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NASA#Space#RadiaVon#Lab#

EBIS#&#RFQ#&#Heavy#Ion#Linac#

Au,#Fe,#He,#U,#etc.#

RelaVvisVc#Heavy#Ion#Collider#

The!EBIS!replaces!the!Tandems!and!needs!to!serve!two!

major!users!simultaneously!

In!addi,on!the!EBIS!must!be!able!to!

diagnose!opera,ng!performance!and!

prepare!for!new!beams,!parasi,cally.!

#
These#consideraVons#lead#to#a#choice#of#
electrostaVc#beam#transport#and#
switching#in#LEBT#and#a#pulsed#HV#EBIS#
pla]orm#
#
#
#



Rhic!EBIS!Facility!!

High!current!EBIS!mul,ply!charge!ion!source!on!pulsed!electrosta,c!plaKorm!

#Ion#injecVon#(primary#mode)#
#Neutral#gas#injecVon#(secondary#mode)#

!

External!Ion!Sources!for!1+!“seed”!ions!

#Laser#Ion#Source#(mostly#solid#targets)#
# #Fast#injecVon#mode#
# #Fast#target#(species)#switching#
#Hollow#Cathode#Ion#Sources##(solids,#gases,#liquids)#
# #Slow#injecVon#(accumulaVon)#mode#

#

RFQ###
#Input#17#keV#Nucleon#
#Output#300#keV/Nucleon#

#
LINAC##

#Output#2#MeV/Nucleon#

#



Project!Goals!ATained!

Provide!a!variety!of!ion!species!in!mul,Umilliampere!pulses!(10#D#40#microseconds)#in#5Hz#pulse#
trains#for#RHIC#injecVon.#(corresponds#to#~3.4#E9#Au32+#ions#per#pulse)#
#
Provide!rapid!switching!of!a!variety!of!species!to!NSRL!

#Preloaded#Laser#Ion#Source#Target#system#
#
Quasi!U!Simultaneous!opera,on!for!RHIC!Injec,on,!NSRL!and!Setup!tuning.!

Switching#between#preloaded#species#requires#1#second#due#to#HEBT#limitaVons#
(up#to#3#different#species#in#5Hz#pulse#trains#have#been#supplied#to#accelerator#during#a#5D7#
second#supercycle)#
#
#



EBIS!beams!run!to!date!

D,##3He2+,##4He1+,2+,##Li3+,##C5+,##O7+,##Ne5+,##Al5+,##Si11+,##Ar11+,#
Ca14+,##Ti18+,#Fe20+,##Cu11+,##Kr18+,#Xe27+,#Ta38+,#Au32+,#Pb34+,#U39+#

1"second"switching"between#species#(2,#or#more),#alternaVng#
<30#second#switching#among#almost#any#10##



Ion#yields#from#EBIS#
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Electron!Beam!Current![A]!

He#

Ne#

Fe#

CuD63#

Au#

#UD238#

Test#EBIS#Ions#

RHICEBIS#Goal#

1.5m#Trap#Max#

1.78m#Trap#Max#

EBIS!source!charge#out#exceeds#the#design#value,#but#the#%#in#desired#charge#state#is#lower#than#
design.##The#result#is#that#the#number+of+ions+in+the+desired+charge+state+is+~+the+design+value.##

DoPed#line#is#100%#
neutralizaVon#of#the#
electron#beam#space#
charge.##Red#line#is#50%#
neutralizaVon#(design#
value)#
#
(Jump#in#capacity#at#
8D10#A#represents#a#
lengthening#of#the#
trap)#
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Measured#EmiPance#for#a#1.7mA#Gold#Beam#

#The#emiPance#of#light#ions#from#EBIS#is#expected#to#be#less#due#to#less#heaVng#
by#the#electron#beam#during#relaVvely#short#confinement#Vmes#necessary#to#
reach#charge#states#of#interest.#
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EmiPance#of#a#1.7#mA#extracted#
beam#from#EBIS,#with#Au#
injecVon:#

  ε (n,#rms)= 0.1 π mm#mrad.#

All#charge#states,#peaked#around#
Au25+.#



EBIS as a RHIC Preinjector

•  EBIS operates 7 days/week, 24 hours/day, for months at a time, 
very often with no operator present.

•  First RHIC run with Uranium collisions
•  First RHIC run with Au-Cu collisions
•  Au - 3He
•  Polarized p - Al   (polarized protons not from EBIS)
•  Goals were achieved for RHIC luminosity and bunch intensity - 

with the addition of bunch merging and higher duty factor EBIS 
operation.

•  No major downtime from the EBIS preinjector
•  Excellent stability



10#

Radial trapping of ions by the space charge of the electron beam. 
Axial trapping by applied electrode electrostatic potentials. 
Ion output per pulse is proportional to the trap length and electron current. 
Ion charge state increases with increasing confinement time. 
Charge per pulse (or electrical current) ~ independent of species or charge state! 

EBIS!principle!of!opera,on!



EDGun#

(10#A)#

Drip#Tube#Structure#
(P=10D10#Torr)#

Electron#
Collector#SuperconducVng#

Solenoid#(5#T)#

EBIS!Source!Assembly!

J.#Alessi# 11#

Parameter! RHIC!EBIS!
!

Max.#electron#current###############Iel=# 10#A#

Electron#energy#########################Eel=# 20#keV#

Electron#density#in#trap############jel=# 575#A/cm2#

Length#of#ion#trap###################ltrap=# 1.5#m#

Ion#trap#capacity######################Qel=# 1.1x1012#

Ion#yield#(charges)##################Qion=# 5.5x1011#(10#A)#

Yield#of#ions#Au32+################NAu
32+=# 3.4x109#



EBIS:!!Accumulator!and!Charge!State!Mul,plier!with!a!

widely!programmable!output!pulse!width!

Typically!opera,on!is!with!ion!injec,on!from!external!sources:!

Fast#injecVon:##Laser#Ion#Source#(LION)#,##~100’s#uA#–#1mA#,##10D200#us#
Slow#injecVon:#HCIS,##1D10’s#uA,##10D40#ms#
(internal#gas#injecVon#can#be#used#in#special#cases)#
#

Widely!variable!EBIS!extrac,on!pulse!width!5uS!to!greater!than!50ms!possible!

#Booster/AGS/Rhic#injecVon#typically##5D40#us###(High#Intensity)#
#

Pure!Beams!(low!contamina,on!by!unwanted!ion!species)!

High#uVlizaVon#of#relaVvely#low#charge#capacity#
Lower#space#charge##beam#transport#to#RFQ#
#

#
#
#

Above:#####Au#TimeDofDFlight#Spectrum##
(Reflex#mode#–#channeltron#EM)#
Max#peak#is#Au32+##
##

Au!!pulse!(all!charge!states)!
With!external!Au1+!ion!injec,on:!

ChC#Magenta3.5mA,#1#mA/div,#10#µs/div#
ChD#Blue:###70nC!,#20uVs/div#
#
Without!external!ion!injec,on!
Ch2#Green:#0.2mA,#1#mA/div,#10#µs/div#
ChB#Red:###1nC#,#10uVs/div#
#

Note#very#low#background#contaminaVon#characterisVc#of#EBIS#



Cu!source!

U!source,!then!Au!

1+!Ions!

!into!EBIS!

EBIS#is#a#“charge#
breeder”#of#the#
injected#1+#ions!

External!1+!ion!produc,on!to!feed!

the!EBIS!trap!

!

Slow#injecVon#(accumulaVon#mode)#
Hollow#cathode#ion#source#

HCIS#



Pepperpot!emiTance!measurements!of!injected!1+!ions!

Emittance at the exit of the LEBT 
chamber, Cu1+, 11 keV, 10 µA. 
 

Aberrations observed when the 
beam fills the quadrupole 
aperture. 

Emittance at the exit of the 
LEBT chamber when the beam is 
collimated between the ion 
source and the first quadrupole.##

Output emittances with collimation are ≤0.02 π mm mrad, norm., rms.!!



INJECTION 

EXTRACTION 

�Fast� 

�Slow� or continuous 

Au1+ 

Au1+ 

Au32+ 

Fast#injecVon#–#close#the#exit#barrier#
to#efficiently#trap#one#“roundDtrip”#
worth#of#1+#ions#(~100D300#µs)#

Slow#injecVon#–#exit#barrier#is#set#
just#below#the#ion#injecVon#
energy,#such#that#if#an#ion#goes#
from#1+#to#2+#before#exiVng,#it#will#
remain#trapped.###
Lower#efficiency,#but#can#inject#for#
10’s#of#ms.#

Fast#–#~30#µA#of#Au1+,#~100#µs#
###>500#µA#of#C1+,#~300#µs#

#
Slow#D#~10#µA#of#either,#but##

#~10#ms#Au1+#to#~60#ms#C1+#



Ion#Elevators:##Pulsed#High#Voltage#Pla]orms#

EBIS BEAM TO RFQ

ION INJECTIONION TRAPPING

PLATFORM BIAS
HIGH VOLTAGE

During injection and confinement 
the RHIC EBIS operates at 
ground potential. 

Just before ion extraction the 
EBIS Platform Voltage is 
applied such that the ions 
are extracted through 100kV 
(nominal) to attain the 
~17keV/amu needed for 
acceleration by the RFQ 

(Pla]orm#pulsing#is#also#useful#for#injecVon#and#TOF#energy#adjustments)#



HV#Pla]orm#Pulsing#for#EBIS#ion#beam#injecVon#into#RFQ#

– 100µs/div#shows#rise#Vme#and#Flat#
Top#(Far#Lep)#
#

– 20ms/div#shows#recovery#to#ground#
between#EBIS#cycles.##(maximum#EBIS#
RepeVVon#frequency#is#5Hz)#

#

80kV!pulsing!of!Test!EBIS!PlaKorm:!

RHIC!EBIS!PlaKorm!pulsed!to!100kV#
(baseline#is#offset#30V#below#screen#lower#limit)##
#
Red#Trace:#Pla]orm#potenVal#(1V=1kV)#
#
Horizontal#scale#is#100µs/div#
#
20100104D04#



Laser#Ion#Source#(LION)#
(M.#Okumura,#T.#Kanesue)#

#•  One#key#factor#in#its#role#as#reliable#injector#for#the#RhicEBIS,#is#that#
LION#is#the#first#operaVonal#Laser#Ion#Source#with#solenoid#
confinement#of#the#ablaVon#plasma.#This#keeps#the#extracted#
current#high#while#allowing#for#a#relaVvely#long#ion#beam#pulse.!

#
#
•  OpVmized#for#1+#ion#producVon#from#solid#targets#
•  Pulse#widths#from#10D200us#(single#laser#pulse)#
•  IntensiVes#~#100#microA#to#several#mA#
•  Excellent#pulse#to#pulse#stability#
•  Fast#switching#between#targets#for#species#change#
•  LION#has#provided#Li,#C,#Al,#Si,#Ca,#Ti,#Fe,#Ta,#Au#
•  High#brightness:#0.043#π#mm#mrad#rms#(Au#120#µA)#
#
Fast#injecVon:#Short,#injecVon#Vme,#high#currents,#relaVvely#effiecient#
barrier#based#capture#allows#EBIS#to#produce#narrow#charge#state#
distribuVon#at#low#confinement#Vme,#e.g.#Al5+#

#



LION!Key!Features:!
•  3#meter#drip#region#with#solenoidal#confinement#of#plasma##
•  2#Lasers#and#2#targets#systems#for#injecVon#into#RhicEBIS#to#permit#quasi6

simultaneous#RHIC#and#NSRL#operaVons.#

19#



Rotary!target!for!RHIC!

250#mm#

Al# Au# Li# Ca# Si# Ti# Fe# C#

XY!target!for!NSRL!

20#

Two#Independent#target#systems#with#two#dedicated#lasers#provide#two#different#
species#of#beams,#almost#simultaneously#and#allow#switching#to#new#beams#within#a#
few#seconds.#

Al#

Au#(O.D.#120#mm)#



RhicEBIS!Charge!Breeding!of!Stable!Isotopes!

Maximize#output#in#single#q/m#species#for#injecVon#into#the#AGS#Booster#ring.#
(Seed#ions#typically#not#rare,#space#charge#transport#at#low#energy#problemaVc)#
#
Avoid#WasVng#Limited#EBIS#Capacity:#
Use#isotopically#pure#or#at#least#enriched#material#when#possible#
#
Proposed#Isotope#SeparaVon#for#external#ion#sources#
#
Proposed#Efficient#Neutral#Gas#injecVon#system#
#
(Breeding#to#closed#shells#is#not#usually#effecVve#in#our#electron#beam#current#and#ion#charge#
state#range)##

##
#



Isotope!Separator!!(possible!near!future!upgrade)!

At#RhicEBIS#we#also#use#wien#filters#
to#separate#beams#of#different#
atomic#species#aper#each#HCIS.##
This#allows#us#to#provide#pulse#to#
pulse#switching#between#working#
gases#such#as#He,#Ne,#Ar,#Kr,#and#Xe#
and#Solid#elements#such#as#Cu,#Fe,#
Pb,#and#Au.###
#
Use#of#a#bending#magnet#aper#one#
of#the#HCIS#would#allow#us#to#
separate#Isotopes#of#1+#ions#of#a#
given#species#such#as#Xe#or#Zr,#
effecVvely#boosVng#the#output#
from#EBIS.#
#
(This#can#work#well#for#slow#mode#
injecVon#in#which#the#EBIS#
accumulates#relaVvely#weak#
beams).#
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ION
ACCELERATION

EXISTING EBIS SC SOLENOID
ION TRAPPING/BREEDING

NEW SC SOLENOID
GAS INJ./HIGH FIELD POLARIZATION

e- GUN TRANSITION

COLLECTOR
TRANSITION

COLLECTOR
SOLENOID

e- GUN SOLENOID

e- GUN

ELECTRON
COLLECTOR

By#introducing#a#separate#“gas#injecVon#
solenoid”#one#could#effecVvely#introduce#a#
high#pressure#gas#injecVon#region#while#sVll#
maintaining#a#very#low#pressure#exisVng#trap#
region#in#which#ionizaVon#to#high#charge#state#
3He2+#would#occur#with#high#efficiency.#
#

3He2+!Polarized!Ion!Produc,on!in!EBIS!–!(proposed)!



High!field!Polariza,on!Concept!and!Tes,ng!

Existing EBIS

Solenoid

New

Magnet

He3 Cell
e- 

Gun

e-

Collector

Ion
Acceleration

Figure 5: Conceptual diagram of EBIS with new magnet module, allowing high field polar-
ization of 3He.

an added NMR measurement to corroborate them. While the optical probe polarimeter is

the measurement of choice at high field for the Paris group, an NMR system will allow both

a double check of our data and the ability to measure the polarization and relaxation of the

gas with the RF discharge o↵.

3 High Field Source Concept and Timeline

With the success of our tests above 1T, we have begun a new design of the polarized source

to include MEOP at high field. The basic concept is shown in figure 5. A new, large

bore solenoid (⇠5T) is added between the electron gun and existing EBIS trap region, and

will allow polarizing inside the bore. Polarized 3He gas is pulsed into the vacuum, ionized

by the electron beam, and transferred/accumulated in the main EBIS trap. To withstand

the mechanical force from the new solenoid nearby, the main solenoid coil will have to be

re-supported internally by the manufacturer.

This new gas feed section should improve EBIS operation with all gases, and for exter-

nally injected beams (solids) there can be increased output from the increased trap length,

assuming the trap can be extended into the new magnet region. We will take advantage

of the existing spare EBIS solenoid, allowing the concept to be tested without interruption

to the operation of the present operational EBIS. Since we already have a spare electron

gun and spare electron collector, we would add the additional necessary components (trap

electrodes, vacuum valves, pumps, transition chambers, etc.) to build a second EBIS, with

some improvements expected in terms of reliability and ease of maintainance. This would

be set up and operated in the Test EBIS area. The new solenoid/polarizing cell could then

be combined with the second EBIS to verify that polarization is preserved, as well as to

verify the performance with other ions. Finally, this entire source could be moved down and

swapped with the present operating EBIS.

5

Conceptual#diagram#of#EBIS#with#new#magnet#
module,#allowing#high#field#polarizaVon#of#3He##
#

Figure 3: Photograph of the polarizing apparatus inside the EBIS spare solenoid. In the
foreground are the pumping laser circular polarization optics, while the probe laser on its
right is incident on the cell and is reflected by a mirror back to a photodiode on the left.

2 High Field Polarization Tests

The possibility of MEOP techniques at high magnetic field was explored by a group at the

Kastler–Brossel Labratory in Paris [3]. Polarizations of 80% were achieved at 1.5T in a 1 torr

sealed cell with 2W of pumping laser power. At it’s face, this result is unintuitive. Zeeman

splitting at high field weakens the coupling between the electronic and nuclear spins, making

the MEOP process less e�cient. However, this decoupling also reduces the main path for

nuclear relaxation. This, along with the separated transitions becoming easier to target

individually by the pumping laser, allows MEOP to remain an e↵ective technique above 1T.

Polarization at high field o↵ers significant benefits to our source design. Were it possible

to perform MEOP inside or directly adjacent to EBIS, no shielding would be required and no

depolarizing gradients would be crossed as the gas is introduced to EBIS. The Kastler–Brossel

result from 2004 gives an impetus to attempt this method, which is however tempered by

a second paper from the same collaboration [4] which reports only around 30% polarization

at 1 torr and 4.7T.

The 5T EBIS spare solenoid was used to provide the magnetic field in a series of tests to

confirm the Paris group’s results and gauge the di�culty at which they might be obtained.

The determination of the gas polarization via the 668 nm discharge light emitted is not

3

J.#Maxwell,#C.#Epstein,#R.#Milner(MIT)#
#
#J.#Alessi,#E.#Beebe,#A.#Pikin,##
J.#RiPer,#and#A.#Zelenski#(BNL)#
####
#



RhicEbis!Axial!Magne,c!Field!with!Iden,cal!main!solenoid!inserted!

(#5T#each,##Warm#Bore#205mm,#L=2300mm##DDDD##shown#with#Gap=46cm)#

Gas!would!be!polarized!in!the!first!superconduc,ng!solenoid!and!injected!into!the!electron!beam!

using!a!simplified.!!The!ions!travel!along!the!beam!to!the!second!solenoid!(exis,ng!EBIS!trap)!as!1+!

ions!using!the!electronic!injec,on!method,!by!suitable!adjustment!of!!drin!tube!voltages.!!
!

Nominal!electron!beam!size!based!on!100A!in!exis,ng!gun!coil:!

5T############1.6#mm##(diameter)#
2T#############2.5#mm#
0.5T #5#mm#
0.4T##########5.4#mm#



Gas!Injec,on!Solenoid!Op,on!for!Polarized!3He!Source!

NEW EBIS FOR 3He

EXISTING SC SOLENOID

Electron#Beam#Launching#and#CollecVon#Modules#would#remain#the#same.#
AddiVon#of#closely#coupled#solenoid#containing#reservoir##vessel#for##
high#field#polarizaVon#of#3He#and#pulsed#gas#valve.#



Extended!EBIS!Design!Concept!

Two#closely#coupled#reinforced#RhicEBIS#solenoids#on#the#same#axis#could#yield##twice#the#charge#
capacity#compared#to#the#present#RhicEBIS.###[!This!would!give!increased!trap!length!without!
requiring!one!very!long!solenoid!as!required!for!the!classical!EBIS!configura,on!]!!
#

The#electron#gun#and#collector#remain#the#same.##[Same!electron!beam!power]#
(Similar#to#doubling#of#length#from#TestEBIS#prototype#to#RHICEBIS)#
#

Upcoming#RHIC#EBIS#development#work##focused#on#increasing#extracted#ion#intensiVes#for#RHIC#
(Au32+,#etc).##Should#be#consistent#polarized#3He2+#capability.#
#

See#for#example:#
“Tandem#EBIS”# A#simple#concept#for#producing#a#longer#EBIS#region#trap#using#exisVng,#loosely#coupled#solenoids:#
HIAT2012#(poster)D#A.#Pikin,#et.#al.#
#

“Intense#Pulsed#Heavy#Ion#Beams#ProducVon#by#EBIS#and#its#Future#Development“#New#concept#for#internal#
polarizaVon#and#3He2+#producVon,#closely#coupled#superconducVng#solenoids,#and#serial/parallel#module#
solenoid#configuraVons#to#provide#intense#beams#and#risk#reducVon#(parallel#configuraVon):#
#ICIS2015#(Invited#Talk)D#E.#Beebe,#et.#al.##



Increased!Repe,,on!Frequency!by!Long!Trap!Par,,oning!at!Moderate!

Current!Densi,es!

High#Capacity#(i.e.,#high#electron#beam#current)#EBIS#sources#using#very#high#electron#
beam#current#density#(~5000#A/cm2)#are#desirable#to#reach#high#charge#states#using##
short#confinement#Vmes.####
#
A!high!current,!moderate!electron!beam!current!density!EBIS!(~500!A/cm2)!using!an!

extended!trap!region!may!provide!some!advantages!for!RIB!facili,es!through!the!use!

of!trap!par,,oning:!

# ##

#ParVVon#ionizaVon#region#into#up#to#four#independent#0.5D0.7m#ion#traps.#
#Independently#trap#and#extract#ions#from#each#trap#

##
For#the#RhicEBIS#immersed#flow#electron#beam#launching#concept#the#relaVvely#large#
beam#diameter#and#high#electron#current#provide#good#acceptance#for#injected#ions#as#
well#as#maintaining#a#low#electron#beam#neutralizaVon#factor.#Narrow,#more#ideal#
extracted#charge#state#distribuVon,#ie.,#bePer#breeding#efficiency.#
##
Ion#producVon#Vmes#are#the#same#but#effecVve#repeVVon#rate#is#mulVplied#by#the#
parVVoning#factor.#



Extended!Trap!Using!Two!Solenoids!with!Par,,ons!

Single#Long#Trap#
#
Double#Trap,##
One#per#solenoid#
#
Four#Traps##
Two#per#solenoid#
#
#
Axial#BDfield##
#
#
Electron#Beam#

Ions#injected#from#the#Lep#as#represented#by#the#blue#arrow.##PotenVals#are#adjusted#
such#that#the#ions#“fly#over”#other#barriers#and#are#captured#in#the#fast#mode#in#
the#trap#of#interest.#
#
Ions#extracted#(red#arrow)#from#each#trap#independently.##Energy#is#determined#by#
local#extracVon#potenVal#&#global#HV#pla]orm#potenVal#



Trap!Manipula,on:!!Ion!Extrac,on!!

111005D01_Au32#xf14_DoublePulsing5D8Behlke#
Green##Channel#1:#xf14#(1.43mA/V)#
#Magenta####Trace#A:#integral#of#1###
#####

#

110210D01_5us#Au32#single#pulse##
#Green##Ch1:#DT5D8#Trigger##
#Red##Ch2:#Bergoz#Toroid[1v=2mA]#
#Magenta####Trace#B:#integral#of#2##[1uVs=2nC]#

#

File#name:#120327D02_Au_xf14_2x#Half#trap#
#Red##Channel#2:#XF14######[1.43mA/V]#
#Blue####Trace#B:#integral#of#ch2#[1.43nC/uVs]#

#

ExtracVon#studies#for#half#turn#(5us)#injecVon#into#the#booster#ring.#
By#using#fast#HV#Behlke#switches#and#RC#networks#to#impose#axial#gradients,#
#the#Au#ions#can#be#extracted#from#EBIS#in:#
(1)  a#single#5us#pulse#from#the#full#trap#
(2)  two#5us#pulses#from#the#full#trap#separated#by#10us#
(3)  two#5us#pulses#from#two#halves#of#the#EBIS#trap##
#
(normal#Au#extracVon#pulse#widths#are#15#–#20#uS)#


