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f Fermilab Accelerators
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f MI mixed mode operations

Numi target (MINOS Neutrino experiment)

Pbar target (Anti proton production)

Main Injector

(h=588)

Booster (h=84)

Tevatron

Bucket #

2 + 5 operation

Numi

Pbar Numi

Pbar
11 batches

7 batches

2 + 9 operation
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The Main Injector Today (Mixed Mode)

(Double) Batch 1 (PBar)

Batch 2 (Double)

Batch 3 (Double)

Batch 4 (Double)

Batch 5 (Double)

Batch 6 (Single)

Booster

Main Injector

• Provides high power, 120 GeV proton beam

• Takes 11 batches from the 8 GeV Booster @ 15 Hz

– 4-5 1012 protons per Booster batch

• Total cycle time ≥ 1.4 s + batches/15 

NuMI
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f Evolution of MI Beam Power
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Last Years’
Conditions

Two-batch slip-
stacking in MI

Proton Plan 
(Current 

conditions)

Multi-batch 
slip-stacking in 

MI

NOnA

Multi-batch slip-
stacking in 
Recycler

Booster intensity 
(protons/batch) 4.3-4.5×1012 4.3×1012 4.3×1012

No. Booster batches
7 11 12

MI cycle time (s) 2.4 2.2 1.333
MI intensity (ppp) 3.3×1013 4.5×1013 4.9×1013

To anti-proton 
source (ppp) 8.8×1012 8.2×1012 0

To NuMI (ppp) 2.45×1013 3.7×1013 4.9×1013

NuMI beam power 
(kW) 192 (263) 320 (400) 700

PoT/yr to NuMI 2×1020 3×1020 6×1020
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f MI 400KW Operation

 Since Jan. 08 we have switched to multi-batch slip stacking 
increasing the number of Booster batches in MI to 11.

 We are gradually increasing the beam intensity as we 
addressing the issues with beam loss.

 The allowable 5% loss happens mostly at 8 GeV 
corresponding to an average power loss of 1.5 KW or 0.5 
W/m.

 The beam losses are not evenly distributed but are mostly 
localized and need to be controlled.

 Most of the losses are coming from the slip stacking process
 Injection kicker gap loss

 Un-captured beam loss

 Extraction kicker gap loss
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Recapture with 1MV rf
Slipping with 100kV rf

11 batch Slip stacking
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Frequency B

Frequency A

Intensity

RF voltage

Df = 1425Hz
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Numi (9) Pbar (2)

11msec (1 revolution)

Mountain Range Picture of 11 Batch slip stacking 

Time
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http://www-bd.fnal.gov/cgi-mach/machlog.pl?nb=mi06&action=view&page=-3279&button=yes&invert=no
http://www-bd.fnal.gov/cgi-mach/machlog.pl?nb=mi06&action=view&page=-3279&button=yes&invert=no
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+40MeV

-40MeV

0 588 buckets

Longitudinal simulation for 11 batch slip stacking

Simulation Code 
developed by K. Seiya



f Un-Captured beam Loss 

+200MeV

-800MeV

0

0 588 buckets

After accelerationBefore acceleration

Some of the beam that spilled out during slip stacking is never captured and 
gets lost early during acceleration. This loss is concentrated at the high 
dispersion points and at the injection/extraction magnets (Lambertsons).

MI collimators have being built to address this loss
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MI Collimators
Define momentum 
aperture using primary 
collimator (.25 mm W) 
placed in regular cell with 
normal dispersion.

Capture scattered beam 
in massive (20ton) steel 
blocks to control 
radiation.

Cover aisle side and 
ends with marble.

Add masks for 
out-scatter and tails.
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fMI loss plot and Collimator efficiency

Injection 

Region

Extraction 

to Pbar 

Target
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f Injection Kicker Gap Loss
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During the injections of the 

second group there is beam 

accumulated in the injection 

kicker gap. 

Some of this beam  come 

from the deceleration and 

some from the beating of the 

two rf frequencies.

This loss is localized at the 

injection region.

In order to dress this 

problem gap clearing kickers 

are to be built that will be fired 

before the injection kickers 

and send the beam left in the 

gap in the MI abort.

Gap Clearing 
kicker 
prototype

Beam in 
the 
injection 
kicker 
Gap
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f Extraction kicker gap loss (1)

Wall current 

monitor 

signal @ 

extraction

Some of the spilled beam is captured in buckets between the pbar batch and the the NuMI
group of  batches .This beam gets accelerated to 120 GeV and gets kicked out by the pbar

extraction kicker.

Pbar Batch
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f Extraction kicker gap loss(2) 

588 buckets

With 

Anti-damping

Without 

Anti-damping

The bunch by bunch MI 

transverse damper is used to 

reduce the beam in the  

extraction kicker gap for the 

pbar batch.

The damper is used to anti-damp 

the beam around the pbar batch.

Since the damper is limited in 

voltage the anti-damping is most 

effective at low energies.

We are working to increase the 

damping power  by adding another 

kicker.
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f Properties of the Injected Beam 
Longitudinal phase tomography with measurement results

3.44E12 ppp1.77E12 ppp 2.65E12 ppp

Df: +/-1.47nsec

Dp/p:  +/-6.88MeV 

+/-1.68nsec

+/-7.62MeV

+/-1.78nsec

+/-8.99MeV 

+40MeV

-40MeV

0

0
-9nsecc +9nsecc

The injected beam properties depend on the Booster Beam Intensity
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f Comparison between measurements and Simulation

0

0.5

1

1.5

2

2.5

3

3.5

1.5 10
12

2 10
12

2.5 10
12

3 10
12

3.5 10
12

4 10
12

4.5 10
12

injection kicler loss (simulation)
ramp loss (simulation)
injection kicler loss (measured)
ramp loss (measured)

B
e
a
m

 l
o
s
s
 [
%

]

intensity from Booster  [ppp]

0

0.05

0.1

0.15

0.2

1.5 10
12

2 10
12

2.5 10
12

3 10
12

3.5 10
12

4 10
12

4.5 10
12

ext_kicker_R

ext_kicker_L

B
e

a
m

 l
o

s
s
 [

%
]

Intensity from Booster [ppp]

Injection kicker gap loss & Ramp loss Extraction kicker gap loss

HB2008 – I. Kourbanis 18



f Status of the 400KW Operation

 The MI collimators were installed and have been 
commissioned.

 Since January 08 when we switched to multi-batch 
slip  stacking the MI beam intensity to the NuMI 
target has been increased by 30%. The overall MI  
beam power at 120 GeV has reached 340 KW; 85% 
of the design goal of 400KW.

 We have demonstrated that MI can run at the 
high intensity required for 400KW.

 Currently the injection kicker gap loss prevents us 
from further increasing the beam intensity.

 The gap clearing kickers will be ready for 
installation in MI in April 09.
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f MI Beam Intensity and Power
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Injected 

beam

Kicker 

gap loss

Beam 

Intensity
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f MI Record Intensity
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•4.63E13 Protons to 
MI abort at 120 
GeV.
•92% Efficiency
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f Weekly protons to NuMI Target
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Switched  to 
multi-batch 
slip stacking
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f
MI Downtime
From January1, 2008 to 
June 2, 2008 the total 
MI downtime was 143.6 
Hrs, i.e 3.8% of the total 
time.

The biggest source for 
downtime was the MI RF.

The rf requirements are 
larger because of the 
amount of the beam-
loading compensation 
required during slip 
stacking and the amount 
of beam that is 
accelerated.
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f
 When Collider program concludes, use the Recycler as a proton pre-

injector
 Use the Recycler to accumulate protons from the Booster while MI is accelerating

 Can save 0.4 s for each 6 Booster batches injected

 Recycler momentum aperture is large enough to allow slip-stacking 
operation in Recycler, for up to 12 Booster batches injected
– 6 batches are slipped with respect to the other 6 and, at the time they line 

up, they are extracted to MI in a single turn and there re-captured and 
accelerated

– Main Injector will run at its design acceler-

ation  rate of 240 GeV/s (1.3s cycle time)

(operates at 204 GeV/s presently)

– 4.3 1012 p/batch, 95% slip-stacking 

efficiency

– 4.9×1013 ppp  at 120 GeV every 1.333 s

 700 kW

Future Plans: 700 kW for NOvA
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• Recycler  Ring, RR 
• New injection line into RR
• New extraction line from RR
• New 53 MHz RF system
• New low level RF system

• Main Injector 
• Two additional 53 MHz cavities 

(total 20 instead of 18)
• Quad Power Supply Upgrade

• NuMI
• Change to medium energy  n

beam configuration (new 
target)

• Cooling & power supply 
upgrades

Main 

Injector & 

Recycler

NuMI 

Tunnel

Booster 

Ring

LINACMain Accelerator 
Upgrades 
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f MI Ramp
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f Conclusions

 We have successfully switched to multi-batch slip 
stacking in MI that would allow us to achieve 
400KW beam power at 120 GeV.

 We have already achieved 85% of the design beam 
power and we are addressing the beam loss issues 
that are preventing us from reaching our goal.

 After the end of the Collider run we plan to use 
the Recycler as proton pre-injector allowing us to 
decrease the MI ramp by 40% reaching 700KW of 
beam power.

 Controlling the beam losses and limiting the 
activation of MI will continue to be our largest 
challenge.
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Extra slides
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Min. Bucket Area vs. Acceleration Rate

Current max. 

acceleration rate 

205 GeV/sec

NOvA acceleration 

rate 240 GeV/sec
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MI rf Cavity
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MI Quad Bus Modifications

•During the NOvA ramp we are 

going to exceed the maximum 

available voltage of the defocusing 

(vertical) bus.

•We plan to increase the available 

voltage at  the defocusing bus by 

replacing one of the transformers 

with a higher voltage one and 

modifying the corresponding supply.

•These modifications are similar to 

the ones done recently on the 

focusing quad bus in order to 

accommodate the installation of the 

wide aperture quads.


