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Abstract In the last decade nuclear reaction measurements
using heavy ion storage rings became an important tool for
nuclear astrophysics studies. The new CRYRING Array for
Reaction MEasurements (CARME), recently commissioned
at the low energy CRYRING@ESR storage ring (GSI/FAIR),
is designed to take this novel approach one step further and
perform direct nuclear reaction measurements at stellar ener-
gies, as well as indirect studies of nuclear properties of inter-
est for nuclear astrophysics. CRYRING is unique worldwide
in being able to store high quality, isotopically pure, radioac-
tive beams produced in-flight at the low energies required for
nuclear astrophysics. This paper describes the first in-beam
reaction measurement with CARME at CRYRING, the first
beam on (conventional) target measurement for FAIR Phase-
0, and the data analysis approach required by this unprece-
dented, unique experimental approach.

a e-mail: jordan.marsh@ed.ac.uk
b e-mail: carlo.bruno@ed.ac.uk (corresponding author)

1 Introduction

Nuclear reaction studies using heavy ion storage rings
present a new and promising approach to probing nuclear
reactions at the low energies relevant for nuclear astro-
physics. Nuclear reaction measurements are now regularly
performed utilising the Experimental Storage Ring (ESR)
at the GSI/FAIR facility (Germany) [1–3] and have been
conducted using the Cooler Storage Ring at the Heavy Ion
Research Facility (HIRF-CSR) in Lanzhou (China) [4], how-
ever, measurements on these rings are limited to energies
above a few MeV/u. The CRYRING, with its extreme high
vacuum conditions (XHV, 10−11–1012 mbar) and high mag-
netic stability at low energies, is capable of circulating ion
beams at significantly lower energies (∼ 100 keV/u), ideal for
nuclear reaction measurements near and below the Coulomb
barrier. The CRYRING Array for Reaction MEasurements
(CARME) was recently installed on the CRYRING for this
purpose [5]. CARME can house up to four high-resolution
Double Sided Silicon strip Detectors (DSSDs) which feature
128 x by 128 y strips for a total of 16,384 pixels each, and are
100 × 100 mm2 wide and 1 mm thick. The typical strip width
is around 0.7 mm. These DSSDs are used to measure the
products from the investigated reaction. Two sets of DSSDs
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Fig. 1 A photo of the two moving DSSDs mounted on the left actuator
arm in CARME. No DSSDs were mounted on the right actuator arm
during the first measurement, but the support structure for these DSSDs
is shown in the photo. The detectors are positioned fully in, as close as

possible to the beam axis. The cooled beam, labelled with a cross in
the image, goes into the page through the small gap in the centre of the
array. Kapton wrapped cables carry signals from the detectors to XHV
signal feedthroughs

can be mounted in CARME, forming an array of four detec-
tors which aremoved periodically during the experiment (see
Fig. 1). The moving detectors are located close to the circu-
lating beam covering angles � 10 degrees in the laboratory
frame, and are ideal for high resolution angular distribution
measurements performed in inverse kinematics. Details of
the instrumentation included in CARME and the required
procedures to achieve XHV with such instrumentation can

be found in reference [5]. In this paper we describe the in-
beam commissioning of CARME using a 2H+ beam imping-
ing on a 14N internal target [6]. We commissioned CARME
using elastic scattering data, and we detected reaction prod-
ucts from the 14N(d,p)15N and 14N(d,α)12C reactions, the
first nuclear reactions to be ever studied at CRYRING.
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Fig. 2 Detected energy against time plot showing the events observed
by CARME over the measurement cycle time. The plot is a sum of 1040
ring cycles. Time t=0 corresponds to the detector beginning to move in.
The measurement time is between 2 and 60 s. The beam is dumped at
∼ 60 s before re-injection ∼5 s later

2 Methodology

2.1 Measurement cycle

This first reaction study was carried out with a 2H+ beam
extracted from the local CRYRING MINIS ion source,
and injected at 300 keV/u into the CRYRING via a radio-
frequency quadrupole. About 107 ions were injected and
then accelerated to an energy of 1.5 MeV/u, at which they
circulated around the ring with a revolution frequency of
about 3 × 105 Hz. Once per revolution, the beam inter-
acted with a nitrogen gas-jet target with a density of about
1011 atoms/cm2. When the beam is first injected into the ring,
due to its relatively large emittance and width, the moving
detectors must be moved away from the beam axis. After the
beam has been accelerated to the energy of interest, and then
cooled via the CRYRING ultra-cold electron cooler [7], the
beam width is reduced to several millimetres and the detec-
tors are moved towards the beam axis. The beam is stored
and the reaction of interest is measured until interactions
with the target and residual gases reduce the beam intensity
to the point where it is more efficient to dump the beam and
re-inject at the original beam intensity. Before the beam is
dumped from the ring, the detectors are moved away from
the beam axis.
For this first experiment, the total time between consecutive
beam injections was about 70 s, of which around 58 sec-
onds were used to measure the reaction and 12 s were used
to prepare the beam. The energy of events against the time
in the ring cycle the event was detected, for a total 1040
cycles (∼ 20 h of beamtime), is shown in Fig. 2. Time zero
is set to the moment when the detector is given the instruc-
tion to move in, after the beam has been cooled. During the
first two seconds the detector is moving towards the beam
axis. Between approximately 2 and 60 s the detector remains

Fig. 3 Energy spectrum below 5 MeV acquired at a beam energy of
1.5 MeV/u integrated across all angles. Only accepted events when the
detectors were stationary and cooled beam is interacting with the target
are considered. See text for further details. Elastic scattering (3 MeV)
is the dominant process observed. Above the elastic peak events from
the 14N(d, p)15N reaction can be seen. Other nuclear products from the
14N+d reaction can be seen in Fig. 5

stationary while the beam circulates around the ring and
interacts with the target. Finally, the detector is moved away
before the beam is dumped from the ring at approximately
60 s. Re-injection occurs ∼ 5 s later. In this measurement
we expected the beam intensity to be reduced by < 5% dur-
ing the measurement period due to the relatively high beam
energies and low Z of the deuterium beam. The majority of
events detected throughout the cycle are from elastic scatter-
ing (3 MeV). A spike in events with a range of energies that
extend above that of elastic scattering was observed when
the beam is dumped from the ring at ∼ 60 s, in addition to
some low energy events (< 1 MeV) during the movement of
the detectors. Events associated with the dumping of beam
from the ring were also observed in experimental runs where
the detector was kept stationary throughout, and are likely
due to scattering of un-cooled beam, electronic pickup from
the ring RF elements or rapid changes in magnetic/electric
fields in the ring during the dumping of the beam. Removing
these non-physical events requires accurately separating the
different phases in the ring cycle in order to consider only the
time period when the detector is stationary and cooled beam
is incident on the target. Different ring phases are identified
using signals independently sent to the data acquisition sys-
tem whenever the detector starts or stops moving, i.e. four
times for each measurement cycle.
An energy spectrum for this selected measurement period (2–
60 s) for events below 5 MeV, integrated across all detection
angles, is shown in Fig. 3. Note the dominant elastic scatter-
ing peak at 3 MeV, its tail, and a clearly visible peak from
one excited state of the 14N(d,p)15N reaction. In addition to
event rejection based on the time in the ring cycle, individual
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Fig. 4 Plot of the number of counts in the elastic peak
(2800 ≤ E ≤ 3200 keV) across a single y strip. In red is the fitting
function when χ2 is minimised

strips were examined to ensure no electronic anomalies are
present.

2.2 Energy and position calibrations

CARME utilises AIDA [8] for the electronics readout and
data acquisition. The energy calibration was performed in
two steps. First, the offset was determined via a pulser walk-
through. Then, the gain was obtained using the elastic scatter-
ing peak which has a known energy around 3 MeV depend-
ing on the detection angle. Elastic scattering was also used
to determine the position of the moving detectors relative to
the circulating beam. The relative displacement of the DSSD
across the beam axis is monitored by a string potentiometer
which has a precision of 0.1 mm [5]. However, the absolute
position of the DSSD from the beam must be determined dur-
ing each experimental beamtime. The high segmentation of
the DSSD and the well known angular dependency of Ruther-
ford scattering, which dominates the rate at the energy and
angular range covered by CARME, provide a robust method
to determine the position of the detector from the beam. The
DSSD is highly segmented with 128 horizontal (x) and 128
vertical (y) strips. The position of the detectors across the
beam axis (x coordinate) is found by considering the elastic
scattering rate across five y strips separately. These strips are
close to the nominal height of the beam. The energy of the
events considered is limited to only those inside the elastic
scattering peak (2800 ≤ E ≤ 3200 keV for this measure-
ment). The elastic count rate across all pixels across a given
y strip is plotted as a function of the angle, and fitted with the
Rutherford angular distribution function. At the distance of
the DSSD from the interaction point (∼ 1 m), each pixel cov-
ers a laboratory angle of about 0.05◦. Fitting is performed for
the range of possible detector positions. The detector posi-

tion is determined by minimising the χ2. The uncertainty
in the detector position is estimated by the position change
at χ2

min + 1 from the fitting function. The final position is
calculated using the average of the five strips considered. Fig-
ure 4 shows the number of elastic scattering counts across a
single strip and the fitting function where χ2 is minimised.
Total uncertainties on the x position of the detector of
∼ 0.1 mm were achieved for experimental runs with a large
number of detected elastic scattering counts during the com-
missioning beam time. The detector positions determined
using this method were consistent with the potentiometer
displacement between different experimental runs using the
same beam settings. The position of the detectors in the y axis
is determined by finding the y strip with the highest number
of elastic counts across the detector, as this strip will be at
the same height as the circulating beam. This position was
found to be consistent with mechanical drawings.

2.3 Cross-section normalisation

The detector position is mandatory for an accurate normal-
isation of cross sections using elastic scattering. The differ-
ential cross section for nuclear reaction measurements using
CARME is given by

dσ

d�
= N

NbNtη f d�
= �

N

d�
(1)

where N is the number of detected particles across a solid
angle of d�, Nb is the beam intensity, Nt is the number of
target nuclei per unit area, η is the intrinsic detection effi-
ciency, f is the revolution frequency. Note that in storage
ring experiments the beam intensity changes over time as
a result of beam loss and beam re-injection and the inter-
nal target density is not always stable. It is therefore con-
venient to introduce a normalisation parameter, �, that is a
combination of the beam intensity, target density, revolution
frequency and detection efficiency and that accounts for the
varying luminosity of the experiment over time. This nor-
malisation parameter is obtained from the magnitude of the
elastic scattering by substituting for the Rutherford differen-
tial cross section in Eq. 1. The Rutherford scattering cross
section is known with essentially no uncertainty. The main
uncertainty on the normalisation comes from the geomet-
ric efficiency, i.e. the determination of the position of the
moving detectors relative to the circulating beam. Due to the
high angular dependence of the Rutherford cross section, the
detector position is required with a precision ≤ 1 mm. The
systematic uncertainty from the normalisation was ≤ 2% for
all experimental runs presented here, and statistical uncer-
tainties of the detected nuclear reaction products presented
in the next section dominate the results.
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Fig. 5 Energy spectrum above the elastic scattering energies, inte-
grated across all angles and all experimental runs at a beam energy
of 1.5 MeV/u, for the period when detectors are stationary and beam
is on target. Several states from the positive Q-value 14N(d,p)15N and
14N(d,α)12C reactions are labelled. Excitation energies are taken from
the NuDAT database [9]. The broad structure between 5 and 7 MeV is
attributed to several unresolved (d,p) and (d,α) excited states in addition
to pile-up of scattering events

3 Results

Protons and alpha particles from several different states pop-
ulated by the 14N(d,p)15N and 14N(d,α)12C nuclear reac-
tions were observed above the elastic scattering peak. Above
the elastic scattering peak, the measurement is essentially
background-free due to the pure ion beam and target. The
peaks observed are identified and labelled with their excita-
tion energies taken from the NuDAT database [9] in Fig. 5.
The cross section of all identified (d,p) and (d,α) states are
consistent with previous measurements in the same energy
and angular range [10–13]. However, due to the low statistics
of our measurement only the results for the 14N(d, p)15N reac-
tion to the fifth excited state (Ex= 7.30 MeV) are included in
this paper.
The unlabelled broad structure between 5 and 7 MeV is
attributed to several unresolved (d,p) and (d,α) excited states
in addition to pile-up of scattering events, which are focused
at low angles on the edge of the detector. These states were
unable to be resolved due to an energy resolution of 150 keV,
far worse than expected due to electronic noise. Pile up of
scattering events were identified from nuclear reaction prod-
ucts by the energy of events and also by separating events
into specific angular bins i.e. 2–4 deg, 4–6 deg etc. Sources
of background from radioactive decay chains and cosmic
particles are characterised during background runs with no
beam in the ring, and are subtracted from the final energy
spectra. The highest number of counts observed was for the
14N(d, p)15N reaction to the fifth excited state. This state
was populated even with very low beam energies by Valek

Fig. 6 Plot of the cross section for the 14N(d, p5)15N reaction deter-
mined in this work compared to previous measurements by Gomes [10]
at beam energies of 2.3 and 2.7 MeV and by Beaumeveille [11] at a
beam energy of 3 MeV. The angular distribution calculated using the
nuclear reaction code Fresco [15] is shown in red

et al. [14] who remarked that this transition is likely to be
“almost entirely” direct. The high number of counts of this
reaction, compared to the other reactions observed, results
in the bench-marking of the CARME system being focused
on this particular reaction. The differential cross section for
this reaction at several angles compared to previous mea-
surements by Gomes [10] and Beaumeveille [11] at similar
beam energies to our measurement are shown in Fig. 6. The
uncertainty in our measurements is dominated by the statisti-
cal uncertainty for each data point. The red line corresponds
to DWBA calculations of the differential cross section using
the nuclear reaction code Fresco [15]. Note that DWBA is
very appropriate here since we are dealing with a primarily
direct transition. The optical potentials used in the calcula-
tion are detailed in Table 1. The spectroscopic factorC2S was
extracted by comparison between the DWBA calculation and
the experimental cross section using the relation

(
dσ

d�

)
exp

= C2S

(
dσ

d�

)
DWBA

. (2)

The spectroscopic factor extracted from the comparison
between our experimental measurements and the Fresco
DWBA calculation, in addition to the spectroscopic factor
determined in previous measurements is shown in Table 2.
The uncertainty in the spectroscopic factor resulting from
the χ2 fitting (χ2 + 1) to the experimental data is ∼ 5%,

and we estimate an uncertainty of 5–10% arising from the
choice of optical potential parameters in the DWBA calcula-
tion. Potential parameters were obtained from the OMP ref-
erence input parameter library [16] and are similar to those
employed by Gomes [10], Beaumeveille [11] and Valek [14].
The spectroscopic factor extracted is in good agreement with

123



   95 Page 6 of 8 Eur. Phys. J. A            (2024) 60:95 

Table 1 Optical model potential (OMP) parameters used in Fresco
DWBA calculation of the 14N(d, p)15N reaction. The potentials refer
to the entrance and exit scattering channels, the transferred neutron and

core–core interactions. Potential parameters were obtained from the
OMP reference input parameter library [16]

Potential Vv rv av Wv rwv awv WD rD aD Vso rso aso rc

14N + d 94.0 1.15 0.65 1.30 1.35 0.61 10.7 1.40 0.68 3.60 0.97 1.01 1.30
15N + p 61.0 1.06 0.65 1.60 1.37 0.77 5.00 1.37 0.77 6.00 1.06 0.78 1.25
14N + n 47.4 1.25 0.68 0.00 1.39 0.45 4.40 1.26 0.51 7.00 1.31 0.66 1.30
14N + p 51.9 1.16 0.75 1.30 1.37 0.77 5.00 1.37 0.77 6.00 1.06 0.78 1.25

Table 2 Table of spectroscopic factors determined in this work com-
pared to previous studies. Spectroscopic factors reported by Gomes [10],
Beaumeveille [11], Valek [14] and Phillips [17] are from experimental
studies. The spectroscopic factor reported by MacFarlane [18] is from
a theoretical calculation. Superscripts a and b denote the two different
potentials (D3+P2) and (D4+P1) used in the DWBA calculations by
Gomes

Reference Spectroscopic factor

This measurement 0.66

Gomesa [10] 0.72

Gomesb [10] 0.70

Beaumeveille [11] 0.89

Valek [14] 0.72

Phillips [17] 0.89

MacFarlane [18] 0.64

previous studies, confirming the successful commissioning
of CARME and of the data analysis procedure.

4 Future steps

This was the first in-beam measurement for CARME, as well
as the first ever nuclear reaction studied at the CRYRING.
Results from the commissioning with elastic scattering and
transfer reactions are already excellent, and much can be
improved still for future experiments.
In particular, it was the first time the CRYRING’s internal
target was ever turned on since the installation of CRYRING
at GSI, and we were limited in the maximum target den-
sity achievable to around 1011 atoms/cm2 due to technical
difficulties, which was an order of magnitude lower than
expected. It is expected densities up to 1014 atoms/cm2 will
be achievable in future measurements, just as they are at
the ESR [19]. Furthermore, in this measurement, the tar-
get remained on throughout the experiment, including dur-
ing injection and cooling phases. In future measurements,
the target will only be turned on after the beam has been
cooled to reduce beam loss due to beam-target interactions,
and improve the ring vacuum increasing the beam lifetime
and the luminosity.

Energy resolution and electronic noise can also be improved
upon. While for this experiment we were able to clearly sep-
arate all reaction peaks, CARME had a resolution of around
150 keV FWHM, far worse than the 30 keV FWHM which
should be achievable. This poor resolution was in large part
due to our incomplete knowledge of this new system, and
minor improvements in the grounding scheme of the elec-
tronics after this in-beam run improved the resolution to
70 keV FWHM already. Further improvements have been
planned. Not only will this increase the resolution, but it
will also allow us to improve noise rejection. In this experi-
ment, we identified as noise and discarded events showing an
energy difference greater than 200 keV (i.e. far larger than the
FWHM) between the front and the back strips of the DSSD.
In future experiments we will be able to tighten this energy
difference cut.
Finally, the relatively limited statistics we acquired were due
to the fact that only one DSSD out of a maximum of four
was in use, and that only ∼ 51 h of beam could be delivered
on the target, due to a mix of issues with the target itself
and with the ion source. Future experiments will be making
use of the full array of four DSSDs, a now-commissioned
internal target, and a refurbished local ion source, and will
achieve much better duty cycles and luminosities.

5 Conclusions

The first ever in-beam measurement was carried out using
CARME at CRYRING. The novel analysis approach for
CARME at CRYRING was defined and successfully tested
using elastic scattering of 2H+ on a natural nitrogen tar-
get. In particular, the characteristics of the ring cycle are
now well understood and the system has been calibrated in
energy and position. The cross sections of the 14N(d,p)15N
and 14N(d,α)12C nuclear reactions were successfully nor-
malised to elastic scattering, and were found to be in agree-
ment with previous measurements. This successful commis-
sioning measurement provides a strong basis for the future
physics programme using CARME.
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