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Abstract
A common method for simulating the thermal neutron conditions in the stellar interior is based on 
the 7Li(p,n)7Be reaction near threshold energy. This method was pioneered at FZK, Karlsruhe, by 
Ratynski and Kaeppeler  [1]. Maxwellian-averaged neutron capture cross-sections of mean energy 
25  keV, relevant to the s-process nucleosynthesis, are measured at existing Van-de-Graaff (VdG) 
proton accelerators. Soreq NRC Applied Research superconducting linear Accelerator Facility (SARAF) 
phase 1 [2] is in its final stage of commissioning. Maxwellian averaged neutron capture cross-section 
measurements are planned to be conducted using a forced-flow closed-loop liquid-lithium target 
(LiLiT) [3]. The proton beam energy spread of RF linear accelerators, such as SARAF, is typically larger 
than the spread of proton beams of VdG accelerators. The energy spread of SARAF proton beam at 
1912 keV is calculated to be of the order of 20-40 keV FWHM as compared to about 3 keV FWHM 
for VdG accelerators. For simulating the SARAF proton beam we performed an experiment at the 
IRMM-Geel VdG using a gold foil degrader positioned before the LiF target. This degrader shifts the 
mean proton energy to 1912 keV and it broadens the proton beam energy to values simulating the 
spread of the proton beam at SARAF. For calibrating the cross-sections we also performed a 7Li(p,n)7Be 
experiment without the gold foil degrader at a proton energy of 1912 keV. The VdG was operated in a 
pulse mode and the neutron energies were determined by time-of-flight measurements using 6Li glass 
detectors. Detector efficiencies were obtained by Monte Carlo calculations. We present our study and 
compare the results for both narrow and broad energy proton beams. Comparison to calculations is 
also shown.
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Introduction

A common method for simulating the thermal neutron conditions in the stellar interior is based 
on the 7Li(p,n)7Be reaction near threshold energy. This method was pioneered at FZK, Karlsruhe, 
by Ratynski and Käppeler [1]. Maxwellian-averaged neutron capture cross-sections of mean energy 
25keV, relevant to the s-process nucleosynthesis, are measured at existing Van-de-Graaff (VdG) 
proton accelerators. Proton beams impinge solid targets of metallic lithium or LiF. Due to beam 
current limitations and heat removal limitations the neutron intensity is limited to about 109 n/s 
with an energy distribution peaking at 25 keV. This in turn limits the measurement of small neutron 
capture cross-sections in general and in particular capture cross-sections leading to short half life 
isotopes.

Soreq NRC Applied Research superconducting linear Accelerator Facility (SARAF) phase 1 [2] is 
in its final stage of commissioning. At the current stage the SARAF phase 1 RF linear accelerator will 
be able to accelerate protons up to energies of about 4 MeV and currents up to 3 mA. Maxwellian 
averaged neutron capture cross-section measurements are planned to be conducted using a forced-
flow closed-loop liquid-lithium target (LiLiT) [3]. The neutron fluxes for the 7Li(p,n)7Be reaction near 
threshold are expected to be around 8×1010 n/s.

The proton beam energy spread of RF linear accelerators, such as SARAF, is typically larger 
than the spread of proton beams of VdG accelerators. The energy spread of the SARAF proton beam 
at 1912 keV is calculated to be of the order of 20-40 keV FWHM as compared to about 3 keV FWHM 
for VdG accelerators. Beam spread is a crucial parameter determining the high energy tail and the 
angular distribution of the outgoing neutrons in the reaction 7Li(p,n)7Be near threshold.

For simulating the SARAF proton beam we performed an experiment at the IRMM-Geel VdG 
using a gold foil degrader positioned before the LiF target. This degrader shifts the mean proton 
energy to 1912  keV and it broadens the proton beam energy to values simulating the spread of 
the proton beam at SARAF. For calibrating the cross-sections we also performed a 7Li(p,n)7Be 
experiment without the gold foil degrader at a proton energy of 1912 keV. The VdG was operated in 
pulse mode and the neutron energies were determined by time-of-flight measurements using 6Li 
glass detectors. Detector efficiencies were obtained by Monte Carlo calculations.

We present our study and compare the results for both narrow and broad energy proton beams. 
Results for both narrow and broad proton energy beams include: neutron energy distributions for 
emission angles in the 0°-80°  range, average Maxwellian neutron energy, gold neutron capture 
cross-sections and number of neutrons per incident proton. The results of the narrow-energy beam 
are compared to results measured at FZK, Karlsruhe  [1]. Also, all uncertainties of the measured 
quantities are discussed. A comparison to calculations is also shown.

Figure 1: A schematics of the SARAF phase 1 accelerator
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SARAF RF linear accelerator

The high current SARAF accelerator phase 1 is now in the final stages of commissioning [2]. It will 
be capable of accelerating 3 mA of 4 MeV protons. Phase 1 is composed of an ECR ion source, an 
RFQ accelerator and 6 superconducting half wave resonators. Figure 1 is a schematic of the SARAF 
phase 1 accelerator capable of accelerating high currents of protons and deuterons to 4 and 5 MeV, 
respectively. Figure 2 is a schematic diagram of the prototype superconducting accelerator made of 
6 cavities and the experimental beam line.

Figure 2: The superconducting module (left) and the experimental beam line (right)

	  

	  	  	  	  	  	  	  	  	  	  	  

Figure 3: LiLiT liquid lithium target
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LiLiT liquid lithium target

The LiLiT target [3] is a windowless forced-flow closed loop liquid lithium target. The LiLiT setup is 
built as a loop circulating liquid lithium at a temperature of ~200° C and producing a jet (acting as the 
target) onto a thin concave supporting wall, driven by a rotating magnet inductive electromagnetic 
pump. The flow velocity is designed to be around 20 m/s. The liquid lithium is collected in a 
reservoir housing containing a heat exchanger with a mineral-oil closed loop. The target can holds 
currents up to 3.5 mA at proton energy of about 2 MeV.

Experiments at the IRMM VdG

The VdG
The IRMM VdG was operated in pulse mode at a frequency of 625 kHz. The proton pulse width was 
1 to 2 ns. The pulse frequency limits the flight path of 1 keV neutrons to 70 cm. The average current 
was ~ 0.1 μA. Energy calibration of the VdG was checked periodically by a “neutron threshold curve” 
around the threshold (1881  keV) of the 7Li(p,n)7Be reaction. Initially it was calibrated using the 
resonance of the 27Al(p,g)28Si reaction at 991 keV.

Experimental setup
The LiF targets were evaporated on a 1 mm copper plate. Their thickness was about 5 μm, much 
larger than the path length of a proton in the energy interval 1881 keV ≤ Ep ≤ 1912 keV. Two moveable 
6Li glass detectors were positioned at a distance 52 cm from the target and were moved in steps of 
50. The dimensions of the detectors were: (a) 2” diameter by 1” thick, (b) 1” diameter by 0.5” thick. In 
addition, a 6Li glass detector of diameter 2” by 1” thick was positioned at 12 degrees and at a distance 
70 cm from target. The stability of the beam energy was continuously controlled by the end point of 
the monitor detector neutron time spectrum. The anode pulse of each 6Li detector was split between 
a fast timing electronic channel and a slow energy electronic channel. List mode data were recorded 
in coincidence which enabled a 2D information of time-of-flight (TOF) versus energy. The electronic 
time resolution was 4 ns. Two other detectors were used as monitors: a 5” by 5” NaI and a neutron 
long counter. The experimental setup is shown in Figure 4.

Figure 4: Experimental setup of the 2 movable and one fixed monitor 6Li glass scintillation detectors
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Experimental results
Measurements of the angular-energy distributions of the emitted neutrons were conducted for a 
narrow energy beam of standard spread s ~ 1 keV and for a broad energy beam of s~15 keV. Figure 5 
displays a typical TOF spectrum showing the gamma peak (off-scale) to the right, and the neutron 
contribution at longer flight times to the left. The insert shows the gamma TOF distribution with 
FWHM  ≤  4  ns. The sources of gamma rays are the 7Li(p,p’g), 19F(p,a)16O* and 7Li(p,g)8Be reactions 
(prompt peak), gamma rays produced upstream by protons striking accelerator components, and 
gamma-rays from neutrons captured in the room and from the natural background.

Figure 5 also shows a 2D scatter plot where TOF is the X-axis and pulse height (energy) is on 
the Y axis.

The broad energy beam was achieved by bombarding 2093 keV protons on a 2 μm thick Au foil 
positioned in front of the LiF target as shown in Figure 6. The gold foil shifted the beam energy down 
to 1912 keV with the expense of beam broadening due to straggling estimated to be s(E)~15 keV.

Figure 5: 2D display of energy versus TOF (right) and a TOF spectrum (left)
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Figure 6: Generating a broad energy beam by a 2 µm thick gold foil
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The steps conducted to obtain the energy distribution of the neutrons were as follows:

•	 Selecting a 2D window for the neutrons;

•	 Converting time of flight to neutron energy;

•	 Subtracting background from scattered gammas and neutrons;

•	 Correcting for efficiency of the detectors for each neutron energy;

•	 Correcting for solid angle of each detector;

•	 Sum all energies at all angles to obtain the integral energy distribution.

The energy spectra obtained for the narrow and broad energy beams are displayed in Figure 7.

Figure 7: Energy distributions for narrow-energy (blue) and broad-energy (green) proton beams.  
Also a comparison to a semi-Maxwellian energy distribution with kT=25 keV (red)

	  

Figure 8: Energy distributions for narrow-energy proton beam and a comparison to  
Ratynski-Käppeler data [1] and to a semi-Maxwellian energy distribution with kT=25 keV
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Figure  8 compares the narrow beam energy distribution to that obtained by Ratynski and 
Käppeler [1] and a semi-Maxwellian with kT=25 keV.

It is clearly seen from Figure 7 that the energy spectra for the narrow and broad beams peak 
nearly at the same energy close to 25 keV. However the energy distribution for the broad beam has a 
larger tail to higher neutron energies. Figure 8 shows that the rise of the neutron energy distribution 
for the present data shifts slightly to lower energies as compared to the data presented in ref. [1].

Uncertainties in the determination of energy distributions
The uncertainties in the data reduction analysis are as follows:

•	 Neutron energy

- DE/E=2 Dt/t where t is the time of flight;

- The detector thickness affects the uncertainty more at the higher neutron energies than 
the lower ones;

- Dt has an electronic component ~ 4 ns FWHM;

- Dt/t (at 1 keV) ~ 0.4%, Dt/t (at 60 keV) ~ 2.7%;

- Dt has an error of 5% (1” detector) due to the thickness.

•	 6Li Detector Efficiency

- Multiple scattering inside the detectors mainly occurs due to oxygen and silicon nuclei 
composing the glass;

- Multiple scattering affects more the efficiency of a thicker and larger size 6Li detector;

- Multiple scattering changes the path length of the neutron, thus affects the flight time 
till an absorption with 6Li occurs.

•	 Multiple scattering of stray neutrons and gamma rays (background subtraction)

- The neutron energy distribution has a random background of neutrons and gamma 
rays. It was assumed that the background is equal at each time bin and is equal to the 
background between the gamma flash and the neutron end point as shown in Figure 5. 
This background increases the uncertainty in data reduction of the neutrons and 
especially affects the low energy neutrons having lower statistics.

Gold activation cross-sections
The uncertainties in the data reduction analysis are as follows:

Experimental gold activation, 197Au(n,g)198Au, cross-sections for the integral neutron distribution 
were also measured for the narrow-energy and broad-energy beams and for cone angles ~60° and 
~80°. Figure 9 shows the geometrical positions of the planar gold foils. The gold foils were positioned 
at 1 mm and 5 mm from the target and their diameters were 18 mm and 22 mm respectively. The 
procedure for deriving the cross-sections was a three step process as follows:

a. Measure the 7Be activity of the target, extract the number of emitted neutrons due to the 
reaction 7Li(p,n)7Be. Accurate current integration was essential.

b. Measure the activity of the gold foils and correct the activity for the number of neutrons 
emitted to a cone covered by the gold foil to the total number of neutrons. Scattering by the 
copper target backing is taken into account.

c. Correct the experimental activity measured using the planar gold foils to an expected 
activity of a hemispherical foil with the aid of Monte Carlo calculations and then estimate 
the gold activation cross-sections.

Activity measurements of both 7Be and 198Au were conducted using a low background HPGe 
detector.
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Table 1 shows the correction factors applied to correct the gold foils activity from a planar to 
hemispherical shape. The correction factors were obtained using the Monte-Carlo code SimLiT [5] 
for the 7Li(p,n)7Be neutron production and the GEANT4 Monte Carlo code for the transport of the 
outgoing neutrons from the 7Li target till they interact via the (n,g) reaction with the gold foil. The 
calculations take into account the varying effective thickness of the Au target with scattering angle 
and the scattering of neutrons by 1 mm copper backing of the target.

Table 2 shows the experimental 197Au(n,g)198Au cross-sections averaged over the neutron spectrum 
obtained from the proton beams with narrow and broad energy. A comparison to the cross-section 
cited by Ratynski and Käppeler [1] is also given for the narrow beam and good agreement is observed.

We also calculated from the 7Be activity the number of neutrons/proton in the 7Li(p,n)7Be 
reaction generated for both narrow and broad beams. In Table 3 we compare these ratios to our 
calculations with SimLiT code [5] and to the PINO code [4]. It is seen that the results of the SimLiT 
Monte Carlo code [5] are in decent agreement with experimental results.

Figure 9: Experimental setup for measuring the gold activation cross-section (not to scale)

	  

Table 1: Correction factors applied to modify the experimental activity of the planar 
gold foils to the expected activity of a hemispherical shape gold foils

Narrow beam Broad beam
target 1 1/1.25 1/1.32
target 2 1/1.17 1/1.07

Table 2: Experimental gold activation cross-sections and comparison to FZK result

Narrow beam Narrow beam FZK [1] Broad beam
target 1 cross-section (mb) 596±12 586±8 652 ±12
target 2 cross-section (mb) 582±12 607±20
average cross-section (mb) 589±12 586±8 630±16
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Conclusions

•	 The energy distribution for the broad-energy beam of s=15  keV is similar to that of the 
distribution of the narrow energy beam and they peak nearly at the same energy. The broad-
energy distribution has a tail extending to higher energies than that of the narrow-energy 
beam.

•	 The neutron distribution of the broad-energy beam better matches a Maxwellian flux 
distribution of kT=25 keV.

•	 The neutron energy distribution for the narrow-energy beam is slightly shifted to lower 
neutron energies compared to that measured by Ratynski and Käppeler[1].

•	 The ratio between the average gold activation cross-section for the broad-energy beam and 
that of the narrow-energy beam is (1.070±0.035).

•	 The gold activation cross-section for the narrow-energy beam agrees well with that 
measured by Ratynski and Käppeler [1].

•	 It was necessary to incorporate Monte-Carlo calculations to complement the experimental 
data analysis for estimates of:

- Multiple scattering inside the detector;

- The change of path length of the neutron in the detector which is reflected in change of 
flight time;

- The efficiency of the detectors;

- Scattering of neutrons in the 1 mm copper target backing;

- The angular distribution of the neutrons impinging the gold foils;

- Removal of neutrons from the expected cone by the 1 mm copper backing of the LiF target.
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Table 3: Experimental and calculated neutron/proton  
ratios and comparison to calculations

Narrow beam Broad beam
experiment (1.10±0.02) x 10-6 (1.36±0.03) x10-6

Calculated (SimLiT [5]) 1.17 x 10-6 1.20 x 10-6

Calculated (PINO [4]) 0.9 x 10-6 0.9 x 10-6
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