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Outline

1 Proscan layout w/o new gantry 3 beamline

2 Beamline optics design goals

3 Intensity compensation

4 Beam optics computations

5 Model versus simulations.

6 Summary.
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The Proscan Facility Layout
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Proton Irradiation Facility (PIF)

New Layout of the PIF vault: 10◦ bending magnet for PIF
operation. Magnet off: Beam towards Gantry 3.
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The Beam Optics Design Goals

The proton beam at transition point to Gantry 3 should

1 have a well-defined energy.

2 be achromatic (i.e. dispersion and derivative zero).

3 have limited and well-known momentum spread ≤ 0.7 %.

4 be round: σ11 = σ33

5 have double waist: σ12 = σ34 = 0.

6 The beam intensity I (E ) should follow a predefined energy
dependence.
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Reason for Intensity Compensation

Due to degrader, when going from 250 to 70MeV

1 emittance increases from 2π to > 115π mm mrad.

2 energy spread increases from ≈ 0.07 to ≈ 3.7 MeV.

3 ⇒ Emittance and energy spread ≫ acceptance:
collimation and energy selection required.

4 ⇒ Beam current varies by 103 (for Icyc = const).

Fast energy changes at PROSCAN: For reasons of patient
safety and precision the beam intensity should vary with energy
by factor ≤ 10.
The excess intensity variation has to be compensated
(suppressed).
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Method of Intensity Compensation

Objectives of intensity compensation for Gantry 3:

1 1st: No intensity reduction ≤ 140 MeV.

2 2nd: Constant current I (E ≥ 140 MeV) = const.

3 3rd: The transition should be smooth (for interpolation
purposes).

Method: Defocuse beam at higher energies on collimator(s).

1 1st: Defocuse beam before degrader with quadrupole
QMA3 (dump into BMA1).

2 2nd: Insert collimator KMA8 after ESS and defocuse with
QMA10+QMA11.
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Beam Formation and Intensity Compensation
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Elements involved in beam formation and intensity compensation: Quadrupole QMA3, used to (de-)focuse

beam through stopper BMA1 onto the carbon wedge degrader (DMAD). The moveable collimators KMA3

and KMA5 define the phase space. The energy selection system (ESS) consists of a sequence

dipole-slits-dipole. A second collimator KMA8 is required for intensity compensation.
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Challenges of Intensity Compensation

Problems / challenges:

1 Momentum scaling of beam tune not sufficient:

2 Defocusing at KMA8 requires energy specific tuning.

Fast energy change ⇒ for volumetric scanning/repainting.
Hence the tunes must fit together:

1 Smoothness: No overshoot when fine interpolation
between 17 tunes is done.

2 Monotonic dependence: There is no time between energy
changes for a hysteresis suppression cycle.

3 ⇒ Need monotonic dependence of quad fields vs. energy.
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Beamline/Degrader Model with “QAD”

1 Traditional PSI tools: TRANSPORT and TURTLE. But:

2 TRANSPORT does beam envelope calculation only, no
beam collimation.

3 TURTLE does not provide degrader model and includes no
sample generator.

4 ⇒ Write “QAD”: Beam transport Monte Carlo with
gaussian sample generator. (However: No fitting
implemented yet.)

5 Create Gaussian ensemble with 107 trajectories [9].

6 ⇒ modeling of collimators possible.

7 ⇒ modeling of energy selection possible.

8 ⇒ obtain results for envelopes, emittances, losses, energy
spread, transmissions etcpp.
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Beam representation in QAD.

Beam sample representation column-wise by matrix Ψ6×n:

Ψ6×n =

















x1 x2 . . . xn

x ′

1 x ′

2 . . . x ′

n

y1 y2 . . . yn

y ′

1 y ′

2 . . . y ′

n

z1 z2 . . . zn

δ1 δ2 . . . δn

















Obtain envelope matrix Σ by matrix multiplication:

Σ = 1
n

Ψ ΨT

6 × 6 = 6 × n n × 6 .

with Σ11 = 〈x2〉.
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Beam transport in QAD

1 Linear beam transport by TRANSPORT matrix M as
usual:

Ψ(s + ∆s) = M(∆s)Ψ(s)
Σ(s + ∆s) = M(∆s)Σ(s)MT (∆s) .

2 At collimators: remove single trajectories (columns) that
don’t fit the aperture. Put losses in 2D-histograms.

3 Profile monitors: Make a horizontal or vertical histogram
of the coordinates.
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Example: Beam Loss Predicted for Collimators

Beam loss simulation with QAD. Start with 107 tracks so that for low transmission enough tracks remain.
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QAD: Beam passage through matter

1 Generate a degrader matrix by combination of drift and
scattering:

Σ̇ = Fdrift Σ + ΣFT
drift + σ̇degrader

with σ̇22 = σ̇44 = K0

p2 v2 and σ̇66 = d
ds

∆P
P

[5, 6, 3].

2 Transport original sample by drift element.

3 Generate random sample for degrader matrix with size of
beam sample.

4 Add degrader sample and beam sample (statistical
independence).
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Gantry 3 Beamline Tunes

Task list:

1 Define 17 default energies 70 . . . 230 MeV in steps of
≈ 10 MeV.

2 Develop beam tunes for these 17 energies.

3 Interpolate quads and bends between the 17 energies.

4 Adjust QMA3 to obtain desired intensity as function of
energy.

5 Verify (or optimize) beam tunes during commissioning
measurements.
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Use “QAD” to compute beam parameters

1 Use TRANSPORT to find QMA10 and QMA11 fields vs.
beam radius at KMA8.

2 For all energies: Find beam parameters after KMA8 as
function of beam radius.
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“QAD”-Results: Beam parameters at exit of KMA8 versus beam

radius (adjusted with QMA10/QMA11) at entrance of KMA8 for 17

energies from 70 to 230 MeV: Almost no energy dependence, only

radius dependence! Beam radius is good parameter for optics after

KMA8.
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Steps Towards Beamline Tunes

1 Compute beam intensity suppression factors for
QMA3/BMA1 and QMA10/QMA11/KMA8.

2 Create smooth intensity suppression function at KMA8.

3 ⇒ beam radius at KMA8 as function of energy.

4 Use TRANSPORT to match beam at Gantry 3 transition
point for these beams. (Problem underdetermined:
Iteration and partial functional fixation of quads helpful.)

5 Use QMA3 for the remaining intensity reduction (no
influence on optics).

6 Check that all quadrupole currents have monotonic energy
dependence.
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Results: Beamline Optical Tunes for all Energies
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Results: Computed Quadrupole Fields
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Commissioning Measurements

1 Gantry 3 vault with top open.

2 Install prelimenary beamdump (water tank).

3 Provide prelimenary shielding (concrete blocks).

4 Agreed by authority: ≤ 6 sessions of ≤ 3 hours with

≤ 0.2 nA

5 First session: Make dosimetric mapping.

6 Next session: Finetuning of dipole and steerer settings for
all 17 energies.

7 Then: Verify that we are done. (Well, check stability and
reproducibility etcpp.)
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Verification Measurements

Data taken:

1 Beam energies, measured by water tank measurements.

2 Beam profiles with strip profile monitors (BPMs).

3 Integrated currents measured with BPMs and ionization
chambers.

4 Emittance measurements by quaddrupole scanning
method.

For patient treatment in Gantries only one setting of KMA3
and KMA5 is typically used. However we computed beam
currents and profiles for other settings as well and compared
with profile measurements.
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Some Results: Profiles at 190 MeV

QAD predictions and Measurements:

0

0.25

0.5

0.75

1
ID
Entries
Mean
RMS

              1
             64

 0.2715E-03
  13.50

MAP9
σrms=13.4963
x0=0.000271387
I= 0.200407 (10.7582)

σ=14.8744
x0=0.922374

Gantry3 (run_1134/190 MeV), Data: gantry3_20150224_2259.mes
ID
Entries
Mean
RMS

              1
             64

-0.1500E-03
  14.61

MA10
σrms=14.6149
x0=-0.000149477
I= 0.200407 (10.796)

σ=15.7197
x0=0.358539

ID
Entries
Mean
RMS

              1
             64

-0.5019E-03
  20.65

MA11
σrms=20.6468
x0=-0.000500148
I= 0.054874 (2.94573)

σ=20.8966
x0=0.292698

ID
Entries
Mean
RMS

              1
             64

-0.3755E-03
  4.701

MA12
σrms=4.70146
x0=-0.000375674
I= 0.054874 (2.95609)

σ=4.75105
x0=0.168976

ID
Entries
Mean
RMS

              1
             64

 0.1312E-02
  7.898

MA13
σrms=7.89788
x0=0.00131215
I= 0.0537125 (2.88338)

σ=7.80232
x0=-0.31599

ID
Entries
Mean
RMS

              1
             64

 0.5560E-03
  5.346

MA14
σrms=5.34591
x0=0.000556034
I= 0.0537125 (2.89352)

σ=5.64937
x0=-0.136141

ID
Entries
Mean
RMS

              1
             64

-0.1486E-02
  14.93

MA15
σrms=14.9292
x0=-0.00148598
I= 0.053514 (2.87272)

σ=13.1245
x0=0.248505

ID
Entries
Mean
RMS

              1
             64

 0.6781E-03
  3.188

MA16
σrms=3.18799
x0=0.000677966
I= 0.0535645 (2.88555)

σ=3.22546
x0=0.0861044

0

0.25

0.5

0.75

1
ID
Entries
Mean
RMS

              1
             64

 0.6221E-03
  7.585

MA17
σrms=7.58518
x0=0.000621829
I= 0.0482939 (2.5925)

σ=7.23683
x0=0.571789

ID
Entries
Mean
RMS

              1
             64

 0.1670E-03
  8.428

MA18
σrms=8.42828
x0=0.000166901
I= 0.0482939 (2.60162)

σ=8.43665
x0=-0.767932

ID
Entries
Mean
RMS

              1
             64

-0.2265E-03
  9.689

MA19
σrms=9.68869
x0=-0.000226126
I= 0.0479946 (2.57643)

σ=9.62437
x0=0.0728574

ID
Entries
Mean
RMS

              1
             64

-0.6845E-03
  9.299

MA20
σrms=9.29862
x0=-0.000684225
I= 0.0479946 (2.58549)

σ=9.33456
x0=3.06656

ID
Entries
Mean
RMS

              1
             64

-0.1165E-02
  6.712

MA21
σrms=6.712
x0=-0.00116523
I= 0.0479946 (2.57643)

σ=6.94464
x0=-0.0668391

ID
Entries
Mean
RMS

              1
             64

 0.7419E-03
  7.347

MA22
σrms=7.34713
x0=0.000741792
I= 0.0479946 (2.58549)

σ=7.40389
x0=2.22783

ID
Entries
Mean
RMS

              1
             64

 0.2919E-03
  2.254

MA25
σrms=2.25378
x0=0.000291896
I= 0.0180069 (0.966783)

σ=2.40278
x0=0.0148824

ID
Entries
Mean
RMS

              1
             64

 0.5440E-03
  2.840

MA26
σrms=2.84022
x0=0.000543893
I= 0.0180069 (0.970184)

σ=3.08149
x0=-0.0295378

0

0.25

0.5

0.75

1
ID
Entries
Mean
RMS

              1
             64

 0.5311E-04
  8.307

MDP1
σrms=8.30658
x0=5.28935E-05
I= 0.0180069 (0.966783)

σ=8.19951
x0=0.138628

ID
Entries
Mean
RMS

              1
             64

 0.5108E-03
  6.412

MDP2
σrms=6.41205
x0=0.00051066
I= 0.0180069 (0.970184)

σ=6.99663
x0=-1.21117

ID
Entries
Mean
RMS

              1
             64

-0.7496E-03
  2.963

MDP3
σrms=2.96307
x0=-0.000749588
I= 0.0180069 (0.966783)

σ=2.71285
x0=0.0818082

ID
Entries
Mean
RMS

              1
             64

 0.5506E-03
  8.947

MDP4
σrms=8.94694
x0=0.000549856
I= 0.0180069 (0.970184)

σ=10.0032
x0=-0.704238

ID
Entries
Mean
RMS

              1
             64

 0.6501E-03
  4.666

MDP5
σrms=4.66595
x0=0.000650132
I= 0.0180069 (0.966783)

σ=4.28746
x0=-0.0685503

ID
Entries
Mean
RMS

              1
             64

-0.1327E-03
  4.914

MDP6
σrms=4.91358
x0=-0.000132763
I= 0.0180069 (0.970184)

σ=5.61362
x0=0.78438

ID
Entries
Mean
RMS

              1
             64

 0.1413E-02
  4.892

MDP7
σrms=4.89198
x0=0.00141317
I= 0.0180069 (0.966783)

σ=4.28308
x0=-0.241794

ID
Entries
Mean
RMS

              1
             64

-0.1055E-02
  5.984

MDP8
σrms=5.98443
x0=-0.00105473
I= 0.0180069 (0.970184)

σ=6.12706
x0=0.0388793

0

0.25

0.5

0.75

1

-45 45

ID
Entries
Mean
RMS

              1
             64

 0.1088E-02
  6.386

MD11
σrms=6.38629
x0=0.00108805
I= 0.0180069 (0.966783)

σ=6.49661
x0=-0.462512

-45 45

ID
Entries
Mean
RMS

              1
             64

 0.2322E-02
  8.873

MD12
σrms=8.87332
x0=0.00232229
I= 0.0180069 (0.970184)

σ=9.37329
x0=-1.92507

-45 45

ID
Entries
Mean
RMS

              1
             64

 0.7961E-03
  9.498

MD13
σrms=9.49838
x0=0.000796395
I= 0.0180069 (0.966783)

σ=10.0956
x0=0.299864

-45 45

ID
Entries
Mean
RMS

              1
             64

-0.1128E-03
  11.48

MD14
σrms=11.4768
x0=-0.000113282
I= 0.0180069 (0.970184)

σ=11.4415
x0=-1.02947

-45 45

ID
Entries
Mean
RMS

              1
             64

-0.1187E-02
  7.045

MD15
σrms=7.04519
x0=-0.00118756
I= 0.0180069 (0.966783)

σ=6.62244
x0=0.173587

-45 45

ID
Entries
Mean
RMS

              1
             64

 0.1108E-02
  6.270

MD16
σrms=6.26986
x0=0.00110806
I= 0.0180069 (0.970184)

σ=6.15189
x0=0.0841617

-45 45

ID
Entries
Mean
RMS

              1
             64

-0.4710E-03
  1.367

MD17
σrms=1.36695
x0=-0.000471049
I= 0.0180029 (0.966846)

σ=1.51802
x0=0.0312921

-45 45

ID
Entries
Mean
RMS

              1
             64

-0.1168E-02
  1.661

MD18
σrms=1.66121
x0=-0.00116762
I= 0.0180029 (0.97025)

σ=2.04468
x0=0.331472

22 / 30



PT Beamline

C.Baumgarten

Outline / Intro

New Proscan
Layout

Beam Tune
Design Goals

Intensity
Compensation

Beamline
Model

Results

Summary

P A U L  S C H E R R E R  I N S T I T U T

Some Results: Currents at 190 MeV
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Results: Achieved Transmission Behavior I(E)
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(Tune for 160 MeV not correct: ignore)
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Quadscans: Emittance Measurements
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Use Quadscanning
method to determine
beam emittances for
70,110,150,190,230
MeV.

25 / 30



PT Beamline

C.Baumgarten

Outline / Intro

New Proscan
Layout

Beam Tune
Design Goals

Intensity
Compensation

Beamline
Model

Results

Summary

P A U L  S C H E R R E R  I N S T I T U T

Emittances, measured vs computed.

Energie Radius X-Meas X-Calc Y-Meas Y-Calc
70 4.5 34.14 33.20 36.25 33.88
110 4.5 35.00 35.70 32.74 32.64
150 6.4 27.19 28.26 27.95 27.71
190 8.7 19.64 22.54 25.03 23.89
230 11.0 17.26 18.95 19.49 19.28

Units: MeV, mm and [π mmmrad].
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No Tricks?

1 However: Precalculated energies (Bethe-Bloch) energies are too
low (meas. 73.5 MeV instead of 70 MeV). Why?

2 PSI degrader has been surveyed with high accuracy: Unlikely
cause.

3 One reason for deviations: Bethe-Bloch-Theory gives average
energy.

4 But we (have to) adjust to most probable energy in ESS.

5 Workaround: Adjust degrader parameter (density or wedge
angle or mean ionization energy [7]) to match measured energy.

Furthermore: We veryfied “QAD” beforehand at Gantry 2
beamline.
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Average energy vs. peak energy

We used AMA1 and ESS to measure energy distribution of beam.
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The deviation between peak and mode (0.8MeV) is too small to

explain the complete energy deviation. OPAL and FLUKA Monte

Carlos of Degrader with low-energy cut yielded better results. (For

patient treatment, this is unimportant. Important only for

precalculation of tunes and modeling of beamline.)
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Summary

1 Beam tunes for all energies using a high accuracy
beamline model.

2 Finetuning of dipoles and steerers done “by hand”.

3 Beam energy was calibrated by watertank measurements.

4 Beam profiles agreed well between measurement and
simulation.

5 Calculated beam intensities verified with BPMs and
ionization chambers.

6 Objectives of intensity compensation reached.

7 Measured emittances with quadrupole scans. Agreement
with QAD good.

8 Low-energy transmission could be increased by 8%.

9 ⇒ We understand our beamline optics.
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Thank you for your attention.

Thank you for your attention.

Watertank measurements done by D. Meer and S. Psoroulas.
Thanks to the Gantry 3 project team for the nice collaboration.

Thanks to the PSI control, magnet and radiation safety groups for their support.
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