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The accurate knowledge of the beam energy is of first importance in most applications using ion beams delivered 
by electrostatic accelerators. Regular beam energy calibration is thus required. The standard procedure is to use 
neutron thresholds and well known gamma-ray resonances. However, only a few calibration points are available 
between 2 MeV and 4 MeV despite the need of such beam energies, for instance, for nuclear reaction analyses.

In this work, the suitability of 27Al(p,y)28Si and 45Sc(p,n)45Ti resonances has been studied in this specific 

energy range by comparison with well-established calibration energies. The methodology used for the experi- 
ments and data treatment is fully detailed.

The usefulness of these resonances is shown through several calibration campaigns that led to a complete 
energy calibration of two accelerator based facilities from 500 keV up to 4 MeV.

1. Introduction

Nowadays electrostatic accelerators are used for a large range of 
applications such as material analysis [1,2], cross-section measurements 
[3], neutron production or test of detection setup [4]. It is of first 
importance to know the energy of the incoming particles for all these 
applications. The energy of the accelerated ion ensures, for instance, a 
good control of the penetration depth of the ion to properly analyze the 
samples during resonant analysis. Furthermore, the knowledge of the 
energy beam is mandatory when accelerators are used for the test or the 
calibration of particle detectors as well as for nuclear reaction cross 
section measurements [5]. Finally, in ion beam analysis, the uncertainty 
on energy is a non-negligible part of the total uncertainty budget that 
has to be reduced as most as possible for quantifying the elements in 
analyzed samples.

Relying only on the terminal high voltage is generally not sufficient 
for electrostatic accelerators. In modern facility, a magnetic spectrom- 
eter (i.e. analyzing or analysis magnet) is often used with or without a 
NMR probe to assess the ion beam energy [6]. Sometimes the accelerator 
high voltage is determined by the use of Generating Voltmeter Motor 
(GVM) for an efficient stabilization. Therefore, the ion beam energy

calibration corresponds to the calibration of the analyzing magnet or/ 
and of the GVM, as in [7], in a first place.

The calibration is most of the time performed using well-known 
neutron thresholds and gamma-ray resonances. Extensive efforts were 
done to provide accurate data during the 60's & 70's. Most of articles 
refer to neutron thresholds and gamma-ray resonances induced by 
protons beams at low energy up to 6 MeV, and by deuterium and alpha 
particles for higher energies up to 60 MeV [8-12]. The progressive 
improvement of the technology used for energy stabilization, beam 
transport, and detection allowed establishing a list of recommended 
reactions given with an excellent accuracy as shown in Table 1. The 
energy of some y-ray resonances was measured accurately and neutron 
threshold energies depend mainly on the atomic mass. The broad se- 
lection of reactions make possible to precisely define the energy 
behavior of the analyzing magnet in a reproducible way. However, only 
a few reactions1 are recommended for calibration between 2 MeV and 4 

MeV. That lack of usable reactions is a drawback as a large number of 
resonant or scattering reactions used in ion beam analysis occurs in this 

energy range.
In the past twenty years, accelerator calibration was mainly per- 

formed between 1 MeV and 2 MeV [26-28] on the basis of the pioneer

* Corresponding author.
E-mail address: sorieul@cenbg.in2p3.fr (St. Sorieul).

1 The neutron threshold energies at 2168 keV and 2908 keV, respectively for 65Cu(p,n) and 45Sc(p,n) reactions, are not considered in this work due to the very low 
neutron production just above the threshold value.

https://doi.org/10.1016/j.nimb.2020.12.007
Received 24 August 2020; Received in revised form 2 December 2020; Accepted 13 December 2020
Available online 7 January 2021
0168-583X/© 2020 Elsevier B.V. All rights reserved.

https://doi.org/10.1016/j.nimb.2020.12.007
http://www.sciencedirect.com/science/journal/0168583X
https://www.elsevier.com/locate/nimb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nimb.2020.12.007&domain=pdf
mailto:sorieul@cenbg.in2p3.fr
https://doi.org/10.1016/j.nimb.2020.12.007


St Sorieul and V. Gressier Nuclear Inst, and Methods in Physics Research, B 489 (2021) 50-57

Table 1
Summary of the recommended reactions below 4 MeV. In case of y-ray réso
nances, the natural width is also given. Neutron threshold values are those ob- 
tained with Qcalc calculator [Qcalc] based on the latest atomic masses 
evaluation [13].

Reaction Ion energy (keV) Resonance natural width 
(keV)

Reference

11B(p,y)12C 163.1 ± 0.4 5.3 ± 1.0 [14,15]
19f 340.46 ± 0.04 2.34 ± 0.04 [8,16]

(p,ay)16O
27Al 632.23 ± 0.04 0.0048 ± 0.0004 [17,18]

(p,Y)28Si
27Al 991.756 ± 0.017 0.100 ± 0.015 [12,18]

(p,Y)28Si
3H(p,n)3He 1018.8751 ±

0.0015
- [13]

27Al 1316.87 ± 0.03 0.070 ± 0.035 [12,18]
(p,Y)28Si

27Al 1587.49 ± 0.08 < 0.200 [17]
(p,Y)28Si

13C(p,Y)14N 1746.618 ± 0.017 0.135 ± 0.008 [20,21]
27Al 1799.75 ± 0.09 < 0.200 [17]

(p,Y)28Si
7Li(p,n)7Be 1880.36 ± 0.08 - [13]
11B(p,n)11C 3016.99 ± 0.07 - [13]
13C(p,n)13N 3235.48 ± 0.29 - [13]
15N(p,n)15O 3774.05 ± 0.52 - [13]

works of Marion [8] and Bondelid & Dowling-Whiting [19]. Scarce 
publications mentioned less conventional methodologies such as the use 
of resonant or non-resonant scattering reactions to reach higher energies 
[29-32]. Those reactions are an interesting alternative but can have 
larger uncertainties mainly because of the imperfect knowledge of the 
target composition. Recently, Panetta et al. [33] investigated the use- 
fulness of the 32S(p,py)32S reaction for energy around 3.4 MeV. Csedreki 
et al. [34] extended the use of (p,p’y) reaction on 28Si and 14N to propose 

new calibration points at 3100.6 ± 0.9 keV, 3338.1 ± 1.0 keV, 3903.1 ± 
1.7 keV, and 3991.6 ± 1.1 keV.

We propose to study additional accurate and reliable reactions in the 
2 - 4 MeV range. The suitable reaction selection has to be based on 
several criteria such as their strength, their natural width, the good 
separation (at least a few keV) from other resonances, and an energy 
range where large structures due to photons or neutrons production by 
other reaction does not affect the measurements. As shown in this work, 
several 27Al(p,y) resonances [35] satisfy the previously enumerated 

criteria. One of the challenge is that, above 2.3 MeV, the gamma emis- 
sion from the Al(p,y) Si resonances are mixed with those of the Al 
(p,p’Y)27Al and 27Al(p,ay)24Mg reactions [37,38]. The 45Sc(p,n)45Ti first 

resonance [36] was also considered as it provides an additional cali
bration point at 2.9 MeV.

Ion beam energy calibrations were done at two separate facilities; 
one facility (AMANDE) is adequately equipped for neutron metrology 
with a strict control of the beam energy, the second one (AIFIRA) is 
equipped for analysis and irradiations with microbeams. The purpose of 
calibrating different facilities is to demonstrate the feasibility of our 
methodology for any accelerator of the community.

2. Experimental details

2.1. Description of the facilities

2.1.1. AIFIRA
AIFIRA is an ion beam facility located at CENBG (Gradignan, 

France). The 3.5 MV Singletron™ (HVEE) accelerator that produces 
proton, deuteron and alpha beams with energy between 500 keV and 
3.5 MeV is particularly well-adapted for focused microbeams. Its main 
activities are centered on ion beam analysis from microscopic to milli- 
metric scale, targeted micro-irradiation with charged-particles at

cellular scale and the production of well-characterized monoenergetic 
neutron- and y-fields.

The beam is transported from the accelerator to the analysis chamber 
or end-station via a 90° analyzing magnet, a switching magnet and one 
of the five beam lines [39]. The trajectory is defined thanks to two 
systems of slits (respectively called defining and stabilizing slits) and an 
aperture. The defining slits are situated before the magnet and help to 
set a preliminary beam position. Then, the passage through the aperture 
guarantees a good position of the beam in the x-direction into the 90° 
magnet. The stabilizing slits are implemented after the 90° magnet and 
connected to the Generating Voltmeter Motor (GVM). Energy stabili
zation and regulation are possible through the combined feedback of the 
GVM and stabilizing slits. The theoretical relative energy resolution of 
the accelerator is of 2.5 x 10~5.

2.1.2. AMANDE
The AMANDE facility, owned by IRSN and located at Cadarache 

(France), is based on a HVEE 2 MV Tandetron accelerator. Reference 
monoenergetic neutron fields are produced between 2 keV and 20 MeV 
energy using protons or deuterons beams sent on thin targets made of or 
containing scandium, lithium, deuterium or tritium [40]. These fields 
are mainly used for neutron metrology (French national standards) and 
calibration of neutron sensitive instruments. Ion beam energy is defined 
using a 90-degree magnet. The magnetic field is precisely set by a 
computer controlled NMR teslameter; three Gauss gauges are placed at 
the centre of the magnet cavity which allows covering the required 
magnetic field range.

Beam position stabilizing slits in the x-plane are incorporated 
respectively at the object and image position that are located before and 
behind the 90° degree magnet. These slits, closed from 0.6 mm to a few 
mm depending on the settings, maintain the beam position control loops 
on respectively a X-steerer and the high voltage applied to the acceler- 
ator terminal measured with a GVM. The relative ion beam energy ac- 
curacy is of 5 x 10-4 as experimentally determined from reproducibility 

studies during several ion beam calibration campaigns performed over 
years [45].

2.2. Beam adjustment & End-station set-up

The beam energy Ep is tuned, for a given magnetic field B in the 90° 
magnet, a few keV above the energy E0 of the chosen neutron threshold 
or y-ray resonance. Measurements at energies at least 2 keV above E0 
have to be performed in order to have a sufficient energy range to fit the 
experimental data. The same beam adjustment procedure was per- 
formed for each calibration point:

- the desired field strength of the 90° magnet has always been
approached from below,

- the stabilizing slits opening were sufficiently reduced to guarantee
an excellent energy stabilization during the measurements.

The decrease of the beam energy is performed by applying a variable 

positive voltage VT to a target electrically isolated from the rest of the 
beamline.

At AIFIRA, this voltage is supplied by a 0-20 kV high voltage power 
supply (Sefelec GKHT920P700) connected directly to the insulated 
target tube. This high voltage is remotely controlled by a source-meter. 
It is measured on the return signal by a calibrated voltmeter to take into 
account the voltage generated by the beam current on the target.

At AMANDE, a computer controlled 0-10 kV power supply (TREK 
609B) is used with an isolated current converter that converts the in- 
tensity to a 0-10 V voltage. It is thus possible to apply a high voltage on 
the target (auto-compensated from the voltage generated by the ion 
beam on target) and to monitor the ion beam current value. The ion 
beam current, and the high voltage delivered by the TREK power supply 
are regularly calibrated on all the used range (from 1 nA to 100 pA)
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Fig. 1. Photon energy distribution determined by the BGO above and below the 
27Al(p,y)28Si resonance at 992 keV with the clearly visible 1779 keV 

gamma line.

respectively with a standard current source and a multi-meter coupled to 
a HV probe (both of them being previously calibrated at a reference HV 
source). The uncertainties on beam current and high voltage are lower 
than respectively 0.5% (above 20 nA) and 0.2%.

The targets are mounted on the beam line devoted to neutron pro
duction at both facilities. They are cooled with a flux of compressed air 
and the beam current is kept below a few pA. During the calibration 
experiment, the slits systems are closed to 1 mm or lower in order to 
constraint the beam trajectory.

2.3. Detectors

2.3.1. Photons
The photon detector used to measure the y-ray resonances has to 

cover an energy range between 1 MeV and at least 10 MeV. For this 
study, a commercial HARSHAW BGO spectrometer (type NR: 4S4/1.5 A 
- BX) with both a height and a diameter of 2.54 cm (1") is used. The 
photon energy range of this detector goes from 100 keV to 12 MeV. 
Given the high Z value of the material, the photo fraction for gamma ray 
absorption is high and, even for such a small size of scintillator, the peak- 
to-total ratio is good enough (0.55, 0.35 and 0.2 at respectively 1 MeV, 2 
MeV and 4 MeV) for this study. Due to its relatively low efficiency, the 
BGO is placed at a few cm from the target and at 0° taking care to 
maintain dead time lower than 1% (determined from the ratio Live 
time/Real Time on the acquisition system). This detector is generally 
useful when the experimenters want to focus only on the reaction of 
interest by just selecting the energy range of the awaited photo-peaks in 
the pulse height spectra as shown in the Fig. 1. In this study, we used this 
detector as a simple counter by just setting a low discrimination level 
around 1 MeV to avoid the contribution of low energy photons. Indeed, 
following the variation of the counts on a fixed time interval as a 
function of the proton energy is enough to determine the resonance 
energies. However, the chosen threshold is not high enough to avoid all 
the contribution of the competing 27Al(p,p’y)27Al and 27Al(p,ay)24Mg 

reactions that polluted the measurements.

2.3.2. Neutrons
At AMANDE, a long counter detector (PLC) based on a 3He tube was 

used for neutron detection [41]. This detector has a very flat response 
function [42] that does not vary by more than ± 2.5% around its mean 
value of 9.5 cm2 on the energy range of the neutrons produced around 

the thresholds (6-90 keV). The front face of the PLC is placed at 30 cm 
from the target subtending a solid angle with a half angle of about 34°. 
However the angular response is not as flat as the energy one with more

Table 2
List of the used targets with indicative thicknesses as reported by manufacturera, 
and energy loss by protons.

Target Thickness (pg/cm2) Energy loss (keV)

TiT 215 35
7LiF 45 6
11B 40 4
13C 95 10
15n 100 9
27Al 115 8 to 13*
45Sc 1/27 0.075/2.0

*in the 2-4 MeV proton energy range.

sensitivity in its axis (i.e. low angles) than at its borders (largest angles) 
reducing the usable half angle to about 15°.

For AIFIRA, the chosen detector was a 4.5'’ Bonner sphere, from 
IRSN HERMEIS system, with a 3He spherical proportional counter of 

5.08 cm (2 in.) diameter filled with a pressure of 10 atm placed in the 
centre of the sphere. The neutron response of the 4.5'’ sphere (mean 
value of 8.3 cm2) does not vary by more than ± 7% in the energy range 
of interest [43]. The detector was placed at 10 cm from the target 
leading to a subtended half angle of about 30°.

For both detectors, the events occurring in their sensitive volume are 
recorded via a Multi-Channel Analyser (MCA) after amplification. A 
threshold on the pulse height is applied to discriminate the electronics/ 
gamma noise from the neutron events; the pulse height spectrum being 
mostly independent on the neutron energy distribution.

2.4. Targets

All the targets (except the 15N one) are made of a reactive thin layer 
deposited on a backing of tantalum (0.25 mm thick). The 15N target has 
been made by implantation with 10 keV 15N beam in the tantalum 

backing at SIDONIE facility [44]. The mean penetration depth is 14 nm 
but the range of implantation is up to 40 nm as 15N is in gaseous form. 

The used targets with their respective thickness are given in Table 2.
For the y-ray resonances and the 45Sc(p,n)45Ti first resonance, the 

thickness is chosen to ensure that the energy loss into the target is more 
than three time larger than the natural width of the resonance and the 
beam energy spread (~0.5 to 1 keV), i.e. at least 2 keV. Furthermore, 
and because it was available at AIFIRA facility, we also used a very thin 
scandium target of 1 pg/cm2 thickness providing the resonance energy 

directly from the peak obtained in the neutron yield. No real constraint 
exists on the thickness of target used for neutron threshold measure- 
ments. However the thickness should be sufficient so that the beam 
energy loss into the target is more than a few keV allowing a sufficient 
scan range to accurately determine the applied voltage at the threshold.

3. Calibration methodology

3.1. Energy correlation with the magnetic field

A charged particle path in a uniform and stationary magnetic field B 
is circular due to the Lorentz force. Taking into account relativist cor
rections, the relation between energy (in keV) and magnetic field 
generated by the 90° magnet (in mT) is:

E(E - mc2) = (qcBR)2 (1)

The best method to define the beam energy is then to fix the tra- 
jectory of the beam (i.e. to fix R). In such condition, there is a direct 
relation between energy of the particles and the magnetic field if B is 
measured in an absolute and precise way [11]:

E = k(E)-B2 (2)with k(E) called « magnet factor » and defined as: 

k(E) = fq2R2. = witha = ^ (3)

2m i+ms 1+m5

For protons, q = 1 (elementary charge = 1.602 x 10-19C) and m =
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Fig. 2. Example of variation of the counts N, and N elevated to the power 2/3 just above the 1880 keV neutron threshold of the 7Li(p,n) reaction as a function of the 
voltage Vt applied to the target. Points in red are those rejected from the data fit. Fit curves are in red. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)

938272.013(23) keV/c2. The previous equation becomes, with proton 

energy Ep in keV:
k(Ep) = , a . (4)

1+___4
1876544

The proton beam energy Ep is determined by the direct relationship 
Ep = E0 + V0, with V0 being the voltage value to apply to reach the 
threshold or resonance energy. The magnet factor k(Ep) can then be 
deduced from equation (2) as :

k(Ep)= §ï = E0+V0(5)

The proton beam energy calibration aims therefore to determine the 
value of V0.

To transfer the proton energy calibration to any type of ion beam, 

equation (3) is used with qi and mi, respectively the charge and mass of 
the accelerated ion of energy Ei:

k(Ei)= . apq? . (6)

mp+1876544

3.2. Data analysis

The counts collected by the detector during a given time are recorded 

as a function of the high voltage VT applied to the target. A fit is per- 
formed with OriginLabs software using different models adapted to the 
considered reaction and is weighted by the data statistical uncertainties.

3.2.1. Neutron threshold
The energy dependence of the total cross-section, for neutron emis- 

sion just above threshold, varies as (E-E0)3/2 where E0 is the threshold 
energy. Experimental data are therefore fitted using a Y3/2 function as 

well as a linear fit of the counts elevated to the power 2/3 as shown in 
the Fig. 2.

Fits are performed by removing data just around the threshold due to 
the influence of the beam energy spread. This method is valid only if all 
the emitted neutrons reach the detector. Consequently, experimental 
data can be fitted only on a limited energy range depending on the re

action and on the covered solid angle. The voltage V0 extracted from the 
data analysis is the mean value of both fits. Its uncertainty takes into 
account the deviation between the two fitting methods.

3.2.2. Resonances
Charged particles have a Gaussian-like energy distribution which can 

be defined by its mean energy and its width. The mean energy is 
considered as the energy of the beam whereas the width is its energy 
spread, mainly due to the fluctuation of the accelerator high voltage. For 
accelerators having a “tandem geometry” like AMANDE, it is correlated

Fig. 3. Example of variation of the counts N around the 992 keV 27Al (p,y) 
resonance as a function of the voltage VT applied to the target. Fit curve is in 
red. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)

to the energy broadening effect induced by the ion beam interactions 
with the stripper canal leading to a beam energy width varying between 
500 eV and 1 keV. The induced energy broadening does not allow to see 
the Lewis peak in the photon yield as a function of the proton energy. As 
a result and as y-resonances have a Lorentz energy distribution, it is 
assumed that the experimental data are described by a cumulative 
Gaussian, as shown in Fig. 3, or Lorentz distribution if the resonance 
width is respectively smaller or larger by more than a factor 3 compare 
to the beam energy width.

4. New reactions in the 2-4 MeV range

4.1. 27Al(p,y) resonances

Above 2.3 MeV, large variations with energy of the photon produc
tion are observed in addition to the resonances. This is due to competing 
reactions in aluminum i.e. 27Al(p,p'y) and 27Al(p,ay) [38] or in the target 

backing. Those variations could be reduced by selecting relevant photon 
energies in the recorded spectra. In the present measurements, only a 
low discrimination level has been applied to optimize count rates. 
Nevertheless, a confident fit by a cumulative Gaussian function can be 
obtained at 3960 keV, 3791 keV, 3338 keV, 3162 keV, 2675 keV, 2517
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Fig. 4. Variations of the counts as a function of the applied voltage to the target for the 27Al(p,y) and 45Sc(p,n) résonances as mentioned in the text. Measurements 
were performed at AMANDE facility. Fit curves are in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.)
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Fig. 5. Variations of the counts as a function of the applied voltage to the target 
for the 27Al(p,y) 3099 and 3104 keV resonances as mentioned in the text. 
Measurement performed at AMANDE facility. Fit curves are in red. (For inter- 
pretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.)

Fig. 6. Variation of the counts as a function of the ion beam energy for the first 
45Sc(p,n) resonance. The energy was determined from AIFIRA accelerator 

Terminal voltage reduced by the applied voltage at the target.

keV and 2203 keV resonances [35]. Only the energies of the resonance 
are reported as their width are all negligible with respect to the proton 
beam energy width. The energy uncertainty on all these resonances is 1 
keV as reported on the associated excitation energies in [35]. High 
statistics are required at 2675 keV and 3338 keV as the relative variation 
in the count rate before and after the resonance are respectively of only 
4% and 5%. The latter resonance is very close to the 3338.1 keV 28Si(p, 

p'y) one proposed by Csedreki et al. For the 3960 keV resonance, we 
improved the resonance fit by adding a linear correction defined just 
before and after the resonance. Fig. 4 shows the data fit of the considered 
27Al(p,y) resonances above 2 MeV as measured at AMANDE facility with 

the same target. The uncertainties on each point is calculated as the 
quadratic sum between the statistical uncertainty and the ion beam 
current uncertainty.

The 3099 keV, 3104 keV, and 3674 keV resonances have not been 
selected for energy calibration. Indeed the 3099 keV and 3104 keV 
resonances requires a linear correction that appears too important to get 
a reliable measurement, especially for the 3099 keV resonance as shown 
in the Fig. 5. More, the 3674 keV resonance was not observed using the 
present method. Further investigations are needed to understand this

Fig. 7. Variation of AMANDE’s magnet factor k(Ep) with the proton energy. In 
red the experimental values obtained with the new proposed 27Al(p,y) reso
nances and the first 45Sc(p,n) resonance. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.)

latter disagreement with literature.

4.2. 45Sc(p,n) resonance

First, the neutron threshold of the 45Sc(p,n) reaction is hardly usable 

because the neutron production is extremely low. However a suitable 
neutron emission can be obtained at the first (p,n) resonance. Indeed, 
the energy of the neutrons produced in the ion beam direction was 

accurately determined by time of flight as being 8.12 ± 0.01 keV [46], 
close to the value in [47]. From kinematics, and using the uncertainty of 
the Q-value determined from Q-calc calculator, it corresponds to a 
proton energy of 2911.1 ± 1.1 keV. The resonance energy can be used 
for calibration if the target is thick enough (20 pg/cm2 or more) or very 

thin.
At AMANDE facility, we used a scandium target of 27 pg/cm2 

thickness that is just enough to fit correctly the resonance with a cu
mulative Gaussian function: intensity decreases quickly 1 keV above the 
resonance as we can see in Fig. 4. At AIFIRA facility, very thin targets of 
about 1 pg/cm2 were available. We deduced the resonance energy 

directly from the resonance peak summit applying a correction only for 
half of the mean proton energy loss in the scandium layer (i.e. 37 eV). 
Two measurements were performed (Fig. 6) respectively in February 
2017 and April 2018. The resonance energy deduced from the acceler- 
ator voltage is similar for the two measurements. Nevertheless, the value 
is higher of about 0.3 keV compare to the reference energy.

4.3. Validation of the new set of reactions

The energy calibration is performed every year at AMANDE facility 
using several energies given in Table 1. The linear variation with energy 
of the magnet factor k(Ep) is then fitted using equation (4). In order to 
validate the use of the new proposed energies, their corresponding k(Ep) 
values have been added to the Fig. 7.

In Fig. 7, the dotted lines delimit the relative maximum deviation of 
5 x 10~4 considered on the magnet factor based on the reproducibility 

of several measurements performed over years [Cog10]. The reproduc- 
ibility is possibly due to the magnetic field differential hysteresis into the 
90° magnet, to deviations due to the energy regulation by the slits (due 
to its limited range), to the difference between the field at the NMR 
probe and the field really seen by the particles through their pathway 
into the magnet (any variation of beam focusing or alignment at the 
entrance of the magnet will modify the beam trajectory, i.e. its energy 
due to the control loop with the slits). It can also be observed that there
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may be a systematic déviation of k(Ep) from the linear variation indi- 
cating that the previously mentioned effects could dépend on the beam 
energy. However, within the reproducibility uncertainty, the additional 
energy values show a good agreement with the reference linear law. The 
new proposed 27Al(p,Y) resonances and the first 45Sc(p,n) resonance 

seem therefore usable as reference energy points for proton beam energy 
calibration.

5. Example: calibration of AIFIRA accelerator

Several activities at AIFIRA facility require the accurate knowledge 
of the beam energy, for instance when a specific nuclear reaction has to 
be studied or for the depth profiling of a peculiar light element. 
Nevertheless, as for many other facilities, the accurate measurement of 
the magnetic field in the 90° magnet is not available. The main goal of 
the calibration is therefore to determine the relationship between the 
accelerator real terminal voltage (TVReal) and the voltage read by the 
GVM (TVgvm). Indeed, only this latter one is at the disposal of the op- 
erators during the beam tuning. Fig. 8 shows the variation of the dif- 
ference between TVReal and TVgvm versus TVgvm. Most of the threshold 
reactions and some resonance reactions were systematically performed 
at each run in order to assess the repeatability of the measurements.

As already observed at many others facilities [26-28], the correla- 
tion between TVgvm and TVreal is linear below ~3 MeV. Above beam 
energy of around 2.9 MeV, the deviation between the two voltages 
seems to follow a second order polynomial law. This deviation of about 
2.5% at 3.2 MeV was the primary reason why the authors were looking 
for alternative nuclear reactions useful for accelerator calibration. 
Indeed at the beginning of the AIFIRA calibration campaign, nearly four 
years ago, useful reactions around 3 MeV were scarce.

Such deviation was also observed by Wilkerson et al. [48] without 
explanation of its possible origins. On the basis of our exchanges with 
the accelerator manufacturer HVEE, two phenomena may occur for 
AIFIRA. The first possibility is the increase of the electrostatic forces in 
the terminal voltage that may decrease the distance between the GVM 
and the terminal. The result will be a lower tension voltage while the 
electrostatic field strength remains the same, i.e. TVgvm will be lower 
than the real value delivered by the accelerator as observed in our 
measurements. The second phenomenon is that the GVM linearity is no 
more valid at high voltage combined with the fact that the TVgvm 
readout on the CPU is less reliable that the value directly measured on 
the GVM. This linearity will be checked in a further study.

Table 3
Proposed new resonances for ion beam energy calibration between 2 MeV and 4 
MeV.

Reaction Ion energy (keV)

Neutron threshold This work Csedreki et al. [34]

27Al(p,Y)28Si 2202.5 ± 1.0
27Al(p,Y)28Si 2517.3 ± 1.0
27Al(p,Y)28Si 2675.1 ± 1.0
45Sc(p,n)45Ti
11B(p,n)11C
28Si(p,p'Y)28Si

3016.99 ± 0.07
2911.1 ± 1.1

3100.6 ± 0.9
27Al(p,Y)28Si 3162.3 ± 1.0
13C(p,n)13N
27Al(p,Y)28Si

3235.48 ± 0.29
3337.9 ± 1.0

28Si(p,p'Y)28Si
15N(p,n)15O
27Al(p,Y)28Si

3774.05 ± 0.52
3791.1 ± 1.0

3338.1 ± 1.0

14N(p,p'Y)14N
27Al(p,Y)28Si 3960.2 ± 1.0

3903.1 ± 1.7

14N(p,p'Y)14N 3991.6 ± 1.1

6. Conclusion

The accurate knowledge of the beam energy is of first importance in 
most applications using electrostatic accelerators. Regular beam energy 
calibration is thus required. The standard procedure is to use neutron 
thresholds and well known gamma-ray resonances. However, only a few 
calibration points are available between 2 MeV and 4 MeV despite the 
need of such beam energies, for instance, for nuclear reaction analyses.

We have performed energy calibrations at two separate facilities 
with new energy points. The purpose of using two different facilities was 
to demonstrate that our methodology and the proposed reactions can be 
useful for any facility of the accelerator community.

Based on the calibration curves we obtained, a new set of energies for 
proton beam energy calibration in the 2 MeV - 4 MeV range is proposed. 
These additional energies have been successfully compared to the well- 
established calibration reference energies at AMANDE facility, proving 
the suitability of their use. Furthermore, the interest of increasing the 
number of energies, especially around 3 MeV, has been demonstrated 
during several ion beam energy calibration campaigns at AIFIRA facility 
allowing the establishment of a correction law to be applied to the ter
minal voltage reading of the accelerator.

These new calibration energies are reported in Table 3.
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