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Lecture 4 (Part-1)

Practical Issues:
Beam Injection and Extraction
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Beam Injection and Extraction

Goal: Achieve transfer of beam from one machine to another with
a.No beam loss
b.No emittance growth

There are several beam injection and extraction schemes in use . Each scheme is
specific to the requirement.

1.Fast injection and extraction

2.Multi-turn injection and Phase-space painting

3.Charge-exchange injection

4.Resonant extraction

5.Combined stacking and cooling

6.Longitudinal Phase-space coating

Fast (single-turn) Injection and Extraction:
The most straight forward way of beam injection and extraction is by using ,

a.Fast kicker This is an electrostatic or magnetic device that
provides an angular deflection to the beam. The
rise and fall time of the kicker is generally in the
range of a few nsec to 100 nsec.

b. Septum 4'I_ This is a device with an aperture divided into

1.Field-free region
2.Uniform field region
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Injection and Extraction (cont.)

Injection: The beam is injected onto the central orbit of a synchrotron via a

septum unit and a fast kicker with appropriate matching in both transverse and
longitudinal planes.

Extraction: Kicker is used to deflect the beam from the central orbit onto an
extraction orbit and onto the field region aperture of the septum.

For both injection and extractiona FODO cell is used with a phase advance of =/2.

Tnio..
dection septum
Extrges: Kicker
Ct
QF ="|F

Circulating beam QD
in the Ring

< n/2 >

In the case of injection, the first requirement is that the lattice functions have to
be matched at the entry point of the ring.

> Bx oy By, ay, Dy, D, D, and Dy', at the exit from
the septum unit must be identical fo the ring
lattice parameters at that point.

The reverse is for beam extraction.
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Injection and Extraction (cont.)

Calculation of the Kick Angle:

The kick on the closed orbit to bump the beam into an extraction channel is similar
to introducing a transient dipole error at the transfer point in a perfect lattice.

) ﬂﬁ[cosmw)msin(w)] VBB, sin(Ay) ;
| g )
[(a, —a)cos(Ay)—(1+aa,)sin(Ay)] .|[—[cos(Ay)—asin(Ay)] k
\ 58, B |
0 =300/ BGOPGRIAY) with f=B.(5)& = () —1
IBde
where 6, =
Bp

is the kicker strength. B, is kicker dipole field. Ay is the phase advance between
kicker location to that of the septum.

From Eq. 1 it may be seen that a high value of f,(s,) is advantageous to reduce
the kick angle. Also a high value of S, (s) helps in reducing the relative
contribution to the kick angle due to septum thickness.

Thus, with Ay =72, we get

O = X 50 (S)/\/ B.(s)B.(s)

and x'=-a x,,. . (s)/ B,
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Injection and Extraction (cont.)

(a variation)
Box-Car stacking:
This is a variation on the fast injection or extraction scheme. This method is
adopted quite often to fill a larger synchrotron (B) using a smaller synchro’rron(A)

In this case the beam from the smaller synchrotron is
transferred to the larger synchrotron in the form of
batches (box-car) until the latter is filled.

The following conditions need to be met for an
efficient Box-car stacking:

1.The beam is bunched in both machines and rf buckets
are matched between the synchrotrons.

2.The kicker rise and fall fime must be smaller than
the bunch spacing or spacing between the "box-cars"”

in both machines,
Depending upon the length of kicker flat region, one

can extract part or entire beam from the accelerator.

At Fermilab we adopt this method to

1.Fill MI using Booster (up to six batches)

2.Fill Tevatron using Main Injector (36 times for p
and 9 times for antiprotons)

3.Fill Recycler using Accumulator

4.To extract protons for pbar production and for
NuMT experiment (use two different extraction
systems)

Efficiency of this technique is ~100%
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aF Injection and Extraction (cont.)
Orbit Bump (an application of dipole error):

To get better matching during extraction or injection the orbit of the beam can be
bumped by using a set of trim dipole dipoles. For example,

a. Three dipoles for "3-bump”
b. Four dipoles for "4-bump”

These bumps are designed such that the closed orbit outside the bump remains unchanged.

Bump: 0 = X
=

0, ,
D2 > NOS, si(y,))

N xsm(%.l) and
B sin(y,,)sin(ys,)
X
63 0, = . — 2
B 5, sin(y ;)
4-Bump:
D2 D3 These bumps are extremely
useful while steering the beam
D4 in aperture restricted areas

like septum magnets. These
can be some time local bumps
or time bumps (??)
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aF Injection and Extraction (cont.)

Orbit in Readlity
In reality we will have focusing and defocusing quads in between dipole trims which

form orbit bumps.

3-Bump:

D2

D2

4-Bump:




aE Multi-turn Injection

This involves use of,

a. Septum
b. A programmed orbit bump in the vicinity of the septum

In case of protons, the orbit bump is reduced with time so that the early beam occupies
the central region of the horizontal acceptance and the later beam occupies periphery
of the acceptance. By the end of the injection the bump is reduced to zero.

This scheme evidently gives rise o emittance dilution. Generally,

the resulting emittance is

Beam Orbit bump
>1.5n¢, n=number of turns \ )

result N -
Here the issues are - RN
1.Space charge in-coherent tune shift / \
2.Non-linear forces N
Betatron Phase-space-painting: 1s* turn inj; |
During the multi-turn injection, if the betatron tunes (v, A 2nd TUN{

and v, ) and orbit bump are properly adjusted then the
par"rlcle distribution in the transverse phase-space can be w
optimized. This is called transverse phase-space painting. I ———

Longitudinal Phase-space-painting:

If the injection is done by slowly varying the
injection RF phase during bucket to bucket @,60% /\/\

transfer then the beam will be painted | :
longitudinally. 2% Tnjection @@@% I;Yg\
Phase-shift —>1 | : |

3_ —

1st Injection

9
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b Charge Exchange Injection

Concept of H-charge exchange is invented at the Budker institute, Russia, (Budker and
Dinov, Novosibirsk). Principle of charge exchange is adopted in this technique. This needs
a 3-bumps or 4-bumps at the time of injection.

Long 1 Injection
DCSEP

ORBMP

The steps involved in this scheme are )
1.The closed orbit of the circulating beam is bumped onto the injection orbit of H
beam.

2.The injected H beam and the circulating proton beam is made to go through a thin
carbon foil (thickness of about 10-400 ug/cm**2). In this process the electrons will
be stripped of f the H ions.

3.Since the constraints imposed by Liouville's theorem on conventional multi-turn
injection does not apply here (because the charge states of the injected beam and
circulating beam are different), one can inject several turns (2-40 turns).

4.0rbit bump is removed after the injection.

The injected beam can also be painted in transverse phase space by changing the
closed-orbit bump.

10



4 Additional Injection/Extraction Schemes

Resonant Extraction:

Beam particles can be peeled of f by using

1.3rd-order or

2.half-integer resonances

in a controlled fashion. The large amplitude particles moving along the separatirx are
intercepted by a thin septum wire and are kicked off to another septum and
transported to experimental area.

Combined Cooling and stacking: (S. van der Meer, CERN)

In this case each antiproton pulse (containing about ~1E7 particles) is

1.First subjected to fast longitudinal cooling

2.Next these antiprotons are deposited by an rf system at the high momentum edge
of a stacked beam

3.This beam undergoes stochastic cooling and makes room for next similar transfer
In this manner about 40,000 beam pulses are injected in about 24 hrs.

Longitudinal Phase-space Coating: (€. Bhat, Fermilab)

In this case each antiproton pulse (containing about 3E11 particles) is

l.injected using a fast injection scheme into a barrier bucket in a synchrotron.
2.Then these antiprotons are coated in longitudinal phase space in the form of
ribbon over already existing beam captured in another barrier buckeft.

3.This can be repeated as many times as the momentum acceptance of the machine
allows. (At Fermilab we demonstrated up to 5-coats for antiproton transfer from
Accumulator Ring to the Recycler).
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Lecture 4 (part-2)

Practical Tssues:
Accelerator Commissioning

Chandra Bhat
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35 Commissioning of an Accelerator

Now let us address issues involved in commissioning of beamlines and accelerators.

In an ideal world, if every thing is set according to theoretical calculations the machine
just works as we have designed. In reality, there can be a number of issues like,

1. Magnets not built exactly to our specifications
2. Misalignment errors in the installation of magnets or issues with diagnostics.

Commissioning of any accelerator has never been an easy job.

Assumptions:

1. Good diagnostics. This is an essential constituent of any accelerator or beamline.

2. The beamline/accelerator vacuum is good enough for the type of operation. For

example,
a. For transfer lines vacuum ~ 107 torr
b. For a low intensity rapid cycling accelerators a vacuum of 107
to 10-8 torr may be good.
c. For higher intensity we need better vacuum
d. For beam storage rings or collider vacuum > 10 torr

3. Beam can be steerable remotely
4. The accelerator is set to theoretically best tunes and chromaticities.
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Tllustrations with Examples

The examples that I am going to give are specific to that at Fermilab.
Commissioning of

1.MI8 Beamline < Beamline between the Booster and the Main Injector
2.Main Injector < Accelerator

3.Recycler < Storage Ring

But, the general philosophy behind the commissioning other facilities, hadron
or lepton system, is the same. The specific details will change.

X

Main Injécf .
&

Recycler

14
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Accelerator Commissioning
1. Set the momentum by proper bend field in

transfer-line and in the machine

Establish the Beam ®==>— 2. Set the theoretical lattice
3. Set the synchronous RF buckets if needed

1. Transport the beam from element to element. Steer

__4. Inject the beam
systematically. Get first turn beam in the machine

Smoothing the Orbit 2. Smoothing the orbit < identify which set of desired
J e positions to use for smoothing a specific point

track their reference during smoothing

3. Understand how many correction elements should
l 4. Scan tune, chromaticity with attention to lifetime

. 1. Setup acceleration Ramp: Magnet, RF and Radial feed-back
Beam Acceleration 2. Have optimum number of "break-points” on the ramp

l 3. Smoothing (steps from stage 2)

Set the proper time for transition phase jump
Transition Crossing ‘— { 2. Adjust the RF voltage through transition.

l Fine tune the phase jump and frequency at fransition

. 1. Beam extraction to the down-stream machine (if needed)
Beam Extraction ‘- {2. Beam dump (if beam is not of required quality)

15



3F Prepare to Establish Beam:

Initial Settings

Setting the Momentum:
MI8 beamline is a permanent magnet beamline with its lattice designed to accept 8 GeV
protons . The admittance of the beamline is 40 t-mm-mr and momentum acceptance of
about 0.4% . These are fixed by design.

) (See Figure on next page)

To set the initial momentum, one adjusts the bend field of the machine, so that
p[GeV]=0.2997x Bp[Tm] =8.889 GeV/c =) (Table on page 18)

in the case of the Main Injector.

We assume that the RF frequency,

27 R
.:h)( :hx
ﬂf ﬂev ﬂc

=52811400 Hz and R =528.670 meter

R is the Radius and fc = beam velocity

is stable and the radius of the machine is fixed. If there are any drifts in voltage,
it may be mostly due to power supplies. Sometimes the sources of the problems may
be somewhere else. For example, in the case of new constructions the orbit drift
can arise due to settling of the ground or ground motion. These issues need additional
understanding/investigation.

16
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17



Main Injector and 8 GeV beamline Magnet counts

WBSIEVEL4| = RingJ 8GeV| Spare| [ISA(sextupoles) N | (108 6
IDA dipole 240" N /108 - 5] [MRtrim quads R 16 3
IDBdipole 240" N | [108 - 5| [MRskew quads R 16 3
IDCdipole 160" N | | 64 - 4] [MRskew sext R 0 0
IDD dipole 160" N \ 64 ; 4] [MRtrim sext R 0 3
PDD (perm dipl) N . 45 MRoctupoles R 66 5
PVD (vert dip) N 4 (Rquad - skew R 4 1

EPB 5-1.5-120 R 4 1
HDCMR horiz trim R 26 5
TQC(100.13" M R | /% T 3| [HDDMRhoriziim | R ' 3
TOB (34" MR) ring = ™3 - z VDCMR vert tqm R [ - 18 9
TOE (59" MR ring = 7 - 5 HDR MR vert trim R 7 2
- : IDVMI vert trim N \104 6

IQF (84" MR) ring R \_ - 1
SQA(”" P-Bar) R - ‘ 2 [ambertson, 8 GeV R 1 1
SQC (26" P-Bar) R : 2 [ambertson, FMI N - 4
SQF (8" - R 7 1| (Chagmer TV = _ .
PGD (gradient) N - 65 Tambertson, RR N - 3

1QG, rolled R 1 - 1
PQP (Perm quad) N ) Totals| 970 93] 183

18
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Initial settings (cont.)

Relevant 8 GeV Booster Parameters: Relevant MI RF Parameters to be set to:
1.Beam KE= 8 GeV 1.Beam KE= 8 GeV
2.Transverse Emittance 10-20 =-mm-mr 2.Transverse Emittance 10-20 n-mm-mr
3. Harmonic number= 84 3. Harmonic number= 588
4 RF frequency= 52811400 Hz 4 RF frequency= 52811400 Hz =
5.Vrf(extraction) = 375kV 5.Vrf(Injection) = 1. p==
6.RF bucket half height = 33.4 MeV 6.RF bucket half height = 33.4 MeV
7 .Beam Intensity ~ 0.5E10- 6E10 p/bunch 7.Beam Intensity ~ 0.5E10- 6E10 p/bunch

Beam diagnostics in the Beamline:

Multi-wires:

15 Multi-wire scanner systems are in the beamline.

1.8 in Vertical planes

2.7 in Horizontal planes

4 Multi-wire scanner systems in the MI+ one in the Abortline.
1.2 in Vertical planes

2.2 in Horizontal planes

Insert all of these before injecting the beam
BPM: Beam Current Transformers: Beam Loss Monitors

Several Several toroids >60 loss monitors

All of them to be enabled.

Inject the beam. From the safety point of view start with minimum beam as needed.

19
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MI8 Loss Monitor Data

(September 29, 1998)

Fa-ZEP-1998 18130:4%
18
Horizontal BPM data
- /:‘"
=18
18
/Z/t Vertical BPM data
S e
-1@
ia
A SRR A | P | SURRRUNE SRR N TN Loss Monitors
/ $i%s
R D P FE, B E DR AN £ A S A A T
.1 i | | |
o o o o < o ol N A = e c e
285885 8 £8 2 3 3 H 5 =

Yes! There is some beam got transported through the tunnel but, no BPMs lit.

Beam energy may be wrong?, Some upstream magnetic field settings may be wr'ong’>
Many questions?
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MI8 Beamline Multi-wire data (Earliest attempt)

(September 26, 1998)

YERT

=

MzEE

YERT
1z

3

Musas

YERT

MzE4

14.

HOR I
13.19

Ms1a

|
YERT
14.1

Ldliidld LEEl Eld L

Lp-:l].E

E-SEP-12358 18:27:49%d

Me12

YERT

i

MW22E

Calculated dat

HORI

YERT

Calc

MiliE1
ulated data not ready

HOR I

Ms33

YERT

:ééz;EEEL
=
=
n
HOR I

MWE2a

Calc

MWE51
ulated data not ready

MWE2a

HORI

'l

] 0
ool

HORI

a5

Il

MWE14
Calculated dat Calculated data not ready
‘ = — “ “ ‘ ‘l “ =
iy o i
] =] ]
= I =
MWE25 MiWE4a MW1E3
Caloculated dat Calculated data not ready
— [ —
- || [iiﬂ‘ ‘”n: o “I|n:
= ] =]
I = I

mMiad

Resume || Zoam |

After adjusting kick
angle and 3-bump at
the extraction region

i i i
400

Path Length ()

Some beam got
transported up to
about 30 m from the
injection point into
the beamlinell

::': <z=m MI8 beamline
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MI8 Beamline Multi-wire data (cont.)

(September 26, 1998)

Calculated dat Cal8s-SEP-19938 11:158:33dy
| | | | .
T I I = After Tweakmg the
o . e = MPO2, Booster
u / 2 2 2 :
extraction septum.
Mwzaa Mwe11 mMuEz9 M1a1 B 1_ 1_ 1_ d
Calcoculated dat Calculated data not ready eam 90 r‘anspor e
) by about 150 m.
| | T T
T T = =
= 0 O = =
- — — =] o
= I = rd I
[ 14 — —
w L o o
= = =] =]
I I
MWzaz MWE13 MuE4E Mu1az
Calculated dat Calculated data not ready
| | | |
T T T T
= 0 O 0 0
= £ £ £ £
o o o o
] L ] ]
= = = =
MWea4 Mwz14 MWES1 M1a3
Caloculated dat Caloculated dat Calculated data not ready
| | |
| T T T
T = = =
+ 0 = = =
- — o =] o
] I Il rd I
o — — o
] o o o
= o o o

nk=gel Mes2 mm1ﬂﬁ
| Fause | Zoonm

L 11 1 1 Location of Multi-wire

Q e e e o T e :‘Jn

Sy leoy gl | %Fnll o 1 S i
| | I

1
) Path Length (m) 22
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MI8 Beamline Multi-wire data (cont.)

(September 26, 1998)

uuuuuuuuuuuuu

velZe-SEP-19398 15:04:169Y

HORI
0.0
VERT

MWs00
Calculated dat

HORI

Calc

Itk

HORI
2.1
VERT

yl

VERT

MLIR3q
Calculated dat

MwWsoz

Calc

-

o

L

B 1
1

o —
. [+
(=] [=]
=)

HORI

~

MWg04

MLIRS1
Calculated data not

r

HORI
0.0
VERT

-
o
L
>

MWB10 MLIAE D

Calculated data not ready

~ VERT
1.4
VERT

HORI

|

MW811 MW101

A/

i

MU104

Last MV in
the beamline

VERT

ML102
vlated data not ready

HORI

ML1N3
vlated data not ready

VERT

Pause Zoom

Booster o MI injection
region has a "dogleg” in its
lattice - beam is kicked
vertically and bent down by
about 8 feet before the
permanent maghet region
starts. There are only a
few electromagnet

devices which can be
adjusted.

After tweaking some
injection devices, the beam
reached the end of the
beamline. (about 760m

long)

For a group of experts this took about 8 hours to reach this

stage. These people were responsible for designing this

beamline
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Current Transformers Data
(September 26, 1998)

8 SHNP v1.33 Console 3 Sat 26-5EP-98 15:24 FPri==
-.8
.6
e 8 ' +he Boost toroid data at
Y- B:CHGO El2 eam in The Booster the exit of the
i ToRase E1p at extraction - beamli
I:TOR103 E12 Q’n eam ine
3 - T AN f
4 P )
. %WWW?W PW .- toroid data at
(S5  KHz) * ~~ the entrance of
' the beamline
e
2
-2 |
But no beam in the
| Main Injectorll??
g | U O )-Ht NN i 5 ]
g 0 015 .03 045 .06
PLOTTING Seconds Trig = EVENT 14 engineering units
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MI8 beamline BPM Data

(September 26, 1998)

c6-SEP-1338 14:84: 16

/\ ............... | | /Ho r‘izonTGI BPM da_‘_a

-~ Vertical BPM data

. Relative beam
intensities measured

il ‘ ‘ using the BPM.
355 35 BBEEEE5 § 5 What we need is 100%
_— Transmission.
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1st Beam in the MI, Current Transformers Data
(September 26, 1998)

.8 Console 3 Sat 26=SEP=98 16:00 Fri=g . . .
§ After tweaking injection
- devices at the start of
the MI8 beamline.
6
g Beam In Thg Booster toroid data at the
Y= BioHoo  E12 at extraction ) _ /| —entrance of the Main
I:TORBSE El2 { 5 .
1:TOR10Z EL2 { : IHJZCTOP
4 T . Ef
4 TR : ____toroid data at
T R F the entrance of
the beamline
% | ™\ foroid data in the
Main Injector
B |
0 - i
0 015 03 045 06
WAIT FOR EVENT Seconds Trig = EVENT 14 enginesring units
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W MI8 Beamline & MI Multi-wire data (cont.)

(October 3, 1998)

UE=0CT=-1998 ZL:UZ2:U5

. ‘ g . n’ 3 HH n Z - After tweaking
alnbss arﬂl “‘l”" - _,__“__,,_ T ul m sl e ,,rjl I ‘Jl,l 1,.,\m”HI[P_ e The kiCker‘ Timing
MHBa0 HWE13 1. 37 NB3E 32.7 MU0 1 30. 4 .
- ' g of the beam into
| | | . the Main Injector.
":!ﬂv E_: e Lmﬂ % [ | ‘T—?
AP | X I':'"-: ol Ik [kl Illn mgihg i g .—ﬂ[ Ih N N
T R HUB14 137 HB32 43,12 Beam profllgs In
e Main Injector
= N I| = ' =
g ™ : W =
L L uﬂﬂ‘ ‘ B g o ﬂ[” ‘hﬁ.. | A
HE2S 277 e840 33,17 MU1032 43. 82
Broken MWs
Dbl j:[";ul oo o, .I!-’fiﬂ thl'lI. . IJﬂJ hll J_l_
MHE10 .83 HWERS 1. 87 HHES1 6. 4 U104 rﬂe o
v Hm e J‘ | < HJ < Beam went beyond
AﬂiLﬂMH Ifhi'l'n-m il | .I.q,uf'[||_ Whe ) |;|..;L,m~u,.,J o the MW104 location
MHE1 1 586y W20 1.087 252 73, ay

| Pawse | | Zoow | beCClLlSe 9

&@=m MI8 beamline
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Kicker profiles

Home: TDS 3014B MI10_KICKER (131.225

— L
Backlight
Intensity

High

Wwaveform
Display

‘M 100ns A Ext S 260mv
: B Ch1_ F 60.0mVv

Palette
Normal

Waveform

Off

Persist
Time

Set to Auto

Clear
Persistence

Kicker profiles

Beam profiles
from a BPM
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MI BPM Data

(October 3, 1998)

FLASH

1@

HoZwan
-3, 489
-, @838
3.9
7.214
-2, 858
L
Hodean
HoB eus
=-1.334
113
6. 538
5.1
=1.324
+; J1EE
?.214

g L1183
Horizontal £5-SEP-1598 09108193
e 3a 4R L1 50
.45
5.196 - b5} 18,585 HoRaxm HoRxam
JEE32 -4, 26 Holeam Hokean Hodeau
~f.417 KoEram Holeam HoEzan HaBram
4,535 8 HoReam HoEBsam Hodeam
4,169 1.585 Holebis HeRaan Hobaan
—E. 174 1,467 HaFaam HeBwn L]
- 8F28 -+ T328 HoBeam [ Hogeam
3.783 2.080% HeBean FOF T
4,535 £.983 ofeam HoBean
=1 .83 « $R28 HoRwam HoFeam Hodeam
=3,302 =5. 304 NoRu s HeRsak Hodeam
-1 .58% - 41562 HoRenm Helnan Hodsam I~
2.065 7,454  HoBeam nomW
S.43 1.883 Holeam KHoEwa HoBwam
2162 -3.285% HaReam HoRaam HoRzam
=-{.837 &, 102 HoRaaw Hobean
B.761 Hadesam
KoExan Hodeam
=6, 423 Hollean
.1 HaBram

r,,|J|

i

| ”r[r'lr- ,1;,11. . “I ,......,,.

I

14

)

48 L (34

BPM data showed that
beam halfway through
the machine !l

-Horizontal BPM data

BPM did not respond

BPM plot

What we need is 100%
transmission???
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MI BPM Data

(October 3, 1998)

2a

-28
40

-48
1E+11

1E+10 |

1E+B%

1E+@8

1E+@7

1e+o6 ||

FLASH

1188
23=-SEFP~-1998 03:83:88

| ir fl J I“J1PJ

[ 1 lli

[ [F | [

i.Jlllll..l.l W h

l Iiljf!||1lll1[| l l

Horz
Fei
;;____,,
1///////
(RIER YL} y
i)
VA

Experts figured out that there is about 1.9 deg roll angle in the

BPM data showed that
beam halfway through
the machine !l

Horizontal BPM data

Vertical BPM data

Beam intensity from BPM

Beam got lost between
MI30 and MT40

What we need is 100%
transmission???

injection Lambertson magnet and Booster injection energy was off
by about 25 MeV. We can proceed only after fixing these problems.
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1st Beam in the MI, Current Transformers Data
(October 10, 1998)

oo oon

. 375
3PS
373
3.75

Y= E:iCHGHA
E:TORZ2GA
I:TOR1AGZ
I:IREAMS

.23
25
23
2.5

¢ 7.1 EH=z?

123
125
123
1.23

= OE G

ElE
El&
Elz
1E1@

WAIT FOR EVEMT

. . [ After fixing the
| identified problems in
the Main Injector
Beam|in the Boogter
af-extraction toroid data at the
entrance of the MI8
M ” //l/ beamline
e - ~ | |
‘ﬂ i} H| = — <—___ | toroid data in the
r'l Main Injector
| Current
|+ transformer in the
" Main Injector
/\~ %(_M,,' )

R S B

. B25 B85

Seconds  Trig = EVEHT

. B75

14

-1

engineering units

L
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had 1st Circulating Beam in the Main Injector BPM Data

(October 3, 1998)

After fixing identified
FLASH 18-0CT=1998 17:@4:27 pr‘OblemS

=4

. |[ HM |l ||Il l|||||| ‘ ‘ IIHIWIHJ H || 15 jm ”

e
20 / Vertical BPM data
| ” ‘ ‘ J J: ol b I ‘i l Il l | N :l ihy |/

* rw"l' ’IEE'HH"W ol

Horizontal BPM data

But the Beam was inside
relative to BPM centers

=48
1E+12

| Beam intensity using
BPM sum signal

1E+11 |- - -l
1E+1@

1E+BS

1E+88
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A More stable in the MI, Current Transformers Data
(October 11, 1998)

R FTP ¥5.12 Consols 1 37 Sun 11-00T-98 09:05 Pri=2 AfTer‘ ’rweaking H and Vv
- chromaticity corrections
at the 8 GeV slot

g‘roroid data at the
entrance of the Main
Injector

1: 1BESMS 1ELD
B:TOREB00D El2

<l MIDCCT data

K
b

.2

£2ip Hz »
(200 Hz >

23 v
1
i}
0 —
= 125 23 37 5
Saconds [ = sPaineering wnits
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MI8 BPM Data

~D (October 24, 1998)

Revisiting the transferline using
Automatic Beamline Tuning Program
MICADO

Vertical
24-0CT-1998 21:11:03

/Hor'lzon‘ral BPM data

71 Horz
L]0

=18
18
1"/ L= Vertical BPM data
s s TR RN e S - _— e hvers
= IEEHHP_' R | | e B e % L e i
HEI N Y

-20 /A P Loss Monitors
All of these loss

monitors lit=> beam loss

Loss
FEadsS f .
a e SRS ! at a few points
.81 l” | I | I l|||‘|l |
L G G S S G A S i L G S S S S S Y A S G A S A G
X X EXE XZT X EXE ZXZT XZT XX XA XEEEITXTIEZITXIEXEEZIITIET T A XXX X E
= W oo w € o o W W % o o o 0 20 O O M 0 @ 0 OF 00 0 O D 0 OF @ o 0 o
m @ @ @ D e e e e e e e Pl Fib B B0 B0 dal Gl Gab Wb Gl B B & A B o8 B 8 0B D
EE%U\\] EGHMM O % oalr = G LA S A = G O W = R uwuuHmE
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W MI8 Beamline & MI Multi-wire data (cont.)

(October 18, 1998)
| | ‘
‘ ‘ |

| | ‘

‘ ‘ | Good transmission
and beam profiles in
| | ‘ all of these MWsl!

WINWEY'
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1st Tune Measurement and
Transverse Phase-space plot using TBT

Tune measurements using Turn-by-turn (TBT): An FFT of BPM data taken after

exciting oscillations shows a peak at the machine's tune value.

CLive datal 24-0CT-98 17:53:149 Current data

v,=0.425
vy=0.415 or o 1580

Design

v, =??
Measured X —

ItHFl82 Trigger: 2D at 118 zec
= 36 e
Ampl . EFM I:HFiG2 Trigger: 20 at 118 sec
T A N -
P B.alse I
B @.8293
F 2.98196 F ]
I 8.83%8 o | -
@.@268 F
2. @260 | _
sl 5= - % -
ItvPlal Trigger: 20 at 118 =ec
Vertical BPM ]
.........................................................................................................................................................
2 4@ & ;2
Fmp . EF I:VFPl@l Trigaer: ED at 118 sec
B.56635 " T . - .
. - -
L r
38 = asd
a 25 .37 .5

vy=0.125

Close to 8™ order resonance. Beam survives but not good!!
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H and V-Tune Measurement and

Transverse Phase-space plot using TBT (cont)

We ping the beam in the
horizontal plane using a kicker
soon after beam injection

Design foo'425
v,=0.415

Measured vx=0.426

re-adjusting the tune at 8 GeV

After calibration of the tune from magnet data and

(MIHKIS@@_ALL.TRTI1 » 2&~HOV=-98 [8156:85 MI &% injections ping horz &t 1.5 ke
M IEHF 124 Trigger: 29 at @.128 smeo
0 2 i1E [ 182
T ARpl . . BFM dat ItHF1G4 Triagert 2% &t @. 128 Zes
B B.4E68 D.4311 T T
1: #.4387 0,325+
2f B.4346 D.I763
I
('S |
&
b
| I
t IeWP1as Triamer: 2% at @. 128 sec
=
o 2356 512 EE 162
Ture fampl . . F dats Ia¥WF 185 Triggert ZF at a, 128 =ec
@ @,4984 D.0462 =i - - - T - - : v - - - . - -
lf 8.4843 D.08315
£i B.498E D.03898
3t B.4ill B.83l6 | .
41 @, 4160 D.0336 w .07
S: B.4268 0.1226 U ¥
61 B.4307 2.0%27 R3S il TN
71 B.4346  B.B506 W
1o e e A b i F e e o et e aria A e T R A LA N e rl | S SR

This is away from any resonances. Still not a good region!

v,=0.405
Y <~_.This is a separate measurement after
pinging the beam vertical plane
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GxPA 1: Untitled

=

N VA

-4 2

2 18

N
IO AN

N

111
a1z

tune
1

Wertical

a 12 =]
111

218 &
%
-5
4 =

e

/ S ~
/ / \\ﬁ“
]
Zf | ]
. —
Rl b n W w 435
Resonances from or der 1+ 12'-”'-\'12':'“-':31 tune

Bx= 383433
By= .383433

Tune point on the Tune Diagram

9th Order Resonance

12t Order Resonance

Theoretical Preference

-Measured Tune

We can set the machine to

theoretical tunes by simply
changing quad settings. But,
still we have not closed the

orbit yet. This is critical to
minimize the beam loss and
for better beam
transmission
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Tune Scan for Recycler

0.32%

o

., I
—HILNSE=A/ RN
e===1I

ol = O o W
o o O O

a
o

0.34
0.36
0.38

Horizontal Tune

vertical Tune

@0.94-0.98
00.9-0.94
m0.86-0.9
m0.82-0.86

Qo
1

-FL
), OO

|

~

O m 0
) O O O
~ o

0 N

>
L=

00.62-0.66
00.58-0.62
m0.54-0.58
m0.5-0.54

[ |
<
g
o
<

From Cons Gattuso
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Measuring the Integer part of the Tune

Measuring the integer part of the tune involves

a.Measuring the difference orbit with and without a dipole kick on the orbit

b.Count the number of betatron oscillations

Example of Tune Measurement in Vertical Plane

L=l

wrticel Position BEEY _HI | |
Ver"rlcal Plane T R
oo @ 9RO : |
‘
\“<% T
n?.bE%“i ‘[J u I | ' I y
AN . . , .
*'\C* &‘ s [ -] F‘ﬁ i5ed eEmEa 3AED [
w- 2 d . .
‘a Horizontsl Porition i< ‘MClln InJZC*OT_ SEEV_Mi >l
- | Horizontal Plane
5 —
— 2] =] o o [~ ]
~ q-.nn:f-‘lm nﬂﬂﬂnn -:-E':':'.:.Dagnan.;,a ncpﬂunuuowcpn
o Mw—h “ L ! e e
— W g I-:. Du an DO DD @ o o .:,B ,:,n a 9 a D,:, a:- o e e “a q, oa O n:J-n:::I
— i}
-—-5 I
- | -
- — ) . M
[+ Edg 18R 2EPR BIES
Hiation L Heter=m

Measurements: 26 (V) & 26(H)
Design: 25 (V) & 26(H)

Correcting the integer tune was a major job.
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W Smoothing the Orbit

Goal: In a high energy synchrotron, one generally will have several 2- and 3-bumps for
1.beam injection

2.extraction and

3.for special beam gymnastics

Nonetheless, the machine orbit should be "undisturbed” outside these bumps. If not,
these locations become the main sources of transverse emittance dilution and beam losses.

=== Need to establish new closed orbit and open the dynamic aperture.

This step is an iterative procedure and needs
1.Reliable system to measure the orbit accurately
2.A number of dipole correctors

Inject bunched beam
<

Acquire BPM Data for the entire machine
(need average profile of the beam path.
Currently an average on 15 orbits are taken in
MI measurements)

v
Compare the BPM data with the "Desired Orbit".
Presence of "large” deviation implies it needs smoothing. |
Reduce the RMS spread by optimizing the bump strengths
<
Optimum orbit
(The final orbit is as good as the resolution of the BPM)
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Smoothing the Orbit (cont.)

Desur-ed Or'bl’r Data Before smoothing
B . || I' HI 'l ”_w ‘H :zr‘z a L -. A £ i A imiE S E;iz
Joriomtal § | 1 T | ] W\WWM “
S B ey
Vertical | |

(15 turn - 2" turn) after smoothing

Horizontal

Ver‘ri¢a|

Vertically it improved significantly during this smoothing.
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had Stable Beam in the MI with good beamlife time,

(November 8, 1998)

t

I=1e-

7 = Beam Lifetime

FIP ¥5.12 onsols <0 =i Suwn B-HD¥-92 02:53 Pri=D

o AT

e e After smoothing the orbit

375 3
375 e -
RS = bl ; ; 1
Sox ﬁ i am-“a—"r——‘j&*,ﬂ;ﬁ“—m VTN -

iB ElZ

£12 | toroid data at the
entrance of the Main
Injector

T PO
ColeAeT]

DCCT data

=L
]
-y
! ! N

=
I3 IR0
L=yl ]

R W WY SRR LA T L 0 ERTL g
& B - &

L=1=1=1=1
&

Ii%
=
[ig2*

. [T T . o . H 1 L
Seconds Al ZYELE 2D EMSTM2EFTNE WAIRS
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Injection Closure or beamline Tuner (BLT)

Goal: Match the injection orbit to that of the closed orbit

Advantages: Eliminate transverse emittance growths associated with the injection

This technique has two steps:
1.Calibrate the BLT
2.Implementation of BLT
Requirements:

1.Two correctors C1 & C2, in the injection beamline which
are separated by a phase advance of n/2
2.A BPM in the ring sensitive to beam intensity of interest

Calibration: Measure
gl Beam oscillation Amplitude from TBT

Corrector Strength (Amp)
for C1 keeping C2 constant. Similarly S2 for C2.

Implementation: Inject the beam and measure the

amplitude & the phase of the beam at BPM by fitting
TBT data. Using S1 and S2 one can determine exact 180
amount of corrector strengths needed to achieve

AAmplitude = O
APhase = 0

at the injection point
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Injection Closure

Accumulator pbars - Main Injector
(Calibration of BLT)

Calibration for Horizontal Injection Closure:

GxPA 23 Clozure Bullseye GxPA 23 Closure Bullseye
. : : 16-APR-2BB4 13137159 . B 16-APR-2884 14:88:56
I:HT B4 Calibration Data HoRz I:HT @2 Calibration Data HoRz

Fhar ACC-3MI line 32 amps # ampl  phas  ras Fhar Acc-»MI lins S2 zmps #  ampl phas  ras
H e ¥ & -@.12 1 18.73 -2.86 0.34 H o ¥ & B.89 1 9.82 2.83 B8.13
B.38 2 4.17 -2.86 0.12 8.59 2 4.95 1.76 0.14
am B.82 2 1.53 -B.96 8.89 am 1.89 3 2.97 B.37 8.17
1.38 4 6.56 B.B1 B@.23 1.59 4 5.72 -B.55 @.18
/\ 1.88 5 18.17 B.22 8.35 /,ﬂ———\ 2.8% 5 8.75 -8.64 @.22

P /\ , r \ ,

N <
iy el
(O x@
i s . i !q,
Calikbration Data: \/ % alibration Data:
phas mmsamps phas  mmSamps
HT784 @.222 18.467 HT?B2 -8.235 9,172
=) era

These two dipole correctors were not exactly 90deg apart?

Issues in these calibrations: )
There are some hysteresis effects.

Similar calibration is carried out for the Vertical plane
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Example on Injection Closure (cont.)
Accumulator pbars > Main Injector

TBTdaTa_
R R Rk e ARANAR ANV TANLNA
/\ S TRIRTEVRIRIRIRVRIR!
AT ¥R AV VA VA VA

/ \ w09 3607 5T T HT04
///”\\\ NACA A NALA A AN

[ e \ AR .
QO\J/// e

& 2 3]
\ / / /
|
o T e =1:H1704

Reduced .‘.he 'I'r'ansver‘se emiTTGnce gr'OWTh L, Anplimnesrus : 9.95/-8.53/ ©.04 Ordecay cnst18.444.229.8
by ~3 t-mm-mr from 15 to the 2nd transfer ;o \ /\\ ]f\\ ]f\ /ﬁ\ /ﬂ\ [{\ {[\i /ﬁ\ /ﬁ\ ff\\ | ;[\5 ‘[

N TRTRVATRTRIE STRTAT R e

!
A VI A I VA A /A

TTTTT

21-DEC-z@|e? 18:41:37

. L. ag PURl-pharest 1.18- 1.
Bu1159 e Re-pla
EEC *MI 1id eF:lSE H ampl EﬁRZ rms ampl zEE; FmE -~ /Q\ [\ ﬁ f\ ﬂ ﬁ ﬂ I’\ f\

m.—
Lo.-

P 2 94 21 DEC 18 46 33 Y Y

TTTTT
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Recycler Beamline Tuner

R:HT704
R:VT705

R:HT706
R:VT707 L

Eullseye

Re-play
Pbar MI%RR Ime 22

/

\

*  Horizontal
A Vertical

Yertical

Ampl/phasrust 1.14/ 1,687 8,06 G-decay cnstid, 4687 38,8

TTTTT

TTTTT

Yertical

TTTTT

Anplophasrns: 8.37/-8.833- 0,04 Ordecay onsti@.477 7.8

———————

TTTTT
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An Example on Injection phase and Energy Tuning
(Longitudinal)

Matching RF :
Voltage at 8 GeV

Booster protons-> Main Injector

V cos(4,)
hn

FTP ¥5.13 Console 4 5A Hon 12-APR-33 O

ﬁhase: mis-matched I

Radial position

| K\ BEAM

Wi -  (deg)

Dipole /
Oscillations T/\
AN

-

Amplitude
NN
>
>

D
D

Amplitude

‘V cos(d,) ¢ (deg) | h n vV MV
= Boost 180 84 0.0223 0.375
Booster h 77 MI kbl
MT 0 588 00089 | 1035
nj. \Phase matched Inj.
¢/ (deg)
§§:?g mm l {\}\hqlﬁl\ /\m{\f\ I\hVA P
. R A e A
= ’V L\ o
~Radial| position
BEAM
Energy offset AET RF voltage Quadrupole
. Oscillations
~ ’ Mismatch
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Measurements of Admittances
There are two types of admittances to be measured and optimized:

2. Longitudinal admittance <«

1. Transverse admittance { A }
. Max
Transverse admittance

i

Different methods are used for
accelerators and beam storage rings.
An example of admittance measurement . |

Intg. BLM data

BLM data

in the Recycler is shown here. 6 J\

Fi BEAN Ei1@
B:oaanlUT Yalt

MI [W

1. Inject the beam, remer v |l Beam

2. Heat the beam by pinging till it fills
up the entire aperture

3. Move a scraper till it fouches the

beam as observed by a loss monitor
4. Move the scraper ftill all the beam
disappears.

1
i
HL\_‘

pt.

Beam touch c—t

eam extinct point

B
7
a

@ m

Then admittance is given by ;=

IGIES

¢ 13 HE ¥ o RilWALL.

2
A= Sapyo” For the non - dispersion region

lattice

Similarly for the other plane
Long. Admittance :

Inject the beam into an RF bucket and change the rf
freq. up and down ftill beam touches the aperture point.

e i
I (o) I|
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Opening the Aperture

(Aperture Scan)

It is highly essential to optimize the aperture for the best beam ftransmission.

This is done by 2 Qigs._inel_cm_m_mEQJSI:TJEDnnnuh_nnnmujnnn:n_nn_llsun ensll—ncr—ss e nppi:e
monitoring the beam loss 1 . , |5
as the beam is moved by ’ I Loss monitor data | | g
varying the magnet dipole 0
corrector strength at s 0 : :
u} .
that location. SR |l Available _>I
| o) Aperfure I
S Y in H-plane Lo
[ I ; The b
This procedure shouldbe | = ™" o | b ’r?:r' est
repeated at every point in . . / le Setting
the Ring/transfer lines. T, I
;ERICE I ° o
E E' ?::]DE ’ D u] I:IH n, a I[jD I §
B E ] J_E'f' E,T_ 0, D;[E_:, J,_,ngiujn (D I E
1o oddo N s e e .5
15 HZ ) I:H4868 A Unit engineering units

Similarly for the vertical plane
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0.1

Beam Acceleration

Setup acceleration Ramps:

Main Injector 8-120 GeV Cycle

P=qRB,8.9-120 GeV/c
B= 1kG-17,2k6

0.51 11

Time (sec)

a.Magnet ramp for dipoles,
quads, sextupoles, all

correctors
f.;=52.8-53 1MHz\~ b.Set RF voltage curve
/ ..................... c.Set proper accel. phase

d.Radial feed-back (this is to
keep the rf frequency
synchronous with the dipole
magnet)

\ e.Transition phase jump
SN f.Proper orbit, tunes,
chromaticities.

In an ideal case, beam will
be accelerated as desired
with above settings. But, ??

51




R

Beam Acceleration (cont.)

5 FTF %3.18 Console 5 SA Sun 15-HOW-598 18:17 Pri=g
same
1st attempt to
accelerate the beam
275
L4875
&88a
I: IBEAMM 1E1E
I:MIHORZ Amp=
#TtMIBEMD Amp=
I:MIBEHD Amps
.
1st Beam Acceleration
485
4888
. FTP vS.12 Console 1 sa Sun 15-NOV-98 11159 Pri=2
(2E@  Hz ) —
288  Hz.?! 128
(2@ Hz. ) 2eee /
(288 Hz.?
125
H4EES
2888
) F
sa LI
[4:1-0:] ). I B d
. T:IBEAMM  1E12 Ipo € Ben
s 2 ppwieee ey Bus current
units 2
<~

Greatll Bean}\\gb'r

(208 Hz.)

. ¢2@a Hz >
Beam After tweaking the . m ’

transverse tunes up the ramp Bea ||

o k)

i 1

=
Seconds MI_GgYCLE 2E engineering units

/
But, Large beamloss
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Tweaking the Radial Feed-back & Accel. Phase Angle

Whenever there is a large frequency swing from injection energy to the top energy, one

uses a radial feedback to keep the beam in the center of the machine during acceleration.

D3

RPOS detector

As the beam is accelerated, the beam

Measure moves away from the center of the RPOS

Radial

D4

Position

detector . Then, the RF freq. should be
increased in sync with momentum. The
RPOS feed back system ensures to keep
the desired beam position (i.e., Ar= 0).
That is, at

' RadialPosition T | 1. the instant of Radial feedback "ON" time
Feedba Clk ON 2. Throughout the acceleration> generally a
: \««i\\ , RPOS sianal (Ar'.,‘r) -curve is seft.
A N \Z’ 3. This also has to follow a phase curve.
R Otherwise beam can fall out of the beam pipe.
6 &S :7\ K‘Phase signal
/! [Before smoothing the ) Radial Position
( { |RPOS "ON" signal Feedback ON
P hlimes” T b RadidlPositon ot = RPOS signal
/ g b e"'\j": ON  RpOs signal LA
Radial Kick Voo j | T
X g | Phase signal | Phase signd
_ i |After smoothing
Before smoothing |
the Phase "ON" ' both
Phase kick e These b 3

3 .35

20
HI_CYCLE 29

53



Je
A Example of Radial and Phase detectors in the MI Ring

MI612
2.5MHz Rpos Det.

=
e

MI603
Longitudinal Kicker
2.5MHz Phase Det.
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2F Beam Acceleration (cont.)

It is highly essential to keep

1. Beam in proper tune space
2. Chromaticity space and chromaticity jump across the transition

throughout the beam acceleration so that machine will not cross any dangerous
resonances.

Horizontal Profiles vs Energy =E[

- FROFILE Hain InJE'G'tO'“_tBPM Flo 29 HOY-2BB7 18:56: 34
S o A
: i : i E 94

;5 { P=72. OGeV/C 5 i :1::
. ot R
g P=30.0G?V/C rns
A S a1
7 ~ P=15.4 GeV/c rns
. 5 [ e | A
3 P=10.6 ?eV/c gr.ng;‘e
} o 1 T g ™
s - P=9.4 GeV/c s
. T I A e
: ~ P=8.889 GeV/c g e
g rmkj[ 1 m W]\m\w’ dpagas

—-
=
na
=
[
=
N
=
o
=
[
=

Similarly for the vertical plane
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Transition Crossing

the synchrotron frequency at transition is

[f:v] Transition eVOh na)s cos ¢S —> O & A—p —> 00
27 p,R, p

This implies the phase focusing disappears and
particles get FROZEN. Further, the particles
change their direction of motion in (AE,$)-
phase space as it crosses the transition.

. It is highly essential to
1.Change the rf phase from rising side of the rf wave to falling

side of the wave, (phase jump)

2.Set proper time for transition phase jump.

3.Match the rf voltage before & after transition crossing
4.Keep the radial position of the beam un-disturbed,

Consequence of not doing these are
a)longitudinal emittance growth
b)may be beam loss.

In some hadron accelerators special transition
crossing schemes are used.

Transition crossing is one of the major issues for hadron synchrotrons. For example,

Before Transition Energy
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Experiments on Transition Crossing (cont.)
(Adjusting the crossing time)

2.5

Transition time set late

13-APR-52 @3:24 FPri=g

120

1.87%
3

o

Bunch

Length
7

2
EL)

Y= M 1E12
I ELMUN nsec

Beamloss

[:RFOS
[iPhIZ DRk

1 EL

ol

B
a8

16 KHz)

i
Ty

Radial

£ | Phase
e el

WAIT FOR EVEHT

.67 .6

Seconds  Trig = EVENT 23

Properly set transition time

|== La're Phase Jump s

Vr'f(53MHz)

| Beam-loading

Phase

Peak Int.

2.5

126

1.875
6

sa
¥= 1:IEEAMN 1E12
1:ELHON
1:RFOS
1iPHIS  DEGR

1 25
e
4@

¢ 18 KHz3

|
@
o

a
a

-4
-4@
WAIT FOR EVENT

SHP W1.24 Conzole &

Tue

13-APR-23 @3:26

Fri=g

Bunch Length

a4

o Y

Radial

Position

-] -

LB87

Secomds  Trig = EYENT 29

-] .63

_ Pr‘oper' Phase Jump —

Vr'f(53MHz)
Beam-loadin

Peak Int.

I 115y

i “MM‘" WO,

2758
[
9375
Iive Deg
I:PE Valt
IiBL voLT
TiRFEUM Megt
o
6.75
1
aaaaa
(7EB  Hz.)
(728 Hz >
(728 Hz 3
<728 Hz.>
1458
55555
5
LBo12s
i ()
; }
EEE]
5
I a

aaaaaaaaa

EEEEEEEE

nnnnnnnnnnnnnnnn

= Mountain Range

Tran. crossing

Bad
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O

I:IEBEAMM

par=jals]

Elz

Beam in MI on 8-120 GeV cycle

FTF ¥3.21 Console 2@2 SA Fri 21-MaR-B@ BrigEe Pri=@

L-I LEE .44 LEE T

Seconds REFEAT OH EVEHWT 23 engineering units

Have accelerated >5E12p
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Kicker Profiles for Multi-batch Injection

Home: TDS 3014E MI10_KICKER (131.225.23.15)
[ ?

Waveform
Display

Kicker profiles
an Off

Persist
Time

A A A Beam profiles
A R from a BPM

CUTHHT TR S
B anBC&Ch

10

FTP ¥5.18 Consols [ 3A S3% Feoy = EgrdE Pri=e

1.00V  Ch2- 1190ns A Ext S 260mV.
: B Ch1 7 60.0mV,

1 Gra o ErTORSS@

2 I:TORGSE

Intensity Full - Palette tirokios
High Mormal '

Display

5
g TN g
(299 Kz 3 F’*\“ﬁs&%ﬁ’?é-

S TR
(200 Hz > Y
(299 Hz ) W
TE@E@ Hz 3
£S5 __| |
.25 = = - e
e e
?g ///;;?ﬁﬂﬂﬂkﬁy‘jjﬁ&wxmqﬂﬁﬂ:ﬁzﬁﬁj
o :
i. |
B
o "
5 Eoals 3 D © T YU LI S i
&

=
Eaesnds Hi_C¥OLE ZL arginsering units
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Beam Properties of Interest:

1. Beam Intensity

Beam Measurements

2. Global Quantities

a) Tunes

\/

b) Chromaticity

3. Lattice Measurements
a) Orbits: Flash, Display, Profile
b) Dispersion measurements

4. Emittances:

a) Transverse Emittance: H and V
b) Longitudinal Emittance

And so on
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W Chromaticity Measurements

To the 15" order, the chromaticity & isgivenby, Av= §A—p
P
Further, we have the following relation, Ay _ —l%
P n
Thus, by measuring tune as a function of Ap/p , one can measure the chromaticity.

In the case of Main Injector,

. Ererqgy: Q78. 0888 Time: B.6662 Rezet Ewent: 23
1.the reference value for the radial- e — - - " .
feed- back loop is nominally "0 vel wmm| el swm| e MI Ramp
2.changing it by a few mm leads to S| aease| eiase| aidesi| Geas
. -3.8 —-@.86821 B.4853 B.392& -
change in rf frequency 27
3.Since,
A A X—X 4,875
x = xco + D(s) p Or p = < ¢ 5] .IES =] .I75 1 1I.25 1I.5 ll.?S 2 Sec
p p D(S) 8.89 B.89 36.8 B6.7 188 89.2 24.2 5.89 5. 2HeY
Comparison between new orbit e gz HOR - ovess 2o MER
and the closed orbit and knowing sai2 L4771
D(s), one can measure Ap/p -ass H as11 v
By changing the radial position o [ 5 _
offsets, one can set different 2 bese / £ aes
values for Ap/p. Thus, chromaticity
3749 . 2655
can be measured.
The tune is measured by TBT R R A
data for each set of AR. Ap/p or Radial Offset
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Dispersion Measurements

To the 15" order the dispersion function D(s) is given by,

ac=D, ()2 = p, (S){n 5}
p S/

MI_RIHG

III|IIIIII|III"C

Measurements at 120 GeV

@

1
E28

)
s
=
=

III|III5_:III|II\I

@

+300 Hz

+100 Hz
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Beam Emittance Measurements

Transverse Emittance:

Transverse beam profile monitors are used to measure the beam size . For example,
if o, is the measured beam size in non-dispersive region, then,

_ | &P,

Ve
is used to measure the transverse emittance ¢, (hormalized)
Longitudinal Emittance

This is the beam area in (AE,$) phase space. For

the beam in sinusoidal stationary bucket, if A is — nsecﬁ %
the bunch length measured using “wall current L . gﬂm\m
monitor”, then the longituidnal emittance is h=28, E=27 GeV |
obtained by, A
LE = \/_ o R E j\/cos(x) COS{A:|dx and
<*fn] : e A B

A |
"Half Beam Height, AE" Bucket height ><s1n[ } h=588, E=150 GeV |

4
Vo=0.05MV, Rs= 528m, Es= 27 GeV, h=28, n=0.001, N JI'
A=46 nsec give LE= 1.95 eVs and Ap/p=0.1%

\ [Ty ey, St -t I
600N 65 0in 700N
Vo0=0.55MV, Rs= 528m, Es= 150 GeV, h=588, n=0.0021, selay( S Time lseg], 0O

A=9 nsec give LE= 1.95 eVs and Ap/p=0.1%

S B
ji]
i
=
3
o
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Beam Emittance and Tune Measurements
(using Schottky Signals)

Use of Schottky signals in measurements of beam properties is one of the most
wonderful technique for storage rings. These signals can be used o measure

1. Longitudinal emittance
2. Beam intensity
3. Transverse emittances

4. Tune of the machine,
5. Chromaticity

Longitudinal Emittance, Enerqgy spread & Beam Intensity:

Measure the longitudinal Schottky spectrum using
a longitudinal Schottky detector. Then,
Total Schottky Power  OC  Beam intensity
RMS width  OC RMS Momentum spread
RMS LE = n(c x RMS Bunch Length from wall current monitor)

Transverse Emittance:

Measure the transverse Schottky spectrum using
a transverse Schottky detector. Then,

Total Schottky Power Transverse
of the side band emittance

Transverse Tune.

The distance of the sideband from the center peak is
a measure of fractional fune of the machine.

Chromaticity:
The width of the sideband is Chromaticity = £ = Av Ap
measure of the ftune spread. D

Longitudinal Schottky data

=d4

=G

L

o

FI

~ g7

=72

L
L

)

Transverse Schottky data

-4 -@4 -8 @ &4 4@
Freguesncy (kHz)

Harmonic number = n
f= revolution frequency
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Accumulator Horizontal Schottky Spectrum

Spectrum Analoa:
—==

n-1

== D=ta F1l1o+t "‘

Ecam: ZF_. 475 me fHH
— ==
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= 75 £ T iL.IL
SR I A W A | \
Sg ,uﬁ—J x*““‘”"“‘wr T ‘\1~h.
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Fo_aZoaooas MH=

2 —DhEC—=2EaE| > 1-7= 1=

o . o2ooos MH=
Fregusmnco MH=
=

ACCUMULATOR

Upper HORIZOMTAL SIDEBAND 1gs28-87 1658

REF -&BdE MF 29.842MHz
SdBsdiv | | MA -85.3784Bn__| BEAM CURRENHT Z6&6.418mA
EN qune 2.8527 | HARMONIC HUMBER 126

REV FREQUENCY £28095Hz
DELTHP B.1517%

HORIZONTAL TUME @.6825
YERTICAL TUME B.6813

HORZ. CHROMATICITY -B.2418
YERT. CHROMATICITY -8.1588

ABtternustio
Socan Avera
S s For =
Lower HORIZOWTAL SIDEEAND Swesp Ti
REF -cBdE | MF 79,44 1AAz]
SdB-div | Ma ~75.1884Eu_|

an oo
[
oorD

ogam
0
ng H

e

[=R= RN e g ===

MH=

PMH=

CM Tune B,&22¢
PEK Tune 8.&225-

H 1.535KHz
CF ?%.448MHz SP 12.578kHz

Upper | L SIDEEAMND LOMGITUDIMAL SCHOTTEY
REF -£0dE MF 72,848MHz] REF -1HdE MF 72,24 LMH=[ FEF —SBdB
SdB-sdiv ] | MA —-27.588dBm__| 18dB-div__ | MA -41.3384Em__| SdB-di
CM Tune B.62814
Pk Tune @.6803~
|

J

. il \

@}% il i |
| | | WIDTH d.B%SK#Z OTH 1.178KHzZ

WIDTH 2.482KH=z

£ . ik
CF 73.848MHz SP 12.578kHz CF 73.241MHz SP 15.888kHz

CF 79.441an 5P 12.572kHz
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