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Intro – CERN PS Booster (PSB) 

Where the LHC beams brightness is defined! 
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Circumference:	   	  157m	  
Super-‐periodiciy:	   	  16	  
Injec8on:	   	   	  Mul8-‐Turn	  p+	  à	  H-‐	  	  
Injec8on	  energy:	   	  50	  MeV	  à	  160	  MeV	  
Extrac8on	  energy:	   	  1.4	  GeV	  à	  2	  GeV	  
Cycle	  length:	   	   	  1.2s	  
#	  bunches: 	   	  1	  	  x	  4	  Rings	  
RF	  cavi8es:	   	   	  h=1+2,	  h=16	  
Tunes	  at	  injec8on: 	  	  ~	  4.3,	  4.5,	  1e-‐3	  
Rev.	  freq.	  (160	  MeV):	  1MHz	  
#	  protons/bunch: 	  1e11	  to	  1e13	  
H.	  emiYance: 	   	  1	  	  to	  15	  um	  
V.	  emiYance: 	   	  1	  	  to	  9	  um	  
L.	  emiYance:	  	  	  	  	  	   	  0.8	  	  to	  1.8	  eVs	  
	  
Space	  Charge	  ΔQ	  	  	  >	  0.5	  @	  inj	  
	  



Intro: Beam brightness 

•  ΔQSC > 0.5 
•  Upgrade from 50 MeV to 160 MeV è factor 2 in βγ2 

•  H- injection è loss-free + inject in the same phase space 

1.2eVs	  

B.	  Mikulec,	  2012	  
G.P.	  di	  Giovanni	  et	  al.	  2015	  



Outline 

à	  EMITTANCE	  
à	  LOSSES	  

ü  Can	  we	  confirm	  the	  factor	  2	  scaling	  with	  
Space	  Charge	  simula8ons?	  

ü  Space	  Charge	  mi8ga8on	  measures	  +	  Half-‐
integer	  correc8on	  

ü  Non-‐linear	  op8cs	  studies	  –	  ONGOING	  WORK	  	  	  



Beam brightness: benchmark @ 50 MeV inj 

WP=(4.28,4.45)	  

WP=(4.42,4.45)	  

Measurements	  
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Simula8ons	  with	  PTC-‐Orbit	  

Good	  agreement	  between	  
measurements	  and	  simple(*)	  simula8ons	  
-‐  change	  of	  WP	  
-‐  ~	  final	  emiYance	  value	  	  

Simple	  model	  to	  start	  with:	  
•  No	  MT	  p+	  injec8on,	  matched	  beam	  
•  Only	  SC	  
•  Only	  linear	  lajce	  
•  RF	  capture	  
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Beam brightness: simulations @ 160 MeV 

•  Injection chicane magnets ramp-down: 
•  Edge effects due to rectangular magnets 

•  Eddy-currents and multipolar components varying with time 

•  Compensation (time varying) with trims on 2 main quads 

•  Chicane ramp-down shape implemented in PTC-Orbit, with errors and 
ripples  à definition of tolerances and the function for the correctors 

 
 (a) (b) 

Fig. 3.14: (a) Dipole and sextupolar component at BSW2. (b) Normalized strength required in the lattice 
quadrupoles, in absolute value, and in the special QDE3 and QDE14 equipped with trims for beta-beating 
compensation. The working point is Qx = 4.28, Qv = 4.55. 

 
Fig. 3.15: Vertical beta-beating at 1 ms after injection, before and after the correction with the trims on QDE3 
and QDE14. 

Simulations including space charge effects and the realistic chicane decay shape [28] have been 
done for two extreme beams whose parameters are summarized in Table 3.4. The aim was to compare 
the case where only the rectangular dipole edge effects are considered (corresponding to the situation 
of a ceramic beam pipe) and the effect of the eddy current-induced multipoles (i.e. with an Inconel 
vacuum chamber). 

Table 3.4: Parameters for the two types of simulated beams 

 High brightness 
beam 

High intensity/high 
emittance beam 

Intensity  320 × 1010 1000 × 1010 
Rms normalized emittance  1.2 μm/1.2 μm 8.8 μm/5.7 μm 
Bunching factor 0.60 0.60 
Programmed working point (4.28, 4.55) (4.28, 4.55) 

The PSB model is ‘ideal’: it does not include any non-linearities, errors, misalignments, or other 
perturbations than those induced by the BSW; therefore the results are valid only as a relative 
comparison, to determine whether the metallic chamber was not generating any showstoppers. Figure 
3.16(a) shows the evolution of the rms vertical normalized emittance for the HB beam, whose 
parameters are similar to the one required by the High Luminosity LHC, for which emittance control 
is important. In Fig. 3.16(b) the beam intensity evolution is shown for the HI beam, similar to the one 
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Beam brightness: simulations @ 160 MeV 

Again a “simple” model: 
•  No MT H- injection, matched beam 
•  Only Space Charge 
•  Chicane + compensation in the model 

EmiYance	  reached	  at	  the	  end	  of	  chicane	  bump	  
~independent	  of	  	  star8ng	  value	  	  

Np=350°10	  p	  

PTC-‐ORBIT	  simulaKons	  	  
200	  SC	  nodes	  
2.5	  Direct	  SC	  module	  
64x64x128	  
250k	  macropar8cles	  

See	  also	  HB2014	  



Beam brightness: simulations @ 160 MeV 
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Beam brightness: simulations @ 160 MeV 

A more refined model: 
•  MT H- injection 
•  Stripping foil 
•  Chicane + compensation 

•  Confirmation final emittance does not depend “too much” on injection (*) 
•  Gives the tolerances for allowed offset mismatch at injection to be 

<1.7um (LIU requirements) 

Figure 7.10: Parametric study of the standard deviation of the residuals between the transverse profiles
and their Gaussian fits. The black cross marker at (x, y)=(-80.9, 0) is the closed orbit value.

7.3.2 With space charge

The scenario changes in presence of space charge. The results of the scan in terms of emittances
half-sum and ratio, considering an intensity I=3.421⇥10

12 p, present a different pattern, as
shown in Fig. 7.11. As one can see on the left, for a wide range of initial mismatches in both
directions (up to 3.5 mm in horizontal and 3 mm in vertical), the beam blows up and reaches a
final emittance (half-sum) around 1.2 mm·mrad (yellow colour code). Only for higher offsets,
the half-sum starts to increase until it exceeds the limit the HL-LHC standard production of
1.7 mm·mrad (from the orange to the red colour codes).
Again, Fig. 7.11 right, shows that round beams are obtainable in this area for a wider offsets
region with respect to the case without space charge.

Figure 7.11: The simulated final emittances after the injection process with space charge (with intensity
I=3.42⇥10

12 p): left - half-sum emittance colour code; right - emittances ratio colour code. Empty
spots reflect unfinished simulations. The black cross marker at (x, y)=(-80.9,0) is the closed orbit value.

Moreover, the presence of space charge prevents the formation of the double horn and keeps
the beams more Gaussian-like, with respect to the situation without space charge, as shown in
Fig. 7.12 and 7.13.
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MT	  injec)on	  with	  fixed	  offset:	  
Final	   emi8ance	   as	   a	   func)on	  
of	  injec)on	  offset.	  Np=350e10	  	  

(*)	  for	  High	  Intensity	  beams	  however	  we	  will	  profit	  of	  proper	  pain8ng!	  



Measures against Space Charge 

•  Double	  harmonic:	  h1+h2	  
•  AcceleraKon	  (no	  energy	  flat	  boYom)	  

–  H-‐	  injec8on	  directly	  on	  accelera8ng	  bucket	  
–  Today:	  MT	  injec8on	  in	  coast,	  then	  adiaba8c	  capture	  +	  accelera8on	  

•  Transverse	  painKng:	  
–  Horiz.	  Pain8ng	  +	  Vert.	  Steering	  
–  Today:	  injec8on	  offset	  in	  both	  planes	  (V	  steering	  and	  delay	  of	  the	  bump	  

decay	  wrt	  injec8on	  8ming)	  

•  Working	  point	  
–  Today	  limited	  by	  MT	  p+	  injec8on	  à	  losses	  at	  septum	  
–  Not	  the	  case	  for	  H-‐	  

•  Resonance	  compensaKon:	  
–  Empirical	  (based	  on	  loss	  reduc8on	  and	  driven	  by	  phyiscs	  considera8ons)	  
–  Systema8c	  studies	  from	  turn-‐by-‐turn	  wai8ng	  for	  new	  BMP	  electronics	  
–  Compensa8on	  of	  the	  Half-‐Integer	  



Half-integer induced beam losses 

•  Injection WP~(4.3,4.6) 
•  Affects operation if not compensated 
•  Subject of dedicated studies & benchmark with PTC-Orbit simulations 

ation of tails starting from 600 ms, visible in Fig. 5.15 right. This effect was not seen in the
measurements, most likely due to the noisy baseline in the wire-scanners profiles.

Figure 5.14: Half-integer (long bunch simulations): PTC-Orbit simulations vs. measurements. Legend:
(A) Simulation without errors but with space charge; (B) Simulation with errors but no space charge; (C)
Simulation with only quadrupolar field errors (matching to Q

y

=4.53) and space charge; (D) Simulation
with space charge and quadrupolar field and misalignment errors; (E) Simulation with only quadrupolar
field errors (matching to Q

y

=4.525) and space charge.

Figure 5.15: Half-integer (long bunch). Simulated horizontal (left) and vertical (right) transverse profiles
in [450-620] ms, normalized with respect to the max value.
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Waterfall	  plot	  of	  the	  measured	  (leF)	  and	  
simulated	  (right)	  longitudinal	  bam	  profile.	  	  

Intensity	  evolu)on	  vs.	  )me.	  
Simula)on:	  (A)	  with	  only	  space	  charge	  but	  no	  
errors;	  (B)	  no	  space	  charge;	  (C)	  with	  quadrupolar	  
errors	  (programmed	  Qy	  =4.53);	  (D)	  with	  
quadrupolar	  and	  misalignment	  errors	  (Qy=4.53);	  
(E)	  with	  quadrupolar	  	  errors	  (Qy	  =4.525).	  	  

Figure 5.20: Losses for different random errors. Legend: (A) Measurements; (B) Simulation with quad-
rupolar field and misalignment errors; (C) Simulation with only quadrupolar field errors (matching to
Q

y

=4.525); (D) Simulation with only quadrupolar field errors (matching to Q
y

=4.535); (E) Simulation
with random quadrupolar field errors and relative beta beating=3.46% rms; (F) Simulation with random
quadrupolar field errors and relative beta beating=19.51% rms. All the simulations include space charge.

Figure 5.21: Loss rate vs. vertical beta beating at 130⇥1010 p for the different loss profiles. The curves
are normalised with respect to the slowest loss rate (green dot). Coloured points are the values of the
loss rate for two different beta beating seeds as shown in Fig. 5.20. The gray points are all the other
simulated seeds.
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Simula)ons:	  
Loss	  rate	  depends	  
on	  beta-‐bea)ng	  



Non-linear effects 

•  PSB is equipped with a complete set of multipoles to correct (empirically) 
any higher order errors 

•  What if we include non-linearities in our model? 
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Addi8onal	  emiYance	  blow-‐up!	  
(knowing	  that	  eventually	  we	  can	  compensate	  them)	  



Other studies and next steps 

•  Driving terms excited by main dipoles not negligible  

•  Non-linear chromaticity measurements for 2 different optics: ~good 
agreement with our current MADX model 

•  Turn-by-turn beam position measurements will be possible next 
year (new BPM electronics) 

Normal  
h3000 =  0.01 
h2100 = 0.02 
h1020 = 0.006 
h0011 = 0.01 
h0002 = 0.02 

 

Q Q’ Q’’ Measured Q’’ stdev 
Standard working point 

4.20 -3.35 45 15.1 5.7 
4.30 -6.84 87 44.4 13.7 

Standard working point 
3.32 -2.81 78 48.3 3 
3.81 -4.97 116 112 34 
 



Conclusions 

•  Can we achieve ~factor 2 brightness with 160 MeV injection? 
Simulations indicate yes! 

•  Simulations at 50 MeV (simple model) agree with measurements  
•  Prediction for 160 MeV confirmed linear dependence emittance vs 

intensity 
•  Full blown simulations to include multi-turn H- injection confirm results of 

simple model 
•  Larger horizontal tune Qx=4.30 à 4.42 gives extra margin 

•  Importance of the integer lines à blow-up 
•  Can we eventually compensate them? …all orders! :-\ 

•  Importance of the 2Qy=9 line 
•  Compensated in operation, (incoherent) losses explained and 

reproduced in simulations 
•  Work to include non-linear terms in our model has started 





Half-integer 

Table 5.3: Half-integer case - measured initial beam parameters.

Initial beam parameters long bunch short bunch

Intensity [1012 p] 1.39 1.32

✏
x

, ✏
y

[mm·mrad] 2.64, 2.05 3.24, 2.13

RF voltage (h=1, h=2) [kV] 8, 8 8, 8

RF cavities relative phase ⇡ 0

Total bunch length [ns] 634 400

Momentum spread (1�) 1.35⇥10

�3 2⇥10

�3

Tune Q
x

, Q
y

4.28, 4.53 4.28, 4.53

Max space charge tune shift - Eq. (1.67) �Q
x

,�Q
y

-0.17, -0.2 -0.26, -0.36

Figure 5.10: Half-integer measurements: intensities vs. time for the long (red) and the short (grey)
bunch with their errorbars (standard deviation over multiple measurements).
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Half-integer 

Figure 5.22: The synchrotron period variation in a double harmonics RF bucket.

Figure 5.23: Half-integer (long bunch simulations). The loss rate (red) vs. the synchrotron
period of the lost particles (blue). One can observe the different regimes before and after
558 ms, where the bunch shortening starts to interest only the particles inside the inner separat-
rix (with faster synchrotron period).

From now on, the simulations will be done assuming quadrupolar field errors only, i.e. no
misalignmet errors (magenta curve of Fig. 5.14). The behavior is qualitatively similar to the
full simulation (black), but it has the advantage to have the possibility to compute the tunes, as
the algorithm is failing in presence of misalignments.
Figure 5.24 shows the tune footprint at 485 ms (a) and at 565 ms (b), computed averaging the
phase advance per turn over 1500 turns . Thanks to this method to compute the tune footprint
(see Section 4.4), in both plots, one can note the depletion along the half integer line.
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A closer look at the Poincaré Section in the (y, y’) plane of a particle before it gets lost at around
485 ms (see Fig. 5.25 left), puts in evidence the “trapping-scattering” phenomenon [46], which
leads the particles to eventually hit the vertical aperture. Figure 5.25 right shows the turn by
turn phase advance of the particle, and its averaged tune, which is sitting exactly on the vertical
half integer.
A stable and steady-state condition occurs at 565 ms, as soon as the intensity is reduced to
almost 20%, where the s. c. forces are significantly small. The averaged tune footprint of
the remaining particles (see Fig. 5.24 right) shows a clear peak on the 2Q

y

=9 half-integer
resonance line: here, the particles are trapped into resonance islands performing trajectories in
phase space similar to the one in Fig. 5.26 left, while the tune modulation of the particle, is
very narrow around the half-integer line, as shown in Fig. 5.26 right.

Figure 5.24: The PTC-Orbit simulated tune footprint (averaged over 1500 turns) at 485 ms
(left) and 565 ms (right), with particle density color-code (blue, low density - red, high density).
The projections of the tunes along the x and y axes are shown: at right, note the narrow peak
on the 2Q

y

=9 line.
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High intensity beams – up to 1.6e13 

Horizontal (left) and vertical (right) beam transverse distribution at the end of the 
injection process (~100 µs), after 5 ms and 20 ms. Beam intensity is 1.6e13 protons 
and the final normalized rms emittances are 13 mm and 6 mm.  

 

 

injection on the values of the emittances after 5 ms. The 
effect is symmetric with respect to y = 0 mm. This study 
shows that the two transverse planes are coupled and that 
the vertical offset has an impact on the final emittances in 
both vertical and horizontal plane. In particular, this is 
valid for small vertical offsets. The same effect was 
observed for a lattice with aperture restrictions and is 
consistent with the finding of [8], which focused more on 
the LHC beam.  

Figure 3: Dependency of the beam characteristic after 5 
ms with respect to the vertical injection offset. Beam loss 
[%] is plotted in green, horizontal emittance [mm.mrad] 
in blue and vertical [mm.mrad] emittance in red. 
 

Taking into account the limits of the final vertical 
emittance (6 mm.mrad) together with the maximum beam 
loss during the chicane fall (5%) and trying to provide a 
beam size as large as possible in order to avoid large 
emittance blow-up due to space charge, the range of 
interest in vertical offsets can be narrowed to 5 mm to 8 
mm. This will result in expected beam emittances of 13 to     
14 mm.mrad in the horizontal plane and 4 to 6 mm.mrad 
in the vertical plane, while accommodating 1600e10 p+.  

 

Figure 4: Intensity and (normalized) emittance 
evolution for Scenario 2, with a vertical offset of 6 mm 
(in red), 7 mm (in blue), 8 mm (in green). 1 turn lasts 
~1μs. 
 

Longer tracking studies have been performed for an 
offset of 6 mm and 7 mm. In case of y = 6 mm, the final 
value of the vertical emittance after 20 ms reached      
5.05 mm.mrad with a loss level of 3.9%. However, we 
observed that beam suffers from an emittance blow up in 

the vertical plane (Figure 4). For the scenario with           
y = 7 mm, the vertical beam emittance reached the value 
of 5.44 mm.mrad while slightly exceeding the acceptable 
loss level of 5%. In both cases, the horizontal emittance 
stays between 13 mm.mrad and 14 mm.mrad. The beam 
profile evolution for the case with y =7 mm is presented 
in Figure 5. Further detailed studies are foreseen to check 
the long term stability of the both scenarios.  

Figure 5: Horizontal (left) and vertical (right) beam 
transverse distribution at the end of the injection process 
(~100 μs), after 5 ms and 20 ms for the case with 7 mm 
offset. 

CONCLUSIONS 
 
In this paper we have presented the results of 

simulations of injection, and the first turns with 1600E10 
protons per ring, in order to assess the emittance and 
losses for the high intensity ISOLDE beam in the PSB, 
taking into account the imposed constraints of the vertical 
maximum emittance of 6 mm.mrad, and of the beam loss 
at low energy of less than 5% of the total intensity. Long 
term simulations showed that in order to fulfil these 
constraints, we should modify the baseline scenario of 8 
mm vertical injection offset and then we can optimize the 
PS Booster aperture restriction. 

Studies proved that the vertical offset of the injected 
beamlets has an impact on both horizontal and vertical 
emittance and on the resulting beam loss, and it is one of 
the parameters defining the final characteristics of the 
high intensity beams. The range of most likely vertical 
offsets at injection was determined to be to 5 mm to 8 
mm. Scenarios with 6 mm and 7 mm vertical offset ware 
tested and gave promising results. As a next step, long 
term tracking studies should be performed in order to 
determine the maximum beam intensity and beam 
emittances that PS Booster can provide for its users.  
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Simulations L4 -  Matched beam 

•  On a straight line & depends on longitudinal emittance 
•  The slope for 1.20eVs is a factor 25% lower 
•  (in Orange: simulations adding 2012 measured set of errors) 

1.2	  eVs	   ~1.27	  eVs	  



Simulations L4 -  full blown simulations 

•  Injection on-axis Vs, with transverse painting 
•  KSW painting bump function input from ABT (J. Abelleira, C. Bracco) 
•  Not optimized in Vertical 

•  Longitudinal distribution optimized (chopping factor and dp/p) (V. Forte, 
D. Quartullo) 

 •  Confirmed results obtained with “matched beam”	  

Vincenzo	  	  et	  al.	  



What if L4 current was lower? 

L4	  current	   60%	   100	  turns	   120	  turns	   150	  turns	  
mA	   mA	   x1e10	   x1e10	   x1e10	  

50	   30	   1875	   2250	   2813	  
45	   27	   1688	   2025	   2531	  
40	   24	   1500	   1800	   2250	  
30	   18	   1125	   1350	   1688	  
20	   12	   750	   900	   1125	  
10	   6	   375	   450	   563	  

L4	  current	   60%	   3.42E+12	  
mA	   mA	   #	  turns	  

50	   30	   19	  
45	   27	   21	  
40	   24	   23	  
30	   18	   31	  
20	   12	   46	  
10	   6	   92	  

For	  LHC	  

For	  ISOLDE	  

Tables	  assuming	  60%	  
chopping	  factor	  



What if L4 current was lower? Impact on LHC 

•  Increase of # injected turns (from 20 to 30) will add ~Δε=0.10um 
•  Can be absorbed by mismatch, painting, natural emittance evolution 

under Space Charge 
HB2014,	  EB,	  C.	  Bracco	  et	  al.	   20mA	  40mA	  



Setting-up PTC-Orbit 
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EmiTance	  vs.	  Intensity	  curve	  

Emittance is preserved along acceleration 
Low energy points not understood (scattering at the 
wire scanners, calibration, uncertainties in dp/p,…) 

B.	  Mikulec,	  et	  al.,	  	  LIU	  Beam	  
Studies	  Review,	  2012	  



Measured Space Charge tune spread and losses 
Space Charge limitations in the PSB 

• Very large tune spread at injection 

• Up to 0.4 for LHC beams 

• > 0.7 for high intensity  (with 
losses) 

B. Mikulec, et al, HB 2012

• Injection energy upgrade: 

• From 50 to 160 MeV: 

• 2x intensity (for given emittance) 

• 1/2 x emittance (for the same intensity) 

• Or a combination … 
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 Order of magnitude perturbation 

• Edge effect (rectangular magnet): 

–  k1L~ ϕ2/2L~6e-‐3	  

• Feed-‐down	  from	  sextupole:	  

–  Int(Bdl)~c0+c1	  x+c2	  x2	  +…	  

–  x0=-‐50mm	  	  	  

–  à	  k1L~3.4e-‐3	  

E.	  BenedeYo,	  et	  al.	  IPAC14	  


