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Production methods
‣ ISOL technique (Isotope Separation On-Line) 
‣ Fragment stable target nuclei with high intensity light beam 

(usually protons) 

‣ Radioactive nuclei (fragments) thermally diffuse out of target, are 
ionized, filtered and accelerated into a beam

‣ Projectile fragmentation technique 
‣ Fragment high intensity stable beam nuclei on light target 

(usually Beryllium or Carbon) 

‣ Radioactive nuclei (fragments) fly out of target, are filtered and 
shaped into a beam

‣ Other methods 
‣ Transfer reactions, fission source, etc…
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Main facilities in the world
ISOLDE @ CERN
(France+Switzerland)
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Main facilities in the world

ISAC @ 
TRIUMF
(Canada)
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Main facilities in the world

GSI 
(Germany)



D. Bazin, EBSS 2016, July 22, 2016

Main facilities in the world



D. Bazin, EBSS 2016, July 22, 2016

Main facilities in the world

RIBF @ RIKEN
(Japan)
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Main facilities in the world

NSCL @ MSU
(USA)
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ATLAS @ Argonne
(USA)

Main facilities in the world
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Projectile fragmentation
‣ Randomly cut stable nuclei into fragments 
‣ High energy (50 - 1 GeV/u or more) 

‣ “Spectator” nucleons form projectile fragment 

‣ Projectile fragments carry most of momentum 

‣ High efficiency of collecting them at forward angles 

‣ Thick targets to increase probability of nuclear reaction
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Fragment separator

‣ Select forward focused fragments produced from projectile 
fragmentation reactions 

‣ Use various selection criteria: magnetic rigidity (Bρ), energy loss 
(wedge), velocity (Wien filter, RF Separator)

Dispersive plane

Focal plane

A/Z filter

A2.5/Z1.5 filter
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ii) The target thickness optimizing the transmitted yield 
of a given ~Z isotope is function of A and Z. This 
opt imum target thickness t o may be estimated as the 
largest of the two values obtained from eqs. (20) and 
from a study based on eq. (21). The influence of a 
deviation from t o is much more important  for frag- 
ments having Z and A close to that of the beam. 

5. Selection by the intermediate degrader and the second 
dipole 

The ions transmitted by the first dipole have a well 
defined energy E(Bpl, A, Z )+AE(AB01)  which will 
be noted here EaB(A, Z) and AEIB(A , Z). In this 
paragraph it is supposed that a thin foil is placed at the 
intermediate focal plane in the spectrometer LISE. This 
energy degrading foil called the "degrader" (having the 
thickness d )  may be homogeneous or wedge-shaped, 
both cases will be considered. The properties of this 
second selection are completely independent  of the 
nuclear reaction mechanism: for a given AZ nuclide, 
E1B(A, Z) and A E1B(A, Z) are determined by the 
first dipole's tuning. Some abundant ly  produced ions 
may still contribute to a final counting rate even if their 
transmission yield through the first dipole is only 
10 -3 -10  -4  . In  order to see how the second selection 
works, the sorting in A and Z operated by the first 
dipole will now be provisionally disregarded. 

The energy E2B(A, Z) of the AZ ion at the exit of 
the degrader is given by the following relation (analo- 
gous to eq. (3)): 

( d )'/~' E2B(A, z)=E1B(A,Z) 1 R(A ,Z ,E ,B)  . 

(24) 

The magnetic rigidity BP2(A, Z)  which allows the 
transmission of the AZ ion at the energy E2B(A, Z) is 
given by eq. (2): 

B p z ( A , Z ) = B p l  1 R(A,Z,E1B) 

( I + E2B/2m. ) '/2 
× 1 +EIB/2m . " (25) 

At intermediate energies the relativistic term at the right 
end of eq. (25) is not  negligible when considering the 
precise absolute value of Bp 2. However, its suppression 
greatly simplifies the following discussion on the sep- 
aration power of the second dipole while its influence 
on the variations of Bp 2 with A and Z is truly negligi- 
ble. Eq. (25) may thus be rewritten: 

( 7 ,26, Bp2(A,Z)-~Bpl  1 R(A,Z,E1B) 

Since Bp I is imposed, i.e. independent of A and Z, the 
value of BpE(A, Z )  is entirely dependent  on the value 
of R(A, Z, EaB ). This means that the ions exiting the 
first dipole are discriminated by BP2 similarly as by 
their reduced ranges. Using the simple expression for 
R(A, Z, EaB ) (see eq. (1)) and for EIB (see eq. (2)), one 
may express R(A, Z, EaB ) as a function of A, Z and 
Bp] only: 

z Z v - 2  
R (A,  Z,  E , s )  = v , _ _  u .2v  (27) 

A 2 . t _  1 u/~'l , 

with k' = k(0.1439)-2L 
It follows that Bp2 is a function of A, Z, Bp~ and d 

only: 

BP2(A,Z ,d ,Bpl )=BPl  1 Z2v_2(BPl) -2v 

(28) 

The ions not discriminated by Bp2 are those having the 
same ratio r 2 = A2v-~/Z2V-2. Using 3' = 1.75, the value 
for an a luminium degrader (3, is only slightly different 
for other materials) this ratio may be written as r 2 = 
A25/Z 1"5. This dependence provides a selection on A 
and Z which is quite different from the first selection 
essentially sensitive to the ratio r~ = A/Z .  The remarka- 
ble feature of these 2 selections characterized by r~ and 
r 2 respectively is that they depend neither on the beam 
energy and nature (in the intermediate energy range) 

Z / i i i i i / i ~ I I  / ~  

.75 

25  ; - 

i 
150150 I 

r ~ , - [  .,.~.r i I I I I I 
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Fig. 9. In this part of the chart of the nuclides the ions selected 
by the first dipole are located on the straight lines correspond- 
ing to several A/Z  ratios (represented from 1.75 to 3) for 
several Bpl tunings. The ions selected by the second dipole are 
located on the curves corresponding to several AES/z l"s ratios 
(represented from 30 to 250) for several Bp2 tunings. Each 
selection has a given width in the (N, Z) plane (locally ~epre- 
sented by the dotted lines) and the nuclei transmitted by the 
spectrometer are located in a (N, Z) domain such as repre- 
sented by the lightly hatched area. This domain often includes 
only one isotope, while in less favorable cases two or three are 
included. 
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Types of experiments
‣ What do you do with a beam of radioactive nuclei?
‣ Stop it and watch the radioactive nuclei decay

‣ Aim it randomly at other nuclei to (sometimes) make a nuclear 
reaction

‣ What can you learn?
‣ Decay properties, static (structure) properties

‣ Dynamical and statistical properties, but also (and in fact mostly) 
static properties
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DREB 2016:
75% Structure
25% Reactions
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Not so simple…
‣ Pictures and words are necessary, but they confine and 

restrict the imagination

Angular momentum 
transfer

Elastic scattering
below the

Coulomb barrier

Quasi-free (p,pn)
scattering
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Nuclear Physics Conundrum
‣ Using “simple” nuclear reaction to study nuclear 

structure

‣ One observable, two model inputs

‣ We want to extract valuable structure information

‣ Challenge: need valid reaction model!

σ
if

=

∑

|Jf−Ji|≤j≤Jf +Ji

S
if
j σsp

Observable: 
cross section

Structure model: 
spectroscopic factor

Reaction model: 
single-particle
cross section
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The good early days…
‣ Use light nuclei (p, d, 4He) on stable targets 
‣ Large beam intensities (108 pps and more) 

‣ Simple detector setups (few detectors around target, or simple 
spectrometer) 

‣ Detect the scattered particle emerging from target

‣ Use direct reactions to study static properties of nuclei 
‣ Populate levels in heavy residue → level scheme 

‣ Measure energy and angular distribution of scattered particle → 
spins and parities of states 

‣ Measure cross sections and compare to reaction calculations → 
spectroscopic factors
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The 90Zr(d,p)91Zr reaction
1.  457 
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FIG. 1.1. Comparison between measurements and cross sections calculated using the  
distorted-waves methad far the 90Zr(d,  91Zr  with  deuterons.  
Transitions with 1= 0,2, and 4  shown. [Dickens, Perey et  (67)]. [From Satchler  
(83).]  

90Zr(d,p)91Zr @ 6 MeV/u to 1g, 2d, 3s orbitals 
H. Feshbach, Nuclear Reactions, Wiley & Sons 

(1992)
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Issue n°1: inverse kinematics!
‣ (d,p) reaction in direct kinematics

‣ (d,p) reaction in inverse kinematics: where does the 
proton go?

Backwards!
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d(90Zr, 91Zr)p reaction
‣ What happened!
‣ Center-of-mass motion now 

with projectile, not target

‣ Scattered protons now have 
very wide range of energies

‣ Worse: largest cross 
sections at the lowest end of 
energy range

‣ More difficult for proton to 
emerge from target

‣ Proton energies much more 
dependent on scattering 
angle
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Solutions…
‣ Cover as much solid angle as possible
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Helios: solving inverse kinematics
‣ Kinematic compression of energies 
‣ Solenoid spectrometer directly measures center-of-mass energies 

‣ Large angular acceptance within solenoid boundaries

The energy resolution in the laboratory for such a device
is, in principle, equal to that in the center-of-mass system.
At each position along the axis the particle groups
corresponding to different excited states of the residual
nucleus will be detected, such that their energies will be
separated by their center-of-mass energies or Q-values.
This means that particles with different energies returning
to the axis at one distance were emitted at different angles,
but with the same longitudinal velocity component, vk
(see Eq. (3). Non-relativistically, this quantity transforms
from the center-of-mass frame to the laboratory frame with
only a simple additive boost. Therefore, when detected
along the solenoid axis, the difference in energy between
particles leaving the residual nucleus in different excited
states is equal to the difference between the excitation
energies of the states. The method thus eliminates the
kinematic shifts that occur when the particles are detected
at a given laboratory angle (with finite angular resolution)
in a conventional experimental arrangement. This feature
implies that the effective resolution with the solenoid can
be considerably better than with a conventional array.

This effect is illustrated in Figs. 4 and 5 which show the
energy versus laboratory angle and zp relationship,
respectively, for protons from the dð132Sn;pÞ133Sn reaction
at a bombarding energy of 8MeV/u, for several low-lying
states in 133Sn. The straight lines in Fig. 5 represent the
kinematic lines for the case of an ideal uniform-field
solenoid with an idealized detector placed on the solenoid
axis. The energy separation between different kinematic
groups is clearly greater than that in the energy versus
angle plane shown in Fig. 4. The corresponding energy
spectrum that would be obtained at that position is then
given by the indicated projection of that two-dimensional
plot; the projected energy spectrum appears in Fig. 6(b).
The peaks corresponding to different excited states are
now separated by an energy difference equal to the
separation in excitation energy, in contrast to the spectrum
shown in Fig. 6(a).

The emission angle of the particle in the laboratory
system may be calculated from the position along the axis
and the energy of the detected particle. Once the particles
are identified, and the Q-value or excitation energy
determined from the particle energy and position, the
center-of-mass angle is given by

cos ycm ¼
v2lab $ V2

cm $ v20
2v0V cm

(7)

where V cm is the velocity of the center-of-mass system
(fixed by the beam energy), v0 is the velocity of the particle
in the center-of-mass system (fixed by the beam energy and
Q-value), and vlab is the velocity of the particle in the
laboratory, determined from the measured particle energy.
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identification of the light charged particles, which is
technically difficult at low energies. In contrast to the
situation in normal kinematics, the light-particle energy
often varies rapidly with emission angle resulting in many
cases in a reduction of the achievable energy resolution in
the center-of-mass system, and/or multi-valued kinematics
that can be complicated to disentangle. Finally, there may
be significant backgrounds present due to beam scattering,
electrons from the target, radioactive decay products, or
competing reactions from beam or target impurities. All of
these complicate the task of carrying out the measurements.

Many current experiments rely on the detection of the
light charged particle using an array of segmented silicon
detectors, often augmented with other detectors to identify
heavy recoils or detect gamma rays (see, for example [9]).

This paper describes a new approach to studying inverse
reactions using a high-field magnetic solenoid, that has
many advantages. Such an instrument could play a very
useful role in the study of such reactions. The basic concept
was proposed by us previously at various workshops and
conferences [10,11].

2. Conceptual description

A large-bore, uniform-field magnetic solenoid with
B ! 2–5T, used as a particle spectrometer, has many
advantages over large Si-detector arrays. In this technique
the heavy-ion beam is aligned with the magnetic axis of the
solenoid as shown in Fig. 1. The target is inside the field,
and consists of either a foil or a windowed gas cell.
Particles emitted from the target follow helical trajectories
in the magnetic field, and after a single orbit return to the
solenoid axis where they can be detected. Some aspects of
particle transport in a solenoidal spectrometer are dis-
cussed below.

2.1. Charged-particle transport in a solenoid

Fig. 2 illustrates the quantities relevant to the discussion
of the motion of particles in a uniform solenoidal field.

In a homogeneous magnetic field of strength B, a
charged particle of mass m and charge qe performs helical
motion with radius r given by

r ¼
mv?
qeB

(1)

where v? is the velocity of the particle perpendicular to the
field lines. The radius is independent of the longitudinal
velocity, vk. The cyclotron period, i.e. the time for one
orbital motion, is given by

Tcyc ¼
2pr

v?
¼

2p
B

m

qe
. (2)

After one cyclotron period, the particle returns to the axis a
distance z ¼ vkT cyc from the target where it is then
detected. The cyclotron period is independent of all other
factors such as energy or scattering angle. A measurement
of time-of-flight thus yields the mass to charge ratio A=q,
which in most cases identifies the particle (except for
deuterons and doubly charged a particles). Once the
particle has been identified, Eq. (2) provides a precise
value for the cyclotron period. Using this value instead of
the measured value removes the experimental uncertainty
from the estimates of the center-of-mass energy and
scattering angle.
The component of the velocity along the beam axis vk is

given by

vk ¼ V cm þ v0 cos ycm (3)

ARTICLE IN PRESS
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laboratory frames, as well as their angles ycm and ylab.
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ℓ = 0 and 2 neutron strengths for the ground 2−
1 , and excited

1−
1 , 3−

1 , and 4−
1 states [16]. The 2−

1 and 1−
1 levels were

predominantly ℓ = 0. The expected 2−
2 /1−

2 pair, dominated
by ν(0d5/2) configurations, was not observed in the (d,p)
measurements, although a broad (# ≈ 1 MeV) 2−

2 state does
appear in the literature near 2 MeV from various reactions [17].
That broad state would have been obscured by much stronger
transitions to the 3−

1 and 4−
1 levels in (d,p). No information

exists about a possible second 1− state. While the 2−
2 and 1−

2
levels were not observed in the (d,p) measurement, their 1s1/2
and 0d5/2 neutron spectroscopic factors could still be estimated
in a two-state mixing model.

Other aims of this work are to confirm the reported 2−
2

state, and to compare the proton-removal strength for different
14B excitations to expectations based on the earlier (d,p)
measurements. Because of the 1s1/2 single-particle character of
the 15C ground state, the strongest transitions in 15C(d,3He)14B
will be to final states with large 1s1/2 neutron strength. The
3−

1 and 4−
1 levels that obscured the excited 2− state in the

(d,p) study are neutron ℓ = 2 excitations that should be absent
in (d,3He). Because the present 15C beam intensity is low,
weaker transitions to states with proton configurations other
than π (0p3/2)−1 will be difficult to observe.

In this paper we first present experimental details, followed
by a description of the data reduction process including
Monte Carlo simulations of the response of the apparatus.
We then give a distorted wave Born approximation (DWBA)
reaction-model analysis of the angular distributions to extract
spectroscopic factors. Finally, we discuss our results in the
context of shell-model calculations.

II. EXPERIMENT

The 14,15C(d,3He)13,14B reactions were studied in inverse
kinematics at the ATLAS facility at Argonne National Labo-
ratory. The reaction products were analyzed using the helical
orbit spectrometer (HELIOS) [18,19]. HELIOS is a solenoidal
spectrometer designed to study transfer and other reactions in
inverse kinematics.

A. Secondary-beam production

The 14C (T1/2 = 5,730 ± 40 year) beam was produced from
enriched 14C material in a Cs sputter source. The 14C energy
was 17.1 AMeV, and for the 14C(d,3He)13B experiment the
beam intensity was approximately 0.1 pnA. The 15C beam was
made using the in-flight method described in Refs. [20,21]. To
produce the secondary beam, the 14C primary-beam intensity
was increased to 100 pnA. This beam bombarded a cryogenic
D2 gas cell held at a pressure of 1400 mbar and at a temperature
of −184 ◦C. The 15C beam was made from d(14C ,15C)p
(Q = −1.007 MeV) reactions in the cell. The resulting 15C
beam of approximately 5×105 particles/s had an energy of
15.7 AMeV. The high bombarding energies, which were
the greatest available from the accelerator at the time, were
chosen because of the very negative Q values of −15.337
and −15.586 MeV of the 14C(d,3He)13B and 15C(d,3He)14B
reactions. The secondary-beam contained small impurities

FIG. 1. Schematic diagram of the experimental setup.

from lower charge states of the primary 14C ions (≈ 3%),
and from isotopes of Be (≈ 1%). Events from these impurity
beams were eliminated by requiring coincidences between
3He ions and identified 13,14B reaction products as described
below.

B. Experimental setup

The experimental setup was identical to that described
in [22]. A schematic diagram of the experimental setup
appears in Fig. 1. HELIOS consists of a superconducting
solenoid with a bore diameter of 920 mm and length of
2350 mm that produces an approximately uniform magnetic
field aligned with the beam direction. For this measurement,
the field strength was 2.5 T. The 14,15C beams bombarded solid
deuterated-polyethylene [(CD2)n] foil targets of areal density
140 µg/cm2 placed on the magnetic axis near the entrance
of the solenoid, 550 mm upstream of the geometric center
of the magnet (ztgt = −550 mm). The 3He particles emerged
in the forward hemisphere with laboratory angles less than
35o. These particles were transported in helical trajectories to
an array of 24 position-sensitive silicon detectors (PSDs) that
surrounded the beam in the downstream end of the magnet.
The PSD array subtended distances between 940 and 1290 mm
from the target. These detectors registered the energies of the
3He ions, the distances from the target at which they returned
to the solenoid axis, and the particle flight times. The 3He
time of flight was approximately equal to the cyclotron period
TCYC = 39.3 ns. Deviations of the flight time from TCYC arose
for very small-angle trajectories that intercepted the PSD array
a significant distance from where they would return to the
solenoid axis. Other distortions in the helical orbits arose from
particles traveling through nonuniform regions of the magnetic
field, however, the geometry for this measurement confined
the 3He ions to volumes where the field differed from the
maximum value by at most 5%.

Additional information about the reaction was provided
by a set of silicon-detector %E-E telescopes positioned
between the target and the PSD array. These detectors
were perpendicular to the beam direction, and detected and
identified the 14,13,12,11B reaction products. The telescopes
covered the full 2π azimuthal angle except for four 8o-wide
gaps from their mounting structure, and subtended laboratory
polar angles between 1o and 5o. The thicknesses of the
%E and E layers were 500 µm and 1000 µm, respectively.
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FIG. 8. Correlation between boron recoil energy and recon-
structed 13B excitation energy. (a) Data (b) Monte Carlo simulation.
The polygons illustrate the regions corresponding to bound and
unbound states in 13B and are not used as event-selection criteria
in the analysis. The labels (0)–(4) correspond to excitations in 13B
listed in Table I.

correlation with the recoil energy permits their separation and
shows that they are distinct transitions.

2. 15C → 14 B

For 14B, in Table I we accept the spin-parity assignments
as given in the literature. The ground 2−

1 and first-excited
1−

1 (0.654 MeV) [24] are not fully resolved in the present
measurement. As discussed in the introduction, these two
levels are predominantly ℓ = 0 1s1/2 states, and both should be
strongly populated in this reaction. Beyond the neutron-decay
threshold, the statistics are limited. The most prominent
feature is a broad (" ≈ 1 MeV) peak at EX = 1.8 ± 0.3 MeV
which presumably corresponds to the 1.86-MeV 2−

2 state
reported in the 14C(7Li ,7Be)14B reaction [17]. While this
state was not observed in the (d,p) reaction the estimated
relative neutron-stripping spectroscopic factors suggested that
the 1s1/2 strength in the 2−

2 state was roughly 20% of that of
the ground state [16]. Shell-model calculations for neutron
stripping suggested a slightly higher value, nearer to 30%.
Assuming that the 15C ground-state neutron wave function is
pure 1s1/2, a rough estimate suggests that the 2−

2 state should
appear with approximately 20%–30% of the intensity of the
ground state. With even less 1s1/2 strength, the expected 1−

2
state will be more weakly populated. Shell-model calculations
described below also suggest that this level exists between

3- and 4-MeV excitation energy, making it broader and even
more difficult to identify in the present data than the 2−

2
excitation.

IV. RESULTS AND INTERPRETATION

A. Angular distributions

Angular distributions were produced from the measured
yields, taking into account the solid angles of the PSDs, which
for a given excitation energy are approximately equal for
each detector. The recoil-coincidence detection efficiency was
determined from the Monte Carlo simulations described above.
This efficiency depends on scattering angle and excitation
energy, and whether the final state is neutron bound or
unbound. Typical values range between 0.60 and 0.90. Small
corrections to the calculated center-of-mass angles depending
on position and excitation energy, typically ranging from 1 to
2 degrees, were also obtained from Monte Carlo simluations.

The absolute normalizations for the 14C and 15C data were
determined in different ways. As discussed above, for the 14C-
beam data the measurement of the absolute beam intensity was
unreliable. The absolute cross-section scale for the present 14C
data was determined by combining the measured ground-state
angular distribution from Ref. [6] with an estimate of the
dependence of the cross section on bombarding energy from
DWBA calculations. The calculations were done using the
finite-range code PTOLEMY [25] with optical-model parameters
for the entrance and exit channels obtained from global
analyses with energy-dependent well depths [26,27]. The form
factor for the d − 3He vertex was obtained from the results
of Green’s-function Monte Carlo calculations in the manner
described in Ref. [28]. Figure 9 shows the (d,3He) data of
Ref. [6] for the ground-state transition, which were obtained at
a deuteron energy of 52 MeV. The curve in Fig. 9 represents our
DWBA results. The normalization between those data and the
calculation was made at the most forward angular-distribution
point. The estimated cross-section scale for the present 14C
data was then established by fitting our data for the ground-
state transition to the DWBA calculation performed at the
present bombarding energy (34.2-MeV equivalent deuteron
energy). At the lower energy the ground-state data do not
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FIG. 9. Angular-distribution data for the 14C(d,3He)13B(3/2−)
ground-state transition from Ref. [6]. The curve represents a DWBA
calculation described in the text.
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FIG. 4. Monte Carlo simulations of energy-versus-position spec-
tra for 3He particles from the 14C(d,3He)13B reaction. (a) Simulated
data for 3He +13B coincidence events. (b) Simulated data for
3He +12B coincidence events. The excitation energies used in the
calculations are indicated on the figure.

the silicon array at shorter distances from the target than in
the ideal situation, causing the loci for different states to
merge between z ≈ 1050 mm and 1180 mm, depending on
the excitation energy. The cutoff of the lines for the excited
states near z = 1050 mm arises from the recoil-coincidence
acceptance where the corresponding boron ions go through
the central hole in the !E-E telescope and are not detected.

Figure 5 shows similar results from the 15C(d,3He)14B
reaction. Events for the 15C-induced reactions are shown using
different symbols depending on whether the coincident recoil
ion was 14B (black circles, residual nucleus bound), or 13B
(red squares, residual nucleus unbound). The experimental
geometry was optimized for the 15C-beam measurement. For
that reaction the 3He particles cover the entire PSD array
without deviations of the kinematic loci from linear behavior.

A. Excitation-energy spectra

Excitation-energy spectra for the 14,15C(d,3He)13,14B reac-
tions, obtained from projections of the data shown in Figs. 3
and 5 appear in Figs. 6 and 7. For Fig. 6, the data are taken only
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FIG. 5. Energy-versus-position spectra for 3He particles from the
15C(d,3He)14B reaction. The black circles and red squares correspond
to 3He +14B and 3He +13B coincidence events, respectively.

from detectors where the Monte Carlo simulations indicate
that all trajectories are parallel. Only data for positions where
the transitions can be resolved in excitation energy are used
in the subsequent analysis. Figures 6(a) and 6(b), and 7(a)
and 7(b) represent data obtained for (a) particle-bound, and (b)
particle-unbound states. The neutron-separation energies are
Sn = 4.878 MeV and 0.969 MeV for 13B and 14B, respectively.
The excitation-energy resolution for the 14C spectrum is
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a FWHM of approximately 12.5 ns. The relative time between
a signal from the recoil detectors and a signal from a PSD was
used to identify coincidence events. The measured coincidence
time peak between 20O recoils and protons for data from the
same four PSDs given in Fig. 3(b) is provided in the plot
of Fig. 3(c).

B. Kinematics

The homogeneous magnetic field of HELIOS [40,41]
dictates that for a proton, the laboratory energy, Elab, and
the corresponding longitudinal distance from the target after a
single cyclotron orbit, z, give a complete kinematic determi-
nation of the reaction. These two quantities (Elab and z) are
linearly related:

Elab = Ec.m. −
m

2
V 2

c.m. +
mVc.m.z

Tcyc
. (2)

The proton energy in the center of mass, Ec.m., is proportional
to the reaction Q value and the center-of-mass velocity of the
system, Vc.m.. Therefore, protons from different final states
in a single reaction will be grouped in parallel lines in a
plot of Elab versus z. The separation of these parallel lines
is dictated by differences in Q value, and a plot of Elab versus
z readily translates into an excitation energy spectrum through
a rotation.

Experimental data from the 19O(d,p) reaction are displayed
in Fig. 4. Figure 4(a) shows the linear relation between Elab
and z. In this plot, θc.m. increases with z and also changes as a
function of E∗ [see Eq. (3) below]. An 20O excitation-energy
spectrum is presented in Fig. 4(b) for data summed over
the 2.0-T and 2.7-T field settings. The measured excitation
energies and uncertainties are given in Table I. Known levels
at 0.00, 1.67, 3.57, and 4.07 MeV were used to calibrate the
excitation energy which has a resolution of approximately
175 keV FWHM. Dominant contributions to the resolution
come from detector energy and position resolutions (!75 keV

depending on the individual detector), target thickness effects
on the beam and proton energies (∼80 keV), and the inherent
properties of the radioactive beam (∼125 keV), which include
the secondary-beam energy spread and spatial size (up to
5 mm in diameter).

The center-of-mass angle, θc.m., is determined from the
basic quantities identified above:

cosθc.m. = 1
2π

qeBz − 2πmVc.m.√
2mElab + m2V 2

c.m. − mVc.m.qeBz/π
. (3)

An alternate to this representation of θc.m. may be used if the
excitation energies of the final states are known (see Eq. (4)
of Ref. [41]). Uncertainties in the angle are negligible (<1◦).
Where statistics allowed, the 5-cm-long detectors were divided
in half longitudinally, yielding cross sections for two values
of θc.m.. The PSD array covered angles between 10◦ " θc.m. "
45◦, depending on the Q value and the magnetic field setting
of the specific measurement.

C. Cross sections

Absolute cross sections were determined from measured
proton yields through a normalization to the number of scat-
tered deuterons in the monitor detector. The deuterons were
measured at θc.m. = 18◦–24◦, depending on the beam species
and energy. At these angles, the scattering cross sections
were ≈30%–40% larger than Rutherford cross sections, and
they had to be calculated from an optical model. Optical-
model parameter sets were investigated for both deuterons
and protons through comparisons with elastically scattered
data on 16−18O targets at 5–10 MeV/u [46,47]. Five sets
of deuteron parameters were selected: sets H and C from
Table II of Ref. [48] and the references therein, those in Table I
of Ref. [49], set B of Table IV from Ref. [50], and set D2
from Table I of Ref. [24]. Three sets of proton optical-model
parameters were also chosen from Refs. [48,49,51]. The
scattering cross sections from the five deuteron optical-model
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Issue n°2: luminosity!
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Issue n°2: luminosity!

‣ Target cannot be too thick 
‣ Low energy particles scattered from reactions cannot escape 

‣ Energy lost in target is not recorded: loss of energy resolution 

‣ Difficult compromise between 
resolution and luminosity
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Issue n°2: luminosity!

‣ Target cannot be too thick 
‣ Low energy particles scattered from reactions cannot escape 

‣ Energy lost in target is not recorded: loss of energy resolution 

‣ Difficult compromise between 
resolution and luminosity

‣ Radioactive beams are weak 
‣ Intensities several orders of 

magnitude smaller than stable 
beams 

‣ New experimental techniques 
needed!
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The rise of Active Targets
‣ Solving the “too thick target” problem
‣ Active Target: target no longer inert material, but used also to detect 

particles and/or determine vertex position

Table 1: Active Targets in operation or being constructed.

Name Lab gas Volume pressure Energy elec Number sta ref
ampl. [cm3] [atm] [MeV/n] tronics of chan. tusa

Ikar GSI NA 60 · 202
⇡ 10 700 FADC 6*3 O [5]

Maya GANIL wire 30 · 28.32 0.02-2 2-60 gassiplex 1024 O [6]

ACTAR GANIL µmegas 203 0.01-3 2-60 GET 16000 C,P [7]

MSTPC various wires/ 70 · 15 · 20 <0.3 0.5-5 FADC 128 O [8]
GEM [9, 10]

CAT CNS GEM 10 · 10 · 25 0.2-1 100-200 FADC 400 T [11]

MAIKo RNCP µ-PIC 143 0.4-1 10-100 FADC 2⇥256 T [12]

pAT-TPC MSU µmegas 50 · 12.52
⇡ 0.01-1 1-10 GET 256 T,O [13]

AT-TPC FRIB µmegas 100 · 252
⇡ 0.01-1 1-100 GET 10240 O [14]

TACTIC TRIUMF GEM 24 · 102
⇡ 0.25-1 1-10 FADC 48 T [15]

ANASEN FSU/ wires 43 · 102
⇡ 0.1-1 1-10 ASIC 512 O [16]

LSU

MINOS IRFU µmegas 6000 0.01-3 >120 feminos 5000 O [17]

O-TPC TUNL grid 21 · 302 0.1 �10 optical 2048 · 2048 O [18]
CCD pixels

a O: operational, C: under construction, P: Project, T: test device

8

S. Beceiro-Novo et al., PPNP 84, 124 (2015)
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‣ Active Target: target no longer inert material, but used also to detect 
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‣ No “lost energy” of particles emerging from reaction

‣ Virtually “infinite thickness” (beam slows down until stopped)
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The rise of Active Targets
‣ Solving the “too thick target” problem
‣ Active Target: target no longer inert material, but used also to detect 

particles and/or determine vertex position

‣ No “lost energy” of particles emerging from reaction

‣ Virtually “infinite thickness” (beam slows down until stopped)

‣ All energies can be measured simultaneously as beam slows down
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Example: AT-TPC @ NSCL

Posi%on	
->(x,	y)

He,	H,	D	…
Dri1	%me	->	z

Beam

e-
e-
e-
e-
e-

e-
e-
e-

Electric	field

e- e- e- e-e-

-	50	kVDC	(1kV/cm)

Insulator	gas	volume	
q	N2	gas		30	kV/cm	x	6	cm	=	180	kV
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Tracking reactions inside target
‣ 6He+4He elastic 

scattering 

‣ Image of charged 
particle trajectories 

‣ Beam slows down in gas 

‣ Vertex location tells 
reaction energy 

‣ Energy loss tells which 
particle is which 

‣ Length and angle 
between scattered 
tracks follow kinematics

6He	beam

6He

α

θlab

TKE

Incident	
energy
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‣ 10Be + 4He elastic and inelastic scattering 

‣ Dual gain trick to detect both scattered 4He and 10Be 

‣ Clear separation between gs (0+) and 1st excited state (2+) at 
3.37 MeV

A. FRITSCH et al. PHYSICAL REVIEW C 93, 014321 (2016)

This secondary beam was delivered to the cylindrical target
volume of He : CO2 90 : 10 gas at 1 atm of the PAT-TPC,
measuring 50 cm along the beam axis and 27 cm in diameter.
The 10Be energy was measured to be 39.7 (5) MeV by using
silicon detectors. The center-of-mass energy Ec.m. decreased
from 11.3 MeV to zero while traveling the length of the gas
volume. The average rate of 10Be that entered the volume was
103 ions per second with a total of 3.2 × 108. The beam purity
was about 35% with main contaminants of 4He(2+) (50%),
9Be(4+) (5%), and 10B(4+) (3%).

Electrons from reaction trajectories are guided toward
the Micromegas [27] amplifier by an electric field of
0.8 kV/cm parallel to the beam axis. The Micromegas
consists of 2-mm-wide radial strips separated into quadrants.
A waveform digitizer [28] records the charge as a function
of drift time tdrift over 40 µs by using an array of 511
switching capacitors. We increased the amplification gain of
every fifth radial strip to measure the α-particle trajectories
with lower-energy deposits. The trigger generation required a
pair of high-gain strips at radius r = 12 mm to receive signals
from radially opposed quadrants.

Figure 1(a) shows the recorded charge against tdrift and r
for a scattering event of 10Be from an α particle in the gas,
where negative and positive radii represent radially opposed
quadrants. The discrete α trajectory is due to the increased
sensitivity of the high-gain strips. The laboratory angles θlab
and Ec.m. at the reaction vertex were deduced by accounting
for energy deposition and the 2.4 cm/µs electron-drift velocity
[25]. Beam particles were differentiated by using the energy
loss per unit length obtained from the beam track. Both elastic
scattering and inelastic scattering to the 2+

1 state of 10Be at
3.37 MeV were selected by gating on the kinematical cor-
relation of θ

10Be
lab and θα

lab in Fig. 1(b). The events along the
θ

10Be
lab + θα

lab = 90◦ line originate from scattering of α-particle
contaminants in the beam and in the gas.

III. RESULTS

States of 14C were resonantly populated via scattering of a
10Be beam off 4He gas particles. While resonant α scattering
is advantageous for its sensitivity to α-cluster states that favor
decay via α emission [18,19], measurements with a radioactive
beam are challenging. A previous study [23,24] suffered

0 30 60 900

30

60

90

[d
eg

]
la

b
10

Be

[deg]lab

(b)

t dr
ift
 [

s]

0

40

r [cm]
0 5 10-5-10

(a)10Be

10Be

lab
10Be

lab 0+
2+

FIG. 1. (a) Trajectories of a 10Be + α scattering event. (b) θ
10Be
lab vs

θα
lab plot with the kinematical curves for elastic and inelastic scattering

to the 10Be 2+
1 state. Data shown have been selected via energy-loss

gating for 10Be beam particles.

 [deg]c.m.θ  [MeV]c.m.E

0

10

20

30

40

50

60

40 60 80 100 120 140

 [M
eV

]
c.

m
.

E

2
3
4
5
6
7
8
9

10
(a)

2 3 4 5 6 7 8 9 10

 [m
b/

sr
]

Ω
d/σ

d

0

10

20

30

40
+2 -3

-5
)-(7

+4
-5

-5
(b)

0

5

10

15

20

25

30

35

40 60 80 100 120 140

 [M
eV

]
c.

m
.

E

2
3
4
5
6
7
8
9

10
(c)

2 3 4 5 6 7 8 9 10

 [m
b/

sr
]

Ω
d/σ

d

0

10

20

30

40
+4 -5

(d)

FIG. 2. Differential cross sections of 10Be scattering off α

particles: (a) elastic scattering and (c) inelastic scattering to the
2+

1 state of 10Be. The color scale is given in mb/sr. Excitation
functions for (b) elastic and (d) inelastic scattering also are shown. The
shaded spectrum is gated by θc.m. = 70◦–90◦(45◦–55◦), and the blank
spectrum by 90◦–110◦ (70◦–80◦) for elastic (inelastic) scattering. The
lines indicate identified resonances.

limited angular acceptance, uncertainties in reaction-channel
selection, and inaccurate energy calibration. By using the
newly developed thick target method [19] for the PAT-TPC
[25], we measured cross sections for both elastic and inelastic
scattering to the 2+

1 3.37 MeV state of 10Be over a wide range
of θc.m. as a continuous function of Ec.m. as shown in Fig. 2.
Characteristic diffractive patterns at several energies can be
seen in the spectrum for the elastic channel in Fig. 2(a). A
total of seven resonances were identified, as indicated in the
excitation function of Fig. 2(b).

Each diffractive resonance pattern follows the square of
the Legendre polynomial P 2

L(θc.m.) for the angular momentum
L. States with J π = L(−)L are selectively populated by the
L wave because both α and 10Be are spin-zero. Following
previous analyses [18,24], optimal L values were chosen
by comparing the angular distributions to P 2

L (Fig. 3). The
measured angular domain of θc.m. = 35◦ to 145◦ is well suited
to extract resonance parameters: potential scattering dominates
at forward angles, at backward angles 6He cluster exchange
may be dominant, and there is less selectivity for L values.
There is very good agreement in the oscillatory pattern of
the data with the proposed polynomials, giving clear J π

assignments to the dominant partial-wave contributions of the
resonances. We tentatively attribute a (7−) state at 6.5 MeV
with a lower-quality fit. More realistic angular distributions
were calculated with the R-matrix formalism [29] by using
optical-model potential parameters based on 48 MeV α + 9Be
elastic-scattering data [30] for a channel radius of 4.7 fm.
As one would expect, the experimental distributions are not
exactly reproduced due to uncertainties in the optical-model
parametrization and the lack of a possible 6He transfer
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Re-accelerated radioactive beam experiment

48Ca20+ @ 140 MeV/u

46Ar18+ @ 100 MeV/u

46Ar1+ @ 60 keV/u

46Ar15+ @ 
4.6 MeV/u

Purity: ~ 90%
Duty factor ~ 20%
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3D camera for nuclear reactions

Solen
oi

BeamTPC Soleno
id

‣ Event from 46Ar(p,p) elastic scattering at 4.6 MeV/u @ NSCL 

‣ AT-TPC placed inside solenoidal magnetic field to curve trajectories 

‣ 10,240 pads x 512 time samples = 5.2 Mpixels per event 

‣ Expected energy resolution 50-100 keV
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Stored beams at EXL
‣ Recirculate radioactive beam onto gas target 
‣ Luminosity boost by 105-106 on thin (gas) target

Figure 2.2.: Schematic sketch of the present heavy ion storage ring ESR at GSI. The ion beams are stored
in a lattice of bending and focusing magnetic multipoles which maintain the ion circulation
at frequencies around 106 rev./s. (Adapted from Ref. [18])

reduced and they are forced to circulate in the storage ring with a fixed velocity that is determined by
the electron cooler high-voltage, Ucooler, as:

Ekin
e = mec

2(γ− 1) = eUcooler, (2.1)

with

γ = 1+
eUcooler

mec
2

, and γ=
1

!
1− β2

, (2.2)

where c is the speed of light, and me and e are the mass and charge of the electron, respectively. This
technique leads to an emittance of the stored beam of less than 0.1π mm mrad and also guarantees a
well defined constant velocity with a spread in the order of ∆β/β ≈ 10−5 [20]. This can be monitored
in a non-destructive way by recording the signal which is induced by the ions in the pick-up electrodes
at every turn and applying a fast Fourier transform (FFT). As result, a peak in the frequency spectrum is
obtained for a specific ion species (Schottky frequency spectrum). An example of such a type of spectrum
with uncooled and cooled beam samples is shown in Fig. 2.3. As one can see, the non-cooled beam has a
wider frequency distribution which is related to the emittance of the beam. After few seconds of cooling,
the frequency distribution of the beam is well reduced, which also means a reduction in the emittance
and a better velocity definition of the stored ions.
When the electron cooling is in operation, all ions have approximately the same velocity in the ring.
Thus, the revolution frequency can be expressed as:

frev =
β c

S
, (2.3)

where S is the orbit circumference of the ions that depends on its mass-to-charge ratio (m/q) and the
bending strength of the ESR magnets. That means, the revolution frequency changes for different stored-
ion species or beam energies. In the present experiment, the 58Ni stored-beam was run at energies of
150 and 100 MeV/u, and hence revolution frequencies were 1.4 and 1.2 MHz, respectively. For the beam

2.2. The heavy ion storage ring (ESR) 7

J. C. Zamora, Ph. D. thesis, 2016
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with uncooled and cooled beam samples is shown in Fig. 2.3. As one can see, the non-cooled beam has a
wider frequency distribution which is related to the emittance of the beam. After few seconds of cooling,
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and a better velocity definition of the stored ions.
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forward direction for neutron and fast charged-ejectile detection and an in-ring heavy-ion spectrometer
for the detection of beam-like particles. A schematic view of this setup is shown in Fig. 1.1.

Figure 1.1.: Schematic view of the EXL detector system. On the left hand is the setup which is planned
to be installed in a storage ring. On the right hand there is a zoom of the 4π detector system
surrounding the gas-jet target. (Adapted from Ref.[8])

The detector setup which surrounds the internal gas-jet target is composed of two parts: an inner array of
multisegmented silicon detectors (ESPA, EXL Silicon Particle Array) and an external array of CsI crystals
(EGPA, EXL Gamma & Particle Array) [8]. The construction of the inner recoil detection involves some
technical challenges as the detector setup has to be compatible with ultra high vacuum conditions. The
solution for this problem will be, as demonstrated later, the operation of some ESPA detectors as active
windows [9]. Fig. 1.2 shows a cross section through the mid plane of the recoil setup.

Figure 1.2.: Schematic view of the 4π detector setup surrounding the gas-jet target. The drawing corre-
sponds to the cross section through the mid plane, seen from the gas-jet axis. (Adapted from
Ref.[8])

In Fig. 1.2, the ESPA is shown as small segments in proximity to the gas-jet target which represent the
manifold detector telescopes at distinct angular regions. This setup is dedicated for both the tracking

2 1. Introduction

J. C. Zamora, Ph. D. thesis, 2016
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First results with stable beams
‣ Elastic and inelastic scattering of 20Ne+p and 58Ni+α 
‣ Luminosities from 6.1025 to 6.1027 cm-2s-1 achieved 

‣ High vacuum environment 

‣ Emittance growth
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Figure 6.5.: Elastic scattering angular distributions for 58Ni + α at 100 and 150 MeV/u. Similar to
Fig. 6.2(a), the distribution is presented as the ratio of the Rutherford cross section. The
experimental data was fitted with three different potentials: double-folding M3Y, density-
dependent Gaussian (DDG) real interaction andWoods Saxon (WS) imaginary part, and t -ρρ
in the eikonal approximation.

double folding with the M3Y interaction. The normalizations for real and imaginary depths of the OMP
were fitted to the present experimental data by using the program SFRESCO [58]. At 100 MeV/u the
M3Y folding potential was normalized to NR = 0.824(4) and NI = 0.603(8), where the uncertainties are
extracted from the fitting procedure by assuming a 70% confidence interval which corresponds to the
hypercontour inside χ2 = χ2

min + 2.41 [106]. Similarly to the data at 150 MeV/u, the best parameters
found were NR = 0.755(2) and NI = 0.80(7). The respective depths for this potential can be found in
Table 6.3. As can be seen, the analysis with the M3Y potential underestimates the total reaction cross
section (σrea) at 150 MeV/u, which may be due to the reduced angular range for the fit. In principle,
this potential describes quite well the present experimental data, but for backward angles the model can
lead to an unrealistic behavior.
Another potential which in the past has shown good results for describing the angular distributions for
α scattering, and in particular to calculate the correct transition potentials 3, is the hybrid potential of a
single folding with a density-dependent interaction in the real part of the OMP and a Woods-Saxon for
the imaginary one [107]. The single folding is reduced to solve eq. (6.5) by replacing the α density by
a Dirac-delta function, ρT(r) = ATδ(r), with AT = 4. The Gaussian interaction employed in this case
is [107]

vG(s) =−v0 exp
!
−s2/t2

"
, (6.16)

with t = 1.88 fm and the strength v0 that is adjusted to optimize the agreement with the experimental
data. A density-dependent scaling function is included in this interaction in order to reduce the strength
in the interior of the folded potential while leaving the peripheral values unchanged. So, the effective
density-dependent interaction used for the folding potential is [107]

vDDG(s,ρ) = vG(s) f (ρ), with f (ρ) = 1− αρ(r′)β , (6.17)

where ρ(r′) is the ground state density of the target at the position r′, α = 1.9 fm2 and β = 2/3.
Moreover, the imaginary part has a Woods-Saxon potential shape (eq. (6.4)) where its three variables
were used as free parameters to fit the experimental angular distributions. In Table 6.3 the best fitting
parameters for each case can be found.

3 This will be studied in more detail in the next section, i.e., in the analysis of the angular distributions of the giant
resonances.
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to observe the small contribution of the strip size to the angular resolution, about 0.1° in the laboratory
system. When the realistic dimensions of the beam and target are included into the simulation (see
Fig. 4.1(b)), the resulting kinematics plot presents a more extended distribution, approximately 10 times
larger than in the point-like source case. As the strip number is proportional to the polar angle, the
angular resolution expected for such an experiment is around 1° in the laboratory system. Therefore, the
angular resolution is limited by the size of the interaction zone and not by the pitch of the strips. The
physical reason for such a large angular resolution is the extension of the beam and target interaction
volume. Mainly, the gas-jet target diameter (see Section 2.2.2) allows the event generation over an
extended region which is reflected in a deterioration of the detected angular resolution, even with a
small strip width (like in the present case). This problem can be solved by including a slit aperture
that collimates the scattered particles in the angles covered by this telescope. Below we will study this
element in more detail.

4.1.1 Slit aperture simulations

As mentioned above, the extended beam-target interaction volume has a direct consequence in the coarse
angular resolution for the detected particles. This is a limitation if we are interested in measuring a
particular reaction channel that demands a precise angular resolution and/or a good separation of other
reaction channels. For instance, as one of the goals in this experiment, we want to extract the nuclear
matter density by measuring the angular distribution for elastic scattering, but to obtain accurate results
it is crucial to have a good knowledge of the laboratory angle and separability from the inelastic channels.
One way to improve the angular resolution is by including a slit plate to reduce the angular acceptance
and constrain the detection to scattered particles from a part of the interaction volume only. For this
reason, the slit plate is mounted in between the gas-jet target and the detectors, at proximity to the
interaction zone in order to illuminate the entire detector area. In Fig. 4.2 a schematic illustration of the
slit plate mounted in front of pocket 1 (at θlab = 80.5°) is shown.

Figure 4.2.: Illustrationof the slit plate geometry placed in front of pocket 1. (Adapted from the technical
designs by M. Lindemulder, KVI)

This device must be well separated from the target in order to not interfere with the gas flow, where the
limit has to be around three times the target radius (approx. 10 mm). Experimentally, this distance was
fixed to 30 mm.
During the preparation for the experiment, one of the important tasks addressed by simulations was
to design the slit plate. Beforehand, it was known that the material for the construction of this device
should fulfill three requirements: machinable, UHV compatible and high stopping power. A natural
material could be stainless steel, which is the main component of the vacuum chamber. However, few
millimeters of this material are not enough to stop high energy protons completely. A more dense
material that also fulfills the requirements is tantalum. It was important to know the needed thickness of

4.1. Simulated geometry and the event generator 29

where the zero-range factor is J0 = −276 MeV fm3. In order to calculate this potential, it was necessary
to solve eq. (6.5) numerically by making use of the convolution theorem [92]. Finally, with this folding
potential it is possible to create an OMP by applying the same form for the real and imaginary part

Uopt(r) = (NR+ iNI)UF(r), (6.7)

with NR and NI factors that are adjusted to fit the experimental data.
As discussed in Chapter 5, with these OMPs it is possible to calculate the respective elastic cross sec-
tion. In the present work, these calculations are performed with the coupled channels reaction code
FRESCO[58]. The results for these three OMPs are also presented in Fig. 6.2.
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Figure 6.2.: Results from proton elastic scattering on 20Ne at 50 MeV/u. The angular cross section is
presented as the ratio of the Rutherford cross section. The experimental data is analyzed
with three different optical potentials.

The OMP deduced by Falk et al. and the M3Y (fitted to the present data) are very successful in the
description of all experimental points. The differential cross section deduced from the global Koning-
Delaroche potential describes the experimental data below 15°, at higher angles this model overestimates
the elastic cross section by about 20%, but still agrees with the overall tendency of the experimental
data. In principle, these three models seem to be equivalent, but a better comparison can be done by
extracting the S-matrix for each elastic scattering calculation, as presented in Fig. 6.2(b). The quantity
T (b) = |S(b)|2 is also called the transparency function, therefore the factor 1− |S(b)|2 represents the
absorption probability of the optical model, i.e., the reaction channels [93]. The most absorptive OMP
in the nuclear centre (b→ 0) is M3Y, while the global Koning-Delaroche is lower by about 20%. At the
surface of the absorption probability, above 4 fm, the potential deduced by Falk et al. is more extended
due to the larger diffuseness parameters. An immediate result from this analysis is the total reaction
cross section that can be expressed as

σrea = 2π

∫ ∞

0

d b (1− T (b))b. (6.8)

As it was expected, the total reaction cross section is very similar for these three models: 525 mb for
Koning-Delaroche potential, 536 mb for the one of Falk et al., and 535 mb for the M3Y potential. At
medium and high energy collisions this quantity is well approximated by the geometric interaction of
the target and projectile, σrea ∝ π(rP + rT)

2, with rx the individual nuclear radius [94–96]. Therefore,
one can also extract the nuclear size information from the analysis of the experimental total reaction
cross section. A simple method to derive the matter radius is from the approximation of soft-spheres

58 6. Data analysis and results

20Ne+p
50 MeV/u

58Ni+α
100 & 150 MeV/u

J. C. Zamora, Ph. D. thesis, 2016
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Luminosity from fast beams
‣ In-beam γ-ray spectroscopy and invariant-mass 

spectroscopy
‣ Combine fast radioactive beams produced via projectile 

fragmentation with knockout reactions on thick targets: high 
luminosity

‣ Use γ-ray tracking arrays with Doppler correction to measure de-
excitation of fast moving residue: high resolution

‣ For unbound states: long time-of-flight neutron arrays placed 
around 0° to reconstruct invariant mass

‣ Large number of devices are available and developing 
around the world
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in-beam γ-ray spectroscopy
‣ Reactions with fast radioactive beam 
‣ Reaction residue loses one or a few nucleons 

‣ Only residue is collected and detected at forward angles 

‣ Thick targets can be used (luminosity!) 

‣ High efficiency array detects Doppler-shifted γ-ray from residue

Excited states

• Tag the population of excited 
states by measuring the decay 
γ rays. The γ-ray energy gives 
the energy difference between 
two states.
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Knockout reactions
‣ Pillar of today’s radioactive nuclei spectroscopy 
‣ Angular momentum of removed nucleon from parallel momentum 

of residue

10

Breaking of the N=8 neutron shell closure in 12Be
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A. Navin et al., PRL  85 (2000) 266
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S800 spectrograph + Gretina array

Reaction target & 
Gamma-ray detector array

Incoming momentum 
tracking

Large acceptance 
S800 Spectrograph 
at 0°

Focal plane 
Momentum vector 
measurement

Incoming particle 
flux measurement
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S800: “software” spectrograph
‣ Magnetic elements have fringe fields and imperfections 
‣ Optics are not perfect and deviate from 1st order (linear) 

‣ Deviations are called “high order aberrations”

xf=xiT11+aiT12+diT16
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S800: “software” spectrograph
‣ Magnetic elements have fringe fields and imperfections 
‣ Optics are not perfect and deviate from 1st order (linear) 

‣ Deviations are called “high order aberrations”

MQ

MQ

DI DI

xf=xiT11+aiT12+diT16+xiaiT112+aidiT126+…
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Trajectory reconstruction
‣ Deduce parameters of particle at the target location from 

measurements at the focal plane 

‣ Calculate 4x4 forward matrix up to order N (COSY infinity) 

‣ Inverse forward matrix assuming xi=0 to get di 

‣ Apply inverse matrix (map) to data to extract energy and 
scattering angle at the target location

xf
θf
yf
φf

δi
θi
yi
φi

= S

(xi = 0)

xf
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= S -1



D. Bazin, EBSS 2016, July 22, 2016

Aberration corrections
Initial grid: ∆d=±5%, ∆a=±60mrad, ∆b=±90 mrad

Expected energy resolution for a 1mm beam spot size: 1 part in 5,000 (0.02%)
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Dispersion matching
‣ Analysis line disperses the radioactive beam at target location 

‣ Without target: all particles refocussed in focal plane 

‣ Position at focal plane only depends on energy lost in target
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Example
‣ Reaction: 12C(7Li,3H)16O at 19 MeV/u 
‣ Spectrograph rotated at 8° 

‣ Energy resolution of 1/1800 over full acceptance (20 msr)
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Particle identification in S800
‣ How to identify the heavy residues collected in the S800 

‣ Use time-of-flight and energy loss measurements 

‣ Time-of-flight depends on velocity and trajectory length 

‣ Energy loss depends 
on velocity 

‣ Corrections are 
needed to recover 
resolution and achieve 
identification
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Example
‣ Angle at Focal Plane directly proportional to length of 

trajectory inside S800 

‣ Without correction 26,25,24Ne are not resolved
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Doppler correction

‣ γ-ray energy directly related to velocity at the time of 
emission 

‣ Resolution directly related to target thickness

Emission in flight: Doppler shift!
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Vertex tracker: MINOS design
‣ In-beam γ-ray spectroscopy relies on Doppler correction 
‣ Both γ-ray angle and energy of reaction needed 

‣ Vertex tracker 
measures 
reaction location 
inside LH2 
volume 

‣ (p,2p) or (p,pn) 
reactions at 
200-300 MeV/u 

‣ Protons can 
escape target

Figure 37: Principle scheme of the MINOS device (from [17]). The recoil protons that
escape the target can be detected in the TPC and used to track the vertex location and
hence the velocity at the time of the reaction.

nents of the nuclear force at play such as the tensor force [113] for instance,
are usually adjusted in shell model calculations [114] to reproduce the ob-
servables measured in these experiments. The promise of the MINOS device
is to help reach isotopes that are the most di�cult to produce, by increasing
the target thickness significantly while retaining a good resolution after the
Doppler correction of the �-ray energies. The simulation presented in Fig.
38 illustrates the gains in luminosity and resolution that will be achieved.
The most beneficial configuration is when coupled to a high resolution �-ray
Ge array such as AGATA [116] for instance.

A schematic view of the target and TPC is shown in Fig. 39. The
ensemble is designed to fit inside a �-ray detector array, here the DALI2
NaI array of RIBF [115]. Due to the relatively poor intrinsic resolution
(about 7%) or the NaI �-ray detectors, the resolution increase gained from
the measurement of the reaction velocity isn’t dramatic, however MINOS
enables the use of a much thicker target (150 mm of LH2 as compared to
10 mm of 9Be), which boosts the luminosity of the experiment by roughly
an order of magnitude. When used with higher resolution �-ray detector
array where tracking is possible (new generation AGATA [116] or GRETA

57

A. Obertelli et al., EPJA 50, 8 (2014)
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MINOS performance
‣ Gains in luminosity and resolution 
‣ Luminosity increase by a factor 5 to 50 

‣ Resolution gain depends greatly on γ-ray array performance 

‣ γ-ray tracking Ge array 
resolution will result in 
sensitivity gains 100-200 

‣ Present use @ RIBF/RIKEN 

‣ DALI2 NaI array (6-7%) 

‣ Example shows clear 
improvement with vertex 
determination

Courtesy of A. Obertelli
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Take aways…
‣ Experiments with radioactive beams are challenging 
‣ Inverse kinematics makes life difficult at low energies, but can be 

exploited for high luminosity at high energies 

‣ Low beam intensities requires to design experiments with high 
efficiency to recover good luminosity
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Take aways…
‣ Experiments with radioactive beams are challenging 
‣ Inverse kinematics makes life difficult at low energies, but can be 

exploited for high luminosity at high energies 

‣ Low beam intensities requires to design experiments with high 
efficiency to recover good luminosity

‣ Radioactive beams are developing worldwide and need 
new experimental ideas and innovations to tackle its 
challenges

‣ Experimental developments foster new discoveries (and 
vice versa)
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‣ How do I set the S800 spectrograph to the right rigidity to see the 

reaction residue I want to study? 

‣ How do I make sure I am not sending the incoming beam into the 
focal plane detectors and fry them? 

‣ How do I identify the nuclei selected by the S800? 

‣ How do I verify that I am indeed seeing the correct nuclei?
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The fun begins tonight!
‣ You will perform a real in-beam γ-ray spectroscopy 

experiment!

‣ Challenges: 
‣ How do I set the S800 spectrograph to the right rigidity to see the 

reaction residue I want to study? 

‣ How do I make sure I am not sending the incoming beam into the 
focal plane detectors and fry them? 

‣ How do I identify the nuclei selected by the S800? 

‣ How do I verify that I am indeed seeing the correct nuclei?

‣ Don’t worry, we will help you (a little…)


