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RESULTS

Impact:

« 10% savings in beam time needed for beam
development and delivery
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RESULTS

Impact:

« 10% savings in beam time needed for beam
development and delivery

« Better control of energy of our settings
« Better understanding of error on our previous calibration
« Ability to correct energy quoted for past settings
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MOTIVATION

Better knowledge of momentum distributions
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MOTIVATION

Better knowledge of momentum distributions

Gas cell operation: f
Good choice of upstream degrader thicknesses g5ty
avoids bad choices for beam delivery: =4
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MOTIVATION

Better knowledge of momentum distributions

Gas cell operation: |
Good choice of upstream degrader thicknesses
avoids bad choices for beam delivery:
* Running with a sub-optimal setting
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MOTIVATION

Better knowledge of momentum distributions

Gas cell operation:
Good choice of upstream degrader thicknesses
avoids bad choices for beam delivery:

* Running with a sub-optimal setting
« Lost time from setting re-optimization or material reinstallation
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MOTIVATION

Better knowledge of momentum distributions

Gas cell operation:
Good choice of upstream degrader thicknesses §
avoids bad choices for beam delivery:

* Running with a sub-optimal setting
« Lost time from setting re-optimization or material reinstallation
« Contamination of gas cell from material reinstallation
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MOTIVATION

Better knowledge of momentum distributions

Gas cell operation:
Good choice of upstream degrader thicknesses
avoids bad choices for beam delivery:

* Running with a sub-optimal setting
« Lost time from setting re-optimization or material reinstallation
« Contamination of gas cell from material reinstallation

The question about beam energy is now no
longer a dynamic in gas cell operation
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WHY USE BEAM?

T.N. Ginter et al., Nucl. Instr. Meth. B 376 (2016) 131
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WHY BEAM? Dipole effective length varies
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WHY BEAM? Dipole effective length varies

Dipole bending radius: p

momentum = ¢ ° rigidity = g Bp
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WHY BEAM? Dipole effective length varies

]
Dipole bending radius: p(B) 4+ Not Constant:

momentum = g e rigidity = q Bp(B)
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WHY BEAM? Dipole effective length varies

Dipole bending radius: p(B)

momentum = g e rigidity = q Bp(B)
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WHY BEAM? Dipole effective length varies

Dipole bending radius: p(B)

momentum = g e rigidity = q Bp(B)
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WHY BEAM? Modeling not feasible

Dipoles must be mapped
In sufficient detalil

: : Projectile Fragment
U.S. Department of Energy Office of Science Momentum Calibration ’
. . : Experts’ Workshop
&w National Science Foundation of the A1900 ;
‘ Michigan State University T. N. Ginter Grand RapIdS, Mi
NSCL FRIB S August 30, 2016

Z{OR




WHY BEAM? Modeling not feasible

Dipoles must be mapped
In sufficient detalil

Projectile Fragment

‘: U.S. Department of Energy Office of Science Momentum Calibration Experts’ Workshop
&d National Science Foundation of the A1900 ‘
Michigan State University T. N. Ginter Grand RapIdS, M

NSCL FRIB August 30, 2016



WHY BEAM? Modeling not feasible

Dipoles must be mapped
In sufficient detalil

Projectile Fragment

F a U.S. Department of Energy Office of Science Momentum Calibration Experts’ Workshop
@ &@ National Science Foundation of the A1900 .
Michigan State University T N Ginter Grand Rapids, Ml

August 30, 2016




WHY BEAM? Modeling not feasible

Need to know alignment ery well
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WHY BEAM? Modeling not feasible

2= Dipoles must be mapped
4 in sufficient detall
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WHY BEAM? Modeling not feasible

= Dipoles must be mapped
4 In sufficient detall

Simulations must accurately
model all interaction in system
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WHY BEAM? Modeling not feasible

= Dipoles must be mapped
4 In sufficient detall

A1900 sextupoles _ | .
Simulations must accurately

model all interaction in system

steer beam!

[M. Portillo et al., Nucl. Instr.
Meth. B 317 (2013) 271]
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WHY BEAM? Modeling not feasible

= Dipoles must be mapped
4 In sufficient detall

Need to know alignment ery well

g
A1900 sextupoles | | P
steer beam! Simulations must accurately
model all interaction in system

[M. Portillo et al., Nucl. Instr.
Meth. B 317 (2013) 271]

Must account for external
operating conditions
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WHY BEAM? Modeling not feasible
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Must account for external
operating conditions

U.S. Department of Energy Office of Science

@ s
@ &@ National Science Foundation

NGCl. FRIB Michigan State University

v

Momentum Calibration

Projectile Fragment
Experts’ Workshop
O_If_ taeé_l?oo Grand Rapids, Ml

- N.Ginter August 30, 2016



WHY BEAM? Modeling not feasible

K500
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Must account for external
operating conditions
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WHY BEAM? Modeling not feasible

= Dipoles must be mapped
4 In sufficient detall

A1900 sextupoles _ | P
Simulations must accurately

model all interaction in system

[M. Portillo et al., Nucl. Instr.
Meth. B 317 (2013) 271] O

& K500
Must account for external
operating conditions

steer beam!
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WHY BEAM? Beam Is best

I’'m not saying that an adequate simulation of the dipole
rho’s can’t be done, but it is a very difficult challenge
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WHY BEAM? Beam Is best

I’'m not saying that an adequate simulation of the dipole

rho’s can’t be done, but it is a very difficult challenge

/ < Simulate this
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WHY BEAM? Beam Is best

I’'m not saying that an adequate simulation of the dipole
rho’s can’t be done, but it is a very difficult challenge

——

=

|

\ < Simulate this

Plus an empirical approach takes care of everything:
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WHY BEAM? Beam Is best

~ ‘hedipole

I’'m not saying o e
SRS e lenge

rho’s can't be =

Plus an empi

... warts and all
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WHY BEAM? Beam Is best

... warts and all ... even the kitchen sink!
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WHY BEAM? Beam Is best

I’'m not saying that an adequate simulation of the dipole
rho’s can’t be done, but |t Is a very difficult challenge
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HOW WE DID IT

T.N. Ginter et al., Nucl. Instr. Meth. B 376 (2016) 131
T.N. Ginter et al., submitted to Nucl. Instr. Meth. A
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HOwW? Map dipole p vs. rigidity

Use calibrated beam probes to map the dipole rho as a function of rigidity
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HOwW? Map dipole p vs. rigidity

Use calibrated beam probes to map the dipole rho as a function of rigidity

[ o = [beam rigidity]/[magnetic field needed to center] ]
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HOwW? Map dipole p vs. rigidity

Use calibrated beam probes to map the dipole rho as a function of rigidity

[ o = [beam rigidity]/[magnetic field needed to center] ]

Steps
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HOwW? Map dipole p vs. rigidity

Use calibrated beam probes to map the dipole rho as a function of rigidity

[ o = [beam rigidity]/[magnetic field needed to center] ]

Steps

 Center beam at the entrance
to a section of the A1900
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HOwW? Map dipole p vs. rigidity

Use calibrated beam probes to map the dipole rho as a function of rigidity

[ o = [beam rigidity]/[magnetic field needed to center] ]

Steps

 Center beam at the entrance
to a section of the A1900

« Adjust dipole to find field B
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HOwW? Map dipole p vs. rigidity

Use calibrated beam probes to map the dipole rho as a function of rigidity

[ o = [beam rigidity]/[magnetic field needed to center] ]

Steps

 Center beam at the entrance
to a section of the A1900

« Adjust dipole to find field B to
center beam at exit
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HOwW? Map dipole p vs. rigidity

Use calibrated beam probes to map the dipole rho as a function of rigidity

[ o = [beam rigidity]/[magnetic field needed to center] }

Steps

 Center beam at the entrance
to a section of the A1900

« Adjust dipole to find field B to
center beam at exit

Note:
 p maps then used to calculate B for a particular rigidity setting
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HOwW? Map dipole p vs. rigidity

Use calibrated beam probes to map the dipole rho as a function of rigidity

[ o = [beam rigidity]/[magnetic field needed to center] }

Steps

 Center beam at the entrance
to a section of the A1900

« Adjust dipole to find field B to
center beam at exit

Note:
 p maps then used to calculate B for a particular rigidity setting

» Calibration applies directly to how we develop secondary beams
because we use same reference positions for calibrations and beam
development
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HOW? Beam probes and conditioning

Stable beams from cyclotrons
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HOW? Beam probes and conditioning

Stable beams from cyclotrons
» Avallable rigidities: 3.5-4.5Tm
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HOW? Beam probes and conditioning

Stable beams from cyclotrons
» Avallable rigidities: 3.5-4.5Tm
* QOperational range of A1900: 1 -6 Tm
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HOW? Beam probes and conditioning

Stable beams from cyclotrons
« Available rigidities: 3.5-4.5Tm
* QOperational range of A1900: 1 -6 Tm
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HOW? Beam probes and conditioning

Stable beams from cyclotrons
« Available rigidities: 3.5-4.5Tm
* QOperational range of A1900: 1 -6 Tm

Ta rget

Stable BEGT
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HOW? Beam probes and conditioning

Stable beams from cyclotrons
« Available rigidities: 3.5-4.5Tm
* QOperational range of A1900: 1 -6 Tm
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HOW? Beam probes and conditioning

Stable beams from cyclotrons
« Available rigidities: 3.5-4.5Tm
* QOperational range of A1900: 1 -6 Tm
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HOW? Beam probes and conditioning

Stable beams from cyclotrons
« Available rigidities: 3.5-4.5Tm
* QOperational range of A1900: 1 -6 Tm
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HOwW? Determination of beam rigidity

Projectile Fragment

a U.S. Department of Energy Office of Science Momentum Calibration ]
@ ‘@ National Science Foundation of the A1900 Experts WorkShop
N Michigan State University SR Grand Rapids, Ml
NSCL FRIB S August 30, 2016



HOwW? Determination of beam rigidity

Beam rigidity not known
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HOwW? Determination of beam rigidity

Beam rigidity not known
* Unclear how well cyclotron energy is known
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HOwW? Determination of beam rigidity

Beam rigidity not known
* Unclear how well cyclotron energy is known

« Use of degraders adds uncertainty from the knowledge
of their thickness

Projectile Fragment
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HOwW? Determination of beam rigidity

Beam rigidity not known
* Unclear how well cyclotron energy is known

« Use of degraders adds uncertainty from the knowledge
of their thicknesses

[Find beam rigidity from beam particle Time-Of-Flight (TOF)]
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HOwW? Determination of beam rigidity

Beam rigidity not known
* Unclear how well cyclotron energy is known

« Use of degraders adds uncertainty from the knowledge
of their thicknesses

[Find beam rigidity from beam particle Time-Of-Flight (TOF)]
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HOwW? Determination of beam rigidity

Beam rigidity not known
* Unclear how well cyclotron energy is known

« Use of degraders adds uncertainty from the knowledge
of their thicknesses

[Find beam rigidity from beam particle Time-Of-Flight (TOF)]

Parallel beam

Quads off
. : Projectile Fragment
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HOW? TOF measurement: Beam bunch
relative to RF

. : Projectile Fragment
U.S. Department of Energy Office of Science Momentum Calibration Experts’ Workshop

@ &w National Science Foundation of the A1900 Grand Rapids M
RIB :

Michigan State University :
NSCL F Uo bt (EHITEE August 30, 2016

©®

v



HOW? TOF measurement: Beam bunch
relative to RF

J.M. Casandjian et al., Nucl. Instr. Meth. A 334 (1993) 301
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HOW? TOF measurement: Beam bunch
relative to RF

J.M. Casandjian et al., Nucl. Instr. Meth. A 334 (1993) 301

Py » 1
NOh . '

Beam
. : Projectile Fragment
- a U.S. Department of Energy Office of Science Momentum Calibration Experts’ Workshop
@ & National Science Foundation of the A1900 .
\S Michigan State University T N. Ginter Grand Rapids, Mi

NSCL FRIB August 30, 2016



HOW? TOF measurement: Beam bunch
relative to RF

J.M. Casandjian et al., Nucl. Instr. Meth. A 334 (1993) 301

Py » 1
NOh . '

Beam
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HOW? TOF measurement: Beam bunch
relative to RF

J.M. Casandjian et al., Nucl. Instr. Meth. A 334 (1993) 301
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HOW? TOF measurement: Beam bunch
relative to RF

0 10n
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HOW? TOF measurement: Beam bunch
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HOW? TOF measurement: Beam bunch
relative to RF

0 10n
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HOW? TOF measurement:

Beam bunch
relative to RF
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HOW? TOF measurement:
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HOW? TOF measurement: Beam bunch
relative to RF
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HOW? Results
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APPLICATIONS
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APPLICATION I: Measure cyclotron beam energy
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APPLICATION II: Calibrate replacement D3
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APPLICATION II: Calibrate replacement D3
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APPLICATION II: Calibrate replacement D3
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APPLICATION Ill: Determining g-states from a
target by rigidity spacing

: : Projectile Fragment
- ‘:! U.S. Department of Energy Office of Science Momentum Calibration Experts’ Workshop

(:) 6 National Science Foundation of the A1900 ‘
‘ w Michigan State University T N. Ginter G'&and R%ng;bjl\-/lé
S ugust 30,




APPLICATION llI:

Rigidity Assumed Q

[Tm]
3.3274 87
3.2896 88
3.2526 89
3.2164 90
3.1811 91
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Determining g-states from a
target by rigidity spacing

Ideal:
Beam: U-238(69+) 80 MeV/u
Target: Be 47 mg/cm?
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APPLICATION llI:

Rigidity Assumed Q
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Determining g-states from a
target by rigidity spacing

Ideal:
Beam: U-238(69+) 80 MeV/u
Target: Be 47 mg/cm?
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APPLICATION Ill: Determining g-states from a
target by rigidity spacing

Rigidity Assumed Q ldeal:
[Tm]
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APPLICATION lIl: Determining g-states from a
target by rigidity spacing

Rigidity Assumed Q Real:

[Tm] .
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APPLICATION III:

Rigidity Assumed Q

[Tm]
3.3120 84
3.2732 85
3.2350 86
3.1980 87

@ &

NSCL FRIB

r

U.S. Department of Energy Office of Science
National Science Foundation
Michigan State University

Determining g-states from a
target by rigidity spacing

Real:
Beam: U-238(69+) 80 MeV/u
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APPLICATION Ill: Determining g-states from a
target by rigidity spacing

Rigidity Assumed Q Real:
[Tm] .
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APPLICATION Ill: Determining g-states from a
target by rigidity spacing

Rigidity Assumed Q Real:

@.» Beam: U-238(69+) 80 MeV/u
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APPLICATION llI:

Rigidity Assumed Q

[Tm]
3.3120 84
3.2732 85

3.2350 86
File Uindow Spectra Dptions Graph ebjects

Determining g-states from a
target by rigidity spacing
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APPLICATION lIl: Determining g-states from a
target by rigidity spacing

Rigidity Assumed Q Real:
[Tm]
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APPLICATION lIl: Determining g-states from a
target by rigidity spacing

Rigidity Assumed Q Real:

Xamine -- /user/al900/a1900spectcl/win/ctl_sci.win [Modified]
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APPLICATION lIl: Determining g-states from a
target by rigidity spacing

Rigidity Assumed Q Real:
[T
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APPLICATION lIl: Determining g-states from a
target by rigidity spacing

Xam

ine -- fuser/al900/al900spectcl/win/ctl_sci.win [Modified]
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APPLICATION lIl: Determining g-states from a
target by rigidity spacing

ine -- fuser/al900/al900spectcl/win/ctl_sci.win [Modified]

92+

M

Rigidity Assumed Q Real:
[T Xam
3 3 ) File Window Spectra Options Graph_objects
2000 71—
File U
1500 [—
1000 |—
500 |
750.18 850 18 950.18 1050 18
F U.S. Department of Energy Office of Science
@ %m National Science Foundation
AN Michigan State University
NSCL FRIB

Momentum Calibration
of the A1900
T. N. Ginter

1350 18

LLLL

L=t

1450 13 1t

Projectile Fragment
Experts’ Workshop
Grand Rapids, Ml
August 30, 2016



APPLICATION lIl: Determining g-states from a
target by rigidity spacing

Real:
Beam: U-238(69+) 80 MeV/u
Target: Be 47 mg/cm?

Q =88+ > Thickness = 45.8 mg/cm?

Projectile Fragment
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APPLICATION Ill: Determining g-states from a
target by rigidity spacing

What went wrong?

c, Projectile Fragment
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APPLICATION lIl: Determining g-states from a
target by rigidity spacing

What went wrong?

Discrepancy: 0.05% per g-state step

Projectile Fragment
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APPLICATION lIl: Determining g-states from a
target by rigidity spacing

What went wrong?
Discrepancy: 0.05% per g-state step

Discrepancy Estimate: 0.15% per g-state step
(if Z=92 stops like Z=91)

: : Projectile Fragment
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APPLICATION Ill: Determining g-states from a
target by rigidity spacing

What went wrong?

Discrepancy: 0.05% per g-state step

Discrepancy Estimate: 0.15% per g-state step
(if Z=92 stops like Z=91)

Projectile Fragment
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OUTLOOK

« Same technique planned for energy calibration of ReA3

Projectile Fragment
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OUTLOOK

« Same technique planned for energy calibration of ReA3

« We can now review 15 years of fragment settings within
a consistent basis

Projectile Fragment
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OUTLOOK

« Same technique planned for energy calibration of ReA3

« We can now review 15 years of fragment settings within
a consistent basis

« We are in a strong position to do routine stuff better,
faster (e.g., avoid beam charge states, find where we are
on beam charge state distributions)

: : Projectile Fragment
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OUTLOOK

« Same technique planned for energy calibration of ReA3

« We can now review 15 years of fragment settings within
a consistent basis

« We are in a strong position to do routine stuff better,
faster (e.g., avoid beam charge states, find where we are
on beam charge state distributions)

« This experience helps us get up to speed quickly for

: : Projectile Fragment
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Understanding old Calibration
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_ (@/t) Ny(m — gm,)
X =

x lonrigidity [Tm]
flight path length [m]

t TOF [s]

N, Avogadro constant [mol-]

m beam particle atomic mass [u]
q beam particle charge state
m, electron mass [u]

e proton charge [C]

C speed of light [m/s]

: : Projectile Fragment
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Peak shift determination
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Isotope Energy from Charge state Maximum Charge States
Cyclotron From Cyclotron Rigidity From Target Used
eV/u m
[MeV/u] [Tm]
82Se 140 32+ 4.52 34+
1245n 120 45+ 4.48 50+
%Zr 120 37+ 4.22 40+, 39+, 38+
48Ca 140 20+ 4.24 20+
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Protocol
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Time
Step Needed
Beam setup at new rigidity 1 hr
Timing measurement at C with 15t BaF2 detector 5 min
(Repeated for alternate beam charge state) (5 min)
Beam timing check at FP 5 min
Timing measurement at B with 2" BaF2 detector 5 min
(Repeated for alternate beam charge state) (5 min)
Beam timing check at FP while swapping BaF2 detectors 20 min
Timing measurement at C with 2" BaF2 detector 5 min
(Repeated for alternate beam charge state) (5 min)
Beam timing check at FP 5 min
Timing measurement at B with 15t BaF. detector 5 min
(Repeated for alternate beam charge state) (5 min)
Total: ~2hrs
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« Upstream detector disturbs the measurement

« Controlling time response differences between detectors
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