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Windowless gas target systems 

u  For low-energy, low counting rate experiments, the ion beam induced background may be a 
problem. 

u  This is especially true for experiments with 1H beam. 

Typical backgrounds: 
 
(a) Direct capture on nuclei with similar atomic charge 
u  13C(p,γ) background when 14N(p,γ) is to be studied 

(b) Resonant capture at particular beam energies 
u  19F(p,αγ) at 224 keV, 340 keV, and at higher energies 
u  11B(p,γ) at 163 keV, 600 keV, and at higher energies 
u  15N(p,αγ) at 430 keV and 897 keV, and at higher energies 

Gas targets are one way to reduce this beam induced background! 
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Windowless gas target system at LUNA 
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Pumping scheme 

2.2. THE GAS TARGET SETUP 21

2.2 The gas target setup

The physical properties of the gas target setup employed for the experiment are discussed
in this section. The detector will be described in section 2.3.

2.2.1 Vacuum system

At the low proton energies necessary for the present experiment, a gas target separated
from the accelerator by a window would not be practical. It is impossible to construct
a window that is thin enough to limit the proton energy straggling to much less than 1
keV and still rugged enough to withstand the forces resulting from a pressure di↵erence
of 1 mbar between target and accelerator. Therefore, a windowless setup with three
di↵erential pumping stages was adopted.

A sketch of the setup is shown in figure 2.3. The three pumping stages are separated
from each other and the target chamber by long, narrow pipes that serve as collimators.
Since all three collimators limit the size of the ion beam, all are watercooled. Their
dimensions are given in table 2.2. The pumps used and their respective characteristics
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Figure 2.3: Pumping system for the LUNA2 windowless gas target. The details for the
collimators and pumps employed are given in the text.



Slide 5 
Daniel Bemmerer | Gas targets | Canfranc nuclear astrophysics workshop, 01.03.2016 | http://www.hzdr.de 

Beam intensity measurement:  
Calorimeter with constant temperature gradient 2.2. THE GAS TARGET SETUP 25

Setpoint 70.0°C

0°C

Gas Target

Proton Beam

Figure 2.5: Calorimeter for the measurement of the beam power. The heating resistors
are marked as thick red lines. The white circles represent thermoresistors for measuring
the temperature.

The temperature Thot at the hot side of the calorimeter is kept constant to better
than 0.1 oC by the feedback cycle. The cold side of the calorimeter is cooled with an
insulating cooling liquid kept at -20 oC. The temperature at the cold side monitoring
point is typically 0.0 oC. It is typically constant to 0.3 oC during one run lasting 24
hours. When the beam is moved on or o↵ the target, the feedback system stabilizes the
calorimeter in its new conditions in less than five minutes.

The principle of the beam power measurement is to measure the power W0 required
for maintaining the setpoint condition Thot ⌘ 70.0 oC. The zero power W0 needed for
maintaining the same condition without beam on the target is measured directly before
and after each run. Typically, W0 ⇡ 135 W without beam on the target. During the run,
the power Wrun required to maintain the setpoint temperature is measured and logged
every five seconds. With Wbeam representing the power deposited by the beam on the
beam stop, it follows:

Wbeam = W0 �Wrun (2.2)

Itarget =
Wbeam

Ecal
· qe

=
W0 �Wrun

Ep ��Etarget
· qe (2.3)

Itarget is the target current and Ecal = Ep ��Etarget the energy of the ion beam when it
hits the calorimeter. �Etarget is taken from the most recent stopping power compilation
by Ziegler [SRIM03] and is proportional to the target density. The elementary charge
qe converts the proton beam energy in keV to a voltage in kV. Typical values are for
instance: W0 = 138 W, Ep = 200 keV, �Etarget = 7 keV, Wrun = 80 W. For this example:

Itarget =
138 W � 80 W

200 keV � 7 keV
· qe = 0.3 mA

There are long-term variations in the temperature Tcold of the cold side of the calorime-
ter that likely stem from slow changes of the heat conductivity inside the calorimeter. Over
a period of several days, the cold side temperature can vary by as much as 1.0 oC. The
resulting variation in W0 is of the order of 1.5 W. Care must therefore be taken to use a
zero power run with the same value of Tcold for the W0 value to be subtracted. If this is
done properly, the uncertainty in W0 �Wrun can be limited to 0.3 W.

Electrical calibration 
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Target density: Pressure measurement 
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Target density: Effective target density (resonance scan technique) 30 CHAPTER 2. EXPERIMENT
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Figure 2.10: Dedicated setup for the study of the beam heating e↵ect. The NaI detector
together with its lead shield was movable along the axis shown in green. Dimensions are
given in mm.

A standard 2-inch NaI detector was mounted inside a lead collimator with a central
hole of 5 mm diameter. For some of the experiments, a collimator with a 7 mm central
hole was used. At target pressures pT0 = 1, 2, 3 and 5 mbar, respectively, the beam
energy was varied in 0.5 keV steps around the Eres=278.1 keV resonance (FWHM = 0.99
keV) and the high-energy yield of the NaI detector was used to tune the beam energy so
that the resonance energy was reached directly in front of the hole in the lead collimator.

The measured di↵erence �Eexp ⌘ Ep � Eres is plotted in figure 2.11 for di↵erent
positions x of the central hole of the NaI detector and for di↵erent target pressures pT0.
See the previous figure 2.10 for the exact meaning of the parameter x.

The fitted curves do not show �Eexp = 0 for x = 0. The reason for this is the energy
loss in the final collimator leading up to the target. The pressure profile and energy loss
in this collimator has been calculated by [Confortola03], and it has been shown that xcoll

= 2.6 cm has to be added to the target length x in order to account for the energy loss.
This number is also plausible, because inside the 4.0 cm long final collimator the

pressure drops from the target pressure pT0 to a value pB1 < 1
20pT0 (figure 2.8). Because

of the high speed with which the gas passes through the collimator6, the value of 1
2pT0 is

being reached at a distance that is a little larger than half the collimator length.

6From the pumping speed of the Roots pump and the first stage pressure, at p
T0

= 1 mbar a speed
of 130 m

s through the final collimator can be calculated.

Thinning of the target by local (!) 
heating of the gas by the ion beam 
 
Need narrow resonances: 
14N(p,γ)15O at 278 keV 
21Ne(p,γ)22Na at 271 keV 
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Target density: Effective target density (elastic scattering) 

reaction [2]. Presently, the adopted uncertainty of 9.4% in
the cross-section leads to an uncertainty of 8% in the
predicted neutrino fluxes. The experimental set-up consists
of a 400 keV linear accelerator which can produce beams of
very high intensity (300mA) and with a very precise energy
determination (100 eV) [3] and a differentially pumped
windowless gas target [4]. The intensity of the beam is
obtained by a calorimeter through the beam dissipated
power measurement while the target pressure is measured
by a Baratron capacitance manometer (MKS, model 127).

When an intense ion beam passes through an extended
gas target, a reduction of the gas density in the interaction
zone is produced as a consequence of heat transfer from the
beam, therefore the gas density cannot be precisely
determined through a pressure measurement. In the past
this effect was deeply investigated in the case of proton
beams in a gas target of N2 and is expected to be of the
order of 10% if the dissipated power is of the order of
20mW/mm [5]. For

14
Nðp; gÞ15O reaction, a method to

obtain the real density of an extended gas target is to detect
the geometrical location of a very well defined resonance
(as the 278 keV resonance). Nevertheless, in order to
achieve a precise determination of the density correction
it is necessary to measure it directly using the proper set-up,
beam and gas as those of the experiment. However, the
‘‘resonance method’’ is not possible for the

3
Heð4He; gÞ7Be

reaction where no clear resonance is present below the
maximum a particle energy accessible to our accelerator.
The present work reports on a dedicated effort to precisely
determine the beam heating correction and consequently
reduce the uncertainty due to target density below 2%, in
order to reach a total uncertainty of 4% on the cross-
section. An alternative method to the one used for
14
Nðp; gÞ15O was developed based on Rutherford elastic

scattering of 4He projectiles on 3He gas target nuclei. The
measured scattering rate is proportional to the well-known
Rutherford cross-section and to the product of beam
intensity and target density.

2. Experimental set-up

The device for Rutherford scattering investigation is
located inside the gas target chamber and consists of a
mechanical structure defining the geometry for two
consecutive scattering processes and a silicon detector.
A schematic view can be seen in Fig. 1. After the alpha
beam has passed the 7mm diameter collimator which
connects the first pumping stage with the target chamber, it
can interact with the 3He gas target and the 4He particles
scattered at about 20# coming from a target length of
approximately 57mm are collected by the first collimator
of the mechanical device (the inclined one). Then a second
scattering takes place in a 15mg=cm2 thick graphite foil and
the double scattered particles (again at 20#) can reach the
silicon detector placed at the end of the mechanical
structure. The three tubes placed between the Si detector
and the carbon foil can move inside each other allowing to
investigate different portions of the gas target, namely from
+4 to +24 cm from the 7mm diameter collimator.
Angles, distances and collimator diameters were selected

in order to maximize the energy of the double scattered
alpha particles and to obtain a reasonable final rate on the
detector which on one hand could be easily acquired and
on the other hand could assure a long enough lifetime of
the detector itself. The mechanical device is made of Delrin
whose low Z reduces the possibility of multiple scattering
events, and four collimators are inserted along the
structure in order to better define the particle path.
A commercial ion implanted silicon detector (Ortec Ultra
series, BU–014–25–100) with a very thin entrance layer
(50 nm) and a sufficiently low capacitance (25 pF) was used
to detect the charged particles and coupled to a home made
preamplifier characterized by a very low intrinsic noise
(1.5 keV) and very high gain (180mV/MeV). Such features
were required in order to detect extremely low energy alpha
particles (100–250 keV) as those obtained after the double
scattering process of a 175–350 keV 4He beam interacting

ARTICLE IN PRESS

Fig. 1. Schematic picture of the gas target chamber used to study the
3
Heð4He; gÞ7Be reaction: the mechanical device for studying the double scattering

process is visible in the upper right part.

M. Marta et al. / Nuclear Instruments and Methods in Physics Research A 569 (2006) 727–731728

4. Results and discussion

The final experimental rate is given by the product of the
first scattering rate (4He beam on 3He target) and the
second scattering probability (4He on 12C foil):

ratetot ¼ rate1scatt " prob2scatt ¼ Ir3He rC s1 s2 geom (1)

where I is the beam intensity, r3He and rC the 3He gas and
carbon foil densities, s1 and s2 the cross sections of the first
and second scattering process and geom a geometrical
factor.

The calculation is not very simple due to different
reasons. First of all when a beam passes through a gas its
mean radius increases along the path due to straggling, this
effect being more important for low projectile energy and
high gas pressure. This implies that each measured rate
refers to a target volume of about 57mm along the beam
direction (due to geometrical constraints of the mechanical
device, see Fig. 1) and with a mean radius depending on
the beam energy, target pressure and distance from the
7mm collimator. Therefore, different scattering angles are
possible in a range of about 4#–5# around 20# and for each
of them a different cross-section results, both for the first
and for the second scattering process. Moreover for each
point where the first scattering can take place, a different
energy results due to energy losses which depend on the gas
target pressure, on turn related to beam heating effects.
The beam current, obtained through a dissipated power
measurement is also depending on the energy of the alpha
particles reaching the calorimeter, again depending on
energy losses along the gas target with the same implica-
tions as already described. Finally, the second scattering
can take place at different depths inside the carbon foil
implying different energies of the process (the total energy
loss of the considered alpha particles inside the foil is
approximately 30 keV) and different cross-sections.

To solve all these problems various approximations have
been adopted. First of all, for each considered energy,
pressure and position the beam radius increase has been
calculated using the SRIM code [6] and added to a
representative initial radius of 2.7mm, calculated accord-
ing to the collimator diameter and to the fraction of the
projectiles impinging on the collimator itself and those
reaching the calorimeter. Then a ‘‘weighted’’ cross-section
for the first scattering process has been calculated via an
integral of the product of cross-section and density over the
volume presumably interested by the process, normalized
to the integral of the density over the same volume. For the
second scattering, a representative depth inside the carbon
foil has been selected and the effective cross-section relative
to the energy value reached by the alpha particle in that
particular depth calculated. The geometrical factor has
been obtained from the reference measurement at 0.1mbar
for which the beam heating effects are negligible.

For each nominal pressure value obtained by the
Baratron gauge, pressure and temperature profiles pre-
viously measured (without beam) along the whole target

and the upstream pumping stages have been used to obtain
at each point, with 1mm step, the correct starting value for
the density and corresponding energy and current. Then
this value has been allowed to change until the evaluated
rate was equal to the experimental one: in this condition
the real density was obtained. The beam heating factor was
then calculated as

BH ¼
rreal
rbar

, (2)

where rbar is the starting density and rreal is the real one.
For each value of BH, the dissipated power per unit length
(dP=dx) was calculated from the product of beam current
and specific energy loss (calculated with the SRIM code [6]
taking into account of the real density value). A plot of BH
as a function of dP=dx is then obtained and a linear trend
can be generally observed.
Measurements were performed at the following posi-

tions: 4, 8, 12, 16, 20 and 24 cm from the 7mm collimator
and plots of BH vs dP=dx were obtained. As an example
the results for 8 cm position are shown in Fig. 4. Since the
reference beam heating is negligible but not zero, a
correction was included to take into account of this small
quantity, therefore a BH factor of 1 is correctly referred to
dP=dx ¼ 0.
For each beam heating factor the uncertainty was

calculated from the statistical and systematical errors on
experimental rate, pressure, beam current, energy and
energy loss coefficients reported in Table 1. In turn, the
uncertainty on the slope of BH vs dP=dx was obtained
from a chi–square minimization on the linear behavior.
The calculated slopes of BH factors vs dP=dx for
each investigated position are shown in Fig. 5: considering
the error bars, it was decided to adopt a unique slope for
the whole target, obtained from a weighted average of
available data. The slope came out to be (0:0091$ 0:0019)
ðmW=mmÞ'1, approximately a factor 2 higher than the one
obtained by Görres [5] with a nitrogen gas target and a
proton beam.

ARTICLE IN PRESS

Fig. 4. Beam heating vs dissipated power per unit length for all the
measured configurations at 8 cm from the collimator.

M. Marta et al. / Nuclear Instruments and Methods in Physics Research A 569 (2006) 727–731730
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loss in this situation is �E = 0.56 keV, with �res = 0.99 keV. — Therefore, any
reduction in the target density would have a double e↵ect, firstly reducing the yield
because of the lower number of target atoms, and secondly reducing it because
the cross section � gets integrated over a smaller energy window �E around the
resonance.

2. � rays produced by the 14N(p,�)15O reaction in areas of the target that are separated
only by a relatively thin lead shield (see figure 2.10) from the NaI detector increase
the counting rate.

3. Since a NaI detector is being used for these studies, it is quite di�cult to identify
and subtract any parasitic reactions such as 13C(p,�)14N or 19F(p,↵�)16O, especially
when they come from the last collimator, a direction in which the shielding of the
NaI detector is weak (see figure 2.10).

Therefore, for the purpose of this work, only the energy loss �Eexp is being used to
calculate the change in target density. This method is not burdened by the problems 1, 2
or 3. Finding the top of the resonance can even be done when the yield includes parasitic
reactions or parts of the target that are not of interest. None of the parasitic reactions
has a resonance in the 270 - 290 keV energy range.

When one uses the slope dE
dx

of the curves shown in figure 2.11, one can get a relatively
precise measure of the energy loss, at the sacrifice that one cannot distinguish di↵erent
target densities at di↵erent positions x. Such longitudinal variations would, however,
result in systematic deviations from the linearity in figure 2.11, which is not the case.
Also, there is no physical explanation which would justify large longitudinal variations,
since the energy loss is approximately constant over the entire target.

In addition to the studies with constant target current Itarget at di↵erent positions x,
the results of which were shown in figure 2.11 for one current, resonance scans were also
performed for a constant position x at di↵erent pressures pT0 and currents Itarget. The
resulting values for �Eexp are plotted in figure 2.12. It can be seen that the slope of the
curves is proportional to the pressure pT0. This means that the thinning of the target
density is proportional to the power deposited by the ion beam in the gas per unit length,
the same e↵ect that has already been observed by [Goerres80].

In order to gain a relation to calculate the target density n for any pressure and
current, it is useful to plot the density n normalized to the density n0 without beam.
From equation 2.7, it follows:

n

n0
=

�Eexp

n0 · dE

dx̃
· (x + xcoll)

(2.9)

This equation makes it possible to paint a more generalized picture, but the error bars are
large, because individual measurements of �Eexp rather than an overall slope are being
used. For this final analysis, the data points shown in the previous figures 2.11 and 2.12
have been evaluated according to equation 2.9. Then, the power deposited in the gas by
the ion beam has been calculated according to:

dW

dx
= n0 · dE

dx̃
· Itarget (2.10)

3He(α,γ)7Be 
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Gas inlet regulation with manual offset and active feedback 
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“Oil-free” forepump 
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Watercooled input detector   Rack with slow control 
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Windowless gas target systems, summary and lessons learned 

Gas targets were instrumental in several highly successful LUNA measurement campaigns: 
u  natN for 14N(p,γ)15O and 15N(p,γ)16O 
u  3He for 3He(α,γ)7Be and 3He(3He,2p)4He     
u  2H for 2H(α,γ)6Li   (Davide Trezzi‘s talk yesterday) 
u  22Ne for 22Ne(p,γ)23Na  (Federico Ferraro‘s talk yesterday) 

Lessons 
u  Try to keep your setup free from water (deuterium), oil (12C, 13C), teflon (19F) 
u  New problem boron, not yet clear where it is coming from 

You need many pumps! 
u  Sensitive: high pumping speed turbomolecular pumps 
u  New turbopumps can handle 10-2 mbar pressure over longer periods 

You need a recirculation system for expensive gases 
u  Chemical getters work fine 
u  Monitor either by nuclear reactions, or by mass spectrometer 


