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Adiabatic Bunching/Debunching with an RF system
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Adiabatic Bunching/Debunching (cont.)

Experimental Data

Beam bunching Beam debunching
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h=28, n=-0.0089, A=275nsec T2 =1590nsec, T1=25nsec, V,=2kV
LE=2.5eVs = Total LE=10%+2 Vs LE=10+2¢Vs, AE, =3.1+.6 MeV
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2



R

Adiabatic Bunch Compression
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Fast Bunch Rotation

N
x
C
b 5
C b |
= > Data on bunch rotation
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Double Rotation of a Bunch
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Harmonic Transfer in a Machine

Transfer of a bunch from one bucket to another of different harmonic number.

Voltage in Arbitrary Units

—— AE in Arbitrary Units
R

Bunch Int. in Arbitrary Units with ~5.67 ms/trace

Time (nsec)
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Applications of Harmonic Transfers for Collider
Operation

Use of dual RF systems to accelerate pbars
C. M. Bhat, et. al. Phys. Rev. ST AB V10, (2007),034403

/4© /.\ /.\ @7 \ Capture in
53 MHz \/ \/ 531\1311ng1:

h=588 < bucket and
Acceleration to
) 150 GeV
—

N

—

[
Bunch
' | Rotation @
== =
J
2.5 MHz
h=28 /.\/.\f.\
UUU Injection, bunch
compression and
'@@@@ Acceleration
- e $27 GeV
<+
397nsec

Minimal Longitudinal Emittance
Growth and No Beam Loss



2.5MHz Acceleration in the MI
(proof of principle)

= GxSB: Fast Time Plot -]

' Vrf(53MHZz)
Vrf(2.5MHz) : : :
; With this scheme in
3 o) | | place one expects
e, g | s = . .
L = > about 17% increase in
2 ] \ collider luminosity
& | _40ESp/2 5MHZ Bunch f > 35% Shorter interaction
<zon Hz.) - - region for the Collider
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Ref.: PAC2005
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W History of Barrier RF Systems

A barrier rf system is a broad-band rf system comprising of ferrite loaded rf cavities.

Early stages of antiproton source
at Fermilab demanded

1. The bunch length in the Debuncher
and the Accumulator should be the
same < Gap preservation in the
Debuncher beam

2. Necessity of using “suppressed rf
buckets" during unstacking pbars
2o from the Accumulator

Pbar
- Source,

Fermilab

Invention of Barrier RF system

J. 6riffin et. al. IEEE Transactions on
Nuclear Science, Vol. NS30 No. 4. 3502

Pbars
(1.59usec)

10
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Barrier Buckets - Concepts

Gap Preserving
barrier buckets

<— Rotation Period 7, ——»

Isolated barrier buckets

D Rotation Period 7,— >
" o 0
' | |
T, V()
4

Barrier Bugket Separatrix

Phase space :—{"\ f

space plow,

o plot : \\ /
Tg

V(t)zVoﬁi Sin(nxz/h)

sin( nwt) -
T = h g To= hTgr
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The Earliest Barrier RF System at
Fermilab

Cavity in the Debuncher

Peak Voltage: 160V (700V) Power: 2.4 kWatts
Type of Ferrite: MnZn+NiZn

Shunt Impedance: 104 Q /cavity

Band Width : 10kHz -10MHz

Dimension: ~ 1 meters

Amplifier : IFI3100S

tHi |

Cavity in the Accumulator

Peak Voltage: 70 V  Power: 100W
Type of Ferrite: MnZn+NiZn

Shunt Impedance: 50 Q /cavity
Band Width : 10kHz -10MHz
Dimension: 1 meter

Amplifier : ENI2100

R T
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Properties of Barrier Buckets

T e T——_
a2 ~

M

—T1 T2
Bucket height : Synchrotron .
a2 Period : 2 ‘A E‘
AE =2 2B°E, _[0 eV, (t)dt TS:2T2| B lfo L4 . T,
b a T, T |a E eV

Bucket area : X
8
81=T2AEb+ ﬂ-|77| |:AEb]
f

3w B °E eV ,

- nis phase slip factor,
Ref: S. VY. Lee, Accelerator

- &ls SynChr‘?nous energy. : : Physics, (World Scientific,
- wF2p f., with f_, = beam circulation frequency. Singapore, 1999)

rev-
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Barrier RF Systems at Fermilab
Accelerators

Ammlﬂfﬁﬂ e V{wm e
- = e Copcatsnn AT}
Barrier Sys. 0V S T o

Main Injector s
a3 SE b
gl 2 Lk

Recycler s s

Mmook

14
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Applications of
Barrier RF Systems at Fermilab

» Longitudinal Momentum Mining

» New Schemes to produce intense beam in
accelerators< Barrier Stacking

> Phase space Coating

15
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What is Momentum Mining on a Cold Beam?

Frequency (Energy)

Spectrum of the Recycler Beam
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High momentum tail ~ L

-55 L Prl.l'u"l.
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Freguercy CkH=z2

Particles F_rew=g9Si2.0878 Hz

Dpotsigr=
Dpc 28% i=

2.2 Mevsco
1a.& MeV-c

Dense region of
the phase space

Barrier Bucket

/ \ WCM signal

Is it possible to isolate the cold
beam from the high momentum
tail of a beam distribution
without emittance growth and
use only the cold beam and use
the leftover hot beam after
further cooling?

16




Transverse Momentum Mining

(Current Mining Scheme at the Fermilab Accumulator)

]

Cooled Pbar Beam

-AE 2.5MHz Bunches, h=4

300% LE

growth !l

» This is the method used in all
hadron storage rings so far.

195E10 pbars
Cooled Beam
(12.7 eVs)

1st extraction
from the core

Beam close to
extraction

nrhat

174E10 pbars
12.4 eVs,22%
growth

17
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Longitudinal Momentum Mining in a
Synchrotron
Ref: C. M. Bhat, Phys. Lett. A 330 (2004) 481

1
RF Voltage Potential U = /V(H)dt

PhYSICS & Beam Boundary & Beam Particle

\:ooooonooo
a1 0 0.0 [

Mining particles with

low energy spread
| V.
I
I - - - - :'I:ll- :'l'!!- :l!!_

Technique is applicable to any storage ring for beam mining 13
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Proof of Principle Experiment on
Proton Beam in the Recycler (2004)

RF
Fanback

Pulse heigh
=2kV sighals
Wall
L ————————————————— Current
Monit
LE=100 eVs Signals

170E10p

- .

T W e e W e e e

<« T, ~ 11.1 psec >

19
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A Comparison between Measurements and Predictions

1.5

Measurement

|

(a)

o]

é

A

0.5 /
ol

; :
Ji_u

IR

i\

1.5

ol L

ESME predictions
|

(b)

I

Beam Intensity Arb. Units

0.5
0.0-/

!

I

0.0

5.56

Time (usec)

11.12

Initial Beam Intensity = 170E10p
LE= 100 eVs

Goal: Mine 54 eVs of the cold
region of the phase-space and
divide into 9-equal parts. Rest ina
large bucket.

Measurements:

75% beam is mined. LE=9x 5.5eVs
Do not care about others. But, no
loss.

Predictions:

65% beam is expected to be
mined. LE=9x 6eVs

Do not care about others.

Why? Calculations assumed
Gaussian distribution for the
beam before mining!!!

20
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Beam Momentum Mining

(ESME simulations)
http://www-ap.fnal.gov/ESME/

Phase-space

Distribution

of pbars
&
()]
<
Y

WCM data i

(predictions)

A0 (or Time)
360° (or 11.12 psec)

21
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Longitudinal Momentum Mining
Recent Operational Status

Beam Intensity = 310E10pbars; LE(initial) ~ 65 eVs

RF
Fanback
signals

Wall
Current
. .
N Monitor
Sl S0 omvi ©hi jo omve: M2.00us A Xt 7 24EmV Signals

2 17 jun 2007
M 0.H0 % 21216258

We are using this scheme since early 2004.
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RESULTS
World ppbar record Luminosity at the Tevatron

Peak Luminosity (1/ub/sec) Max: 286.3 _X 1032cm-2sec!

300 -

s .
275 - £.° .
250 al ®
[ ]
2254 Previous World Record - ""' ‘;
£ g Luminosity in hadron P ?- t
= colliders at CERN =
— 175" b o
S <<% 1473 © oy
= 150 &
E — -— ‘\@ ,-LC(Q — - — = =
£ 125 NN o€\ s T %
N A0 @ .
5 o e
- 100 0. X F-f
i i . 9
o 751 M.
& L ]
50 -
u = hd H I_L" 4 H
2002 2003 2007 2008
Fiscal Year 08 e Fiscal Year 07 a Fiscal Year 0% « Fiscal Year 05 = Fiscal Year 04

¥ Fiscal Year 03 = Fiscal Year 02

QOutcome -All the ppbar collider stores in the Tevatron with

initial L > 0.8 x1032cm-2sec! came from longitudinal momentum
mining in the Recycler.

»
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Doubling the Beam Intensity by
Slip Stacking

24
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Physics of
Slip stacking process in phase space

< Circumference of the Accelerator >
AE T
Time

25
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Physics (cont.)

AE/E
A, A, F Y A A
One cavity All 18 cavities

90kV 1M

o0
GO - -

SO [eV - sec]

Iﬁﬂf{ | :i ﬂ;[ev.:seC]

w mm Final emh*fance

0.35[eV-sec]
time

( From Kiyomi S) 26



3 Slip stacking in the Main Injector to improve the
Pbar Stacking Rate

I ]
= GxSA: Fast Time Plot [
Consale 17 SA Tu - i =
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Slip Stacking + Box-cart stacking

MI TDS7484

Record# to 8222 from G008

[
"
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w
THYZ ‘3T
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Main Injector Ramps

$121 T

$19 TTTTT
$2
§a5 1

| 0.7026

21752 .
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Batch Slip-stacking
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Intensity and frequency curves
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Multiple Batch Beam Acceleration

Fri Nov 30 16:45:14 2007 Time in Supercycle: 0,
r’:}jo:l LI | LI | LI | LI | LI LI | LI | LI | LI | 1 I:
2452— ) =
=k Sumo ]
= 40F injected Beam (A) %m (B) —
| & \- .
T35 ~ g / ; —
30:_ Injected be aml 36.%7 E127
5 Flattgp beam: 33.90 E12 3
o vyle Ljﬂuu? v 93X 2 %
25; Romp Loss: 2.93 % .
| 20f ij Kicker Loss: 1.35 % T
B @sim .65 % -
| ISE =
| o0 Loss Monitor =
| sE =
. | P o AT U T N T T A T N T T T A B |_
3{'} 0. 2 ﬂ 4 06 08 1.0 1.2 14 1.6 1.8 2
Time (s)
| Event 2E (state 26)

5.0
4.5
4.0
3.5
13.0

80

MTI is originally
designed for
3E13/protons batch.
Current record
operation has
exceeded limit.

32



R

Average Protons per Hour (1el5)

As a result of slip stacking the proton intensity went up by about 70%.

Results
Protons on Pbar Target at Fermilab

Average Protons/Hour to Pbar

50 75 100 125 150 175 200 225 250 275 300 325 350 375
Days since October 1

® Fiscal Year 07 = Fiscal Year 06 & Fiscal Year 05 — Design — Base

The maximum beam intensity seen is about 9E12protons/batch.
Design value was 5E12protons/batch
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Current Proton Bunch Coalescing
Scheme in the Main Injector

1 L
150 GeV (AC) Ll
53MHz bunches | : 3 {0 \éf?
f———=0" = &
VS
= O Y
=0\
EQ
/\,

«8’
\
150GeV (BC) l l l l l | l &
$
O

53MHz Bunches ‘U
0-
N
WCM data §
8GeV & o
53MHz Bunches N
v_§

In principle there is at least 27% longitudinal
emittance growth.

High Intensity Bunches by Coalescmg

|"| Hn‘
frih
firvd
[y

h=588 RF

h1=588 RF & 7 bunches
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High Intensity Bunches by Coalescing (cont.)

Experimental Data
300E9 protons/bunch
et

b S5h
4

' : |
-y 7
A () i s W el N
B ( .: ﬂ i '!:' ml ;"1‘ il Qull _
/A N D T
88888 it i 4 i b i |
' b i § b i & i
I I}h\ it 1 I il :j.F“ _
Al il i I )l b/ d
— Hﬁ '|!‘| IL i ;::' i!ll%,| N —
U i i . Eo0
il i i il 1| )
1 I N Y N N R
o %34 tns2 L proveses

50E9 protons/bunch

Results

1.>200% longitudinal Emittance Growth from 8-150 GeV
2.Intensity /bunch went up by about 7 times

3.85% efficiency
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Bright Proton Bunches for Future

Proposed Barrier Proton Coalescing

Current Proton Bunch Coalescing
Scheme in the Main Injector

(C. M. Bhat. FERMILAB-FN-0761-AD (October 2004))

< =,
[} l. llllll [ 3
WCM data %§2‘ Small . :
l l l l l l l 0){0 & Barriers .
8GeV —————Q,—§ ‘ High Denéi‘ry Low
53MHz Bunches Large : ongitudinal
Barriers” : emittance beam
\Z:\/ . o:
\k bz eregeioen
. / : 0 -
| ' | | | l | \0) 0 High momentum 2?
150GeV (BC) “7\ 4 particles ;
53MHz Bunches
150 GeV (AC)
53MHz bunches

High Density Low
Longitudinal
emittance beam
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Bright Proton Bunches for Collider Shots

MI Barrier Coalescing

Transition

Barrier

L
n
—
g
L
[

cbhct 14—0ct—2004 14:04
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Bright Proton Bunches for LHC

] t=25ms|l|  # ESME Predictions
= s 2 A 7
Q@®®| |
2 = E
] Il Il L 1 \\"———:
t=14ms ‘ —./E
E} 7

TAE@aeny | t=0 ms |

; a Azil.m.(clelg.:l
1030 0 20

100 ng/div.

Bunch Splitting in the CERN PS
Each bunch is split intfo 3-bunches at Injection
Further bunch double split is done at 25 GeV
6x3x2x2 = 72 bunches/injection to SPS
# of Injection from PS to SPS = 3
# of Injection from SPS to LHC = 13

Parameters:
Number of Bunches = 2808
# of protons/bunch = 1.15-1,7x10%

Transverse Emit. = 3.75pi-mm-mr
LE= 25eVs

38
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Momentum Stacking

(J. Griffin-Private Communications)

COHCBPTZ Inject a batch of beam particles slightly below the
synchronous energy of a circular Accelerator between a stationary
and a moving barrier pulse. Confine the beam batches in a limiting
barrier. And so on.

(a) Stationary

B, _: B?'er
(b),
(@)1

cnanara snart
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Barrier Stacking: Simulations

PR AP AR APV AR PRV B ¢ BT
a0 50 a 50 100 150

—150 —1

Simulations by J. MacLachlan

l““‘

_7_

: Simulations suggest that at the Fermilab Main
Injector we can increase beam intensity from
3x10%3 p to 6x10'3 p per acceleration cycle.

40



Barrier Stacking, ESME Simulations
(J. MacLachlan, 2003)

Bbkt Stacking
a 0.000E+00 sec

T e S0
D04 SSE—01

RF VOLTAGE (kvolt)

.
o
2 (degree) Irnaslash 14—Jan— 2002 S0
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Barrier Stacking Beam Experiment
(Dave Wildman, W. Chou, J. Griffin)

o LinkGeA SwepshetPlt

SHP ¥1.6561 Console 17 Tue 24-AFPR-B87 Z28a: 32 Fri=@a
1 ,—
168 I
-
Beam \
4.5 r 12 batches

7.5 \i
v= I:EEAM  E12 No heam \ 10 batches

T:RFSUM MY

R M loss ftill 10
3 injeg¢tions

=]
a

L 728 Hz 2
L2 KHz 2
. F28 Hz

1.3

.25 ; V I"f(53MHZ)

2.3 ’

___[_ (supposedito be =0)

==

5] .23 -] ] 1

WAIT FOR EVEHT Seconds  Trig = EVEHT 2E engineering units I
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Fast Bunch Compression
(W. Foster, et. al., EPAC2004, page 1479 )

ConcepT: Fast rotation of a bunch about rf stable and unstable points.

.....

Chandra Bhat
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Flip-flop Technique: Simulations and
Demonstration

ESWMEZN0

ESME Simulations,
J. MacLachlan

Jrmaclach 16-Dec—2003 11:2%

Experiment in the Recycler

Comp. time=200ms  #
~10% emit. growth [

Injected Batch from Main Injector,
Bunch Length=1.59 psec

> Longitudinal emittance is preserved to 10-15%

here as compared with 100% growth in slip-
stacking

However is an alternative to the present slip
stacking.

Potential scheme for high intensity for neutrino
program.
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Slip-stacking and proton Beam for the

Fixed Target Experiments

For the Last One Yeqr:M*ed Mode Operation)

Beam to Fixed Target Experiments
(NuMI and SY120)

Beam to
pbar-target

[T
.

~2.5E13p/2 sec to NuMT or

~2.5E13p/2.9sec to SY120 \ /

Kicker Gaps
Future Possibility: (Demonstrated)
1 2 3 4

' "

H_j H_j

Goal is 2.5E13p/2.4 sec + 80% more to NuMI or
and 2.5E13p/3.3 sec + 80% More to SY120
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Bright Proton Bunches for LHC

—2m/3564 0 2r/3564

84|
<

Uses several RF systems of sub-harmonic

*Bright bunches are produced by bringing
several bunches together slowly

Time [a.u.], not to scale —

—n/198 0 n/198

H. Damerau and R. Garoby, EPAC2004 (2004) p1852
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Beam Cogging and some Gymnastics

Schematic View Experimental Mountain Range

After Cogging

Injection

(a)

Injected Bunch

47
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Beam Cogging and some Gymnastics

Schematic View

“\

Experimental Mountain Range

- ——7 = X

(@)

Injection

...|
oy

1 ,-auf .r\pfi' r’qv.'"..ﬂa“kﬁr‘??\

i

iz

i
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e S e ot T e S oo Y eV S e o BT 3 T T P et T aremtoamr s eboree)
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aia bty e
ry

Injected Bunch

48



R

Van der Meijer stacking

& Aglent 155%14 Dec 11, 2087 R TS Frec

Center Frec
792315008 M

StartFr
792175089

T -

Stop Frec
7324

CF Step
ALY

g.l'l"g of m
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Longitudinal Phase-Space Coating
C. M. Bhat (2005, unpublished)

Vi, RF Voltage
1 T & Beam Boundary

ol M

I 7 —
Z
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Longitudinal Phase-Space Coating
C. M. Bhat (2005, unpublished)

RF
Fanback
signals

Wall
Current
Monitor
Signals

By this scheme we anticipate that the total beam stacked would
be in excess of 600E10 antiprotons in the Recycler which can be

used for the Tevatron collider operation.
51
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Final Remarks

Hope that I was able to convey
1.Basics of accelerator physics
2 Practical aspects and
3.Recent developments

cbhat@fnal.gov
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