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Outline 

	  
§  Current	  work	  done	  on	  SuperconducBng	  Undulators	  

–  At	  ANKA	  
–  At	  APS	  

§  HeaBng	  Sources	  
–  Image	  Currents	  
–  Beam	  Loss	  
–  RadiaBon	  HeaBng	  

•  Present	  preliminary	  analysis	  

–  Electron	  Cloud	  
•  Present	  future	  studies	  
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Superconducting Undulator(SCU) at ANKA 

3	  

§  The	  SCU	  at	  ANKA	  was	  installed	  in	  March	  2005.	  
§  ANKA	  is	  a	  2.5	  GeV,	  110.4	  m	  storage	  ring.	  

§  In-‐vacuum	  Undulator,	  1.4	  meters	  long	  
§  Cooled	  by	  3	  Sumitomo	  cryocoolers	  (2	  for	  the	  coils	  at	  4K,	  1	  for	  the	  10K	  UHV	  tank).	  
§  Period	  length	  of	  14	  mm,	  peak	  field	  of	  0.8	  T.	  
§  Three	  operaBng	  gaps:	  8,	  12,	  16	  mm	  full	  height.	  

–  29	  mm	  for	  injecBon	  

INVESTIGATIONS OF THE THERMAL BEAM LOAD OF A
SUPERCONDUCTING IN-VACUUM UNDULATOR∗

S. Casalbuoni† , M. Hagelstein, B. Kostka, R. Rossmanith,
Forschungszentrum Karlsruhe, Karlsruhe, Germany

E. Steffens, M. Weisser , University of Erlangen, Erlangen, Germany
A. Bernhard, D. Wollmann, T. Baumbach, University of Karlsruhe, Karlsruhe, Germany

Abstract

Both the resistive wall effect and the synchrotron ra-
diation [1, 2, 3] can warm up the cold bore of a super-
conductive in-vacuum undulator. For the in ANKA in-
stalled superconducting undulator measurements showed
that the dominant heat load contribution comes from the
synchrotron radiation generated in the upstream bending
magnet: 1 W per 100 mA stored current at a beam energy
of 2.5 GeV and an undulator gap of 8 mm.

INTRODUCTION

Considering that synchrotron radiation losses increase
linearly with beam current, while resistive wall heating
losses increase quadratically, it is in principle possible to
determine the contribution to the beam heat load from syn-
chrotron radiation and resistive wall losses by measuring
the beam heat load dependence on the beam current. The
experimental results obtained at ANKA are discussed.

EXPERIMENTAL SETUP

The storage ring compatible cryostat is shown in Fig. 1.
The system is cryogen free and is cooled by three Sumit-
omo cryocoolers (RDK-408D @ 50 Hz) [4]: two of them
are cooling the coils to about 4 K and one the UHV tank,
which is at 10 K and provides a thermal protection of the
coils from the outer world. The cryostat consists of two
separated vacuum systems for the cold mass. A UHV vac-
uum system for the beam and an isolation vacuum system
for the coils and the rest of the cold mass. The pressure of
the two vacua are monitored. A 300 µm stainless steel foil
coated with 30 µm of copper is placed between the cold
mass and the beam vacuum. A taper system connects the
normal beam pipe with the cold mass and has two func-
tions: 1) smooth transition for wake fields, 2) thermal tran-
sition between the cold bore at 4 K and the beam pipe at
room temperature. Several temperature sensors are placed
on the different elements: coils, UHV tank, taper entrance,
taper exit, etc. The undulator can be operated at different
gap widths: 16, 12, and 8 mm. The undulator gap can be
opened to 29 mm without current in the coils during injec-
tion.

∗The authors are thankful to E. Wallén for useful discussions.
† sara.casalbuoni@iss.fzk.de
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Figure 1: Schematic layout of the vacuum system of the
superconducting undulator and the position of the temper-
ature sensors.

RESULTS
In order to protect the undulator from the synchrotron ra-

diation emitted by the upstream magnets a collimator sys-
tem is located at about 1 m from the entry point of the un-
dulator. The collimator system consists of four indepen-
dently movable collimators: two horizontal and two verti-
cal. In Fig. 2 is shown the protecting effect of the collima-
tor. When we open the outer one we observe first an in-
craese in temperature of the taper exit and then an increase
in the temperature of the taper entrance. As expected mov-
ing in and out the inner one has no effect on the tapers
temperatures.

Figure 2: Demonstration of the protecting effect of the col-
iimator. The positions of the inner and outer horizontal
collimator, and the temperatures at the taper entrance and
at the taper exit are reported as a function of time.

Fig. 3 shows the temperature at the UHV tank and at
the coils during a routine run over two weeks. Both the
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SCU at ANKA 
 

	  
§  The	  non-‐linear	  correlaBon	  between	  beam	  current	  and	  chamber	  pressure	  is	  consistent	  

with	  electron	  cloud	  mulBpacBng.	  
§  Data	  was	  not	  reproducible	  with	  current	  electron	  cloud	  codes.	  
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Expected Performance for the Superconducting 
Undulator (SCU) at APS 
§  Current	  undulators	  are	  electromagnets	  or	  hybrid	  permanent	  magnets.	  

–  These	  magnets	  have	  reached	  their	  peak	  fields	  for	  short	  period	  lengths.	  	  	  

§  SCUs	  will	  allow	  light	  sources	  to	  increase	  the	  undulator	  peak	  field	  and	  therefore	  get	  
higher	  brightness	  beams	  at	  high	  photon	  energy.	  

5	  
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SCU at APS 
Prototype SCU0 

§  Coils	  are	  0.340	  m	  
long,	  16	  mm	  period	  
length	  with	  42	  
periods.	  

§  Cryostat	  2	  m	  long	  
§  Place	  in	  the	  second	  

half	  of	  the	  straight	  
with	  a	  hybrid	  
permanent	  magnet.	  

§  A	  photon	  absorber	  
(PA)	  between	  the	  two	  
undulators	  will	  shield	  
the	  cryostat	  from	  
high	  energy	  direct	  
dipole	  radiaBon.	  
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Heating Sources 

§  Four	  HeaBng	  sources	  are	  being	  studied	  for	  the	  SCU	  at	  APS	  
–  Image	  Currents	  or	  Resistance	  HeaBng	  
–  Beam	  loss	  in	  Top-‐up	  
–  RadiaBon	  HeaBng	  
–  HeaBng	  from	  Electron	  Cloud	  
	  

7	  

Heat	  Source	   Heat	  Load	  for	  100mA	  
beam	  (W)	  

Heat	  Load	  for	  150mA	  
beam	  (W)	  

Image	  Currents1	   5.8	   10.9	  

Beam	  Loss2	   12.6	  (During	  top-‐up)	   12.6	  (During	  top-‐up)	  

RadiaBon	  HeaBng	   *3.7	   *5.6	  

Electron	  Cloud2	   **2.0	   -‐-‐	  

Total	   24.1	   29.1	  +	  

1APS_1423346;	  2	  APS_1283081	  
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Heating Sources- Image Currents 
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§  Power	  from	  the	  resistance	  heaBng	  is	  given	  by:	  
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Number	  of	  Bunches	   Current	  per	  Bunch	  (mA)	  
100mA	  total	  beam	  

Power	  for	  
100mA(W)	  

Power	  for	  
150mA	  (W)	  

24	  evenly	  spaced	  bunches	   4.2	   5.8	   10.9	  

324	  evenly	  spaced	  bunches	   0.31	   0.8	   1.8	  

Hybrid	  mode:	  56	  small	  bunches	  
and	  one	  0.016A	  bunch	  

1	  x	  16	  &	  56	  x	  1.5	   4.1	   7.2	  

APS_1423346	  
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Heating Sources – Beam Injection 

§  When	  beam	  is	  injected	  into	  the	  storage	  ring	  some	  of	  the	  injected	  beam	  is	  lost	  onto	  
the	  chamber	  walls.	  

§  This	  is	  potenBally	  a	  problem	  during	  top-‐up	  when	  the	  SCU	  is	  in	  use.	  
–  With	  ID4	  smaller	  aperture	  beam	  loss	  is	  more	  likely	  to	  occur	  there.	  

§  During	  Top-‐up	  
–  C	  =	  3	  nC	  are	  injected	  into	  the	  ring	  every	  minute.	  
–  E	  =	  7	  GeV	  Storage	  ring	  
–  Eff	  =	  70%	  efficiency	  (30%	  lost	  on	  chamber	  walls)	  
–  f	  =	  InjecBon	  Frequency	  of	  2	  Hz	  

	  	  
9	  

P =C !E ! 1
f
! 1" eff( ) =12.6W

V.	  Sajaev,	  private	  communicaBon;	  
APS_1283081	  



L.	  Boon 	   	  ASD	  Seminar 	   	  Dec	  5,	  2011	  

Heating Sources – Radiation Heating 
Synrad3d   

§  Synrad3d	  is	  a	  3D	  photon	  tracking	  program.	  
§  Follows	  the	  photons	  as	  they	  move	  in	  the	  chamber.	  

–  Uses	  photon	  reflecBvity	  to	  determine	  if	  the	  photon	  is	  reflected	  
–  All	  scaoers	  are	  specular	  and	  	  

	  elasBc	  (for	  now)	  
–  Follows	  the	  photon	  unBl	  it	  is	  	  

	  absorbed	  

§  Wrioen	  by	  David	  Sagan	  and	  	  
	   	  Gerry	  Dugan	  at	  Cornell	  	  

	  University	  

§  Code	  in	  progress.	  

10	  
EuroTeV	  2005-‐013,	  Berkeley	  Center	  
for	  X-‐ray	  OpBcs	  
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Radiation Spectra from a Bending Magnet 

§  RadiaBon	  spectra	  	  
–  VerBcal	  opening	  angle	  of	  1/γ	  
–  Horizontal	  opening	  angle	  equal	  to	  the	  

bend	  of	  the	  magnet.	  

11	  

P kW[ ] =14.07! L m[ ]E 4 GeV[ ] I A[ ]!"2 m[ ]
D.	  Aowood’s	  lecture	  on	  Bending	  Magnet	  
RadiaBon	  	  
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Heating Sources – Radiation Heating 
Primary Photons 

12	  

P kW[ ] =14.07! L m[ ]E 4 GeV[ ] I A[ ]!"2 m[ ] Θa=	  1.9	  mrad	  =	  2.47%	  =	  164	  W	  

APS_1407514	  
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Heating Sources – Radiation Heating 
Primary Photons 

13	  

!2

!

" #
!1

!

"

F = 1
1+ X 2( )

5 2 1+
5
7

X 2

1+ X 2

!

"
#

$

%
& X = !"

0.25%	  =	  0.42W	  



L.	  Boon 	   	  ASD	  Seminar 	   	  Dec	  5,	  2011	  

Heating Sources – Radiation Heating  
Primary Photons 
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§  Using	  Synrad3d	  without	  reflecBons	  the	  power	  absorbed	  on	  the	  SCU	  can	  be	  
calculated	  using:	  

§  ETOT	  =	  Total	  energy	  of	  the	  photons	  absorbed	  
§  Int	  =	  Intensity	  
§  I	  =	  Current	  

CalculaAon	  (W)	   SimulaAon	  (W)	  

Main	  Bend	   0.240	   0.288	  

Mini-‐Bend	   0.0017	   0.0016	  

Total	   0.242	   0.290	  

Psim = ETOT ! Int ! I
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Absorbed Photon Spectrum with no reflections 

§  The	  energy	  distribuBon	  of	  photons	  
absorbed	  on	  the	  SCU,	  when	  there	  are	  
no	  reflecBons	  

§  Highest	  flux	  is	  low	  energy	  photons,	  
between	  4	  and	  700eV.	  

	  
15	  

§  The	  grazing	  angle	  of	  absorbed	  
photons	  is	  dependent	  on	  the	  
distance	  between	  the	  photon	  
source	  and	  the	  SCU.	  
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Radiation 
Heating 
Horizontal Beam 
Steering   

§  Off-‐axis	  beam	  through	  
the	  bending	  magnets	  
changes	  the	  trajectory	  
of	  the	  radiaBon	  fan.	  

§  1W	  line	  is	  where	  the	  
radiaBon	  fan	  just	  
touches	  the	  wall.	  

§  Need	  to	  compute	  the	  
power	  density.	  

16	  
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Vertical Steering 

§  The	  verBcal	  steering	  
breaks	  symmetry,	  and	  
more	  power	  is	  absorbed	  
on	  the	  top	  or	  booom	  of	  
the	  chamber.	  

§  Need	  to	  combine	  x-‐y	  
steering	  through	  the	  main	  
bending	  magnet.	  

§  Need	  a	  way	  to	  control	  
verBcal	  steering	  

17	  
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Heating Sources – Radiation Heating 
Photon Absorber 

§  Used	  to	  shield	  the	  cryostat	  from	  direct	  
radiaBon.	  

§  Designed	  to	  absorb	  1kW	  of	  power.	  

18	  

PA	   Angle	   Total	  power	  
absorbed	  per	  
100mA	  

Old	   19	  degrees	   439.6	  W	  

New	   30	  degrees	   456.0	  W	  
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Reflections off the Photon Absorber 

§  Photons	  can	  reflect	  off	  
the	  PA	  assuming	  a	  
specular	  and	  elasBc	  
scaoer.	  

§  None	  of	  these	  photons	  
are	  absorbed	  in	  the	  
SCU	  

§  Flux	  along	  the	  leading	  
edge	  is	  from	  reflected	  
photons	  

19	  
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PA	   Percent	  of	  
photons	  
absorbed	  on	  PA	  

Heat	  on	  SCU	  
from	  PA	  

Old	   97.5%	   0	  W	  

New	   97.3%	   0	  W	  
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Absorbed Photon Spectrum allowing reflections 

§  The	  energy	  spectrum	  increases	  at	  
higher	  photon	  energy	  since	  these	  
photons	  can	  now	  reflect	  into	  the	  SCU	  

	  

20	  

§  The	  grazing	  angle	  of	  the	  absorbed	  
photons	  has	  the	  highest	  flux	  at	  0.6	  
degrees.	  	  
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Heating Sources – Radiation Heating   
Photon Scattering 

§  Currently	  Synrad3d	  assumes	  a	  smooth	  vacuum	  chamber	  wall.	  	  	  Our	  studies*	  at	  APS	  
showed	  that	  extruded	  Al	  chambers	  have	  a	  surface	  roughness	  of	  75-‐400nm	  rms.	  	  	  

§  Effects	  the	  reflecBvity	  of	  low	  energy	  photons	  (10	  eV	  to	  1	  keV).	  

§  Updates	  to	  Synrad3d:	  
–  Assumes	  	  
–  Diffuse	  scaoering	  dominates	  
–  SBll	  being	  debugged	  and	  validated	  

21	  

! " >>1

*Analysis	  of	  the	  APS	  chambers	  
done	  by	  L.	  Assoufid	  
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Summary– Radiation Heating 
§  Power	  absorbed	  from	  direct	  photons	  ~0.29	  W	  from	  simulaBons	  
§  Power	  absorbed	  from	  reflected	  photons	  ~3.7	  W	  from	  simulaBons	  

–  This	  assumes	  specular	  and	  elasBc	  scaoers.	  

§  AnalyBcal	  calculaBons	  of	  beam	  steering	  showed:	  
–  	  Horizontal	  steering	  will	  not	  create	  a	  large	  heat	  load	  on	  the	  SCU	  cryostat,	  but	  the	  

stability	  of	  this	  needs	  to	  be	  determined.	  	  
–  VerBcal	  steering	  could	  create	  problem	  on	  the	  cryostat,	  studies	  need	  to	  be	  done	  to	  

determine	  what	  the	  verBcally	  allowed	  steering	  is,	  and	  how	  to	  limit	  it.	  
–  SBll	  need	  to	  calculate	  combined	  horizontal	  and	  verBcal	  steering	  through	  the	  main	  bend.	  
–  Separate	  and	  combined	  steering	  through	  the	  mini-‐bend.	  
–  Calculate	  the	  power	  density.	  

§  Photon	  absorber	  analysis	  showed	  that	  the	  larger	  angle	  will	  keep	  direct	  radiaBon	  
off	  the	  leading	  edge,	  though	  both	  designs	  successfully	  shield	  the	  SCU	  from	  
reflected	  photons	  

§  Surface	  roughness	  studies	  
–  It	  has	  already	  been	  shown	  that	  the	  chamber	  is	  rough,	  but	  studies	  sBll	  need	  to	  be	  done	  

to	  determine	  how	  that	  roughness	  effects	  the	  reflecBvity	  
–  Need	  to	  validate	  the	  updated	  Synrad3d	  model	  

22	  



L.	  Boon 	   	  ASD	  Seminar 	   	  Dec	  5,	  2011	  

Heating Sources – Electron Cloud 

§  Electron	  cloud	  can	  heat	  the	  chamber	  when	  low	  energy	  electrons	  are	  accelerated	  
into	  the	  vacuum	  chamber	  by	  the	  beam	  

§  Primary	  electrons	  are	  created	  from	  three	  processes:	  
–  Photoemission	  
–  Secondary	  electron	  
–  Fluorescence	  

§  Secondary	  electrons	  are	  created	  from	  free	  electrons	  being	  accelerated	  into	  the	  
chamber	  wall.	  
–  Amount	  of	  electrons	  created	  is	  	  

	  dependent	  on	  the	  material	  and	  
	  energy	  of	  the	  incident	  electron.	  
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Heating Sources – Multipacting with Electron Cloud: 
Positron Beam 

2	  mA/bunch	  
simul,	  red	  line	  (posinst)	  

RFA	  
§  Beam-‐induced	  mulBpacBng	  is	  a	  resonance	  that	  

can	  amplify	  the	  electron	  cloud	  density.	  	  	  
§  Maximum	  signal	  in	  RFA	  at	  APS:	  7-‐bucket	  spacing	  

(19.9	  ns),	  std	  chamber.	  
§  EC	  codes	  (posint)	  reproduce	  data	  well	  when	  

realisBc	  secondary	  electron	  parameters	  used;	  
not	  very	  sensiBve	  to	  photoemission	  model.	  
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Heating Sources – Multipacting with Electron Cloud: 
Electron Beam 
§  MulBpacBng	  is	  a	  weaker	  effect	  in	  electron	  

machines,	  but	  not	  absent	  –	  it	  could	  create	  
heaBng	  as	  seen	  at	  ANKA.	  

§  Maximum	  signal	  in	  RFA	  at	  APS:	  11-‐bucket	  
spacing	  (31.2	  ns),	  std	  chamber.	  

§  EC	  codes	  do	  not	  reproduce	  data	  well;	  we	  
believe	  that	  the	  photoemission	  model	  needs	  
to	  be	  improved.	  
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K.	  Harkay	  et	  al.	  PAC	  .	  

RFA	  
2	  mA/bunch	  
Simul	  dashed	  
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Heating Sources – Electron Cloud in SCU0 
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photoelectron  
> 170 eV can escape 

5.4 ns                   0.3 ns 

r=1cm	  

0.33cm	  

0.33cm	  

5 eV 

5.4 ns                       0.3 ns 

60 eV 

1.1 eV 
0.33cm	  

1 eV 
0.33cm	  

secondary 

1.1 eV 

§  Possible	  mulBpacBng	  resonance	  using	  2mA/bunch,	  2-‐bucket	  spacing	  (5.7	  ns),	  and	  1-‐
cm	  average	  chamber	  radius	  is	  shown.	  

§  Example	  is	  not	  modeled	  in	  posinst	  since	  photoelectron	  energy	  assumed	  to	  be	  very	  
small.	  

§  Impulse	  kick	  approximaBon	  (ΔK=Δp2/2me)	  used	  for	  figure,	  but	  not	  strictly	  valid	  since	  
bunch	  length	  (~1	  cm)	  is	  of	  order	  of	  chamber	  aperture.	  	  Need	  a	  code	  like	  posinst	  to	  
compute	  kicks	  from	  slices	  (average	  energy	  on	  wall	  is	  ~keV	  in	  prelim	  result).	  
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Electron Cloud Measurement 

§  The	  photoemission	  yields	  are	  not	  fully	  understood	  for	  the	  condiBons	  of	  the	  SCU	  
and	  needs	  to	  be	  studied	  to	  beoer	  understand	  electron	  cloud	  generaBon.	  
–  This	  includes	  the	  true	  primary	  electrons	  and	  the	  secondary	  emission	  from	  incident	  

absorbed	  photons	  	  

§  The	  goal	  is	  to	  measure	  the	  QE	  and	  photoemission	  spectrum	  for	  cold	  aluminum	  to	  
use	  as	  the	  input	  to	  electron	  cloud	  codes	  such	  as	  ECLOUD.	  
–  This	  includes	  the	  angle	  and	  surface	  roughness	  dependence	  of	  the	  QE	  	  	  

	  
§  Electron	  cloud	  is	  a	  possible	  heat	  source	  that	  needs	  to	  be	  studied.	  	  	  
§  Use	  the	  results	  from	  Synrad3d	  and	  radiaBon	  heaBng	  as	  inputs	  to	  the	  generaBon	  of	  

electron	  clouds	  in	  the	  cryostat.	  
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Measurement of Photoemission 

§  The	  energy	  of	  the	  photons	  that	  are	  
absorbed	  on	  the	  SCU	  between	  
4-‐700eV.	  

§  For	  the	  QE	  study	  we	  will	  need	  VUV	  
	  

28	  

§  The	  grazing	  angle	  of	  the	  absorbed	  
photons	  has	  the	  highest	  flux	  at	  0.6	  
degrees.	  	  
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Summary of Electron Cloud Heating 

§  Current	  Electron	  cloud	  codes	  are	  not	  able	  to	  reproduce	  the	  data	  from	  electron	  
beams.	  	  One	  reason	  may	  be	  that	  in	  electron	  machines	  photoemission	  dominates.	  

§  Electron	  cloud	  could	  be	  a	  heat	  source	  on	  the	  cryostat	  based	  on	  data	  from	  ANKA,	  
and	  needs	  to	  be	  further	  studied	  and	  possibly	  miBgated	  for	  SCU0.	  
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Questions? 
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