
“Development	
  and	
  characteriza3on	
  of	
  
cryogenically	
  cooled	
  liquid	
  droplet	
  
internal	
  target	
  beams”	
  

Dr.	
  Robert	
  E.	
  Grisen/	
  
J.	
  W.	
  Goethe-­‐Universität	
  Frankfurt	
  am	
  Main	
  &	
  GSI	
  

STORI	
  ´11	
  



Simple	
  idea	
  to	
  increase	
  the	
  target	
  density	
  

N2	
  @	
  T0	
  =	
  96	
  K	
   N2	
  @	
  T0	
  =	
  88	
  K	
  

•  By	
  changing	
  the	
  source	
  parameters	
  
(pressure	
  and/or	
  temperature)	
  a	
  
fragmen/zing	
  liquid	
  droplet	
  beam	
  with	
  
decreasing	
  divergence	
  can	
  be	
  produced	
  

•  Mass	
  conserva/on	
  leads	
  to	
  a	
  significant	
  
increase	
  of	
  the	
  target	
  density	
  in	
  the	
  
interac/on	
  region	
  	
  

N2	
  @	
  T0	
  =	
  72	
  K	
  



The	
  internal	
  target	
  sta3on	
  at	
  the	
  ESR	
  



Test	
  this	
  simple	
  idea:	
  H2	
  and	
  He	
  targets	
  at	
  the	
  ESR	
  

H2 He 

Previous limit 

Previous limit 



Many	
  open	
  ques3ons	
  

•  Does	
  the	
  very	
  high	
  droplet	
  local	
  density	
  (≈	
  1022	
  cm-­‐3)	
  
has	
  any	
  important	
  effect,	
  e.g.,	
  for	
  ion	
  cooling?	
  

•  Interac/on	
  studies	
  between	
  micrometer-­‐sized	
  
hydrogen	
  pellets	
  and	
  rela/vis/c	
  protons	
  have	
  been	
  
reported,	
  but	
  the	
  situa/on	
  is	
  expected	
  to	
  change	
  
drama/cally	
  for	
  HCI	
  since	
  energy	
  losses	
  scale	
  with	
  the	
  
square	
  of	
  the	
  charge	
  number.	
  



The	
  SchoVky-­‐pickup	
  diagnos3cs:	
  energy	
  losses	
  

•  The	
  SchoVky	
  provides	
  the	
  revolu/on	
  
frequency	
  spectrum	
  of	
  the	
  circula/ng	
  
ions,	
  characterized	
  by	
  a	
  mean	
  revolu/on	
  
frequency	
  f0,	
  which	
  is	
  directly	
  related	
  to	
  
the	
  longitudinal	
  ion	
  momentum.	
  



The	
  SchoVky-­‐pickup	
  diagnos3cs:	
  energy	
  losses	
  

•  The	
  SchoVky	
  provides	
  the	
  revolu/on	
  
frequency	
  spectrum	
  of	
  the	
  circula/ng	
  
ions,	
  characterized	
  by	
  a	
  mean	
  revolu/on	
  
frequency	
  f0,	
  which	
  is	
  directly	
  related	
  to	
  
the	
  longitudinal	
  ion	
  momentum.	
  

•  Once	
  the	
  electron	
  cooler	
  has	
  been	
  
turned	
  off,	
  the	
  revolu/on	
  frequency	
  
decreases	
  (linearly	
  in	
  /me)	
  due	
  to	
  
energy	
  losses.	
  

	
  



The	
  SchoVky-­‐pickup	
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•  The	
  SchoVky	
  provides	
  the	
  revolu/on	
  
frequency	
  spectrum	
  of	
  the	
  circula/ng	
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  by	
  a	
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  revolu/on	
  
frequency	
  f0,	
  which	
  is	
  directly	
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  to	
  
the	
  longitudinal	
  ion	
  momentum.	
  

•  Once	
  the	
  electron	
  cooler	
  has	
  been	
  
turned	
  off,	
  the	
  revolu/on	
  frequency	
  
decreases	
  (linearly	
  in	
  /me)	
  due	
  to	
  
energy	
  losses.	
  

•  The	
  ion	
  beam	
  energy	
  loss	
  (per	
  turn)	
  can	
  
be	
  determined	
  from	
  the	
  frequency	
  shiY	
  
rate	
  f’	
  as	
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The	
  SchoVky-­‐pickup	
  diagnos3cs:	
  energy	
  losses	
  

•  The	
  measured	
  Ion	
  energy-­‐losses	
  are	
  in	
  
reasonable	
  agreement	
  with	
  predic/ons	
  
based	
  on	
  the	
  Bethe-­‐Bloch	
  formula	
  for	
  a	
  
uniform	
  target	
  density	
  corresponding	
  to	
  our	
  
measured	
  mean	
  nΔx.	
  

•  However,	
  they	
  are	
  of	
  up	
  to	
  three	
  orders	
  of	
  
magnitude	
  smaller	
  than	
  those	
  expected	
  on	
  
the	
  basis	
  of	
  the	
  Bethe-­‐Bloch	
  formula	
  for	
  a	
  
sub-­‐micron	
  hydrogen	
  droplet	
  with	
  a	
  	
  local	
  
density	
  	
  of	
  ≈	
  1022	
  cm-­‐3	
  (of	
  the	
  order	
  of	
  104	
  
eV).	
  

U91+	
  @	
  400	
  MeV/u	
  

U91+	
  @	
  216	
  MeV/u	
  

U89+	
  @	
  116	
  MeV/u	
  



Interpreta3on	
  of	
  the	
  energy	
  losses	
  

	
  
•  A	
  small	
  frac/on	
  (es/mated	
  to	
  be	
  10-­‐4	
  per	
  

turn)	
  of	
  the	
  HCIs	
  undergoes	
  direct	
  collisions	
  
with	
  the	
  target	
  beam	
  droplets	
  

•  AYer	
  a	
  single	
  collision	
  event	
  the	
  droplet	
  
probably	
  disintegrates,	
  producing	
  both	
  
neutral	
  and	
  ionized	
  atoms	
  and	
  larger	
  
fragments.	
  

•  Since	
  this	
  fragmenta/on	
  process	
  occurs	
  on	
  
the	
  picosecond	
  /me	
  scale,	
  the	
  
experimentally	
  measured	
  energy	
  losses	
  are	
  
likely	
  primarily	
  dominated	
  by	
  the	
  
interac/on	
  of	
  the	
  HCIs	
  with	
  the	
  nearly	
  
spa/ally	
  uniform	
  target	
  consis/ng	
  of	
  the	
  
fragmenta/on	
  products.	
  	
  

U91+	
  @	
  400	
  MeV/u	
  

U91+	
  @	
  216	
  MeV/u	
  

U89+	
  @	
  116	
  MeV/u	
  



Drama3c	
  cooling	
  effects	
  

•  The	
  achieved	
  high	
  densi/es	
  provides	
  the	
  most	
  direct	
  evidence	
  so	
  far	
  for	
  a	
  drama/c	
  energy	
  
loss	
  event	
  during	
  interac/on	
  with	
  a	
  H2	
  target	
  that	
  cannot	
  be	
  balanced	
  by	
  the	
  electron	
  cooler	
  

The	
  appearance	
  of	
  a	
  broad	
  
distribu3on	
  results	
  from	
  the	
  
finite	
  dispersion	
  at	
  the	
  target	
  

Theore/cal	
  
threshold	
  density	
  
for	
  efficient	
  
electron	
  cooling	
  	
  



Major	
  drawback:	
  target	
  beam	
  instability	
  

	
  
•  However,	
  serious	
  target	
  

beam	
  instabili3es	
  make	
  the	
  
use	
  of	
  the	
  droplet	
  target	
  
beam	
  for	
  normal	
  user	
  
opera3on	
  presently	
  
unreliable	
  	
  



Solu3on:	
  CERN	
  nozzle	
  for	
  op3mal	
  user	
  opera3on	
  

•  The	
  use	
  of	
  a	
  CERN-­‐type	
  nozzle	
  (kindly	
  
provided	
  by	
  A.	
  Khoukaz	
  for	
  the	
  PANDA	
  
collabora3on)	
  provides	
  high	
  target	
  
densi/es	
  for	
  both	
  the	
  low-­‐Z	
  (H2)	
  and	
  the	
  
high-­‐Z	
  gases	
  (Ar,	
  Xe)	
  

276 The European Physical Journal D

Fig. 2. Sketch of a Laval-nozzle.

beam, hits a conical aperture with an opening of 700 µm,
acting as a skimmer. As consequence, only a well-prepared
part of the cluster beam passes this vacuum stage and
nearly the whole gas beam remains in the skimmer stage
and is pumped by a roots pump. Between the following
first and second collimator stage another conical aperture
with a diameter of 900 µm is placed in order to define
the cluster beam diameter and to hold back residual gas.
After this stage a cluster beam with a constant angular di-
vergence is available, passes the next differential pumping
stage (second collimator stage) and enters the analyzing
chamber. For more details see [4].
The analyzing chamber is equipped with a step-motor

controlled device to scan the passing cluster beam in a
plane perpendicular to its spread direction (Fig. 1). The
scanning rod with a thickness of 1.0 mm can be positioned
in units of 1/24 mm. If the rod is placed inside the cluster
beam, a part of the beam is stopped and converted into a
gas load which can be recorded by an ionization vacuum-
meter. Thus, this system is sensitive to the absolute cluster
beam density and to the overlap between the rod and the
cluster beam and can be used to obtain information about
the size and the position of the beam. Furthermore, if the
rod is placed at a fixed position inside the cluster beam,
this system allows to monitor the density of the cluster
beam. After this stage the beam enters the beam dump,
where the clusters are destroyed and form an appreciable
gas load. Although a large fraction of this can directly
be pumped by the turbo pump, a non-negligible amount
remains in this chamber and affects the vacuum in the an-
alyzing chamber. To minimize this effect the beam dump
consists of differentially pumped vacuum chambers which
are separated by small apertures. The diameters of these
apertures (15 mm and 20 mm) are as small as possible but
big enough to allow an undisturbed passage of the cluster
beam.

2.1 Profiles

In Figure 3 a density profile of a hydrogen cluster beam is
shown. This profile was measured 0.65 m behind the noz-
zle with the scanning system described above. The cluster
beam was scanned in steps of 1/8 mm and the result-
ing pressure in the analyzing chamber was measured. If

gas: hydrogen

distance to nozzle: 65 cm

input pressure: 12.7 bar

nozzle temperature: 40 K
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Fig. 3. Profile of a cluster beam measured with the scanning
device. The fit (solid line) is based on the assumption of a
homogeneous cylindrical cluster beam.

the volume density distribution is homogeneous the pres-
sure will be proportional to the overlap between the clus-
ter beam and the rod and can be described by a circle
function. The shown calculation (solid line), assuming a
homogeneous cylindrical cluster beam with a diameter of
8.5 mm, fits very well with the measured curve. In contrast
to this steep rise, a molecular gas-jet beam has a Gaus-
sian profile. This fact is of great interest for accelerator
experiments where the knowledge of the interaction point
is important for the reconstruction of outgoing tracks.
The stopping of a certain part of the cluster beam in

the analyzing chamber by the rod causes an increase of the
vacuum pressure. This increase corresponds to a gas flow
G, which can be calculated if the pumping speed in this
chamber is known. In combination with the cluster beam
diameter, the rod diameter and the cluster beam velocity
this value allows to calculate the absolute cluster beam
density. Except for the cluster velocity all of these para-
meters can usually be determined. Up to now there exist
no measurements of the velocity of hydrogen clusters re-
levant to our working conditions. Therefore, we calculate
the velocity of the gas beam after having passed the nozzle
and assume that the produced cluster beam has the same
velocity. Calculations of the maximum gas beam velocity
umax can be found in [7] and result in

umax =

�
2κ

κ− 1
kT0
m

(1)

with κ = cp/cv, k the Boltzmann constant, T0 the tem-
perature of the gas before passing the nozzle and m as the



Solu3on:	
  CERN	
  nozzle	
  for	
  op3mal	
  user	
  opera3on	
  

CERN,	
  12.5	
  µm	
  

Pressure	
  (bar)	
  

Xe	
  

Wall	
  orifice,	
  10	
  µm	
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  of	
  a	
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  (kindly	
  
provided	
  by	
  A.	
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  the	
  PANDA	
  
collabora3on)	
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  high	
  target	
  
densi/es	
  for	
  both	
  the	
  low-­‐Z	
  (H2)	
  and	
  the	
  
high-­‐Z	
  gases	
  (Ar,	
  Xe)	
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Solu3on:	
  CERN	
  nozzle	
  for	
  op3mal	
  user	
  opera3on	
  

•  Long	
  term	
  stability	
  of	
  beVer	
  
than	
  2%	
  

•  The	
  use	
  of	
  a	
  CERN-­‐type	
  nozzle	
  (kindly	
  
provided	
  by	
  A.	
  Khoukaz	
  for	
  the	
  PANDA	
  
collabora3on)	
  provides	
  high	
  target	
  
densi/es	
  for	
  both	
  the	
  low-­‐Z	
  (H2)	
  and	
  the	
  
high-­‐Z	
  gases	
  (Ar,	
  Xe)	
  



Present	
  maximum	
  values	
  limited	
  by	
  the	
  geometry	
  

•  The	
  maximum	
  target	
  densi/es,	
  especially	
  
for	
  the	
  light	
  targets,	
  are	
  currently	
  set	
  by	
  the	
  
target	
  beam	
  inlet	
  geometry,	
  which	
  severely	
  
limits	
  the	
  source	
  cooling	
  capacity	
  of	
  the	
  
closed	
  cycle	
  cryostat	
  



Cryogenic	
  liquid	
  jets	
  as	
  mass-­‐limited	
  targets	
  

•  Cryogenic	
  liquids	
  expanding	
  in	
  vacuum	
  represent	
  the	
  ideal	
  realiza3on	
  of	
  a	
  mass-­‐limited	
  
target	
  ideally	
  suited	
  for	
  rela/vis/c	
  laser-­‐plasma	
  genera/on	
  

•  The	
  droplets	
  
	
  

ü  are	
  truly	
  “free-­‐standing”	
  

ü  are	
  replenished	
  at	
  MHz	
  repe//on	
  rates,	
  thus	
  elimina/ng	
  the	
  problem	
  
of	
  target	
  replacement	
  aYer	
  each	
  laser	
  shot	
  

N2	
  



Cryogenic	
  liquid	
  jets	
  as	
  mass-­‐limited	
  targets	
  

•  Cryogenic	
  liquids	
  expanding	
  in	
  vacuum	
  represent	
  the	
  ideal	
  realiza3on	
  of	
  a	
  mass-­‐limited	
  
target	
  ideally	
  suited	
  for	
  rela/vis/c	
  laser-­‐plasma	
  genera/on	
  

N2	
  

ü  For	
  laser-­‐driven	
  accelera/on	
  hydrogen	
  droplets	
  are	
  the	
  most	
  appealing	
  

ü  For	
  WDM	
  studies	
  droplets	
  of	
  the	
  heavy	
  cryogenic	
  gases	
  (e.g.,	
  argon	
  )	
  are	
  required	
  



Cri3cal	
  issue	
  with	
  cryogenic	
  liquid	
  jets:	
  freezing	
  

•  However,	
  Cryogenic	
  liquids	
  of	
  interest	
  rapidly	
  cool	
  by	
  surface	
  evapora/on	
  and	
  start	
  freezing	
  
before	
  breakup	
  occurs	
  

Ar	
  

Onset	
  of	
  crystalliza3on	
  

Liquid	
  (transparent)	
  
Solid	
  (opaque)	
  

N2	
  



Avoiding	
  freezing	
  for	
  droplet	
  produc3on	
  

•  Simple	
  solu/on:	
  to	
  avoid	
  freezing	
  expand	
  
the	
  liquid	
  jet	
  in	
  a	
  gas	
  kept	
  close	
  to	
  triple-­‐
point	
  (TP)	
  condi/ons	
  

•  The	
  produc/on	
  of	
  large	
  hydrogen	
  droplets	
  
by	
  injec/ng	
  the	
  liquid	
  into	
  a	
  TP	
  chamber	
  has	
  
been	
  demonstrated	
  within	
  the	
  PANDA	
  
collabora/on	
  

•  However,	
  the	
  considerable	
  dimensions	
  of	
  
the	
  droplet	
  inlet	
  system	
  and	
  the	
  droplet	
  
beam	
  divergence	
  preclude	
  its	
  use	
  for	
  laser-­‐
plasma	
  applica/ons	
  

-  One	
  has	
  to	
  deliver	
  droplets	
  
synchronized	
  temporally	
  with	
  the	
  
laser	
  pulse	
  with	
  a	
  spa3al	
  stability	
  
beVer	
  than	
  half	
  the	
  laser	
  focus	
  (≈	
  5	
  
µm)	
  

Schema	
  of	
  the	
  prototype	
  droplet	
  inlet	
  system	
  for	
  PANDA	
  
(Uppsala	
  University)	
  	
  



Two-­‐fluid	
  stream	
  droplet	
  beam	
  source	
  



Two-­‐fluid	
  stream	
  droplet	
  beam	
  source	
  

Inner	
  capillary	
  
(5	
  -­‐	
  10	
  µm)	
  

Outer	
  capillary	
  
(150	
  µm)	
  

1	
  mm	
  



Two-­‐fluid	
  stream	
  droplet	
  beam	
  source	
  

Collima/on	
  is	
  
achieved	
  off	
  line	
  by	
  
producing,	
  in	
  air,	
  an	
  
isopropanol	
  beam	
  



Two-­‐fluid	
  stream	
  droplet	
  beam	
  source	
  

Rayleigh	
  breakup	
  

Coflowing	
  outer	
  Ar	
  gas	
  
sheath	
  (≈	
  300	
  mbar)	
  

Con/nuous	
  liquid	
  Ar	
  filament	
  
Triggered	
  
droplet	
  beam	
  

1	
  mm	
  



Two-­‐fluid	
  stream	
  droplet	
  beam	
  source:	
  argon	
  

1	
  mm	
  

435.89	
  kHz	
  

20	
  µm	
  



Two-­‐fluid	
  stream	
  droplet	
  beam	
  source:	
  argon	
  

1	
  mm	
  

435.89	
  kHz	
  

20	
  µm	
  

355.35	
  kHz	
  

20	
  µm	
  11	
  µm	
  



Two-­‐fluid	
  stream	
  droplet	
  beam	
  source	
  

1	
  mm	
  

435.89	
  kHz	
  

20	
  µm	
  

9	
  µm	
  

2.182	
  MHz	
  

Ar	
  

H2	
  



Spa3al	
  stability	
  analysis	
  

0  1  2  3  4  5  6
z	
  (mm)	
  

•  Single	
  shot	
  



Spa3al	
  stability	
  analysis	
  

0  1  2  3  4  5  6
z	
  (mm)	
  

•  Mul/ple	
  shot	
  

Argon	
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Annoying	
  capillary	
  clogging	
  problem	
  



Annoying	
  clogging	
  problem:	
  copper	
  clog?	
  



Annoying	
  clogging	
  problem:	
  copper	
  clog?	
  



Annoying	
  clogging	
  problem:	
  copper	
  clog?	
  

Amer	
  etching	
  in	
  
acid	
  solu3on	
  



Outlook	
  

•  Strong	
  experimental	
  evidence	
  for	
  non	
  trivial	
  rela/vis/c	
  highly-­‐charged	
  ion	
  –	
  droplet	
  beam	
  
interac/on.	
  

•  However,	
  so	
  far	
  non-­‐ideal	
  experimental	
  condi/ons	
  and	
  theore/cal	
  descrip/on	
  of	
  the	
  
underlying	
  processes	
  extremely	
  difficult	
  

„Comet“-­‐like	
  events	
  
observed	
  during	
  several	
  
beam3mes	
  employing	
  
droplet	
  beams	
  



Outlook	
  

New	
  resonator	
  
cavity	
  at	
  the	
  ESR	
  
for	
  single-­‐ion	
  
analysis	
  (2010)	
  

142      59+	

Pm	

 Nd	

142       59+	



✚	
  

•  Strong	
  experimental	
  evidence	
  for	
  non	
  
trivial	
  rela/vis/c	
  highly-­‐charged	
  ion	
  –	
  
droplet	
  beam	
  interac/on.	
  

•  However,	
  so	
  far	
  non-­‐ideal	
  experimental	
  
condi/ons	
  and	
  theore/cal	
  descrip/on	
  of	
  
the	
  underlying	
  processes	
  extremely	
  difficult	
  

	
  
•  Exploit	
  the	
  possible	
  combina/on	
  of	
  newly	
  

developed	
  storage-­‐ring	
  diagnos/c	
  
techniques	
  with	
  microscopic	
  droplet	
  beams	
  
to	
  provide	
  nearly	
  ideal	
  condi3ons	
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  underlying	
  processes	
  extremely	
  difficult	
  

	
  
•  Exploit	
  the	
  possible	
  combina/on	
  of	
  newly	
  

developed	
  storage-­‐ring	
  diagnos/c	
  
techniques	
  with	
  microscopic	
  droplet	
  beams	
  
to	
  provide	
  nearly	
  ideal	
  condi3ons	
  

•  These	
  experiments	
  might	
  offer	
  
unprecedented	
  possibili/es	
  for	
  novel	
  
inves/ga/ons	
  of	
  light	
  –	
  maVer	
  interac/on	
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