol)
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Transverse & Longitudinal (6D) Matching - RFQ  -DTL Example

Execute the TRACE 3-D Command "Perform  Matching"
"Perform Next Matching" Until the MMF Stops Decreasing
You May, but Probably Won't, Get a "Great" Match

One Example MMF Went from ~ 5.95 to ~ 0.700

BB race 3-D Updaie Match & Couple Parameters ]|
Match Output File | Perform Mext Matching | Wizmatch Factor = 0.695830
Match Parameters Update Al Values | Update Selected Match ‘-.-’aluel

Label | Parameter Name Match Variable | wvaue | Update | Unit =

a1 Magnetic-Field Gradient MTCH1 82292219 82292218] TIm —
02 Magnetic-Field Gradient MTCHZ 89.579188| 89.579186| T/m
RF2 Effective Gap Voltage MTCHS 0.024343| 0.024843] mv

-

Results Can Depend Upon: Starting Value of Match Pa  rameters,
Random Number Initialization,
Order Match of Parameter Selection,

Match Tolerance Used, ...
— Save the Fitas "RFQ -DTL_A 2 Fit 1"
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Transverse & Longitudinal (6D) Matching - RFQ  -DTL Example
To Improve the Match = Alternate Between 4-D & 2-D Matching

(Switch Between

T d {" Dizsable Matching Perform Matching l
ran Sve rse an Beam Matching (Find Matched Twiss Parameters)
LOngltUdlnaI MatChlng) Vary Initial Beam to Find the Katched Beam

i~ 1 Matched beam in X% planes {~ 3 Matched beam in XY Z planes (Upright)

i~ 2 Matched beam in Z plane {" 4 Matched beam in X, ,Z planes

Alternate Between:

— Wary Initial Beam for Desired Final (Output) Beam
{13 Fit desired beam in XY, Z planes Final Beam

— .
Type 8 "Fit beam in |
X’ Y planes" and Nmﬂer Fitting (Find “ariables for Match}

VWFR De=ired Final (Output) Beam
i~ 5 Fit beam in X plane {+ B Fit beam in X planes

" 8 Fit beam in X, Z planes Final Beam
= 12 Fit for round beam

Type 7 "Fit beam In {6 Fit beam in v plane
Z plane" \F 7 Fit beam in Z plane

ment Parameters to Fit Desired R or Sigma Matrix

CheCk ReSUItS Wlth i~ 10 p#fdesired R matrix elements Mihree Bl I

11 Fit de=ired Sigma matrix elementz

— Wary Selected Element Parameters to Fit Desired Phaze Advances
i 14 Fit for specified phase advances in specified phase planes Phaze Advances I

Type 9 "Fit beam in
X, Y, Z planes"

Turn Off Match Variables for Unrelated Planes  (e.g. no RF for 8)
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Transverse & Longitudinal (6D) Matching - RFQ  -DTL Example

Starting from Fit" RFQ-DTL_A 2 Fit 1" = Good 4-D Fit Obtained
But Only After Many "Perform Next Matching" Commands:

E& Trace 3D Updaie Match & Couple Parameters
Match Output File | { " Perform Mext Matching i Mizmatch Factor = 2.17e-007
Match Parameters Update Al Values | Update Selected Match "-.-"alwel
Label | Parameter Name Match Variable | wVaue | Update | Unit =
Q1 Magnetic-Field Gradient MTCH1 24991995 -24991995| TIm
03 Magnetic-Field Gradient MTCH4 24021464 24021464 Tim
b

The Longitudinal Match Was Generally Maintained:
MMFx= 3.16803083e-007, y= 2.05938166e-007, z= 1.65/37045e-002

— Save the Fit as "RFQ -DTL_A 2 Fit_ 2"
= 4-D lterations May Be Reduced with Better Initial G radients
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Transverse & Longitudinal (6D) Matching - RFQ  -DTL Example

Starting from Fit" RFQ-DTL_A 2 Fit 2" = Good 2-D Fit Obtained
After Only One "Perform Next Matching” Command:

B8 Trace 3D Update Match & Couple Parameters

Match Output File | Perform Next Matching | Mismatch Factor = 7.182-007
Match Parameters Update Al Values | Update Selected Match ‘-.-’au.tel
Label | Parameter Name Match Variable | wvaue | Update | Unit =
RF1 Effective Gap Voltage MTCH3 0162788 0163144 MV —

4

The Transverse Match Was Generally Maintained:
MMFEx= 3.29375359e-003, y= 3.11636536e-002, z= 7.17967/214e-007

Change in Gap Voltages Relatively Small

- Save the Fit as "RFQ -DTL_A 2 Fit 3"
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Transverse & Longitudinal (6D) Matching - RFQ  -DTL Example

Starting from Fit" RFQ-DTL_A 2 Fit 3" = Good 6-D Fit Obtained
After Only One "Perform Next Matching” Command:

R T e ——— ]|
Match Output File | Perform Next Matching | Mismatch Factor = 0.000003
Match Parameters Update Al Values | Update Selected Match "-.-"alwel

Label | Parameter Name Match Variable | wvaue | Update | Unt =

Q1 Magnetic-Field Gradient MTCH1 _24991995| -25.259868] TIM —
02 Magnetic-Field Gradient MTCH2 212.340323] 212993078 Tim
RF2 Effective Gap Vottage MTCHS 0.019304| 0.019303] MV

-

V

Rarely Any Need for This Kind of Precision in LINAC Design:
MMFEFx= 4.55278742e-007, y= 2.80753852e-006, z= 0.00000000e+000

Changes in All Parameters Relatively Small

= Save the Fit as "RFQ -DTL_A 2 Fit_4"
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Transverse & Longitudinal (6D) Matching - RFQ  -DTL Example

With Space Charge

Space Charge Can Strongly Couple X, Y, Z Phase Plan es

Start with Good Match for "0" Current and Increase Current

Increase Current So that Starting MMF is Less Than ~0.2

Try Match Type 9 "Fit beam in X, Y, Z planes" (6-D  Matching)

May Need to Alternate 4-D / 2-D Similar to "0" Curr  ent Example

= Start with "RFQ -DTL_A 2 Fit 4" and Increase Current

Find a Matched Beam for a Current of 100 mA
Watch Changes in the Quad Gradients & RF Gap Vol tages

— Save the Fit as "RFQ -DTL_A 100 mA Fit"
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Transverse & Longitudinal (6D) Matching - RFQ  -DTL Example

With Space Charge

Matched Quad Gradients as a Function of Beam Curren t

F'rinti Cup-',r! Hide Symbols i,':'{'.:'j:'}:'i‘: ’z; Set E-u:alez Load UserData% Hide/Show UzerData Symbuksi |

[ £00.000000 i R e e s Shift-Click for Position
[ Horz; I
Vert : I
200.0000 § Penwidth |1 <]
LEGEND 2
[ &
0.0000 [ - e 1) ik
L 10xGrad 1 (T/m} va. | (ma
[ [m}
: —e——__,;_____&____‘ — 17 pis
[ Grad 2 (T/m) v=. | {m&)
I : 12 pte
i Grad 3 (Tim) vs. | (mA)
!_,_,- 2 = i Fil
[ - - — A iy ; 12 pt=
[ Grad 4 (T/m}) va. | {ma)
[ -400.000000 | I 1 1 M

I 0.000000 S0.0000 100.0000 150.0000 IEDD.[IEII]EII]EI

| (ma)
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Transverse & Longitudinal (6D) Matching - RFQ  -DTL Example

With Space Charge

Comparison of PARMILA-2 Particle Simulation with TR~ ACE 3-D

PH Graph Hlipses & Profile [RFQ-DTL_A_100_mA_Fit_PARMILA pbol]
File Edit

BEAM AT NEL1= 1 I= 100.0 mhA BEAM AT NELZ= 15
H =T 3¢ [ B=0_14T W= 2.0000 Z_0000 MeW B A= _d07E—(59=0_ 777 |
W A= 1.51 | B=0_167 FEE(= 400.00 MHz WL= 749_48 mm V| A=0_221E-pSB=0._110
f“wxxff;? Hl= 1 M= 15 e
A MATCHING TYDE = 9 2o L
(i;}X/h‘ DESIRED VALUES (BEAME) T
G 3 N
¥ 0.0000 0.109%
z 0.0000 03206
% A=0_367E-Q1B=0_339 MPP MPE VALUE % A= _264E-QeB=0_321
z —B_64299
9 -—263_B5169
11 0_05B08

EMITI= Z25_000 Z25._000 T00.00
alpha beta
S_000mm x 54_000mrad S_000mm x 54_000mys
4 O_Z50Z21
13 257_67176

EMITD= 25_000 Z5_000 T00._00
o_oooo 0_2z217
MATCH VARIABLES (NC=6)
[ 227 _467320

e

PBOLab TRACE

DATE: 01—23-2011

avT_ooo lﬂﬂ_ﬂﬂDKT‘if TIME: 20:-47:-02 37-000&1? 100 000EeY
B

B 1 10 00 mm(Horizontal] Bl Deq_[Longitudinal) = 15

10112 13 14 | 15

10.00 mm{Vertical) Length= 299 _B0 mm
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Transverse & Longitudinal (6D) Matching - RFQ  -DTL Example

With Space Charge

PBO Lab PARMILA-2 Particle Simulation of the Matchi  ng Section
- Add PrtBeam and SCHEFF Pieces - adjust Scheff pa rameters
- Set PARMILA-2 Options - OutputFlag, Use PICNIC 3 D
- Add LinGraf Piece - select plots and set paramet ers

0.0270

0.0000

-0.0270

-0.2500 0.0000
XP (rad) v=. X (cm)
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0.2500

00270

0.0000

D02T0
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-0.25010

0.0000 0.2500
%P (rad) vs. ¥ (cm)
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Transverse & Longitudinal (6D) Matching - RFQ

Old Dominion University

-DTL Example

e Particle Simulation Improvements Possible with PAR
- More Accurate Simulation by Segmenting Drifts
- More Accurate Simulation by Splitting Quads

e Simulation Indicates TRACE 3-D Results Only Provid

Beam Matching with Space Charge - 2

2.0000 -

With Space Charge

-0.3250 0.0000 .3250
Energy (MeV) vs. Phi (rad)

17

MILA-2

e a Guide
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Transverse & Longitudinal (6D) Matching - RFQ  -DTL Example

With Space Charge

Bdt  Stat Hard Copy  Driver Options Mext  Previous Skip Mowvie View  Line Width
Untitledl run on 01/24/11 12:45:27
« 100 . 1010
. 050 030
l D'l D'I
g 050 —. 050
- 140 ip vs5. X -.100 Yp ws. ¥
-1.000 -.300 Q. 000 1.200 -1.000 —. 500 d. . 200 1.000
structure 2, guadrupcle magnet, element 15 Plot 19 B = 29.9800%4 ngoad= 10000
1.4400 1.000
. 500 L5010
= 0. 0 e
I -.500 —-. 500
-1.000 i il -1.000 E-Es ws. Phi-FPhaw
-1.000 -.500 0. .0200 1.4300 -80.0 -40.0 [ 40.49 80.0
Es = 2.000 Phaw = -.101
lsubnum 7 Mormalized transverse emittance | o
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