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Tun

ing process of injection painting

1. Derivation of the initial PB current

Using...

*Online simulation model
“Measured beam parameter

L

For arbitrary painting area size
(ex. 200 T mm mrad, 150 i, 100 7t...)

< L
\ The injection beam coordinate is determined

X .
Fixed bump height Foil . o _
bySBs:93mm | to match the painting area at the end of injection period.
X
o . =
Circulating beam ellipse o N\
at the end of injection period /. N\ \
BN
Injection beam R

2. Control of the PB current

3. M

easurement of the footprint of the painting process

(and painting area)
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‘p’j-PHHC

Tuning process of injection painting

1. Derivation of the initial PB current

Using...
*Online simulation model

“Measured beam parameter

LA

Fixed bump height Foil
by SBs : 93 mm

5 1
-1

V><

Circulating beam ellipse
at the end of injection period /. ™\

Injection beam

For arbitrary painting area size
(ex. 200 T mm mrad, 150 i, 100 7t...)

< L
The injection beam coordinate is determined

to match the painting area at the end of injection period.
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‘},j-PHHE
Tunlng process of |n|ect|on pamtlng
1. Derivation of the initial PB current

Using... F . g :
h . . or arbitrary painting area size
Online simulation model (ex. 200 T mm mrad, 150 i, 100 7t...)

“Measured beam parameter

5 1
-1

g
x 4 , The injection beam coordinate is determined
Fixed bump height Foil .
by SBs : 93 mm to match the pa nting area at the end of injection period.

same with...

The Initial bump orbit (x; .., X;...)-

=)
=
V¥ ¢

By model fitting...

DX Initial kick angles of PBs
Circulating beam ellipse - 7\ Init
atthe end ofinjection period /= N\ ‘\,I By converting kick angle to current...
Injectionbeam > We can get Initial output current of PBs
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Improved processes in this time

2. Control of the PB current

It was required to distribute the injection beam
in the determined area following the radial direction correctly.
To reduce the COD excited by the error current (unbalance of PBs output).

To form various current patterns such as the combined time decay function.
...because the RCS should switch the transverse painting size between MLF and MR pulse-by-pulse.

7 PB2
[ I R
-E Inj. start ; 500psec
Injection beam orbit :

Initial bump height

T

———
: Inj. end

i5om

.éllwwl{,wwlcwwl\’wnwhwnwm
|

b o & o
|

T4L- i £ E
N P Far T
23 RN N E
of- 16 1 4 Inj.bea AR
u ] P I I IR P I AP IR I A R I P B
1 - 40 60 80[10]0 120 140 40 60 80’110]0 120 140 40 60 80[10]0 120 140
B TR i - 1507 for MLF 100 for MR 50m for MR

time[usec]

3. Measurement of the footprint of the painting process
(and painting area)

15
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Improved processes in this time

2. Control of the PB current
It was required to distribute the injection beam

in the determined area following the radial direction correctly.
To reduce the COD excited by the error current (unbalance of PBs output).

To form various current patterns such as the combined time decay function.
...because the RCS should switch the transverse painting size between MLF and MR pulse-by-pulse.

3. Measurement of the footprint of the painting process
(and painting area)

It was required to confirm
whether the painted area size and the footprint of the painting process was correct or not.
"" Horizontal phase space!  In particular...
B The footprint was only measured with 100 us step (6 points)

because of constraints of the beam tuning time.

b 160 B L) It was required to measure the footprint continuously.
T i

ity
S —

3 7
*[m]

We improved these processes to perform efficiently with high accuracy.
£)> We achieved the precise adjustment of the painting area.
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2. Control of the magnet power supply
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2. Control of the magnet power supply
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Power supply of PB

Basic construction is...

Two quadrant chopper circuit

Output current and voltage

depend on IGBT open/close time

[kA]—'\"‘,]!'|"'J|-n‘[..
e e e e e

Set Current Waveformg

7 OufputCu%\ _
0 A S i

[ -
-400 -200 0 200 400

600

[us]

- Switch : IGBT (650 kHz)
il M Magnet
L

34

To generate IGBT control signal...
Set Current Waveform (feedback signal)

This corresponds to target current pattern.

Output follows by the automatic angalog feedback.

However...

— The time delay is approximately 20 us.
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2. Control of the magnet power supply

s

Power supply of PB

Basic construction is...

Two quadrant chopper circuit

" J-PARC

- Switch : IGBT (650 kHz)
il M Magnet
. : I

Output current and voltage

depend on IGBT open/close time

[KA] FT T L P D D ] e
15F- - /o - o
- To generate IGBT control signal...
10 . .
- 7 set Current Waveform Set Furrent Waveform (feedback signal)
5t o e i e This corresponds to target current pattern.
- Output Currel = _
o/ TSN Output follows by the automatic angalog feedback.
-400 -200 0 200 400 600 However... ' '
[LLs] — The time delay is approximately 20 us.
VI
40— e P — -
200ﬂ _ SetVoltage Waveform Set Voltage Waveform (feedforward signal)
0; = This value corresponds to IGBT open/close time.
20— 3 = - target voltage pattern
:gg_ o e R e R In the output adjustment...
oo w e i We should optimize this Set Voltage.
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Issues of the previous adjustment

= Output Set current COD caused bv unbalance of PBs (t 100 us)

Injection period i
I

—
(J'l

g B ARERRARRERAR A RERRA N

re
U'lo

Current [kA]

0:

A5

z 05 | /W | 200 Y '
S o | n ]
3 % 1\ Infection period .| 4.0 : e . i : .
< - Injection Start | = H RN RSN SEEE Y R SRR SR S
-158— SR IS ! Q e P peg e b e e b s e e o L
' -400 -200 0 200 400 ' 600 0 50 100 150 200 250 300 350

[us] S [m]
Large tracking error (Output current deviation from Set Current)

The tracking error was more than =100 A
by the manual optimization of the set voltage.

Over 4 mm COD occurred during injection by the unbalance of 4 PBs.
Long adjustment time

In the previous adjustment...
Adjustment time of output current was 1 hour for each power supply.

(4 horizontal + 2 vertical) I:> Over 6 hours for one painting area

L) We developed the accurate and quick adjustment technique.

20



2. Control of the magnet power supply ‘ ;?,‘-PHHE
Response measurement

For accurate & quick adjustment...

The output current response to the Set Voltage was measured in detail.

— —
(=)
RN RN B

Current [kA]

=)
TRRSARM

-400 -200 _j__j____g ,__290_,_ 490 690 ___,soo_j_l_uél__

& =)
!!!!!F

~ 1
'u-| -

ACurrent [kA]

from refere C :.,._,?,‘_ié_,i;'ﬁ'j.ff?”f.’ffff_f?ff_f_ffff_,f..foﬁffif?fffff?_f.,_,__. ___________
“200 200 0 200

TR P PR R B S TS e AR A R
400 600
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2. Control of th t I
ontrol of the magnet power supply "‘J’-FHHE

Response measurement

For accurate & quick adjustment...
The output current response to the Set Voltage was measured in detail.

1 ! i I I 1 [ 1 ' I l 1 ! T l I 1 13 I 3 l I !

—
o
il

=
?.'.] n

Reference wavefor;m_];______?f__j
Waveform After Ad d;|t;|o.n;§of;; A

Current [kA]

Ouf'f_ 'ut Current

CIDU'I
_\

T , It became p055|ble to calculate
' (AV, AT,) to correct (Al, AT)).

! —->We developed
Automatic Adiustment Tool.

& =)
rr|r||

—Current dewatlo AR T
from referenc el e
“400 200 0 200 400 600 800 THs]

— 1
'u-| -

ACurrent [kA]
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2. Control of the magnet power supply [ &

Adjustment Result
20

——
PB]. LT A Output Set current

New Smooth
Set Current

150

Current [kA]
a‘

s A i =
200 400 600
[LLs]
< "'2F | S
T ol Trackmg error..l_;;__g
+— .05F '
c Tk
Q - :
= -05E | ‘
3'1Prewous ?‘>
< et New adjustment resfﬁ ;'“JFCF'°',‘|°?”?°', '
' -400 -200 0 200 400 600

[1s]

By the automatic adjustment tool...
Adjustment time : 1 hour = 20 minutes for each power supply

Tracking error : >+ 100 A = <Z*50 A
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3. Measurement of the footprint
of the Painting process
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3. Measurement of the footprint of the Painting process a

o2 -PARRC
Measurement method (1)

To obtain the footprint of the painting process on the phase-space...
Measurement method was developed

using COD measurement & Online simulation model fitting

COD measurement during injection period

Waveform signal of BPMs (having 4 electrodes) are analyzed.
By using Fourier Transform (FT)...

= Amplitudes at the revolution frequency are obtained for each electrodes.

From the balance of these amplitudes...

AMagnetic field SB
= Beam position can be obtained. |

PB FT Width

(51.2 us)

“Injection Timing was shifted just before normal timing
to complete injection until t = 0.

=Shorter Fourier Transform width
was chosen (typical : 100 us).

*Waveform was analyzed with 1 s step continuously.

b > tim
Injection period(500usec) €

Normal injection start timing

We could obtain the 500 points COD (t=0)
from t=0 to 500 us continuously.
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3. Measurement of the footprint of the Painting process
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Measurement method (2)

Online simulation model fitting & Painting area measurement

015
&Injection Point

0.10f

E
x

0.05}

_lllll

lIllll

Calculated Orbit by fitting

| D I B L
=0

~ —

/ COD value measured by BPMs —
L _ Total : 54 BPMs -

| | | | |

0

ol
50 1

00 150 200 250 300 350
s [m]

For the COD, Model Fitting is performed.

By using the difference of COD
between with/without PB...

Only 4-kick angles of 4-PBs are required
as the free parameters.
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3. Measurement of the footprint of the Painting process

s

Measurement method (2)

‘, J-PARC

Online simulation model fitting & Painting area measurement

-
n
=]

T T

X [mm]

jection Point

8o

601
o
20

[N,
-----------

-30

For the COD, Model Fitting is performed.

By using the difference of COD
between with/without PB...

Only 4-kick angles of 4-PBs are required
as the free parameters.
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.M f the f int of the Painti
3. Measurement of the footprint of the Painting process "jpﬂﬁf

Measurement method (2)

Online simulation model fitting & Painting area measurement

= T A BN caas .
g :::: Injection Point For the COD, Model Fitting is performed.
= Wb 3 . pp4 _’ By using the difference of COD
O ¥ isgl between with/without PB...
o o 1i—PB3 - _
w0 o : Only 4-kick angles of 4-PBs are required
i3 SRR B 220 Us as the free parameters.
OfF=;-:-501- et 0 S PR i et 177717
s [m]
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3. Measurement of the footprint of the Painting process
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Measurement method (2)

Online simulation model fitting & Painting area measurement

-4.0-
-6.0-

A l A A 1 I A 1

-40 -20

For the COD, Model Fitting is performed.

By using the difference of COD
between with/without PB...
Only 4-kick angles of 4-PBs are required
as the free parameters.

It is possible to estimate
not only time variation of kick angles
but also that of the bump height.

<>

We could get the footprint
of the painting process continuously.

We could confirm the Painting Area.
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4. Adjustment of the Painting Area
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4. Adjustment of the Painting Area [ .
O JPARC

First adjustment result & correction

Measurement result of the painting area The moving distance of the injection beam

Beo0L —— L T T was insufficient.

Eaol L mm m_rad 1 This result is equivalent to...

x 2 0.3_ : | 1 The initial bump orbit height (magnetic field)
0.0- 3 was insufficient.
) 4 The_footprint was also different from the target.

I Measurem T
40- I 7 ! The cause was the difference |
-G.OEM [ ' | | | . between the current monitor value and the output field

40 20 0 20 40 | dueto the response lag of the current monitor circuit.
x[mm] 'soooorrrmmmmmmmmmmmmmm oo
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4. Adjustment of the Painting Area [ &.
0P S PRRC

First adjustment result & correction

Measurement result of the painting area The moving distance of the injection beam

B6.0F T was insufficient.
Eqob\ T mm m_rad_ | This result is equivalent to...
x 2.0E - | ‘ The initial bump orbit height (magnetic field)

' was insufficient.

0.0 -
2,05 h 1 The footprint was also different from the target.

I Measurem T
-40- T »¢7) 1 | The cause was the difference |
-6,0[—@@5'—t | ' | | i 4 ' between the current monitor value and the output field !

40 20 0 20 ‘z[m' | ' due to the response lag of the current monitor circuit. |
X[mm] 't e s

To correct the insufficiency of the PB output...

| We regenerated the new Set Current

. by adding the analysed shortage current

! and readjusted the output current.

N———F————— 7 7 T T T T T

[kA]

151

This is like the feedback based on the measured result.

aveform| This correction could be performed

Original Wave _ by the precise control of current
S A O A and the measurement of footprint
00 200 0 200 400 600[MS] (kick angle & bump height).
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4. Adjustment of the Painting Area [ .
Ny
Adjustment Result
Results before and after readjustment CODs during injection period
° T e St S O S S e S e S S e o QP sl sl dett pae i bt o
Eaob ( -150mmmmrad | ggol | D000 (M0
Sa0bN - S
2.0 e
0.0 -
-Z.Oi;— —
-4.0- -
-6.0 : - - . i e QO ]G ' )
RN D00 SUN0N-SUNN TN (U TONNE JONNr S00N D000t J0000-S000N NN NN HUNNE NN 00N NN _6.0.Il...lll..[.,.,l....ll.“|l..1|.nul.
-40 -20 0 20 40 0O 50 100 150 200 250 300 350

X [mm] s [m]
The moving distance (bump height) was enough improved by only one correction.

The footprint followed the radial direction more accurate.

The output balance between PBs was improved
and COD could be reduced to approximately =1 mm.

) We achieved the precise adjustment of the painting
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4. Adjustment of the Painting Area

Adjustment Result (2)

~400 '-200 200 400

O
600

"800 [yis]

For combined time decay function...

We also achieved
the precise adjustment of the painting.

< >

Pulse-by-pulse switching
of the transverse painting size
between MLF and MR
has been operated successfully.

x' [mrad]

50 T mm mrad

BARREREREERREEE

Target - S

-20

-10

10 20
X [mm]
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5. Summary
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5. Summary a

" J-PARC

We established the control of injection painting with high accuracy.

In particular, we developed...
Control of PB current

By the response measurement & developing the automatic tool,
IZ> Adjustment time : 1/3 (20 minutes)
Tracking error : 1/2  comparing with previous one

Measurement of the footprint of painting process

IZ> It became possible to obtain the painting process continuously.

After that...
Adjustment of the Painting Area

II> We could distribute the injection beam on the target paint area correctly.
The output balance of the PBs was improved.

It became possible additionally
to make the various time function of painting flexibly
for control of the beam distribution and density.
£) Our results lead to the experimental study of the space-charge effect.
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