EBIS lons for RHIC Run 12

Setup of Booster and AGS for
delivery of EBIS U, Au, and Cu to
RHIC for physics



This was a difficult and challenging exercise which
reached a successful conclusion only because of
the extraordinary effort and talents of many...

The EBIS folks

The RF group
The Controls group

The Operations Coordinators
and operators

The Tandem folks
and...



Keith Zeno Kelth
Zeno Keith Zeno
Keith Zeno Kelith
Zeno Keith Zeno



Review “standard setup” for
delivery of ions to RHIC...




Standard setup...

 Transfer 4 Booster loads of 4 bunches to
AGS per AGS cycle.

* Merge 16 to 8 to 4 bunches in AGS.
* Gives 1 Booster load per RHIC bunch.



4 Booster loads per AGS cycle

AGS Beam Current

\ AGS Magnet Current /

Booster Beam Current

/\_/\_/\_/\_/\ Booster Magnet Current




1 of 4 Booster load to AGS

Booster

S



Merge 16 bunches into 8



Merge 8 to 4

1 Booster load per bunch.



RHIC Run 7 Performance

* Our bench mark for several years

* 5.0e9 Au3l+ ions per pulse from Tandem
* Booster output/input = 0.80 x 0.70 = 0.56
* (AGS output)/(Booster output) = 0.56

* 0.56 X 0.56 x 5.0e9 = 1.57e€9 Au79+ ions
per bunch at AGS extraction

* (PACO7 pp. 1862-1864)



EBIS has replaced Tandem
as source of ions for RHIC




EBIS beam In Booster

 1.31t01.6e9 Au32+ ions per EBIS pulse

* (5.0e9 Au3l+ ions per Tandem pulse)

* Booster injection efficiency initially 60-70%
* (efficiency up to 80% for Tandem beam)

* Bstr capture and acceleration efficiency for
EBIS beams somewhat better

* S0 per bunch intensity for RHIC down by
factor of 1.6/5.0...



The challenge...

* Increase RHIC bunch intensity by a factor
of 3to 4

* And keep longitudinal emittance low
enough for successful RHIC operation

* This was quite worrisome and stressful...



Even the Queen was concerned...
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Things done or considered:

Booster inflector aperture increased

Booster “merge and squeeze” scheme
used for deuterons during RHIC run 8

Capture half-turn of EBIS beam in Booster
with barrier bucket

Debunch and rebunch beam in Booster
4 to 1 merge in Bstr; 16 to 8 to 4 iIn AGS




Inflector aperture increased:

Booster inflector gap was increased from
17 to 21 mm in Nov-Dec 2011

Injection efficiency increased from range
of 60-70% to range of 80-95%

Booster output/input now up to 77%

(Had been 56% for Tandem beam
with 17 mm inflector gap)



Merge and squeeze scheme;

Merge 4 Booster bunches into 2. Squeeze
Into 2 adjacent h=4 buckets.

Transfer 8 loads of 2 bunches to AGS per
AGS cycle.

Merge 16 to 8 to 4 bunches in AGS as
before.

Glves 2 Booster loads per RHIC bunch.




1 of 8 Booster loads to AGS

Booster
l Squeeze Y

AGS
h=16
Merge




Merge 16 bunches into 8



Merge 8 to 4

2 Booster loads per bunch.



ISsues...

* Needs 9 Booster cycles (8 plus “dummy”)
with porch for merge-squeeze

* Perturbs local power grid with undesired
harmonics. (Worked OK for run 8 deuteron
cycle but perhaps not for desired run 12

Au cycle)

* Maybe not enough time to do a good
merge and squeeze



Brennan and Blaskiewicz propose:

Inject entire content of EBIS trap into a
half-turn of Booster

Hold in place with barrier bucket
Capture into 2 of the harmonic 4 buckets

Accelerate and transfer 8 loads of 2
ounches to AGS

Doubles per bunch intensity but keeps
ongitudinal emittance the same




1 of 8 Booster loads to AGS

Beester
l Accelerate
f Capture

QO

Merge 16 to 8 to 4 as before.
Gives 2 Booster loads per bunch.



Half-turn in barrier bucket
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Captured into two h=4 buckets
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Setup Scope Signal Trigger Diagnostics

| Scope Mame | User |Session Start | Signals H e re K Z e n O h aS
MCRE_01 maffei Now 17 13:29 "

MCR_02 Chi: |BZ.sum
MCE_03 =
MCR_04 maffei MNow 17 16:33 Ch: I TREEAEAT W [T Captu red beam I n th e
MCR_05 smithr MNow 17 11:51 —
MCR_06 zeno Now 17 12:23 )
[STck_rrsto7 | zeno ov 17 12:2> ISR :
MCR_FAST_08 zeno Now 17 12:23 ar r I e r u C et .

Cha: |

— . The troughs on either
side of the bunches
show the location of the
barriers.

Beam injected on the
barriers gets a kick and
bounces back and
forth.

Note: beam pulse is
chopped here, so not
all beam in the trap is
delivered to Booster

L~
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Channel 2 on scope MCR_FAST_08 successfully cleared.

Channel 2 on scope MCR_FAST_07 successfully set to signal BXI.LRFE&.GAP_V_RF2.
Attempting to connect BXI.LRFE6.GAP_¥ _RF2 to channel 2 on scope MCR_FAST 07...
Channel 2 on scope MCR_FAST_07 successfully set to signal BXI.LRFE&.GAP_V_RF2.




RemoteScope X
Setup Scope Signal Trigger Diagnostics Help |
% | Scope Mame | User |Session Start | Signals
MCR_01 smithr Nowv 14 14:10
MCR_02 chi: |Bz.sum
MCR_03 bmartin Nov 14 14:17
MCR_04 Chz: | BXLRFAG.GAP_V_RF2
MCR_05 maffei MNov 14 12:44
A MCR_06 zeno Nov 1 13:24 Cha:
PNMCR_FAST_07 | zeno [Now 14 13:23 : |
% MCR_FAST_08 zeno Nov 14 11:58
Ch 4 |
Y

A LeCroy WR104MXi-A

File ™ “ertical

alysiz  Utilities

Help

=1

Successfully locked scope MCR_FAST_07
Attempting to connect BXI.RFAG.GAP_V_RF2 to channel 2 on scope MCR_FAST_07...
Channel 2 on scope MCR_FAST_08 successfully cleared.

Channel 2 on scope MCR_FAST_07 successfully set to signal BXL.RFAS.GAP_V_RF2.
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Here only the barrier
cavities are excited.
These perturb the
beam with unwanted
harmonics.

These could have
been tuned out, but
more pressing prob-
lems arose...



ISSues...

Hard to empty EBIS trap in just 1 half turn
(EBIS designed for 1 to 4 turn extraction)

Go to “double pulse” mode with 2 half-turn
extractions separated by 1 turn

Get only 70-80% of beam into 2 bunches

Beam distribution in barrier bucket not
uniform; spreads out only very slowly. (In
fact barrier bucket probably not needed.)



EBIS double pulse mode

Eile Edit View Insert Format Table Tools Window Help
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. timebase

g File name: 120329-10_Au32___ xfmr108_two_half-traps.wfm
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: Green Channel 1: Bergoz

. Red Channel 2: xfmr108

. Magenta Trace A: Integral of CH 1 [1uVs=2nC]

. Blue Trace B:integral of ch2 [1.5nC/uVs]

o

: This is a better picture of the EBIS fast extracted double pulse for capture in two

consecutive half turns. It is taken at low gain (our previous measurement on high gain
was saturated).
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The two half-turn
pulses occur 1 turn
apart and end up
on top of one
another in Booster.
Square pulses with
uniform beam
distribution to be
bunched would be
ideal.



80% In 2 main buckets

|—ox
Setup Scope Signal Trigger Diagnostics Helpl

|Scope Name | User |Session Start | Signals Trigger PPM Users:
7% MCR_O1 yuhongz Apr 3 08:15
7 MCR_02 yuhongz Apr 3 12:28 Ch1: | B2.sum Machine: Booster 2
3
4

A MCR_03 yuhongz Apr 3 10:24

MCR_04 kling fApr 3 15:43 Ch2: | BXLINJ_XFMR_DGTL Start:  Other - BRF.PSEUDO_|
MCR_06 eno  Apr 3 16:48 Ercles: e WO a - urn

[ IMCR_FAST o7 ﬁ”_ 3 12:44 Ch3: | ethxf08 Clock: Realtime — First j
MCR_FAST_08 eno  Apr 3 16:50 . [Second |
MCR_FAST_08 Ch4: | BXLKDHC7 Delay: | 3300 usec — Third -

puises just betore

A
. I CLEAR

Injection.

The yellow trace
shows the bunched
beam after some
acceleration. 80% of
the bunched beam is
In the 2 main bunches.

MCR_05

&% LeCroy WR104MXi-A

“”N\L{/ \ l[u “"w"
J AT Moreover one gets less

beam from trap than for
long pulse mode.

I«I

Channel 1 on scope MCR_FAST_07 successfully set to signal B2.sum.
Attempting to connect B2.sum to channel 1 on scope MCR_FAST_07...
Channel 1 on scope MCR_FAST 08 successfully cleared.

Channel 1 on scope MCR_FAST_07 successfully set to signal B2.sum.

L



Double pulse and barrier bucket
scheme exits stage left...

Booster debunch rebunch scheme
enters stage right...



Booster debunch rebunch...

Inject EBIS beam and capture and
accelerate to an intermediate porch

Debunch the 4 bunches and rebunch into
one large bunch

Accelerate, and transfer 8 loads of 1
bunch to AGS

Merge 8 into 4 bunches on AGS porch



1 of 8 Booster loads to AGS

Booster

SIS,

; de-bunch



Merge 8 bunches into 4

2 Booster loads per bunch



Booster magnetic cycle

=== Debunch rebunch
=== tgkes place on
the porch.

Cycle length must
be 200 ms or less
In order to avoid
harmful perturb-
ations of the local
power grid.




such per supercycle

15.00 | | | E |
3 I 2
= ) | = o
Codes Added o =1 oo
[Tyl [+r] L =2 1)
= ~ | =
o
L]
Codes Deleted =3
_ = L
@ 10.00 =
= ==
=] =
m =
s
¥
1
=
2 500 =
0.00 . .
1.00 63.20 125.40 187.60 249.80
Jiffies(1/60 Seconds) : Super Cycle Length = 5.20 Seconds
Linac Eu1|| EPPI| LGE] EPP|| EPP]] EGE EBBU3I| LRSI LGBI ETBGE|| ETBUI ETBPPI
EPP ETO0 ETO ETO/ETBGE ETEPP LGE ETEPP ETB
ETO ETE EIB
Tandem TU3I T T00 TB_F||“|
Booster BU1||| BPPI‘ BPP|| BPPI‘ BPP|| BPP|| BPPI‘ BPP|| BPPl‘ BU3|| BGEI
BC3l|| Bc4l|| Besl|| BCsl|| BC?)|| BCS!|| BCA HSRL
Brrl| BFRI| BFRl| BFRI BFRI| BFRI| BFR
BFR BTI] BT0| BT0| BTo| BT0| ETo| BTo| BTO0 BC1
BTO coGl coGg| coGgl cog| cogl coGg| BT4 BFR
G BETD BETO BET0l COG BTO
AGEI

ASAI AU1|.MFFI|
AQS APP! ATO



Perturbation of local power grid

8l Results of PPMR analysis (on acnuserOL.pbn.bnlgov). B
—Booster Mai agn ower Analysis

in Magnet P
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K. Zeno had to work
hard to get a cycle
with perturbations of
the grid that stay
below the red line
limit.

The peak at 5 Hz
just misses the red
line.



Booster debunch rebunch setup
used for part of U physics run

Then we switched to
something better...



Booster double merge:

Inject EBIS beam and capture and
accelerate to porch as before

Merge 4 bunches into 2, thenthe 2 into 1

Accelerate, and transfer 8 loads of 1
ounch to AGS

-Ind that Booster bunches now fit into
narmonic 16 buckets in AGS. This makes
double merge in AGS possible.




1 of 8 Booster loads to AGS

Booster

SRS,

Q..



Merge 8 to 4

2 Booster loads per bunch



Merge 4 to 2

4 Booster loads per bunch



But, can the AGS merges be
done with missing bunches?

(Here the Queen enters
stage right...)



A 16 to 8 to 4 merge with missing
bunches can’t be that difficult...




The difficulty was overcome and
the scheme worked brilliantly




Numbers achieved:

1.62e9 Au/7+ ions per bunch at AGS ext
6.50e9 Cu29+ ions per bunch at AGS ext
3.8e8 U90+ ions per bunch at AGS ext
0.5 10 0.6 eV s per nucleon at AGS ext
(Careful measurements by K. Zeno)

These met the needs of the RHIC physics
program...



And the Queen was delighted...




Issues...




“Baby” Bunches

=% After merging,
=) | the bunches

B i need to be
sgueezed into
harmonic 12
buckets for
subsequent
acceleration.

’ §|Some 8 to 12%
L Rl | (sometimes

o | e il | more) of the

| beam does not

fit; these are

_ .\the babies.
Channel 2 on scope MCR_FAST_08 successfully set to signal G5.WCHM(2).

Aftempting to connect G5 WCM(2) to channel 2 on scope MCR_FAST _08...
Channel 2 on scope MCR_FAST_07 successfully cleared.
Channel 2 on scope MCR_FAST_08 successfully set to signal G5.WCHM(2).

mL



AGS capture loss

El RemoteScope —Ox
Setup Scope Signal Trigger Diagnostics Help |
| Scope Mame | User |Session Start | Signals Trigger PPM Users: .
MCR_01 maffei Jun 6 11:19Q 1 e al I l I S OS aS
MCR_02 zeno Jun 5 12:52 Ch1: IA}(LRF_BC_GAP_V | Machine: AGS = P ]
MCR_03 blackler Jun 6 13:26 3
.
- Jun 6 14:59 Ch2: | AX.F15 IXFMR_NORM Start:  AGS To = a aS h arm O n IC
MCR_08 a - REVclES B
MCR_FAST_07 zeno  Jun 5 13148 3: IAXI.RF_L_GAP_V Clock: Realtime — j.
MCR_FAST_08 zeno Jun 6 15:57 - Second
MCR_FAST_09 zeno Jun 5 12:49 Cha: IAXI.HFiKLiﬁAPi\.’ Delay: | 1000 msec —i |

12 voltage

=

_______________________________ - [lincreases and

e | the Deam begins

LEVEL
PUS-FIND LEVE

REAY  TRIG'D SET

'/"\ AUTO  WORMAL  SINGU
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Attempting to connect AXI.LRF_BC_GAP_V to channel 1 on scope MCR_04...
Analog signal information successfully retrieved for scope 2.

Global disconnect on signal AXI.DTECT_VECT_SUM was successful.
Channel 1 on scope MCR_04 successfully set to signal AXLRF_BC_GAP_V.
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Another picture: Au Cap loss

RemoteScope | —mx

Setup Scope Signal Trigger Diagnostics Helpl
A% LeCroy WR104MXi-A E]@
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Attempting to connect AXI.LRADIAL_AVERAGE to channel 4 on scope MCR_04...
Channel 4 on scope MCR_04 successiully set to signal AXL.RADIAL_AVERAGE.
Analog signals updated asynchronously.
Analog signals updated asynchronously.
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Booster magnetic cycle

= K. Zeno had to
“tune” many points
on the porch to
get a flat field.

Can we get better
BMM power supply
regulation on the
porch?

Can we somehow
reduce coupling

to local power grid
so that we can
have a longer
porch?




Booster merges (why so ugly?)

RemoteScope

Setup Scope Signal Trigger Diagnostics

“ox
Help |

—ox

Setup Scope Signal Trigger Diagnostics

Attempting to connect BOOSTER_MTN_RANGE to ¢hannel 2 on s¢ope MCR_FAST 08...
Channel 2 on scope MCR_FAST_08 successfully set to signal BOOSTER_MTMN_RANGE.
Attempting to connect Booster WCM(1) to channel 3 on scope MCR_FAST 08...
Channel 3 on scope MCR_FAST 08 successfully set to signal Booster. WCM(1).

Attempting to connect Booster WCM(1) to channel 3 on scope MCR_FAST 08...
Channel 3 on scope MCR_FAST 08 successfully set to signal Booster WCM(1).

Attempting to connect BOOSTER_MTN_RANGE to ¢hannel 2 on s¢ope MCR_FAST 08...
Channel 2 on scope MCR_FAST_08 successfully set to signal BOOSTER_MTMN_RANGE.




Backup slides...




Booster merge voltage program

RemoteScope —0Ox
Setup Scope Signal Trigger Diagnostics

Help |
UL LeCroy WR104MXi-A
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X

ATO

s BT
TOUCH
SCREEN

LEVEL
PUSH - FIND LEVEL REA

A
= p—
MNew rdesktop client successfully spawned. d
Trigger assigned cytecMUX.t1-out0d input channel: 12
Attempting to connect BXLRFAG.GAP_V_DC to channel 3 on scope MCR_01...

Mhannal 9 an eanna MWD 01 enssacefulhs ot ta cianal BYI RCALZ MTAD W MW




AGS merge voltage program

El RemoteScope —Ex%
Setup Scope Signal Trigger Diagnostics Help |
| Scope Name | User |Session Start| Signals Trigger PPM Users:
MCR_01 zeno May 29 17:20
MCR_02 Chi: | G3.WCM(1) Machine: AGS — 2
MCR_03 3

HERSO cainucHo RS ORI 22 Ch2: | AXLRADIAL_AVERAGE Start:  AGS T0 = 4
MCR_05 sperez May 27 18:06 — Cyel
MCR_06 zeno May 3¢ 12:53 . - ycles:
MCR_FAST_07 Ch3: | AXLRF_KL_GAP_V Clock: Realtime —
| [MCR_FAST_08 ay 30 18:07 Second
MCR_FAST_09 zeno May 29 13:20 Ch4: | AXL.DTECT_VECT_SUM Delay: | [l msec — Third

Fourth

L

=

& LeCroy WR104MXi-A

Utilities™ Help

=

Trigger assigned cytecMUX t2-outZ input channel: 14

Trigger assigned cytectUX t2-out? input channel: 0

Attempting to connect AXLRADIAL_AVERAGE to channel 2 on scope MCR_FAST 08...
Channel 2 on scope MCR_FAST_08 successfully set to signal AXL.RADIAL_AVERAGE. i




K. Zeno’'s U, Au, and Cu
emittance measurements...




Width [

File Edit WView Document Tools Window Help

U
width Synch Matching | Debunch | dp/p Emittance
freq Volts time Ev-sec

1* turn 415 ns 1230 Hz | 20kV 0.18

ags® h=12 (ags)

1 turn 379 ns 284 kV 0.15

Ags® (Booster)

100 ms | 424ns 1161 Hz | 17.7kV 0.17

after inj" h=12

AGS inj* | 400 ns 240ms [ 1.51e-3 |0.18

1% turn 372 ns 21.5kV 0.156

ags® h=8

100 ms | 355ns 21.5kV 0.144

after inj’ h=8

Agsinj® | 290 ns h=8 2.71ms | 1.36e-3 |0.120
h=16 0.113

100s of | 337 ns 1124 Hz | 245kV 0.140

ms after h=8

inj"

All these values are for 1 Booster bunch

a-with debunch rebunch, see Apr 26 elog

b-with debunch-rebunch, measuring emit late in Booster (before foil), see Apr 27 elog

c-with debunch rebunch, see Apr 27 elog
d-with Booster merge, see May 2 elog
e-with Booster merge, after foil, see May 7 elog
f-with Booster merge, see May 7 elog
g-with Booster merge, see May 7-8 elogs
h- with Booster merge, equilibrated bunch, see May 8 elog




File Edit Mew Document JTools Window Help

Width (%

Au
Width Synch Volts Debunch | Dp/p emittance
Freq time
Incoming | 10.38 us 6.12ms | 0.3e-3 0.025
ebis®
I*turn in | 278 ns 1554 Hz | 23.1 0.111
ags® h=16
I*tun in | 278 ns 33 2.25ms | 1.65e-3 |[0.133
ags’ h=16
I*tum in | 291 ns 1554 Hz | 224 0.117
ags® 298 ns h=16 0.120
Flattop® |25.0ns |[86.7Hz | 145kV 0.54
900 ms 313 ns 1720 Hz | 274 0.140
after inj* h=16
Merge$ 1025 557 Hz 11.4kV 0.560
h=4

All these values are for 1 Booster bunch, except as noted

a-Nov 14 1914, emitance of an ebis pulse in Booster
b-jun 13 elog, this is after foil (1 Booster bunch)

c-jun 13 elog, get volts from bbat for 278 ns and 1.65e-3
d-jun 19 elog, after foil

e-jun 19, for a bunch made of beam from 4 Booster cycles

f-jun 19

g-jun 19, after merge, before squeeze, only h=4 is on. For a bunch made of beam from 4

Booster cycles.




Width

Width = Adobe Reader

Cu
Width Synch Volts Debunch dp/p emittance
freq time
1*turn | 318 ns 228 2.36 ms 1.57e-3 0.139
in ags® h=16

a-volts from bbat, jun18 elog




Mountain range pictures
of merges...




Booster 4 to 2 merge:

- RemoteScope —Ox
Setup Scope Signal Trigger Diagnostics Help |
A
& LeCroy WR104MXi-A
[Timebase 0.00 psfiTriguer  (EIGTH|
A
1 ] =
Attempting to connect BOOSTER_MTN_RANGE to channel 2 on scope MCR_FAST 08... A
Channel 2 on scope MCR_FAST_08 successfully set to signal BOOSTER_MTN_RANGE.
Attempting to connect Booster.WCK(1) to channel 3 on scope MCR_FAST _08...
Channel 3 on scope MCR_FAST_08 successfully set to signal Booster. WCM(1). =l




Booster 2 to 1 merge:

RemoteScope N =E3

Setup Scope Signal Trigger Diagnostics Help|

i
t LeCroy WR104MXi-A

imehase 0.0 g

Attempting to connect BOOSTER_MTN_RANGE to channel 2 on scope MCR_FAST 08... A

Channel 2 on scope MCR_FAST_08 successfully set to signal BOOSTER_MTN_RANGE.

Attempting to connect Booster.WCK(1) to channel 3 on scope MCR_FAST _08...
Channel 3 on scope MCR_FAST_08 successfully set to signal Booster. WCM(1). =l




AGS 4 to 2to 1 merge

Attempting to connect AXI.LRF_C GAP V to channel 2 on scope MCR_05...
Channel 2 on scope MCR_05 successfully set to signal AXI.LRF_C_GAP_V.
Attempting to connect AXI.LRF_KL GAP ¥ to channel 1 on scope MCR_035...
Channel 1 on scope MCR_05 successfully set to signal AXI.LRF_KL_GAP V.

[Timebase -460ng

Tigger )




Merge simulation pictures...




Eile

Edit VMiew Document Tools Window Help

AgsinjLongEqs pdf
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Figure 1: Four bunches of Au32+ ions in harmonic 4 buckets on the Booster
merging porch. The harmonic 4 frequency is 4 fs = 1.860 MHz. The voltage
is Vo = 2.0 kV. The black rectangle is the border of the uniform distribution
used to make the bunches. The longitudinal emittance of the distribution is
0.15 eV s per nucleon. One can see by inspection that the emittance of the
4 bunches is close to that of the initial distribution. The horizontal axis is
the phase ¢ in degrees. The vertical axis is W in units of eVs.

BS50x11.00in [1] i
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Eile

Edit VMiew Document Tools Window Help

AgslnjLongEqs padf

-180 -120 -60 0 60 120 180

Figure 2: Halfway through the 4-to-2 merge of the bunches in Figure 1.
Here the harmonic 4 voltage is Vo /2 = 1.0 kV. The harmonic 2 voltage is
k/2 = 0.5 kV. The time from the start of the merge is T /2 = 7.5/2 ms.

BS50x11.00in [1] I
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Eile

Edit VMiew Document Tools Window Help

AgslnjLongEqs padf
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Figure 3: Completion of the 4-to-2 merge. Here the harmonic 2 voltage is
Vi = 1.0 kV. The total time for the merge is Ty = 7.5 ms.
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Edit Miew Docurment Tools Window Help

AgslnjLongEqs pdf

850x11.00in [4] i [v]
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Figure 4: Halfway through the 2-to-1 merge of the bunches in Figure 3.
Here the harmonic 2 voltage is Vi /2 = 0.5 kV. The harmonic 1 voltage is
Vi./2 = 0.5 kV. The time from the start of the 2-to-1 merge is (17, — Tk )/2 =
7.5/2 ms.
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Edit VMiew Document Tools Window Help

AgsinjLongEqs pdf

850x11.00in [1] | i | 3
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_B | | | | | | | | | | | | | | | | | | | | | | | | |
-180 -120 -60 0 60 120 180
Figure 5: Completion of the 2-to-1 merge. The harmonic 1 voltage is Vp, =
1.0 kV. The total 2-to-1 merge time is T;, — Ty = 7.5 ms. The total 4-to-1
merge time is Ty, = 15 ms. The fractional momentum spread of the bunch
is Ap/p = £0.00088. The tails seen here make the effective emittance of the
bunch larger than that of the initial 4 bunches. This is a result of the short
total merging time of 15 ms. In practice we are limited to this time in order
to avoid introducing potentially harmful harmonics on the loeal power prid.
Figure 6 shows the final bunch for the case in which the two merge times
are doubled. The effective emittance in this case is noticeably reduced. -
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AgsinjLongEqs.pdf
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Figure 6: Same as Figure 5 but with merge times doubled. The effective
emittance of the bunch is noticeably reduced.
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File Edit View Document Tools Window Help

AgsinjLongEqs pdf
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Figure 7: Four bunches of Au77+ ions in harmonic 16 buckets on the AGS
injection porch. The harmonic 16 frequency is 16f; = 2.61 MHz. The
voltage is Vo = 40 kV. The black rectangle is the border of the uniform
distribution used to make the bunches. The longitudinal emittance of the
distribution is 0.60 eV s per nucleon. One can see by inspection that the
emittance of the 4 bunches is close to that of the initial distribution. The
horizontal axis is the phase ¢ in degrees. The vertical axis is W in units of
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Figure 8 Halfway through the 4-to-2 merge of the bunches in Figure 7.
Here the harmonic 16 voltage is Viz/2 = 20 kV. The harmonic 8 voltage is
Vi /2 =11 kV. The time from the start of the merge is Ty /2 = 15/2 ms.
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Figure 9: Completion of the 4-to-2 merge. Here the harmonic 8 voltage i

Vi = 22 kV. The total time for the merge is T = 15 ms.
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Figure 10: Halfway through the 2-to-1 merge of the bunches in Figure 9.
Here the harmonic 8 voltage is Vi /2 = 11 kV. The harmonic 4 voltage is
Vi./2 = 11 kV. The time from the start of the 2-to-1 merge is (17, — Ty )/2 =

15/2 ms.
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Figure 11: Completion of the 2-to-1 merge. The harmonic 4 voltage is
Vi = 22 kV. The total 2-to-1 merge time is T}, — T = 15 ms. The total
4-to-1 merge time is Tp, = 30 ms. The fractional momentum spread of the
bunch is Ap/p = £0.0023. One can see by inspection that the emittance of
the bunch is close to that (0.60 eV s per nucleon) of the initial distribution
of unbunched beam. It is easily held in the harmonic 4 bucket.
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Figure 12: Here the merged bunch of Figure 11 has been squeezed by
bringing on the harmonic & voltage. The voltage is raised from zero to
Vi = 22 kV in 20 ms. The harmonic 4 voltage is held constant at Vi, = 22
kV. The unstable fixed point phases are ¢, = +120 degrees.
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Figure 13: Same as Figure 12 but with the harmonic 4 and 8 buckets
superimposed. These act together with voltages Vi = 22 kV and Vi = 22
kV to make the black separatrix. The harmonic 8 bucket acting by itself is
not large enough to contain the bunch.
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Figure 14: Here the bunch of Figure 12 has been squeezed by bringing on
the harmonic 12 voltage. The voltage is raised from zero to V4 = 18 kV in

1 ms. The harmonic 4 and 8 voltages are held constant at V = 22 kV and
Vi = 22 kV respectively. The unstable fixed point phases are ¢, = +96.4
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Figure 15: Here, with the harmonic 4 and 8 voltages held at V; = 22 kV
and Vi = 22 kV respectively, the harmonic 12 voltage has been raised from
zero to V4 = 36 kV in 2 ms. The unstable fixed point phases are ¢, = £78.8
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Figure 16: Here, with the harmonic 4 and 8 voltages held at V; = 22 kV
and Vk = 22 kV respectively, the harmonic 12 voltage has been raised from
zero to V4 = 54 kV in 3 ms. The unstable fixed point phases are ¢, = £72.8
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Figure 17: Here, with the harmonic 4 and 8 voltages held at V;, = 22 kV
and Vg = 22 kV respectively, the harmonic 12 voltage has been raised from
zero to V4 = 72 kV in 4 ms. The unstable fixed point phases are ¢, = +69.7
and ¢, = £180 degrees.
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Figure 18: Here, with the harmonic 4 and 8 voltages held at Vp = 22 kV
and Vk = 22 kV respectively, the harmonic 12 voltage has been raised from
zero to V4 = 90 kV in 5 ms. The unstable fixed point phases are ¢, = +67.8
and ¢, = £180 degrees.
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Figure 19: Here, with the harmonic 4 and 8 voltages held at V;, = 22 kV
and Vg = 22 kV respectively, the harmonic 12 voltage has been raised
from zero to V4 = 180 kV in 10 ms. The unstable fixed point phases are
@, = +64.0 and ¢, = £180 degrees. The fractional momentum spread of
the central bunch is Ap/p = £0.00484. The fraction of Au77+ ions in the
outer buckets is 0.089.
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Figure 20: Same as Figure 19 but with green ellipse added. The bunch
and ellipse are rotated slightly clockwise with respect to the vertical axis.
This is a feature of the motion generated by (38) and (39) and is discussed

in the Appendix.
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Figure 21: Same as Figure 19 but with the harmonic 4, 8, and 12 buckets
superimposed. These act together with voltages V; = 22 kV, Vi = 22 kV,
and V4 = 180 kV to make the black and brown separatrices.
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Figure 22: Here the simulation that produced Figures 7 through 19 has
been carried out with the maximm harmonic 4 voltage reduced to Vp, = 18
kV. The unstable fixed point phases are ¢, = +114 degrees.
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Figure 23: Here as in Figure 22 the simulation has been carried out with
the maximum harmonic 4 voltage reduced to Vp, = 18 kV. The unstable
fixed point phases are ¢, = +63.6 and ¢, = =180 degrees. The fractional
momentum spread of the central bunch is Ap/p = £0.00477. The fraction —-
of Au77+ ions in the outer buckets has increased to 0.138.
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Figure 24: Here the simulation that produced Figures 7 through 19 has
been carried out with the maximum harmonic 4 voltage reduced further to
Vi, = 14 kV. The bucket is now just large enough to contain the bunch. The
unstable fixed point phases are ¢, = £109 degrees.
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Figure 25: Here the bunch of Figure 24 has been squeezed by bringing on
the harmonic 12 voltage. The voltage is raised from zero to V4 = 18 kV in
1 ms. The harmonic 4 and 8 voltages are held constant at V, = 14 kV and
Vi = 22 kV respectively. The unstable fixed point phases are ¢, = £85.4
and ¢, = £180 degrees.
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Figure 26: Here, with the harmonic 4 and 8 voltages held at Vi, = 14 kV
and Vi = 22 kV respectively, the harmonic 12 voltage has been raised from
zero to V4 = 36 kV in 2 ms. The unstable fixed point phases are ¢, = £74.5
and ¢, = £180 degrees. =
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Figure 27: Here, with the harmonic 4 and 8 voltages held at V7, = 14 kV
and Vi = 22 kV respectively, the harmonic 12 voltage has been raised from
zero to V4 = 54 kV in 3 ms. The unstable fixed point phases are ¢, = £70.1
and ¢, = £180 degrees.
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Figure 28: Here, with the harmonic 4 and & voltages held at Vj = 14 kV
and Vk = 22 kV respectively, the harmonic 12 voltage has been raised from
zero to V4 = 72 kV in 4 ms. The unstable fixed point phases are ¢, = +67.7

and ¢, = £180 degrees.
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Figure 29: Here, with the harmonic 4 and 8 voltages held at V; = 14 kV
and Vi = 22 kV respectively, the harmonic 12 voltage has been raised from
zero to V4 = 90 kV in 5 ms. The unstable fixed point phases are ¢, = +66.3
and ¢, = £180 degrees.
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Figure 30: Here, with the harmonic 4 and 8 voltages held at V;, = 14 kV and
Vi = 22 kV respectively, the harmonie 12 voltage has been raised from zero
to V4 = 180 kV in 10 ms. The unstable fixed point phases are ¢, = +63.2
and ¢, = £180 degrees. The fractional momentum spread of the central
bunch is Ap/p = £0.00462. The fraction of Au77+ ions outside the central
bucket is 0.180. The fraction in the outermost buckets is 0.075.
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Figure 31: Four bunches of Au32+ ions in harmonic 4 buckets on the Booster
merging porch. The harmonic 4 frequency is 4 f; = 1.860 MHz. The voltage
is Vi = 2.0 kV. The black rectangle is the border of the uniform distribution
used to make the bunches. The longitudinal emittance of the distribution is
0.15 €V s per nucleon. One can see by inspection that the emittance of the
4 bunches is close to that of the initial distribution. The horizontal axis is
the phase ¢ in degrees. The vertical axis is W in units of eV s.
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Figure 32: Halfway through the debunching of the bunches in Figure 31.
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Figure 33: Completion of the debunching in 7.5 ms.
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of the beam in Figure 33.
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Figure 35: Completion of the rebunching in 7.5 ms.
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