
  

EBIS Ions for RHIC Run 12

Setup of Booster and AGS for 
delivery of EBIS U, Au, and Cu to 

RHIC for physics



  

This was a difficult and challenging exercise which 
reached a successful conclusion only because of 
the extraordinary effort and talents of many…

The EBIS folks

The RF group

The Controls group

The Operations Coordinators 
and operators

The Tandem folks
and…



  

Keith Zeno Keith
Zeno Keith Zeno
Keith Zeno Keith
Zeno Keith Zeno

 



  

Review “standard setup” for 
delivery of ions to RHIC…

___________________________



  

Standard setup…

• Transfer 4 Booster loads of 4 bunches to 
AGS per AGS cycle.

• Merge 16 to 8 to 4 bunches in AGS.

• Gives 1 Booster load per RHIC bunch.



  

4 Booster loads per AGS cycle



  

1 of 4 Booster load to AGS



  

Merge 16 bunches into 8



  

Merge 8 to 4

1 Booster load per bunch.



  

RHIC Run 7 Performance

• Our bench mark for several years

• 5.0e9 Au31+ ions per pulse from Tandem

• Booster output/input = 0.80 x 0.70 = 0.56

• (AGS output)/(Booster output) = 0.56

• 0.56 x 0.56 x 5.0e9 = 1.57e9 Au79+ ions 
per bunch at AGS extraction

• (PAC07 pp. 1862-1864)



  

EBIS has replaced Tandem 
as source of ions for RHIC

___________________________



  

EBIS beam in Booster

• 1.3 to 1.6e9 Au32+ ions per EBIS pulse

• (5.0e9 Au31+ ions per Tandem pulse)

• Booster injection efficiency initially 60-70%

• (efficiency up to 80% for Tandem beam)

• Bstr capture and acceleration efficiency for 
EBIS beams somewhat better

• So per bunch intensity for RHIC down by 
factor of 1.6/5.0…



  

The challenge…

• Increase RHIC bunch intensity by a factor 
of 3 to 4

• And keep longitudinal emittance low 
enough for successful RHIC operation

• This was quite worrisome and stressful…



  

Even the Queen was concerned…



  

Things done or considered:

• Booster inflector aperture increased

• Booster “merge and squeeze” scheme 
used for deuterons during RHIC run 8

• Capture half-turn of EBIS beam in Booster 
with barrier bucket

• Debunch and rebunch beam in Booster

• 4 to 1 merge in Bstr; 16 to 8 to 4 in AGS



  

Inflector aperture increased:

• Booster inflector gap was increased from 
17 to 21 mm in Nov-Dec 2011

• Injection efficiency increased from range 
of 60-70% to range of 80-95%

• Booster output/input now up to 77%

• (Had been 56% for Tandem beam 
with 17 mm inflector gap)



  

Merge and squeeze scheme:

• Merge 4 Booster bunches into 2. Squeeze 
into 2 adjacent h=4 buckets.

• Transfer 8 loads of 2 bunches to AGS per 
AGS cycle.

• Merge 16 to 8 to 4 bunches in AGS as 
before.

• Gives 2 Booster loads per RHIC bunch.



  

1 of 8 Booster loads to AGS



  

Merge 16 bunches into 8



  

Merge 8 to 4

2 Booster loads per bunch.



  

Issues…

• Needs 9 Booster cycles (8 plus “dummy”) 
with porch for merge-squeeze

• Perturbs local power grid with undesired 
harmonics. (Worked OK for run 8 deuteron 
cycle but perhaps not for desired run 12 
Au cycle) 

• Maybe not enough time to do a good 
merge and squeeze



  

Brennan and Blaskiewicz propose:

• Inject entire content of EBIS trap into a 
half-turn of Booster

• Hold in place with barrier bucket

• Capture into 2 of the harmonic 4 buckets

• Accelerate and transfer 8 loads of 2 
bunches to AGS 

• Doubles per bunch intensity but keeps 
longitudinal emittance the same



  

1 of 8 Booster loads to AGS

Merge 16 to 8 to 4 as before.
Gives 2 Booster loads per bunch.



  

Half-turn in barrier bucket



  

Captured into two h=4 buckets



  

Here K. Zeno has 
captured beam in the 
barrier bucket. 
The troughs on either 
side of the bunches 
show the location of the 
barriers.
Beam injected on the 
barriers gets a kick and 
bounces back and 
forth.
Note: beam pulse is 
chopped here, so not 
all beam in the trap is 
delivered to Booster



  

Here only the barrier
cavities are excited.
These perturb the 
beam with unwanted 
harmonics.
These could have 
been tuned out, but
more pressing prob-
lems arose…



  

Issues… 

• Hard to empty EBIS trap in just 1 half turn
(EBIS designed for 1 to 4 turn extraction)

• Go to “double pulse” mode with 2 half-turn 
extractions separated by 1 turn

• Get only 70-80% of beam into 2 bunches

• Beam distribution in barrier bucket not 
uniform; spreads out only very slowly. (In 
fact barrier bucket probably not needed.)



  

EBIS double pulse mode

The two half-turn
pulses occur 1 turn
apart and end up
on top of one 
another in Booster. 
Square pulses with
uniform beam 
distribution to be 
bunched would be
ideal. 



  

80% in 2 main buckets

The blue trace shows
the two half-turn 
pulses just before
Injection.
The yellow trace
shows the bunched
beam after some
acceleration. 80% of
the bunched beam is
in the 2 main bunches.
Moreover one gets less
beam from trap than for
long pulse mode.



  

Double pulse and barrier bucket 
scheme exits stage left…

Booster debunch rebunch scheme 
enters stage right…



  

Booster debunch rebunch…

• Inject EBIS beam and capture and 
accelerate to an intermediate porch

• Debunch the 4 bunches and rebunch into 
one large bunch

• Accelerate, and transfer 8 loads of 1 
bunch to AGS

• Merge 8 into 4 bunches on AGS porch 



  

1 of 8 Booster loads to AGS



  

Merge 8 bunches into 4

2 Booster loads per bunch



  

Booster magnetic cycle

Debunch rebunch
takes place on 
the porch.
Cycle length must
be 200 ms or less
in order to avoid 
harmful perturb-
ations of the local
power grid.



  

9 such per supercycle



  

Perturbation of local power grid

K. Zeno had to work
hard to get a cycle
with perturbations of
the grid that stay
below the red line
limit.
The peak at 5 Hz
just misses the red
line.



  

Booster debunch rebunch setup 
used for part of U physics run

Then we switched to 

something better…



  

Booster double merge:

• Inject EBIS beam and capture and 
accelerate to porch as before

• Merge 4 bunches into 2, then the 2 into 1

• Accelerate, and transfer 8 loads of 1 
bunch to AGS

• Find that Booster bunches now fit into 
harmonic 16 buckets in AGS. This makes 
double merge in AGS possible.



  

1 of 8 Booster loads to AGS



  

Merge 8 to 4

2 Booster loads per bunch



  

Merge 4 to 2

4 Booster loads per bunch



  

But, can the AGS merges be 
done with missing bunches?

(Here the Queen enters 

stage right…)



  

A 16 to 8 to 4 merge with missing 
bunches can’t be that difficult…



  

The difficulty was overcome and 
the scheme worked brilliantly 

___________________________



  

Numbers achieved:

• 1.62e9 Au77+ ions per bunch at AGS ext

• 6.50e9 Cu29+ ions per bunch at AGS ext

• 3.8e8 U90+ ions per bunch at AGS ext

• 0.5 to 0.6 eV s per nucleon at AGS ext

• (Careful measurements by K. Zeno)

• These met the needs of the RHIC physics 
program…



  

And the Queen was delighted…



  

Issues…

___________________________



  

“Baby” Bunches
After merging,
the bunches 
need to be
squeezed into
harmonic 12
buckets for 
subsequent
acceleration.
Some 8 to 12%
(sometimes 
more) of the 
beam does not 
fit; these are 
the babies.
 



  

AGS capture loss

Beam is lost as
as harmonic 
12 voltage 
increases and 
the beam begins 
to accelerate.
Most likely 
because long-
itudinal emit-
tance is too big.



  

Another picture: Au Cap loss



  

Booster magnetic cycle

K. Zeno had to 
“tune” many points
on the porch to 
get a flat field.
Can we get better
BMM power supply
regulation on the
porch?
Can we somehow
reduce coupling
to local power grid
so that we can 
have a longer 
porch?



  

Booster merges (why so ugly?)



  

Backup slides…

___________________________



  

Booster merge voltage program



  

AGS merge voltage program



  

K. Zeno’s U, Au, and Cu 
emittance measurements…

___________________________



  



  



  



  

Mountain range pictures 
of merges…

___________________________



  

Booster 4 to 2 merge:



  

Booster 2 to 1 merge:



  

AGS 4 to 2 to 1 merge:



  

Merge simulation pictures…

___________________________
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