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Concept and Objectives

Detailed and systematic
studies on:

Cluster velocity

Target density

Mass distribution

...in dependence of
temperature and pressure
settings.

=⇒ Deeper insights into cluster
formation process

skimmer

Laval nozzle

H2 gas

collimator

cluster

gas

=⇒ Improvement of the cluster
source to provide target densities
as high as possible

cold head

insulation vacuum
chamber

skimmer chamber

collimator chamber

Laval nozzle

skimmer

collimatorgas pipes
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Cluster velocity
Overview of the high density cluster-jet target for PANDA

Complete system installed in PANDA geometry
(scattering chamber corresponds to PANDA interaction point)

cluster

source

scattering

chamber

beam dump

channeltron

⇒ cluster detection
⇒ TOF stop signal

pulsed e-gun

⇒ cluster ionization
⇒ TOF start signal

distance of 
4m
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Cluster velocity
TOF Calibration

Calibration source provides accelerated hydrogen ions (H+, H+
2 , H

+
3 )

and photons
=⇒ TOF distribution of different ions (i.e. accelerated through a voltage of 100V)
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Cluster velocity
TOF Calibration

Calibration source provides accelerated hydrogen ions (H+, H+
2 , H

+
3 )

and photons
=⇒ TOF measurements of different ions and various acceleration voltages
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Determination of:

Time offset:
∼ µs

Flight path:
4.02(3)m

Time resolution:
≈ 3µs
TOF in the range of
20− 60µs (ions)

≈ 20µs
TOF in the range of
0.2− 10ms (cluster)
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Cluster velocity
Hydrogen vapor pressure curve and TOF cluster measurement
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Cluster velocity
Hydrogen vapor pressure curve and TOF cluster measurement
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Cluster velocity
TOF cluster measurement at 14bar, 50K
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Cluster velocity
TOF cluster measurement at 14bar, 49K

7 / 39



Cluster velocity
TOF cluster measurement at 14bar, 48K
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Cluster velocity
TOF cluster measurement at 14bar, 47K
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Cluster velocity
TOF cluster measurement at 14bar, 46K
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Cluster velocity
TOF cluster measurement at 14bar, 45K
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Cluster velocity
TOF cluster measurement at 14bar, 44K
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Cluster velocity
TOF cluster measurement at 14bar, 43K
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Cluster velocity
TOF cluster measurement at 14bar, 42K
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Cluster velocity
TOF cluster measurement at 14bar, 41K
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Cluster velocity
TOF cluster measurement at 14bar, 40K
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Cluster velocity
TOF cluster measurement at 14bar, 39K
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Cluster velocity
TOF cluster measurement at 14bar, 38K
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Cluster velocity
TOF cluster measurement at 14bar, 37K
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Cluster velocity
TOF cluster measurement at 14bar, 36K
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Cluster velocity
TOF cluster measurement at 14bar, 35K
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Cluster velocity
TOF cluster measurement at 14bar, 34K
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Cluster velocity
TOF cluster measurement at 14bar, 33.9K
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Cluster velocity
TOF cluster measurement at 14bar, 33.8K
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Cluster velocity
TOF cluster measurement at 14bar, 33.7K
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Cluster velocity
TOF cluster measurement at 14bar, 33.6K
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Cluster velocity
TOF cluster measurement at 14bar, 33.5K
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Cluster velocity
TOF cluster measurement at 14bar, 33.4K
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Cluster velocity
TOF cluster measurement at 14bar, 33.3K
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Cluster velocity
TOF cluster measurement at 14bar, 33K
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Cluster velocity
TOF cluster measurement at 14bar, 32K
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Cluster velocity
TOF cluster measurement at 14bar, 31K
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Cluster velocity
TOF cluster measurement at 14bar, 30K
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Cluster velocity
TOF cluster measurement at 14bar, 29K
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Cluster velocity
TOF cluster measurement at 14bar, 28.9K
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Cluster velocity
TOF cluster measurement at 14bar, 28.8K
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Cluster velocity
TOF cluster measurement at 14bar, 28.7K
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Cluster velocity
TOF cluster measurement at 14bar, 28.6K
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Cluster velocity
TOF cluster measurement at 14bar, 28K
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Cluster velocity
TOF cluster measurement at 14bar, 27K
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Cluster velocity
TOF cluster measurement at 14bar, 26K
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Cluster velocity
TOF cluster measurement at 14bar, 25K
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Cluster velocity
TOF cluster measurement at 14bar, 24K
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Cluster velocity
TOF cluster measurement at 14bar, 23K
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Cluster velocity
TOF cluster measurement at 14bar, 22K
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Cluster velocity
TOF cluster measurement at 14bar, 21K

7 / 39



Cluster velocity
TOF cluster measurement at 14bar, 20K
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Cluster velocity
TOF cluster measurement

Observation of different TOF distributions
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Evidence for two hydrogen
phases and different cluster
production processes

=⇒ Research on cluster
mass and size needed
(FP7 HP3)
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Cluster velocity
TOF cluster measurement

Observation of different TOF distributions
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Cluster velocity
25K isotherm

Figure 14: Three examples of velocity distributions of hydrogen clusters mea-
sured with the time-of-flight setup at different pressures p0 and temperatures T0
of the hydrogen before entering the nozzle.

milliseconds. By using this system, the velocity distribution
could be measured and the mean velocity needed for the target
thickness estimation extracted.

Examples of the measured cluster velocity spectra are shown
in Fig. 14. The frequency density distribution (ordinate) shown
is obtained for three examples of hydrogen temperature and
pressure by dividing the number of observed clusters Ni in
the depicted velocity intervals by the total number of observed
clusters N =

�
Ni so that the integral over the displayed

velocity range is equal to one. The three distributions represent
different modes of operation of the cluster jet source. At the
temperature and pressure of the displayed distribution with the
highest mean velocity of 953 m/s, the hydrogen is gaseous in
front of the nozzle. In this case the clusters are produced by
condensation of the gas, leading to a narrow distribution with
a width (1σ) of 5 m/s. The distribution with the lowest mean
velocity of 191 m/s is observed for temperatures and pressures
where the hydrogen is already in a liquid phase before entering
the nozzle. Obviously here the clusters are produced by break
up of the liquid jet injected into vacuum. As can be seen
from the spectra obtained, this production mechanism leads
to a much wider velocity distribution, on the order of 16 m/s
(1σ). For temperatures and pressures near the phase transition
(gas phase/liquid phase) preceding the nozzle, a double peak
structure is observed with a narrow distribution with higher
mean velocity on top of a broader distribution. This structure
was already observed by [8] at higher hydrogen pressures be-
tween 20 and 120 bar and interpreted as a production of clusters
from a liquid/gas mixture. A more detailed presentation of the
observed distributions can be found in [19, 18]. Furthermore,
quantitative numerical calculations of the mean velocities as
function of the pressure p0 and temperature T0 have been
performed [20, 18].

Figure 15: Mean velocity of the clusters as a function of the hydrogen temper-
ature in front of the Laval nozzle at a constant input pressure of 17 bar.
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Figure 16: Dependence of the mean cluster velocity on the pressure before the
nozzle at a constant temperature of 25 K.

3. Results

The diagnostic system described allows systematic studies
on the cluster velocities and target beam thicknesses. In Fig. 15
the mean velocity is shown as a function of the temperature
of the fluid before the nozzle at a constant pressure of 17 bar.
Since this pressure is above the critical pressure of hydrogen,
12.964 bar [21], the phase change at the critical temperature
of 33.145 K is continuous. The mean velocities displayed in
Fig. 16 were measured at a constant temperature of 25 K as a
function of the hydrogen pressure. In both cases the uncertain-
ties are smaller than the symbol size. To perform systematic
measurements on cluster densities at the same pressures and
temperatures shown in these two graphs, the pressure increase
was recorded as a function of the position of one of the rods in
the scattering chamber. In Fig. 10 one of these pressure profiles
is presented.

In order to describe the pressure profile, two different models
were used which both assume a rotationally invariant volume
density distribution; ρ(r) = ρ0 ρ̂(r), where ρ0 is the maximum

8
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Cluster velocity
17 bar isobar

Figure 14: Three examples of velocity distributions of hydrogen clusters mea-
sured with the time-of-flight setup at different pressures p0 and temperatures T0
of the hydrogen before entering the nozzle.

milliseconds. By using this system, the velocity distribution
could be measured and the mean velocity needed for the target
thickness estimation extracted.

Examples of the measured cluster velocity spectra are shown
in Fig. 14. The frequency density distribution (ordinate) shown
is obtained for three examples of hydrogen temperature and
pressure by dividing the number of observed clusters Ni in
the depicted velocity intervals by the total number of observed
clusters N =

�
Ni so that the integral over the displayed

velocity range is equal to one. The three distributions represent
different modes of operation of the cluster jet source. At the
temperature and pressure of the displayed distribution with the
highest mean velocity of 953 m/s, the hydrogen is gaseous in
front of the nozzle. In this case the clusters are produced by
condensation of the gas, leading to a narrow distribution with
a width (1σ) of 5 m/s. The distribution with the lowest mean
velocity of 191 m/s is observed for temperatures and pressures
where the hydrogen is already in a liquid phase before entering
the nozzle. Obviously here the clusters are produced by break
up of the liquid jet injected into vacuum. As can be seen
from the spectra obtained, this production mechanism leads
to a much wider velocity distribution, on the order of 16 m/s
(1σ). For temperatures and pressures near the phase transition
(gas phase/liquid phase) preceding the nozzle, a double peak
structure is observed with a narrow distribution with higher
mean velocity on top of a broader distribution. This structure
was already observed by [8] at higher hydrogen pressures be-
tween 20 and 120 bar and interpreted as a production of clusters
from a liquid/gas mixture. A more detailed presentation of the
observed distributions can be found in [19, 18]. Furthermore,
quantitative numerical calculations of the mean velocities as
function of the pressure p0 and temperature T0 have been
performed [20, 18].
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Figure 15: Mean velocity of the clusters as a function of the hydrogen temper-
ature in front of the Laval nozzle at a constant input pressure of 17 bar.

Figure 16: Dependence of the mean cluster velocity on the pressure before the
nozzle at a constant temperature of 25 K.

3. Results

The diagnostic system described allows systematic studies
on the cluster velocities and target beam thicknesses. In Fig. 15
the mean velocity is shown as a function of the temperature
of the fluid before the nozzle at a constant pressure of 17 bar.
Since this pressure is above the critical pressure of hydrogen,
12.964 bar [21], the phase change at the critical temperature
of 33.145 K is continuous. The mean velocities displayed in
Fig. 16 were measured at a constant temperature of 25 K as a
function of the hydrogen pressure. In both cases the uncertain-
ties are smaller than the symbol size. To perform systematic
measurements on cluster densities at the same pressures and
temperatures shown in these two graphs, the pressure increase
was recorded as a function of the position of one of the rods in
the scattering chamber. In Fig. 10 one of these pressure profiles
is presented.

In order to describe the pressure profile, two different models
were used which both assume a rotationally invariant volume
density distribution; ρ(r) = ρ0 ρ̂(r), where ρ0 is the maximum

8
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Cluster velocity
17 bar isobare
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Target density
Beam profile
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Target density
Beam profile

 20
 40
 60
 80

 100
 120
 140
 160
 180
 200
 220
 240

−20 −15 −10 −5  0  5  10  15

va
cu

um
 p

re
ss

ur
e 

/ (
10

−6
 m

ba
r)

position of rod in y direction / mm

data
square
Fermi

 0
 1
 2
 3
 4
 5
 6
 7
 8
 9

 0  1  2  3  4  5  6  7  8  9
vo

lu
m

e 
de

ns
ity

  /
 (1

014
 a

to
m

s/
cm

3 )
radial position / mm

Figure 10: Measured pressure in the scattering chamber as a function of the
position of the vertical rod shown in Fig. 9. The solid line represents a fit
assuming a homogeneous radial volume density of the scanned cluster jet with
sharp boundaries while the dashed curve represents a fit to a Fermi-like density
distribution expressed in Eq. (6). The insert shows the radial volume density
distributions corresponding to the drawn lines in the pressure distribution.

the volume distribution with respect to the coordinate system
of the rod, and pb the background pressure in the chamber. By
fitting Eq. (3) to the measured data, the volume density can be
estimated. In order to be able to use Eq. (3), the mean velocity
of the clusters has to be known. For this purpose a time-of-flight
system (TOF) shown in Fig. 11 was implemented. Behind the
cluster source a pulsed electron gun [17] is mounted, whose
intensity can be reduced sufficiently to guarantee single cluster
ionization. In coincidence with the pulse of the electron gun, a
micro-controller-based timer is started. Due to the large mass
of the clusters the effect of the ionization process on the cluster
velocity can be neglected and the ionized particles move with
their original velocity to the stop detector located in the beam
dump. Here the ionized clusters are detected by a Channeltron
shown in Fig. 12 which provides the electronic signal used to
stop the timer. Since neutral clusters were found to generate no
signal, spectra with minimal background were obtained.

Before starting systematic velocity measurements, the sys-
tem was calibrated by means of TOF measurements using
ionized hydrogen gas with precisely known kinetic energy and

Figure 11: Schematic diagram of the time-of-flight system used to measure the
velocity of individual clusters.

Figure 12: Detection system used for the generation of the stop signal of the
TOF measurements.

velocity of the ions [18]. In Fig. 13 the result of such a measure-
ment is shown. In this spectrum four peaks can be identified,
corresponding to three different hydrogen ions, namely H+, H+2 ,
and H+3 , and photons emitted from the ionized gas. By using
several measurements with different acceleration voltages, the
time offset of the electronic system used and the length of the
flight path could be determined. A length of 4.02(3) m was
obtained, which agrees well with direct distance measurements.
In addition a time resolution of around three microseconds was
observed. This originates from the pulse width of the electron
gun, as well as from the finite width of the energy distribution of
the generated ions. The time resolution is therefore better than
0.1% of the time-of-flight of a cluster, which is typically several

Figure 13: Time-of-flight distribution of different hydrogen ions accelerated
through a voltage of 100 V. The calibration source used to generate and
accelerate the ions also emits photons that are visible in the spectrum.

7

Solid line: fit assuming a homogeneous radial volume density

(with sharp boundaries) ρsquare(r) =

{
ρ0 for r ≤ R
0 for r > R

Dashed line: Fermi-like density (with smooth boundaries)

ρFermi (r) = ρ0

(
exp

(
−R
s

)
+ 1
)
/
(
exp

(
r−R
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ρ0: maximal volume density
R: beam radius
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Target density
...at 25K
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Figure 17: Target thickness as a function of the hydrogen temperature in front
of the Laval nozzle at a constant gas pressure of 17 bar.

volume density and r =
�

x�2 + y�2 is the distance to the centre
of the distribution, and ρ̂(r = 0) = 1. In this case the areal target
thickness is given by

nT = 2
� ∞

0
ρ(r) dr. (4)

The first model represents the simplest situation and assumes a
homogeneous density distribution with a sharp edge at a radius
R, where

ρsquare(r) =


ρ0 for r ≤ R
0 for r > R.

(5)

The solid line in Fig. 10 represents a fit to the data based on
this model. The corresponding volume density distribution is
shown as an inset in this figure. Obviously this simple model
is not able to describe sufficiently well the observed density
distribution. The second model uses an empiric ansatz with a
Fermi-like function to describe the volume density distribution

ρFermi(r) = ρ0

�
exp(−R

s
) + 1
�
/
�
exp(

r − R
s

) + 1
�
, (6)

with the beam radius R and the parameter s describing the
boundary smearing of the distribution. This type of distribution
leads to a prediction for the pressure increase shown by the
dashed line in the figure. It is clearly seen that the data can
be described with high accuracy using this kind of distribution.
The reduced values of χ2/ndf were found to be in the range
between 0.5 and 2.

Based on the parameters obtained by fitting the Fermi-like
volume density distribution to the measured data, Figs. 17
and 18 show the values found for the maximum volume den-
sity and for the areal target thickness. At a distance of
about two metres behind the nozzles, a target thickness of
(8.1 ± 0.3) × 1014 atoms/cm2 combined with a target beam di-
ameter (2 R) of approximately nine millimetres was achieved.
In agreement with earlier results, the isobaric data show a strong
correlation between the target thickness and the temperature.
The target thickness can be easily varied in a range between
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Figure 18: Dependence of the target thickness on the pressure before the nozzle
at a constant temperature of 25 K.

1012 and 8 × 1014 atoms/cm2 by choosing a hydrogen temper-
ature in the region between 20 and 50 K. On the other hand,
changes in the gas pressure do not affect the target thickness as
significantly.

Figure 18 shows a result of such a measurement that was
performed at a constant nozzle temperature of 25 K. In the
pressure region between 5 and 19 bar, the target thickness
increases by less than one order of magnitude. These two
measurements indicate the relevance of the variation of the gas
parameters e.g. in hadron physics experiments. By adjusting
the nozzle temperature one can choose the order of magnitude
of the density. Depending on the heating power and the mass
of the nozzle holder the variation of the nozzle temperature and
the approach to a stable situation is on the order of minutes.
Instead, the density of the target can be varied within seconds
by changing the pressure of the incoming hydrogen. Therefore,
the variation of this parameter is highly suited for a real time
adjustment of the target thickness. This might be of interest for
adjustments of the luminosity in real time and can be used to
compensate for the loss of beam particles in order to achieve a
constant luminosity. The reproducible fluctuations seen in both
figures can be attributed to a change in the emission angle of
the cluster beam from the nozzle.

Below a nozzle temperature of about 25 K a brightness struc-
ture was observed in the beam, as can be seen in Fig. 7. Surpris-
ingly these structures, which are regions with different cluster
jet densities, are not symmetrically distributed with respect to
the cluster beam axis. Therefore, a dedicated mechanical ad-
justment system is currently under development [15, 16] which
allows to tilt the nozzle axis with respect to the skimmer axis
during target operation. Recently, in first tests using a prototype
of such a tilting system very high cluster beam densities have
been achieved, i.e. approximately 2 × 1015 atoms/cm2 at a
distance of two metres behind the nozzle (p0 = 18.5 bar,
T0 = 19 K). This result strengthens the assumption that the
decrease of the cluster beam densities at temperature below
25 K (see Fig. 17) is caused by structures within the cluster
jet beam and can be compensated by an online alignment.

9

Target density easy to vary
over one order of
magnitude (T constant, p
variable)

Increase of target density
with increasing pressure
up to 17 bar
(with small variations)

Decreasing target density
above 17 bar
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Target density
...at 17 bar, above critical point (33.18K, 13 bar)
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Figure 17: Target thickness as a function of the hydrogen temperature in front
of the Laval nozzle at a constant gas pressure of 17 bar.

volume density and r =
�

x�2 + y�2 is the distance to the centre
of the distribution, and ρ̂(r = 0) = 1. In this case the areal target
thickness is given by

nT = 2
� ∞

0
ρ(r) dr. (4)

The first model represents the simplest situation and assumes a
homogeneous density distribution with a sharp edge at a radius
R, where

ρsquare(r) =


ρ0 for r ≤ R
0 for r > R.

(5)

The solid line in Fig. 10 represents a fit to the data based on
this model. The corresponding volume density distribution is
shown as an inset in this figure. Obviously this simple model
is not able to describe sufficiently well the observed density
distribution. The second model uses an empiric ansatz with a
Fermi-like function to describe the volume density distribution

ρFermi(r) = ρ0

�
exp(−R

s
) + 1
�
/
�
exp(

r − R
s

) + 1
�
, (6)

with the beam radius R and the parameter s describing the
boundary smearing of the distribution. This type of distribution
leads to a prediction for the pressure increase shown by the
dashed line in the figure. It is clearly seen that the data can
be described with high accuracy using this kind of distribution.
The reduced values of χ2/ndf were found to be in the range
between 0.5 and 2.

Based on the parameters obtained by fitting the Fermi-like
volume density distribution to the measured data, Figs. 17
and 18 show the values found for the maximum volume den-
sity and for the areal target thickness. At a distance of
about two metres behind the nozzles, a target thickness of
(8.1 ± 0.3) × 1014 atoms/cm2 combined with a target beam di-
ameter (2 R) of approximately nine millimetres was achieved.
In agreement with earlier results, the isobaric data show a strong
correlation between the target thickness and the temperature.
The target thickness can be easily varied in a range between
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Figure 18: Dependence of the target thickness on the pressure before the nozzle
at a constant temperature of 25 K.

1012 and 8 × 1014 atoms/cm2 by choosing a hydrogen temper-
ature in the region between 20 and 50 K. On the other hand,
changes in the gas pressure do not affect the target thickness as
significantly.

Figure 18 shows a result of such a measurement that was
performed at a constant nozzle temperature of 25 K. In the
pressure region between 5 and 19 bar, the target thickness
increases by less than one order of magnitude. These two
measurements indicate the relevance of the variation of the gas
parameters e.g. in hadron physics experiments. By adjusting
the nozzle temperature one can choose the order of magnitude
of the density. Depending on the heating power and the mass
of the nozzle holder the variation of the nozzle temperature and
the approach to a stable situation is on the order of minutes.
Instead, the density of the target can be varied within seconds
by changing the pressure of the incoming hydrogen. Therefore,
the variation of this parameter is highly suited for a real time
adjustment of the target thickness. This might be of interest for
adjustments of the luminosity in real time and can be used to
compensate for the loss of beam particles in order to achieve a
constant luminosity. The reproducible fluctuations seen in both
figures can be attributed to a change in the emission angle of
the cluster beam from the nozzle.

Below a nozzle temperature of about 25 K a brightness struc-
ture was observed in the beam, as can be seen in Fig. 7. Surpris-
ingly these structures, which are regions with different cluster
jet densities, are not symmetrically distributed with respect to
the cluster beam axis. Therefore, a dedicated mechanical ad-
justment system is currently under development [15, 16] which
allows to tilt the nozzle axis with respect to the skimmer axis
during target operation. Recently, in first tests using a prototype
of such a tilting system very high cluster beam densities have
been achieved, i.e. approximately 2 × 1015 atoms/cm2 at a
distance of two metres behind the nozzle (p0 = 18.5 bar,
T0 = 19 K). This result strengthens the assumption that the
decrease of the cluster beam densities at temperature below
25 K (see Fig. 17) is caused by structures within the cluster
jet beam and can be compensated by an online alignment.
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Target density easy to vary
over several orders of
magnitude
(T variable, p constant)
Increase of target density
with decreasing temperature
up to 24K (8× 1014 atoms/cm2)

(with small variations)
Drop because of different
hydrogen phases at
formation of clusters
(supercritical fluid −→ fluid)
Decreasing target density
below 24K
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Target density
Cluster source overview

camera with zoom lens

diode laser with beam
expander

skimmer chamber
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Target density
50-40K, 18.5 bar
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Target density
39K, 18.5 bar
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Target density
38K, 18.5 bar
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Target density
37K, 18.5 bar
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Target density
36K, 18.5 bar

17 / 39



Target density
35K, 18.5 bar
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Target density
34K, 18.5 bar
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Target density
33K, 18.5 bar
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Target density
32K, 18.5 bar
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Target density
31K, 18.5 bar
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Target density
30K, 18.5 bar
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Target density
29K, 18.5 bar
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Target density
28K, 18.5 bar
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Target density
27K, 18.5 bar
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Target density
26K, 18.5 bar
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Target density
25K, 18.5 bar
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Target density
24K, 18.5 bar
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Target density
23K, 18.5 bar
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Target density
22K, 18.5 bar

17 / 39



Target density
21K, 18.5 bar
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Target density
20K, 18.5 bar
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Target density
19K, 18.5 bar
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Target density
18.3K, 18.5 bar
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Target density
Cluster beam in skimmer chamber

Inhomogeneous cluster beam in skimmer chamber
Density still constant in scattering chamber
(PANDA interaction point) −→ extracted beam is homogeneous
Brighter area = higher density ?

=⇒ Movable nozzle required
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Target density
Movable nozzle

cold head

insulation vacuum
chamber

skimmer chamber

collimator chamber

Laval nozzle

skimmer

collimatorgas pipes

nozzle extension

point of rotation

±5°

spherical joint
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Target density
Spherical joint
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Target density
Nozzle extension
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Target density
Movable nozzle

nozzle extension

point of rotation

±5°

spherical joint
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Target density
19K, 18.5 bar
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Target density
19K, 18.5 bar

 0

 0.2

 0.4

 0.6

 0.8

 1

−20 −15 −10 −5  0  5  10  15  20

p
re

s
s
u
re

 i
n
 s

c
a
tt
e
ri
n
g
 c

h
a
m

b
e
r 

/ 
a
.u

.

y−position / mm 23 / 39



Target density
19K, 18.5 bar
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Target density
19K, 18.5 bar
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Target density
19K, 18.5 bar
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Target density
19K, 18.5 bar
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Target density
19K, 18.5 bar
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Target density
19K, 18.5 bar
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Target density
19K, 18.5 bar
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Target density
19K, 18.5 bar
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Target density
19K, 18.5 bar
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Target density
19K, 18.5 bar

 0

 0.2

 0.4

 0.6

 0.8

 1

−20 −15 −10 −5  0  5  10  15  20

p
re

s
s
u
re

 i
n
 s

c
a
tt
e
ri
n
g
 c

h
a
m

b
e
r 

/ 
a
.u

.

y−position / mm 23 / 39



Target density
19K, 18.5 bar
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Target density
19K, 18.5 bar
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Target density
19K, 18.5 bar
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Target density
19K, 18.5 bar
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Target density
19K, 18.5 bar
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Target density
Brighter area = higher density !

Brighter area = higher density !

Structures responsible for
variations
decreasing density
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Figure 17: Target thickness as a function of the hydrogen temperature in front
of the Laval nozzle at a constant gas pressure of 17 bar.

volume density and r =
�

x�2 + y�2 is the distance to the centre
of the distribution, and ρ̂(r = 0) = 1. In this case the areal target
thickness is given by

nT = 2
� ∞

0
ρ(r) dr. (4)

The first model represents the simplest situation and assumes a
homogeneous density distribution with a sharp edge at a radius
R, where

ρsquare(r) =


ρ0 for r ≤ R
0 for r > R.

(5)

The solid line in Fig. 10 represents a fit to the data based on
this model. The corresponding volume density distribution is
shown as an inset in this figure. Obviously this simple model
is not able to describe sufficiently well the observed density
distribution. The second model uses an empiric ansatz with a
Fermi-like function to describe the volume density distribution

ρFermi(r) = ρ0

�
exp(−R

s
) + 1
�
/
�
exp(

r − R
s

) + 1
�
, (6)

with the beam radius R and the parameter s describing the
boundary smearing of the distribution. This type of distribution
leads to a prediction for the pressure increase shown by the
dashed line in the figure. It is clearly seen that the data can
be described with high accuracy using this kind of distribution.
The reduced values of χ2/ndf were found to be in the range
between 0.5 and 2.

Based on the parameters obtained by fitting the Fermi-like
volume density distribution to the measured data, Figs. 17
and 18 show the values found for the maximum volume den-
sity and for the areal target thickness. At a distance of
about two metres behind the nozzles, a target thickness of
(8.1 ± 0.3) × 1014 atoms/cm2 combined with a target beam di-
ameter (2 R) of approximately nine millimetres was achieved.
In agreement with earlier results, the isobaric data show a strong
correlation between the target thickness and the temperature.
The target thickness can be easily varied in a range between
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Figure 18: Dependence of the target thickness on the pressure before the nozzle
at a constant temperature of 25 K.

1012 and 8 × 1014 atoms/cm2 by choosing a hydrogen temper-
ature in the region between 20 and 50 K. On the other hand,
changes in the gas pressure do not affect the target thickness as
significantly.

Figure 18 shows a result of such a measurement that was
performed at a constant nozzle temperature of 25 K. In the
pressure region between 5 and 19 bar, the target thickness
increases by less than one order of magnitude. These two
measurements indicate the relevance of the variation of the gas
parameters e.g. in hadron physics experiments. By adjusting
the nozzle temperature one can choose the order of magnitude
of the density. Depending on the heating power and the mass
of the nozzle holder the variation of the nozzle temperature and
the approach to a stable situation is on the order of minutes.
Instead, the density of the target can be varied within seconds
by changing the pressure of the incoming hydrogen. Therefore,
the variation of this parameter is highly suited for a real time
adjustment of the target thickness. This might be of interest for
adjustments of the luminosity in real time and can be used to
compensate for the loss of beam particles in order to achieve a
constant luminosity. The reproducible fluctuations seen in both
figures can be attributed to a change in the emission angle of
the cluster beam from the nozzle.

Below a nozzle temperature of about 25 K a brightness struc-
ture was observed in the beam, as can be seen in Fig. 7. Surpris-
ingly these structures, which are regions with different cluster
jet densities, are not symmetrically distributed with respect to
the cluster beam axis. Therefore, a dedicated mechanical ad-
justment system is currently under development [15, 16] which
allows to tilt the nozzle axis with respect to the skimmer axis
during target operation. Recently, in first tests using a prototype
of such a tilting system very high cluster beam densities have
been achieved, i.e. approximately 2 × 1015 atoms/cm2 at a
distance of two metres behind the nozzle (p0 = 18.5 bar,
T0 = 19 K). This result strengthens the assumption that the
decrease of the cluster beam densities at temperature below
25 K (see Fig. 17) is caused by structures within the cluster
jet beam and can be compensated by an online alignment.
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Figure 17: Target thickness as a function of the hydrogen temperature in front
of the Laval nozzle at a constant gas pressure of 17 bar.

volume density and r =
�

x�2 + y�2 is the distance to the centre
of the distribution, and ρ̂(r = 0) = 1. In this case the areal target
thickness is given by

nT = 2
� ∞

0
ρ(r) dr. (4)

The first model represents the simplest situation and assumes a
homogeneous density distribution with a sharp edge at a radius
R, where

ρsquare(r) =


ρ0 for r ≤ R
0 for r > R.

(5)

The solid line in Fig. 10 represents a fit to the data based on
this model. The corresponding volume density distribution is
shown as an inset in this figure. Obviously this simple model
is not able to describe sufficiently well the observed density
distribution. The second model uses an empiric ansatz with a
Fermi-like function to describe the volume density distribution

ρFermi(r) = ρ0

�
exp(−R

s
) + 1
�
/
�
exp(

r − R
s

) + 1
�
, (6)

with the beam radius R and the parameter s describing the
boundary smearing of the distribution. This type of distribution
leads to a prediction for the pressure increase shown by the
dashed line in the figure. It is clearly seen that the data can
be described with high accuracy using this kind of distribution.
The reduced values of χ2/ndf were found to be in the range
between 0.5 and 2.

Based on the parameters obtained by fitting the Fermi-like
volume density distribution to the measured data, Figs. 17
and 18 show the values found for the maximum volume den-
sity and for the areal target thickness. At a distance of
about two metres behind the nozzles, a target thickness of
(8.1 ± 0.3) × 1014 atoms/cm2 combined with a target beam di-
ameter (2 R) of approximately nine millimetres was achieved.
In agreement with earlier results, the isobaric data show a strong
correlation between the target thickness and the temperature.
The target thickness can be easily varied in a range between
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Figure 18: Dependence of the target thickness on the pressure before the nozzle
at a constant temperature of 25 K.

1012 and 8 × 1014 atoms/cm2 by choosing a hydrogen temper-
ature in the region between 20 and 50 K. On the other hand,
changes in the gas pressure do not affect the target thickness as
significantly.

Figure 18 shows a result of such a measurement that was
performed at a constant nozzle temperature of 25 K. In the
pressure region between 5 and 19 bar, the target thickness
increases by less than one order of magnitude. These two
measurements indicate the relevance of the variation of the gas
parameters e.g. in hadron physics experiments. By adjusting
the nozzle temperature one can choose the order of magnitude
of the density. Depending on the heating power and the mass
of the nozzle holder the variation of the nozzle temperature and
the approach to a stable situation is on the order of minutes.
Instead, the density of the target can be varied within seconds
by changing the pressure of the incoming hydrogen. Therefore,
the variation of this parameter is highly suited for a real time
adjustment of the target thickness. This might be of interest for
adjustments of the luminosity in real time and can be used to
compensate for the loss of beam particles in order to achieve a
constant luminosity. The reproducible fluctuations seen in both
figures can be attributed to a change in the emission angle of
the cluster beam from the nozzle.

Below a nozzle temperature of about 25 K a brightness struc-
ture was observed in the beam, as can be seen in Fig. 7. Surpris-
ingly these structures, which are regions with different cluster
jet densities, are not symmetrically distributed with respect to
the cluster beam axis. Therefore, a dedicated mechanical ad-
justment system is currently under development [15, 16] which
allows to tilt the nozzle axis with respect to the skimmer axis
during target operation. Recently, in first tests using a prototype
of such a tilting system very high cluster beam densities have
been achieved, i.e. approximately 2 × 1015 atoms/cm2 at a
distance of two metres behind the nozzle (p0 = 18.5 bar,
T0 = 19 K). This result strengthens the assumption that the
decrease of the cluster beam densities at temperature below
25 K (see Fig. 17) is caused by structures within the cluster
jet beam and can be compensated by an online alignment.
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Target density
First tests with tilting system

temperature:
19K

pressure:
18.5 bar

diameter:
10.3mm

velocity:
≈ 250m/s

Volume density:

1.9× 1015 atoms/cm3
=⇒ Systematic studies (FP7 HP3)
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Mass distribution
Overview of the MCT1 cluster-jet target

cluster
source

scattering
chamber

beam dumppulsed
 e-gun

channeltron

distance of 3.5m
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Mass distribution
Opposing electrical field

-2100 V

0 - 3500 V
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Mass distribution
...measurements at 4 bar (MCT1)
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Mass distribution
45K, 4 bar (MCT1)
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Mass distribution
27K, 4 bar (MCT1)
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Mass distribution
45 and 27K at 4 bar (MCT1)
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Increase of cluster mass with
decreasing temperature

Measured clusters consist of up
to 500 000 molecules
(at 26.5K, 4 bar)

Indication of two different
cluster masses at the same
T/p settings (near vapor
pressure curve)

=⇒ Associated with measured
TOF double peak ?
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Future concept and objectives (FP7 HP3)
Cluster velocity

Extended velocity measurements with
tilting system

 0

 200

 400

 600

 800

 1000

 1200

 0  10  20  30  40  50  60

ve
lo

ci
ty

 /
 (

m
/s

)

temperature / K

exp. data
van der Waals gas, z = 0.5 mm
van der Waals gas, z = 1.0 mm
van der Waals gas, z = 2.0 mm

perfect gas

 

Systematic measurements:

Brighter area = higher density !
= lower velocity ?

Variations because of beam structure ?
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Future concept and objectives (FP7 HP3)
Target density

Systematic measurements:
Search for the T/p settings with the highest density
(in combination with tilting system)
Stability measurements
Reproducibility of cluster beam −→ impacts on adjustment
Feasibility studies on density adjustments in real time

variation of pressure settings
modification of vacuum conditions in skimmer chamber
inception of plates/wires at cluster beam 33 / 39



Future concept and objectives (FP7 HP3)
Mass distribution
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with tilting system (MCT2)

Systematic measurements:

TOF double peak because of
two different cluster masses ?

Brighter area = higher density
= higher masses ?

Cluster production with liquid
hydrogen ?
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Future concept and objectives (FP7 HP3)
Mass distribution with new mass spectrometer
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Future concept and objectives (FP7 HP3)
Beam shape

LM-Micrograph of a collimator with round opening and slit

∅ = 0.7 mm 150× 860µm
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Future concept and objectives (FP7 HP3)
Beam shape

Round shaped cluster beam vs. line formed cluster beam
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First measurements: cluster beam is easy to shape with an orifice
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Future concept and objectives (FP7 HP3)
Beam shape
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ρ0: maximal volume density
bx,y : total width
s: smearing factor
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Future concept and objectives (FP7 HP3)
Beam shape
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Systematic measurements:

Influence on the vacuum conditions ?

Influence on target density ?

Search for the best size

2-dim image with use of a micro channel plates

39 / 39



Thank you for your attention!
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