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Outline

= Introduction.

= Review of past MI high power operations.
= Plan of doubling the M| Power.

= Progress on increasing the M| power.

= Conclusions
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MI 120GeV cycle operations in the Tev Era
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11 batch slip stacking on mixed mode cycle
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MI 120 GeV Beam Power 2009-2010 (Ml Collimators
operational)
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Main Injector beam power with multi-batch
slip stacking 2009-2011
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Most of downtimes to neutrino beam were due to target failures.
The accelerator operating efficiency was 72%-75%.Typically
290KW were delivered to NuMI and 75 KW to the pbar target.
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Beam Power and NuMI target intensity
2011-2012

TeV OFF

Thu aa_mny%‘“g;,% Wed 23-APR-ZB14 16118128
458
I:FWRLH . I R N .
LMIng KW - ik i
e ; " N LB RIS
| PR BN '
| bl :irle-
| ! .
=50 i g 4 N :
- 1 1y P oL
CEJ B : 'ii."
r i1 o
268 L : A4 o
258 [ Y A
za |- — B R
L . N i
16 Sl .
i!» B
| i ]
158 ! !
12 -
166 fiH .
58 4
a 8 R B . _ )
- a1 5 83 T @1 Th =1 5 @1 T
" Noons e e LTy T? Sa @1-JaN eaL:1 17180180 T2 = Tu 81 mn: 2tz 11:88:00 ’
T1 = 53 B1-JAH-2811 18:25:8@ TE = Tu BL-MAY-E2B12 18:38:08 = =a 1pas = Tu 198:

Main Injector beam power 01/11-05/12 NuMi Target Intensity 01/11-05/12

After TeV was turned off the MI power was reduced because of NuMI target concerns.
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Accelerator performance for NuMl

Integrated Beam to NuMI
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Started delivering protons to NuMI in 2005
~1.55e¢21 in 7 years: NOVA goal is 3.6¢21
Most intense high energy neutrino beam in the world
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Summary of past Ml High Power
Operation

= After understanding the multi-batch slip
stacking and implementing loss control
measures we were able to achieve 380 KW of
beam power with 11 batch slip stacking
(10+1).

= The total cycle time was 2.2 sec with 0.8 sec
spent at injection energy for stacking.

= Accelerator operational efficiency was ~75%.

o n
l. Kourbanis- IPAC14 June 2014 e Fermilab



Plan for doubling the M| Beam Power

= Transform the Recycler into a proton injector
ring for injecting and slip stacking the protons
from Booster.

= Eliminate the long dwell Ml time.

= Need a Project Plan to execute the required
upgrades (ANU).

- ANU stands for “Accelerator and NuMI Upgrades”
and it was part of the NOVA Project.

o n
l. Kourbanis- IPAC14 June 2014 e Fermilab



10

Ml 700 KW Operation
MI Cycle Reduced from 2.2

140

Current Ml Ramp
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The intensity per bunch
remains the same. MI Ramp for NOVA
No Instability Issues are 140
anticipated. § 120 ya.
Loss control is the major T 60
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Recycler Operation

= Injection of 12 high intensity
Booster Batches for slip
stacking( 4.3E12x12).

: Recycler

Beam Current

in Injector

MI Momentum
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Up to 8 additional Booster
batches cab be injected in
Recycler for delivery to the
modified p-bar Rings
(MuZ2e, g-2 experiments)
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Accelerator and NuMI Upgrades for NOvA

. Recycler Ring, RR vy ter,“‘: y
New injection line into RR 3 Tunrigl A\ Ring %<7/,
New extraction line from RR ' N
New 53 MHz RF system
Instrumentation Upgrades
New abort kickers
Decommissioning of pbar components

= Main Injector V1) e
Two 53 MHz cavities Tl ¥
Quad Power Supply Upgrade | Injg";i:r 3
Low Level RF System |  Recycler
= NuMI

Change to medium energy v beam
configuration (new target, horn,
configuration)

Cooling & power supply upgrades
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Accelerator and NuMI Upgrades for NOVA
: Recycler Ring, RR 5 7 ""E)
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Fermilab Accelerator Complex after ANU

Linac: NTF, MTA
BNB: MicroBooNE
NuMI: MINOS+, MINERVA, NOVA

Fixed Target: SeaQuest, Test Beam Facility, M-
Center

Muon: g-2, MuZ2e (future)
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Main Injector

Neutrino \\. :

Experiments

S Neutrino

Experiments
Booster
k)
Fixed-Target
Experiments,
Test Beam N
Facility Linac i 1 3
xperiments
lon Source
Sy
6’4;?56‘
2% Fermilab
afc Fermia



15

Recycler commissioning

= ANU only provided us with the capability to
transform Recycler into a high intensity proton
storage ring. Significant work is required to
achieve this and integrate Recycler into
operations.
Establish slip stacking
Establish high intensity beam
- Condition the Recycler beam pipe
- Open the Recycler Aperture
Run Recycler under the MI.
- Commission the Recycler dampers
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MI High Power Operation during Recycler
Commissioning

= Using the existing Booster to Ml injection line
we are providing high beam power to NuMl
without using the Recycler.

= We are able to provide about 280 KW to NuMI
(250KW with SY120) with no slip stacking by
utilizing a faster ramp (1.67 sec).

- By not using slip stacking we are able to keep our
tunnel loss free during the Recycler commissioning
period.

= Since start-up we have provided ~22E19
protons to the NuMI target (20E19 in FY14).
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NuMI beam and Power during Recycler
Commissioning
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Running MI only with six Booster batches and 1.7 sec cycle time
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Recycler Ring

The Recycler is a permanent magnet
fixed energy (8 GeV) storage ring.

Vacuum system based on titanium
sublimation pumps (TSPs).

Used magnet end-shims to adjust sl el I
tunes and chromaticities close to our “’-‘“*" .
desired working point. P

Powered dipole correctors are used for
orbit control.

Tunes are adjusted without altering the
ring wide lattice using two phase
trombones (30,60 sectors).

Powered sextupoles are used for
adjusting the chromaticity.
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Recycler
vacuum
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Pressure rises due to electron bombardment. The beam scrubbing effect characterizes a decrease
of these pressure rises. This decrease results from both a cleaning of the surface ( gas desorbsion
and pumping) and a reduction of the electron cloud activity as a result of the decrease of the
secondary electron yield of the inner chamber wall surfaces.
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Running 2E13 with a 1.33sec MI Ramp
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MI Beam power all $2As compared with
$23s (Ml only)
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We can achieve the same beam power running with 20E12 in $2As or 25E12

in $23s!
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Current status and Plans

= We can currently run the Recycler with 22E12 p
every 1.33 sec (300 KW or 270 KW with one slow
spill event).

- 6 Booster batches (no slip stacking)

- Run in this mode a few hours every day. Need to finish
damper commissioning before we can run 100% like

this.
= Increase the beam intensity to 25E12 p delivering
345 KW (beginning of July).
= Plan to reach 450 KW by the end of summer by
using 8 Booster batches (4 slipped stacked plus
4 single).
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Running Recycler and M| with 22E12 and
1.33sec rep. rate.

|£:| Notify: High Energy Physics
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Conclusions

= All Accelerator upgrades (ANU) required for
doubling the beam power are now in place and
are working.

= Recycler is operational and we can achieve
300 KW with half the beam intensity.

= Plan to achieve 450 KW by the end of the
summer.

= Expect to be ready to run at 700 KW when the
Booster RF modifications are complete
(Summer 2015).
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EXTRA SLIDES
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Main Injector High Power Operation (Mixed Mode)

Takes 11 batches from the 8 GeV Booster @ 15 Hz
- 4-5x10'2 protons per Booster batch

- Total cycle time 2 1.4 s + batches/15

£= Fermilab

. Kourbanis- IPAC14 June 2014



Slip Stacking Losses

: 85\/§rall slip stacking efficiency is Beam intensity vs. time
0 N
- Some “unavoidable” losses _nafTypical,.Pbar,& NuMl),..
Lifetime losses S 5t Ellp
Dampers don’t work for 2 RF frequencies ;:% P =
- Other losses = asf Jss
1. Re-captured in an extraction 30 e e K s s 0
Kicker gap e Ecleeys 501 025
2. Drift into an injection kicker gap. 29} i et i ol 1
3. Atre-capture time beam outside 5} B
of the 1 MV bucket is not 105 E
accelerated and lost on St —o.s
momentum aperture R R R T i AR R R R
=  <W/m if distributed frme )
- However, losses 1,2 & 3 are Blue - sum of the injected beam
localised and need to be controlled Green - circulated beam

Red - loss from injection kicker
Magenta - total ring loss
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Loss Reduction
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Main Injector Beam Intensity
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RR 53 MHz Cavities

£, 52.809 MHz
Zo 1020
Vpeak (max) 150 kV
Maximum power 150 kW
Rshunt 75kQ
Q 5800
R/IQ 130
|- te |l Outer conductor ID 32m
lnl il. ' . 'i h { Inne? mnducto? OD 27 m
2. "‘ _; 1. nomunal gap width* 2.9@
5,- | | | o =/ Inner conductor length** 4975 m
\d \ =y : Step up ratio 6

T i i1 17

2Cavities instead of 18; R/Q 13 Ohms instead of 104 Ohms. 72 times less
beam loading!
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MI Injector Power vs. Energy after ANU
Upgrades

MI Power (KW)
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Booster
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Tev Era
Operation: 11
Booster batches
(2 to pbar),
3.5E13, 2.2
second cycle.

NOVA Era
Operation: 12
Booster
Batches, 4.9E13
to target, 1.33
sec cycle.
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First slip stacking in Recycler

REFEAT OW EVYEHWT E1

Beam intensity and RF voltage
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2-D longitudinal picture of all 82 bunches
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Longitudinal tomography

File Conig Help File Options

Reconstuct | MultiBurch Start Datalog Plo: Wg Start ﬁz-éj = r?i—! Per Jow

Event 1| Event 2 Event 3 | evonts Event 1| Evant2 Etent3 | Event 4]

Statistics
E

T = 00408 o, =131ns

=116MeV o, =3.09 MeV

affset

2+ 10

32 Bunches Analysed

RECYLCER
Fyo=0 [G6V] h=58 1 =21838
Iog = 52803170 [HZ] V,_ = 110 [KV]

| Event Occurred, YWaiting on Scape. . j In Loop: ¥aiting on nextevent.. A
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th 1.33 sec rep rate.

Recycler vacuum w
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Ml SEY Measurements

Effect of beam scrubbing on secondary emission yield (SEY)
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Running $23 (Ml only) and $2A (MI+RR)
cycles
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POT/quarter, (x1020)

Booster Proton delivery scenario

3.5
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