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For a past few years we have been carrying out systematic effort to eliminate longitudinal
emittance growth at beam capture and reduce the beam loss in the first 5ms in the
Booster beam cycle. Here, we present current status of the study and what was achieved

in the past. This work is in progress.



Beam Capture Studies in Booster

0 The goals of capture studies (early injection scheme) in the Booster
were

» To inject the beam far earlier than the Bmin (achieved ~200 us earlier). ~/

» Use this additional 200 us for adiabatic beam capture (dE(95%) of the injected beam
after multi-turn injection ~1.5 MeV) < No additional time was available for adiabatic
capture if beam is injected very close to Bmin, as inthe past.  &|n progress

» Reduce/eliminate the beam loses during the first 4 ms of the Booster cycle which are
arising from non-adiabatic beam capture. &|n progress

> Be able to

Increase the over all acceleration efficiency for higher beam intensities (>4.5E12ppBc) &|n progress

Transfer beam with bunch emittance <0.1 eVs to the downstream machines for intensities
~5E12ppBc J

% Reduce the RF bucket area during the beam cycle, hence, reduced operational RF power
consumption

QO Here we present

» Our findings from our studies
» What are achieved

K/
0‘0

K/
0’0

*

» What are in progress
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Beam Capture Studies in Booster (cont.)

Examples from Operational Scenario Inj. 2 Exit
2020228 data, Beam Intensity ~4.3-4.5E12ppBc

a Findings:
» For beam injection to extraction all of the
RF cavities are divided into two groups-

A&B

+« Within each group the cavities should be
perfectly aligned in relative phases. <
study showed that phase error as large
as 20 deg.

< With [Vrf(A)|=|Vrf(B)|.€< study showed
that [Vrf(A)[#|Vrf(B)|

< With Vrf(A) +Vrf(B) =0 at injection <
study showed that Vrf(A)+V rf(B)#0

> Also observed
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« Energy mis-match between LINAC and
Booster

« Mismatch between RF-frequency curve
and the desired frequency at injection.

» Operationally “RFNECK” was demanded

+«» Lots of dedicated beam study was done to
learn about RF NECK and its necessity in
current operation

» Simulations suggested that

Each one of them result in initial emittance
dilution and hence need larger RF bucket
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«» Even though all the particles are captured,
the ones near the separatrix are lost
(4-6%)
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Currently beam is not captured adiabatically and there is
~5% beam loss in the first 5 ms of the beam cycle.
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Beam Capture Studies in Booster (cont.)

On-going Improvements

During 2018-20 we tried to align all 22 RF
cavities (V. Grzelak, C. Tan and C.Bhat)
» Result: a phase error <5 deg was achieved.
» This was supposed to help beam capture,
acceleration and bunch rotation.
Between 2017-20 there number of
improvements in the LLRF have been
added.
»  Craig Drennan started modernizing the
BLLRF
»  Currently, implementing a new digital para-
phase system to help control the HLRF during
the beam capture. These are being tested.
Every time we make any improvements
in the LLRF, we had to retune the system
from injection to extraction. Adiabatic
capture and understanding the RF NECK
IS in progress.
During 2017 studies we were able to
achieve good adiabatic capture guided by
beam simulations and some random tuning
» RF voltage is increased smoothly during
beam capture.
» RF NECK was eliminated.
» Beam emittance blowup during beam capture
is decreased.
» The Beam phase relative to the RF waveform
remained ~0 deg € No Phase Jump

10/31/2019 CMBhat

Examples of Adiabatic Capture from Inj. = Exit
2017 data, Beam Intensity >5.2E12ppBc
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Backup slides
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RF Neck Before Beam Capture?
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For whatever reason, the neck is operationally
desirable for the best acceleration efficiency seen
so far. We have conducted studies with

1) Ramping Mode and

2) DC Mode

Is this real? YES! See waterfall plot of injection.
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ESME Simulations of Beam Capture

0 Carried out simulations on beam capture
»4 RF cavities — 2A and 2B cavities
» 400 kV/A-cavities (max) — a total of 800 kV
»Injection Energy offset Eoff= 0-1 MeV

»fRF during first ~300 us

‘*Held at Inj. freq.
**Held at 10kHz higher than Inj freq.
*sVarying quadrically from df=10kHz to OkHz

» VA/VB=1, 0.98 and 0.95
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Eoff=0 MeV, df=0 MHz, VA/VVB=1.0
No Neck

Hg (Mev)
1.B744E+00

vg (turn™")

FBPIP-NONeck-InjOnEnergy.ps

3.3205E-10 —4,5823E-0
T (s) N
2.2182E-06 8177
T T T
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Study on Neck

Iter 170 1.010E+00 sec
Sg Eg (Mev) h ¥ (deg)
1.0661E-02 1.3383E403 84 4.0001
pdot (Mev s~1) n 84 4,001
0.0000E +00 4.5827E-01 84 4.0001
S, (ev 8) N 84 4.000¢
1.4696E-01 8177
—_— : T e
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emittance growth ~ 0
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Eoff=0 MeV, df=0 MHz, VA/VB=1.0
Neck(92deq)

FBARF—Foff=0,df =0 VA/VB=T1, Neck(%?deg)

Iter 53 1.010E4+00 sec
Hg (Mev) Sy (&v s) Eg (MeV) h v {MV) ¥ (deq)
1.B744E+00 0.0000E+00 1.3383F+03 84 2.000E-01 9.000F+04
vg {turn™") pdot (Mev s~ ) 7 84 2,000E-01 —9,000E+01
33205610 0.0000E+00 — 4582301 84 2.000E-01 9.000F+01
7 (s) S, (eV s) N 84 2.000E-01 ~9.000E+01 FBARF —Loff=0,df=0,VA/VB=1, NeCk(gzde‘g)
2.2182E-06 6.0441E-02 8177 lter 170 1.010E+00 sec
T ‘ T T T T T Hg (MeV) Sy (eV s) Eg (MeV) h v (MV) ¥ (deg)
5.7928E-01 1.0661E-02 1.3383E+03 84 2,000E-01 4.000E+01
- vy (urn ) pdot (MeV s~ 1) 7 84 2.000E—01 —4.000E+01
At t urn 5 3 37141E-02  0.0000E+00  —4.5827E—01 a4 2.000E-01 4,000E-+01
7 (s} S, (eV s} N 84 2.000F—01 —4.000F +01
2.21B2E-06 1.5006E—01 8177
5 | |
=
=

\
| End of Capture
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Eoff=0.5 MeV, df=10 kHz, VA/VB=1.0
Neck (92deq)
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Eoff=-0.5 MeV, df=10 kHz, VA/VB=1.0
- - .- |Neck (92deg)
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Eoff=0 MeV, df=0 kHz, VA/VB=0.98

No Neck

FB:4RF—Eoff=0,df=0,VA/VB=0.98, No Neck
Iter 1.010E+00 sec

Hg (Mev) Sy (v 8) Eg (Mev) h ¥ (MV) % (deq)
1.8539E+0C 0.0000E+00 1.3378E+03 84 1.960E-01 9.000E+C1
v {turn ") pdot (MeY s ') 7 B4 2,000E-01 —9,000E+01
3.2899E-10 —5.0578E+03  —4.5859E-01 84 1.960E—01 9.000E+01

T (8) S, (&V 5} N 84 2.000E-01 —9.000E+01
2,2189E-06 6.6770E-02 8177
<
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S, (¥ s} N 84 2.000E—01
1.9022E-01 8177
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Eoff=-0.5 MeV, df=0 kHz, VA/VB=0.98

Injection

No Neck

Sg (eV 5)

1.0485E -02
pdot (Mev s™')

3.2513E+03
s, (eV 8)
1.4837E-01

End of Capture
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0.0000E+00 1.337BE+03 84 1.960E-0 9.000E+0
pdot (Mev s~ ") n 84 2.000£-0 9.000E+0
5.0578E+03 4,5859E-01 84 1.960E-0 9.000E+0 .
Sy (eV s) N 84 2.000E-0 9.000E+0 >
[
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cbhat 30-0ct-2019

o~ 5
ESuE2006
I |
10 E 0 5 0
- \
ESUE2006 g (degree)

cbhat 30-Oct-2019

10/31/2019

CMBhat

| Large emittance growth, Capture OK

2% Fermilab
13



Eoff=-0.5 MeV, df=0 kHz, VA/VB=0.98

Hy (MeV)
1.8539E+00
vy (:urn")
3.2899E-10
™ (s)
2.2189E-06

200

i

egraa)

Neck

FB:4RF=VaVb=.98 2/kVNeck—dEptiMeV

1.010E+00 sec

Iter 53
Sg (aV 5) Eg (MeV)
0.0000E+00 1.337BE+03
pdot (MeV s ') n
—5.0578E+03 —4.5859E-01
S, (eV s} N
FA551E-02 8177

h v (M)
84 1.960E-01
84 2.000E-01
a4 1.960E-01
a4 2.000E-01

¥ (deg)

9.000E+01
~9.000E+01
9.000E+01
—9.000E+01

At turn 53

ESME008

g {degree)
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FB:ARF —VaVb=.98 27kVNeck—dEptSMeV
Iter 169 1.010E+00 sec
Hg (MeV) S {2V 5) Eg (MeV) h v (M) ¥ (deg)
6.69756-01 1.04856-02 1.3370£403 84 1.960E-01 4.000E+01
v (tum™') pdot (Mev s7") n 84 2.000E-01 —4.000E+01
36860E-02  —3.25136403  —45831E-01 84 1.960E-01 4.000E+01
7 (s) s, (eV 8) N a4 2.000E-D1 4.000E+01
2.2201E-06 15485601 8177
I T R R I R S
| End of Capture
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Eoff=-0.5 MeV, df=10-0 kHz, VA/VB=0.98

FB:4RF —VaVb=.98 27k

He (MeV)
7.4361E-01
vg (turn™ ")
3.7728E-02
v (s)
2.2186E-06

8 (degree)

Sg {eV s)
1.2604E-02
pdot (MeV 57')
—1.4611E+03
s, (ev s)
7.2217E-02

Iter 53

Eg (Mev) h
1.3380E+03
Ll
—4.5843E-01
N
8177

VNeck—dEptoMeV—dFr

1.010E+00 sec

84
84
84
84

v (MV)
1.960E-01
2.000E-01
1.960E-01
2.000E-01

eq!0toOkHz

¥ (deg)
1.437E+02
~3.546E+01
1.445E+02
~3.546E4+01

At turn 53
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Neck

(MeV)

FB:4RF—VaVb=.98 2/kVNeck—dEptbMeV—dfFreq
170

Hg (MeV)
1.2177E+00
vg {:u'n")
4.1532E-02
T ()
2.2193E-06

S (e 5)
3.1477E-02
odot (Mev s~ )

—2.5136E4+05

Sy (ev s)
2.1615E-01

Iter

Eq (MeV)
1.3576E+03
n
—4 5881E-01
N
8177

1.010E+00 sec

| End of Capture

¥ (M)
1.960E-01
2,000E-01
1.960E-01
2.000E-01

¥ (deg)

34715402
2.879E+02
36795402
2.8795+02

OtoOkHz

buckel contouy 3.15E-02 eV source]

15
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0
U

5

0

9 (degree)

15
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Large emittance growth, Capture OK
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