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Hadron-based user and research facilities:
Linac Isotope Production (BLIP) / Medical Isotope Research and Production Program (MIRP)
NASA Space Radiation Laboratory (NSRL)
Tandem van de Graaff accelerators 
Relativistic Heavy Ion Collider (RHIC)

Overview of the BNL Hadron Complex

BLIP

NSRL

Tandem Van de Graaff

H- jet
12:00 o’clock



Hadron Preinjector at BNL

Linac (1970) EBIS injector (2010) Tandem (1970)
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Electron Beam Ion Source (EBIS) of multiple
charged Heavy ions at RHIC

Ion: H-, H-^ H-U H-U
E: 10 -200 MeV 2 MeV/u 14 MV(1+q)
Iave : 200uA, ~150 nA ~10 uA
RR: 10 Hz 5 Hz dc/pulsed 
User:      BLIP, NSRL, NSRL, RHIC SEU, NSRL

RHIC RHIC, 

Can serve all the users simultaneously 



Motivation

• Increase proton energies to 600 MeV or higher
• Allow for more spallation target irradiations
•Higher energy allow more fast neutrons for radiation 
damage studies.

• Light Ion linac energies up to  60 MeV/u
• To reach the energies and current of light ions which 

are not available elsewhere  for a variety of 
applications 

• Nuclear reaction  cross section measurements 
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Requirements  

Proton:          
Energy 600 MeV
Av. Beam Current 200 𝛍A
Beam Power 120 kW

Ion:
m/q          <2.3 
Energy 60 MeV/u
Av. Beam Current 200 𝛍A
Beam Power 84 kW
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Protons 
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Options for Proton and Ions

 



Options for Protons (Cont. ) 
• Green field 600 MeV SC cw/pulse Linac: Too costly 
• Addon 400 MeV SC linac: Will not fit in the existing 

tunnels (currently idle), need new tunnel
• Replace 5 or 4 tanks of DTL: Interrupt  many programs 
• A 400 MeV CCL in existing tunnel to add on 200 MeV 

Linac leaving room for expansion
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REF Tunnel



BNL 200 MeV LINAC Beam Parameters

Ion                                              H-

Frequency 201.25 MHz
Injection Energy 0.750 MeV
Final Energy* 10-200 MeV
Peak Current 60 mA/ ~ 1.5 mA P^ (~85%)
Pulse Length 575 µs
Repetition Rate 6.67-10 Hz
Number of Tank 9
Length 144.8 m
Total Peak RF Power 22 MW

*Energy can be  changed pulse to pulse

Build in 1970

In 1970



Yearly Ave. Current and Beam Power, Availability and 
Residual Radiation 
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Two High Intensity Sources 

Magnetron Source 1

H- pulse at 200 MeV

RFQ
Polarized source OPPIS 

Magnetron H- Source 
• Peak current 135 mA
• Pulse Length 1.1  ms
• Extraction 35 kV

OPPIS
Peak current      1.5 mA
Pulse Length      500 𝜇s
Polarization.       ~85%

Magnetron Source 2



Linac Intensity Upgrade Phase II   

Upgrade all hardware and controls to allow operation with 
2x pulse length (increase from 450 to 900 µs); peak current and repetition rate 
unchanged

Project goal: increase average current to Iavg = 250 µA 
(with potential for larger increase)

Upgrades to
1. RF system
2. Controls
3. Instrumentation
4. Pulsed quadrupoles PS
Two prototypes' PS tested

5. Tanks #5 and #7 were 
tested with 1.1 ms RF 

beam current

900 ms

time
450 ms0

55 mA

6.67-10 Hz repetition rate

Shovel Ready



Proposed CCL

! 200 MeV: b=0.5662, g=1.213, bg=0.687
! 600 MeV: b=0.7944, g=1.6395, bg=1.2992
! Emax = 0.8 Kilpatrick  (Emax= 1.4 Kilpatrick*)
! 8 CCL Module (12 MW each) 
! 4-8 section per module ( 3-7 Bridge couplers ; 3/2 bl)
! 16 cells per section 
! Total number of cell 48*16=768  
! Two 16 cell buncher (200kW each)
! Total Length with Transition 120 meters 
! 90 meter of tunnel length for future upgrade 
* Fermilab CCL, Nose  not water cooled



CCL Comparison

BNL LAMPF FERMI SNS BNLII
Structure DTL CCL CCL CCL CCL
Freq. 201.25 805 805 805 805
E in (MeV) 0.75 100 116 86.8 200.4
E out (MeV) 200.4 800 400 185.6 608
E0T (MV/m) 1.4-1.0 1.4-1.3 6.8-6.1 2.1-2.0 4.4*
Length (m) 145 731 64 55.1 ~121
Pulse Len (µs) 500 1000 60 1000 1000
Spark Rate <0.1%
DE (RS) (MeV/m) 1.37 0.96 4.4 1.8 3.4

* 0.8 Kilpatrick



Tank 9 to RFF,  TRACE3D

 50.000 mm   X       5.000 mrad                                                                     

 50.000 Deg   X    1500.00 keV                                                                      

 50.000 mm   X       5.000 mrad      

 50.000 Deg   X    1500.00 keV       
NP2=   99    

  50.00 mm (Horiz)      60.0 Deg (Long.)

  50.00 mm (Vert)

NP1=   32                                                                                           

   5.00 mm (Centroid)                                                                               

  −5.00 mm (Centroid)                                                                               
Length= 45372.24mm       
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H A=  1.1300       B=  4.1223                                                                       
V A=−0.41000       B=  2.4256                                                                       

Z A=−0.25000       B= 7.18800E−02                                                                   

BEAM AT NEL1=   32                                                                                  
H A=−0.24248       B= 0.94408       
V A=  8.4869       B=  22.876       

Z A= 3.80137E−03   B= 1.21656E−02   

BEAM AT NEL2=   99             I=   200.0mA                                                                       
W= 198.4380  199.2212 MeV                                                                 

FREQ= 805.00MHz   WL= 372.41mm                                                               
EMITI=  24.000   24.000  9600.00                                                              
EMITO=  22.701   23.948 10784.44                                                              

 N1=   32   N2=   99                                                                  
  PRINTOUT VALUES
 PP PE       VALUE
 1   5   335.48300                                                                     
 1   9     1.19400                                                                     
 1  16    16.19156                                                                     
 1  18   337.26900                                                                     
 1  28   338.86800                                                                     
 1  32     0.00000                                                                     
 1  43     0.00000                                                                     
 1  47     1.46819                                                                     
 1  51   101.60000                                                                     
 1  54    11.25000                                                                     
MATCHING TYPE =  9                                                                     

DESIRED VALUES (BEAMF)
      alpha     beta  
x    −0.0062    1.5154                                                                   
y    −0.0674    8.1855                                                                   
z    −0.0306    0.0116                                                                   
MATCH VARIABLES (NC=6)                                                                   
MPP MPE       VALUE
 1   95    −3.37066                                                                    
 1   93     6.18235                                                                    
 1   89    −1.69948                                                                    
 1   81     0.56709                                                                    
 1   75     0.61353                                                                    
 1   91     1.36209                                                                    

CODE: TRACE3D v67LY                                                                   
FILE: ref_cclMv2.t3d                                                                  
DATE: 03/11/2021                                                                      
TIME: 09:32:03                                                                        

Tank 9

REF

TRACE3D SIMULATIONS 
BLIP



REF To BNTF Tunnel
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• Length between wo 30-degress bend 29 m
• Six 90-degrees  FODO cells, canceling dispersion
• Maximum beam size 15 mm. aperture 30 mm
• In dipole Lorenz stripping looses < 1e-10
• 10 accelerating section in  two module

REF

NBTF



 50.000 mm   X      10.000 mrad                                                                     

 50.000 Deg   X    2000.00 keV                                                                      

 50.000 mm   X      10.000 mrad      

 50.000 Deg   X    2000.00 keV       
NP2=  199    

  20.00 mm (Horiz)      15.0 Deg (Long.)

  20.00 mm (Vert)

NP1=    1                                                                                           

Length=121328.12mm       
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H A=−5.85000E−03   B=  1.4532                                                                       
V A=−6.57800E−02   B=  7.9647                                                                       

Z A=−3.11600E−02   B= 1.21400E−02                                                                   

BEAM AT NEL1=    1                                                                                  
H A=  1.8689       B=  9.1528       
V A=−0.83577       B=  3.8284       

Z A= 2.21922E−02   B= 4.90447E−03   

BEAM AT NEL2=  199             I=   150.0mA                                                                       
W= 200.4000  608.0830 MeV                                                                 

FREQ= 805.00MHz   WL= 372.41mm                                                               
EMITI=  18.000   18.000  4000.00                                                              
EMITO=   9.448    9.448  4000.00                                                              

 N1=    1   N2=  199                                                                  
  PRINTOUT VALUES
 PP PE       VALUE
MATCHING TYPE =  4                                                                     

MATCHED  BEAM  DESIRED
   (match to BEAMI)   
      Alpha     Beta  
x    −0.0059    1.4532                                                                   
y    −0.0658    7.9647                                                                   
z    −0.0312    0.0121                                                                   

CODE: TRACE3D v67LY                                                                   
FILE: blip_ccl_s_600mev.in                                                            
DATE: 03/05/2021                                                                      
TIME: 13:34:28                                                                        

TRACE3D simulation  200 to 600 MeV 

 50.000 mm   X      10.000 mrad                                                                     

 50.000 Deg   X    2000.00 keV                                                                      

 50.000 mm   X      10.000 mrad      

 50.000 Deg   X    2000.00 keV       
NP2=  194    

  15.00 mm (Horiz)      15.0 Deg (Long.)

  15.00 mm (Vert)

NP1=    1                                                                                           

Length=118520.86mm       
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H A=−0.72062       B=  1.4535                                                                       
V A=  2.2963       B=  5.8770                                                                       

Z A=−3.11600E−02   B= 1.21400E−02                                                                   

BEAM AT NEL1=    3                                                                                  
H A=−0.75428       B=  3.2219       
V A=  1.6612       B=  7.9047       

Z A=  81.086       B=  28.553       

BEAM AT NEL2=  194             I=   150.0mA                                                                       
W= 200.4000  200.4000 MeV                                                                 

FREQ= 805.00MHz   WL= 372.41mm                                                               
EMITI=  18.000   18.000  4000.00                                                              
EMITO=  18.000   18.000  4000.00                                                              

 N1=    3   N2=  194                                                                  
  PRINTOUT VALUES
 PP PE       VALUE
MATCHING TYPE =  1                                                                     

MATCHED  BEAM  DESIRED
   (match to BEAMI)   
      Alpha     Beta  
x    −0.7206    1.4535                                                                   
y     2.2963    5.8770                                                                   

CODE: TRACE3D v67LY                                                                   
FILE: blip_ccl_s_200mev.in                                                            
DATE: 03/05/2021                                                                      
TIME: 13:44:27                                                                        

Accelerated to 600 MeV 

200 MeV  beam drifting through CCL 



BLIP CCL  : |FEB 2021| BLIP2 | BNL|                                             
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CCLDYN simulations , 10k particle, no losses , less than 10% emittance growth 

 input phase-space projections at tank   1 npstart =  10000                     
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Light Ion Linac 
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Light Ion Linac
Options
• Room temperature , Superconducting  , or combinations

- Wide range of experience with RT RFQ and IH  up to  several MeV/u
- Higher energy,  superconducting linac 
- Transition energy RT  to  SC (depends on peak current, Space charge)

• Pulse or CW 
- Limited experience with RT CW operation 

• Higher current ion source for light ions (Laser, EBIS, ECR)

What is riskier, high peak current  IS (Li)  or CW RFQ (RT) ?

21



Proposed Design for Light Ion Linac

22

ECR (Li)

ECR (H,D)

Switcher RFQ (162.5 MHz) IH (162.5 MHz) HWR HWR HWR HWR

162.5 MHz bG 0.25 

20 keV/u

1000 keV/u, 2.83m 11 MeV/u, 8. m 60 MeV/u

ECR (He)

Peak beam current  2 mA
Beam pulse length   1 ms
Repetition rate          100 Hz

45∘

-45∘

22.5∘



Ion Sources and LEBT (20 keV/u)

ECR  sources could be used for the light ions 

23

IONS source Frequency current Emittance

H, D ECR 2.5 GHz 2 mA <1 pi mm mr

He, Li ECR 14-18 GHz 2 mA <1 pi mm mr

LEBT
-Magnetic switchyard to inject the 
beam from either source into the RFQ.
-To provide mass to charge separation 
big angles (-45⁰, +22.5⁰, and +45⁰) to 
RFQ
- Adjustable water-cooled slits all three 
lines expected total power several 
hundred Watts

Li oven and ECRIS



RFQ: 1 MeV/u
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Parameters

ions <2.3 M/Q

Frequency 162.5 MHz

Ein 20 keV/u

Eout 1000 keV/u

Length 2.82 m

Ave. Radius 5.6 mm

Vane Voltage 90 kV

power ~ 180 kW

Transmission 98 %

current 5 mA

emittance 0.7 𝚷 mm mr

RFQ parameters 

PARMTEQM simulation for Li+++



RFQs
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Chapter 6: Accelerator Systems 6–114

RF design issues [92] include mode stabilization, field flatness, radial matching, and entrance and
exit terminations. Table 6.3 summarizes the RF and thermal design requirements.

Table 6.3: RFQ RF and thermal design requirements and measured values at PIP2IT.
Parameter Calculated Measured
Center frequency, MHz 162.493 162.445
Frequency of the dipole mode, MHz 181.99 180.52
Q0 factor 14660 13000
Total power loss at 60 kV, kW 74.6 90
Vane cooling resonant frequency parameter, kHz/¶C -16.7 -16.4
Wall cooling resonant frequency parameter, kHz/¶C 13.5 13.9

The PIP-II RFQ was constructed and built by LBNL [97], based on the design experience accumu-
lated by the LBNL team on other projects, in particular, the design, fabrication and commissioning
of the SNS RFQ [98].

The RFQ is a 4.45 meter-long, four-vane copper structure consisting of four longitudinal modules.
The nominal vane-to-vane voltage is 60 kV. A series of 32 water-cooled pi-mode rods provide
transverse quadrupole mode stabilization, and a set of 80, evenly spaced, fixed slug tuners are
used for final frequency adjustment and for local field perturbation corrections [99]. The RFQ was
delivered to Fermilab in 2015 and has been commissioned and operated in PIP2IT, proving that it
can operate at full CW power and can accelerate pulsed beam with 98±2% e�ciency. Figure 6.7
shows the RFQ installed in the PIP2IT enclosure.

Figure 6.7: Installed and operational RFQ at PIP2IT. Input RF coupler indicated.

RF matching into the RFQ cavity is performed with two 162.5 MHz input couplers designed and

Proton Improvement Plan-II PIP-II Final Design Report

BNL Polarized RFQ 200 MHz
750 keV

BNL  EBIS RFQ 100 MHz, 300 keV/u, M/Q ~ 6 

BNL high intensity RFQ 200 MHz
750 keV PIP IT RFQ 162.5 MHz, 2.1 MeV 



IH Linac: 11 MeV/u
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Paramweter Values Units

Ions <2.3 M/Q

Ein 1 MeV/u

Eout 10.8 MeV/u

Section 2

# of Gap 63

Length 7.8 m

Power ~1.5 MW

Transmission 100 %

Emittance 0.9 𝚷 mm mr



IH Linac at BNL
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Options for IH Structure

15
B. Mustapha                                                                        JLEIC Ion Injector Linac Design                                EIC Collaboration Meeting, BNL, Oct. 10-12th, 2017B. Mustapha                                                                        JLEIC Ion Injector Linac Design           EIC Collaboration Meeting, BNL, Oct. 10-12th, 2017

IH-FODO with EMQs

¾ IH-DTL with FODO: Larger acceptance for polarized light ions

DTL with RF Quad focusingIH-DTL with Triplets

BNL 
EBIS 
Injector

• Most efficient
• Small acceptance

• Largest acceptance
• Less efficient

• Large acceptance
• Good efficiency

IH Linac RFQ
BNL EBIS IH Linac 

Ion D-U

Q/M .16-0.5
Energy 2 MeV/u
Current 1.5 emA

Pulse Length
Rep. Rate

10 µs
5 Hz

Emittance 0.7 p mm rad (nor, 90%)

Energy 
Spread

1.8 keV/amu

BNL EBIS Preinjector



SC Sections

Parameters Value

E in 10.8 MeV/u

E Out 60 MeV/u

Cryomodule 4

Cavity /(CM) 6

Solenoid/(CM) 3

Cavity type HWR

𝛃G 0.25

Eacc 10.5MV/m

Length 25 m

28

Input Phase Spaces X, Y profiles

𝚫E and 𝚽 Profiles

Output Phase Spaces

TraceWin Simulation 



HWR Cavity 
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Parameter HWR UNITS
Frequency 162.5 MHz
bG 0.25
Length    bl 0.46155 m
Eacc 14.8 MV/m
Phase -20 deg
EPeak 68 MV/m
BPeak 72.5 mT
Epeak/Eacc 4.9
Bpeak/Eacc 6.9
R/Q 256 Ohm

Ohm
# of cavities 24

PIP II 162.5 MHz HWR

HWR Design 



Cryomodule
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2K 4.5K 30-50K LN2
Shield

W W W W
SRF modules 200 230 750
Cryo-Distribution 50 50 1000
Total 200 280 800 1000

Cryogenic Load Requirements 



Summary

• Protons
• Protons  200 to 600 MeV, max beam power 120 kW
• Will use existing linac as injector, 
• Based on Fermilab CCL design at lower Kilpatrick 
• Use existing tunnel, new RF gallery 
• A 90 m tunnel available for future upgrades 
• Since linac can change user 100 ms , will satisfy existing user ( RHIC, NSTL, 

BLIP) 
• Light ions
• Light ions 60 MeV/u (m/q ~ 2.3), max beam power 84 kW
• Use existing technologies 
• New tunnel and RF gallery
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