NuMI Primary Proton Beam
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Focus on Stability

NuMI Beam Performance, January 2005-July 2006
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Main Injector & NuM|

| | Main Injector isarapid cycling accelerator at 120 GeV
» from 810120 GeV/cin~15s
up to 6 proton batches (~ 5x10%* p/batch) are
successively injected from Booster into Main
| njector
Main Injector in parallel provides protonsfor the
Collider program (anti-proton stacking )and transfers
g3 tothe Tevatron) and NuM|
total beam intensity ~ 3x10%3 ppp, cyclelength 2's

Mixed mode: NuM|I & Pbar stacking
» two single turn extractions within ~ 1 ms;
= 1 batch to the anti-proton target, 5 batches to NuM|
=Normally the batch extracted to the Pbar target comes from
the merging of two Booster batches (“ dlip-stacking”) (up to 0.8x1013 ppp)
» the default mode of operation is mixed-mode with dlip-stacking
NuMI only
> up to 6 Booster batches extracted to NuMI in ~ 10 us




Extraction from Main Injector
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NuMI Initial Beam Commissioning

*» December 3-4 2004. Commissioning the primary proton beam
» target out, horns OFF
» small number of low intensity (1 batch with 3x10' protons) pulses
car efully planned
» beam extracted out of Main Injector on the 1% pulse
» beam centered on the Hadron Absorber, 725 m away from the target, in
10 pulses
» all instrumentation worked on thefirst pulse

“ January 21-23 2005. Commissioning of the neutrino beam
» target at z=-1 m from nominal = pseudo-medium energy beam, horns ON
» M| operating on adedicated NuM|I cycle, at 1 cycle/minute, with asingle
batch of 2.6x10' protons, few pulsesup to 4x10* protons
» final tuning of the proton line
» neutrino interactions observed in Near Detector
» NuM| project met DoE CD4 goal (project completion)

*» February 18-22 2005. High intensity beam in the NuMI line
» M1 operating on adedicated NuMI cycle in multi-batch mode
> with 6 batches, we achieved a maximum intensity of 2.5x10% p/cycle 6
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Measuring the Beam Intensity

Three sensors are used to measure the NuMI proton intensity:
A DC current transformer (DCCT), which measures the intensity in the MI.
2 toroids (Pearson Current Transformers Model 3100) that measure the

intensity at the beginning (TOR101) and just before the target (TORTGT)

Description Uncertainty
Absolute calibration with a < 1.0%
current source for > 1 E12
Calibration with DCCT -0.6%

TOR101 vs TORTGT difference 0.2%
Stability (compared to DCCT) 0.4%

Sensitivity 0.06 %

Charge leakage 0.5%

Pedestals (TORTGT) ~ —0.0016 E12
Noise (TORGT) ~ 0.008 E12

Total 1.4%



Measuring the Beam Profile

* Foil Secondary Emission Monitors
» Beam profile + halo measurement
¥ Very low mass (5 pm Ti)
¥» Reduced Beam Heating problems

» Tisignal lasts longer in the beam.

Limit Swrtch

Srepper Motor
& Linear Zlide

Beam 4ntercephing
T1 fonls (5em)

Mechanical/'Vacuum System
# “Bayvonet”-style inserfion is compact
¥ Frame is never in the path of beam
#  Insertion accuracy repeatability
¥ Vaoumm ~107¢ Torr on 30 Vs ien pump

10 o Beam Fort




Measuring the Beam Position

Characteristics of NuM|l Beam Posi-

tion Monitors:

® Software algorithm to search

400 ;isec to find the beam.

» NuMl bunches come in 6

batches from booster. Position

is measured batch by batch.

® Linear over 15-20 mm. 50 ;/m

accuracy in pretarget.

® 11 vertical and 13 horizontal

measurements over 360m.




Beam Commissioning &
Start up for Data Taking

NuMI Pratons February 18-22
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Transition to Operations

— Restarted after target  Keysto NuMI Proton beam
checkout in late Aprll Opera[ion —

— Main Control Room — Comprehensive beam permit
Operators take control of system : ~ 250 parameters
running NuMI beam monitored

(12 May) — Open extraction/primary beam

— Initiate NuM| running apertures — capability of
during Recycler shot accepting range of extracted
setup (18 May) beam conditions

— Initiate NuMI running * Superb beam loss contro
during TeV shot setup — Good beam transport stability

(22 June) — Autotune beam position control
e We needed to bea“low « No manual control of NuM|
overhead” beam to beam during operation

Operators to have these

running modes 12



NuMI 120 GeV Primary Beam

o Key specifications are:

— Very low beam loss <1E-5 fractional loss for large regions
of transport. (unshielded intense beam passing thru ground
water reservoir)

— Maintain position on target to 0.25 mm rms & angle to < 60
Lrad.

— Intense 400 kWatt beam (design) => tight control over
residual activation

13



Kicker System Requirements

tightened specs during design process

Early Requirement

Final Requirement

Integrated Field 22KkGem 3.6kGem

(120 GeV protons) (550 prad) (900 prad)

Number of Magnets 2 3

Field Flatness + 1% <+t 1% (Best Effort)
Repeatability + 1% < 1/2% (Best Effort)
(over 8 hours)

Field Rise Time 1.52 ys

Flat top length 9.68 usfor 6 Batches, 8.08 usfor 5 Batches

Magnetic Aperture

1.98 m x 10.7 cm x 5.2 cm (each magnet)

C.Jensen lead enginer

14



Maximal Beam Sizes, 500pi & 4E-3, vs Clearances 1/22/04
15pi beam focus
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High-Intensity: Beam Permit System

Inhibits beam on arapid basis  mmos sa
. PERMIT .
> F'EFEF\E'I; Shhz s i—\‘ i
200 Inputs camac e
Checks that radiation levels have e e
not been exceeded =] | eeam e
— CAMAC
— Prevents beam from being accelerated |
Beamline components — e.g. By .
ENTRY BOX
Mmagnet ramps R o cn
: o PROCESS
— Can prevent acceleration, but also CAMAC e
extraction SRR 64 ch
Beam quality in Main Injector o
— Position, abort gap Ceze0”

CONTROLLER

17



Beam Permit System

Routinely inhibits beam when

components fall outsidetolerancs "Bt ] | | !N ‘” |'|’ Ir| H [|‘| “
Prevents extraction when magnets M ‘ “ M "
are set to correct currents ‘ ‘

Prevents extraction when beamisin @ ‘ | |

the abort gap }

Inhibits beam on unusual behavior

— E.g. orbit movement

5 oomve M[4. ocms A| Ch1 44, gmv|

3 turns of RWM output during
Can allow one bad pulse because of multi-batch running

magnet variation ~ 1%

— May be upgraded 18



Autotune

Automatic program continuously tunes the beamline

— Used for commissioning, but numbers were verified and applied by hand
» Applied to main bends during commissioning, trims during operation

F® NUMI Autotune Client =10 =l

File Edit Serviet Help
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Tuning Matrix (Invertible)

Matrix |

mm/&| HT101 K| HT106K [ HT10F K| HT109K | HT112K] HT114E | HTHSK] HTU7E] HTH9K ]| HT121 K| wTi03k | WT106K [ WTi0gK | WT0K [ ST E | WK [ WTH6E] wTHgk] WT121K
HF104| -0.4158
HF107| 0.4934 | -0.9430
HF109| 02962 | 0.303% | -0.961% | -0.064
HF112| -0.8479 | 07817 | 1.0548 [ -1.0368 | -0.0438
HPF11| 06341 | -1.5000 | 04224 | 13862 -1.0942 | -0.0432
HF115| 05302 -1.0821| 0.1271[ 10203 -0.6398 | -0.1830
HPF117| 0.7786 | -0.G5S7 | -0.8505 | 08610 0.0200 | -0.943% | -0.2064
HF119| 03636 | 0.1173| -0.8961 | 0.1046 | 08008 | -0.7670 | -0.883% | -0.6423 | -0.0H6
HF1Z1| 0.0818 | 06033 | -0.8645 | -0.3867 | 0774 | -060ZF | -0.8160 | -1.0637 | -0.4950 | -0.0205
HPFTGT| -0.0653 | 06856 | -0.6560 | -0.6100 | 07226 | -0.3936 | -06021| -1.0014| -0.6282 [ -0.2253
WP106 0 9635
wP108 02362 [ 09442 | 00036
wF110 09402 | -0.3930 | 09676 | 0.0412
WP -1.0140 | -0.5998 | 1.1080 | 03035 | 00436
WwP113 13561 | 08488 | -1.1027 | 1.0065 | 1.3586
WP116 -0.0520 | 06444 | -0.0936 | 05934 | 08773 | 05104
wP11g -0.9390 | 01368 | 08674 -0.3403 | 055838 | -0.3460 | 06509
WP 06933 [ -0.6204 | 07857 | 03153 | 0.133F | -0.7797 | 0.5784| 06504 00167
WPTGT -0.4545 | -06318 | 08306 | 04656 | 03311 | -0.7479 | 04233 | 07410 02216

Test Invert

Control file is unchanged
Conmit Save to Disk ... Load from Disk ... Cancel
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Particle loss, l{lost)/I{total)

0.1

0.08 |

0.06 |-

0.04 -

0.02 |

Effects of Kicker Strength

" rotation 145/20/0

4 4.5 5
kicker-magnet strength, kG-m

Particlelossthrough lineis
small for many kicker
strengths/displacements

— Position on target
variesinstead
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Measurement of Kicker Stability
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Jan. ‘06 Beam Stability on Target
NuMI Only

Horizontal Batch Position at Target (NuMI-only), Jan '06
£50000

= = Average :mean=0.018 RMS:0.0S

E E
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EEEE Bafch 6’ mean:O.TOSH L =o..o79 ...................... e

Batch position at target (mm)

Vertical Batch Position at Target (NuMI-only), Jan '06

£50000F : 5 : .
E F = Average mearn=0.04 AMS=0.055
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20000
15000
10000;_ ...................................................................................... 3 "SRRI SR SSS——
5000
07

Batch position at target (mm)

Ver

Note expanded scale. Horizontal sees kicker stability effects.

Error on mean batch position < 60 microns for all batches (160 u for batch 1)
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Jan. ‘06 Beam Stability on Target
Mixed Mode

Horizontal Batch Position at Target (NuMI-mixed), Jan '06

£400001

235000

m— Average mean=0.037 AMS5=0.0871

e Batch 1, mean=-0.012 AMS=0.226 ... . .o
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Batch 4, meaﬂ:0.0S?HMS:0.0? .......................... .............................................

Batch 5, mean=0.086 HM_S',:0.0GQ

Batch position at target (mm)

Hor

Vertical Batch Position at Target (NuMI-mixed), Jan '06
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& = Batch 5, mean=0.133 AMS=0.107 : i

Batch position at target (mm)

Ver

Note bimodal effect of Pbar kicker on 13 NuM| batch [Either even or odd #

turns between extractions|. Error on mean batch position increased to 90 L.

(Many batch 1 points > 250 (1 spec.)
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Beam Stability on Target
| nterleaved Mode

Horizontal Batch Position at Target (MuMI-mixed.inthvd), Jan 06 Horizontal Batch Position at Target (MuMI-mixed.intlvd), Nov '05
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Some worsening of momentum difference between extraction modes.
Are preparing separate Autotune corrector files for each.
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Average losses/spill Rads/s

Jan '06 Average per Pulse
Primary Beam Loss— NuMI Only

Average losses along NuMI| beamline in NuMI-only mode, Jan '06
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Jan '06 Average per Pulse
Primary Beam Loss — Mixed Mode

Average losses along NuMI| beamline in NuMI-mixed mode, Jan '06

0 —
% — L osses from individual BL. Ms
o - Losses from TLM in NuMi Stub
= 19 Losses from TLM inn NuMi Upper Hobbit
‘% — Losses from TLM in NuMi Lower Hobbit
4 ~ Losses from TLM in NuMl Pre-Target
i
2 10?=
] —
m —
E —
i L
-
109 E-

0 200 800 10040 1200
Distance from Q608 in feet

Significant improvements in earlier loss from Pbar dlip stacked batch

~oE-6

loss
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Beam Widths with Intensity

NuMI final beam profiles versus average batch intensity

Beam RMS as measured in pretarget (mm)
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Events/Day/10'* POT

Events/Day/10"° POT

Datez Made on FPlot

Normalized Neutrino Ratesvs Time
Near Detector
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Near Detector
CC Energy Spectra: Batch 1 vs Other Batches
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NuM| Beam History

Protons, Beam Power, Intensity

NuMI| Beam Performance, January 2005-July 2006
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Summary

Primary proton line has been operating reliably since startup
Well verified optical model

Autotune keeps beam on target even with perturbations

— Prerequisites are the optical model and beam permit

Perturbations come from kicker systems

— No losses, but beam position at target varies

L osses come wholly from large amplitude beam generated
through dlip-stacking
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