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• In-beam -ray: spectroscopy relies solely on properties of beam-like residue 
• Inverse kinematics and high energy allow thick targets and small scattering angles  high luminosity 
• Determination of partial cross sections needs to take into account feeding from higher energies 
• Lifetime of populated states cannot be to long (isomer) 
• Cross section to ground state cannot be directly measured (again, feeding…) 
• Cross section to unbound states difficult to measure (requires detection of emitted nucleon(s)) 

• Missing mass spectroscopy in inverse kinematics: using the target-like residue 
• Direct measurement of cross sections to populated states, bound and unbound 
• Lifetime of populated states doesn’t matter 
• But inverse kinematics turns from a friend into a foe, large ranges of energies and scattering angles 

• Compromise between resolution and target thickness is necessary  low luminosity

γ
→

→

In-beam -ray vs missing mass methodsγ
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• Target thickness not constrained by energy resolution 
• Gains by up to 2 orders of magnitude in thickness 
• Pure gas targets H2, D2 and 3,4He 
• Vertex and energy of each reaction measured 

• Solid angle coverage not limited by angular resolution 
and/or cost 
• Detecting recoils inside target maximizes angular coverage 
• Geometrical efficiency close to 80% 
• Multiple reaction channels can be measured 

• Inverse kinematics requirements 
• Need angular resolution < 1° 
• Need energy resolution < 200 keV

The promise of active targets
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Target = Detector

Beam Recoils
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AT-TPC @ SOLARIS
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Figure 8: A schematic of SOLARIS configured in the AT-TPC mode. In this image the beam
enters from the right. The beam line will have to be modified to connect to the AT-TPC.
Signals are read from the back end of the AT-TPC.
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• Complementarity of 
detector setups 
• Si-array for > 104 pps 
• AT-TPC for < 104 pps 

• Complementarity of 
facilities 
• FRIB + ReA6 for 

isotopes far from 
stability 

• ATLAS + RAISOR for 
isotopes ±1n ±2n

Two dual-mode solenoidal spectrometers
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SOLARIS @ FRIB HELIOS @ ATLAS
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• Transfer reaction commissioning 
• 10Be(d,p)11Be,  10Be(d,d’)10Be* and 

10B(d,p)11B (2020@SOLARIS) 
• See talk by Jie Chen on 10Be* (Thu 11:00) 
• See talk by Ben Kay on 10B(d,p)11B measured 

with Si-array @ HELIOS (Thu 15:20) 

• Resonant scattering 
• 16O( , ’)16O* (2021@SOLARIS) 

• Search for 16O 0+ Hoyle resonance 

• 10Be( , ’)10Be* (2023@SOLARIS) 
• Search for 0+ deformed band-head resonance 

• Campaign on transfer reactions 
(2023@HELIOS) 
• Reactions between 14C and p target 
• Reactions between 12Be and p target 
• Reactions between 15C and p, d targets 

• Quenching factors from transfer reactions 

• Reactions between 16C and p, d,  targets 
• See talk by Gordon McCann on 16C(d,p)17C 

(Thu 12:00) 

• Reactions between 7Be and d target 
• Search for unbound resonances in 6Be 

• Campaign at S800 (happening now!)

α α

α α

α

Update on performed measurements since 2020
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• Emergence of nuclear rotation 
• No core SM calculations of 11Be 
• Absolute energy convergence 

not reached at Nmax=10,11 
• Relative energies remarkably 

stable, show rotational bands 
• Questions about 3/2 state 

around 3.4 MeV 
• KP=3/2- band head  3/2- 

• KP=1/2+ band member  3/2+

→
→

Transfer commissioning experiment: 10Be(d,p)11Be
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Caprio, M.A. et al. Probing ab initio emergence of  
nuclear rotation. Eur. Phys. J. A 56, 120 (2020)
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Fig. 12 Calculated energies for
rotational band members in
11Be, for a negative and
b positive parity, shown as
excitation energies relative to
the negative parity ground state.
Rotational energy fits (2) or (3)
are indicated by lines. The
calculated bands are for
Nmax = 4 to 10 or Nmax = 5 to
11, respectively (smallest
through largest symbols, and
dotted through solid curves)

(a) (b)

a line with a significantly shallower slope (A ≈ 0.3 MeV).
Between the short band and the long band, there is thus an
approximate doubling of the moment of inertia. The long
band does not have significant E2 connections to the short
bands.

Considerations of convergence are especially important
for the K P = 3/2− long band. The excitation energies of the
negative parity band members at various Nmax are traced out
in Fig. 12. The long band starts at high excitation energy in
the spectrum, at low Nmax, but rapidly descends with increas-
ing Nmax. For instance, the 7/2− band member only becomes
yrast at Nmax = 8. The low final energy for the long band
in the present calculations with the Daejeon16 interaction,
at the highest Nmax considered here (Nmax = 10), reflects
the comparatively rapid convergence obtained with the Dae-
jeon16 interaction. In comparison, in calculations with the
JISP16 or NNLOopt interactions, at this same Nmax, the
band head energy still lies well above 10 MeV [15,17,32].
Without attempting any detailed extrapolation here, we can
observe that the calculated energies of the long band mem-
bers appear to be converging towards those of a correspond-
ing experimentally identified excited rotational band [62,63]
(see Refs. [32,33] for further discussion of and comparison
with the experimental levels and rotational energy parame-
ters).

Within the positive parity spectrum (Fig. 2b), the yrast
and near-yrast states can likewise be identified as form-
ing rotational bands, based on energies and enhanced E2
connections. The K P = 1/2+ positive parity ground state
band terminates at J = 9/2, and exhibits large positive
Coriolis staggering (a ≈ 1.9). (Note the excellent agree-
ment of the ab initio predicted excitation energies within
the band for the lowest three band members with experi-
mentally observed levels.) Next lies an excited K P = 5/2+

band, which becomes yrast at J = 11/2 and terminates at
J = 13/2, the maximal angular momentum accessible in the
1h̄ω space. The moments of inertia of these bands differ (the
slope parameter is A ≈ 0.4 MeV for the K P = 1/2+ band
and A ≈ 0.25 MeV for the K P = 5/2+ band).

There are some modestly enhanced E2 transitions
between these bands and to other low-lying states (namely,
3/2+2 and 5/2+3 ). Most noticeable, though, is the E2 transi-
tion pattern from the terminating 13/2+ state, which is at the
maximal angular momentum accessible in the 1h̄ω space.
Although the energy of this state is roughly consistent with
membership in the K P = 5/2+ band, the strongest E2 tran-
sition is to the K P = 1/2+ band, suggesting a breakdown
of the rotational strong coupling picture at high J (recall the
termination effects from Sect. 3.3).

4.2 Structure in oscillator space

The levels in the negative parity ground state band have
largest contributions coming from 0h̄ω oscillator configu-
rations, as may be seen for representative band members in
Fig. 13a, b. The members of the K P = 3/2− side band have
similar decompositions.

However, for the states constituting the K P = 3/2− long
band, a qualitatively different oscillator decomposition is
obtained (Fig. 13c, d). While band members with angular
momenta above the maximal valence angular momentum
(J = 7/2) cannot receive any contribution from 0h̄ω oscilla-
tor basis configurations (Fig. 13d), even for those band mem-
bers lying beneath the maximum valence angular momentum
the 0h̄ω contribution is highly suppressed (Fig. 13c), as ini-
tially noted in Ref. [33]. The largest contribution comes from
2h̄ω basis states, after which the probability distribution falls
off gradually for higher Nex.

4.3 Angular momentum structure

The states making up the rotational bands in 11Be, like those
in 9Be, again follow comparatively simple patterns when
viewed in terms of an LS coupling scheme, as indicated by
their LS decompositions, as shown in Fig. 14, or, again, more
simply in terms of the evolution of the effective L̄ and S̄ val-
ues as functions of J within the band, as shown in Figs. 15
and 16. For all these bands in 11Be, the predominant total

123



D. Bazin, DREB 2024, June 24-28, 2024, Wiesbaden, Germany

• Magnetic rigidity 
• From curvature of 

track & polar angle 
• Energy loss 

• From charge 
deposited along track 

• Large dynamic range 
• Due to inverse 

kinematics 
• Logarithmic 

representation

Particle identification in AT-TPC
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Analysis by Z. Serikow
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• Acceptance effects of AT-TPC 
• Low energy cutoff at ~ 500 keV 
• Dependent on polar angle 

• Polar angle acceptance effects start at  < 20° 
and  > 160° 

• Gap centered at  = 90° due to difficulty to 
analyze tracks perpendicular to beam axis 

• Resolution effects of AT-TPC 
• Resolution degrading at higher energies 

• Due to limited track length at higher rigidities when 
target residues do not wrap around

θlab
θlab

θlab

Kinematics plot of 10Be(d,p)11Be
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Calculated kinematics 
for 1.78 MeV resonance

Analysis by Z. Serikow
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Excitation energy spectrum and angular distributions
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1/2+

1/2-
5/2+

3/2?

Analysis by Z. Serikow

10Be beam @ 10 MeV/u - 1000 pps / 5 days
K. T. SCHMITT et al. PHYSICAL REVIEW C 88, 064612 (2013)
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FIG. 5. (Color online) Proton energy in keV in the laboratory
frame as a function of strip number for SIDAR at backward angles at
an equivalent deuteron energy, Ed = 21.4 MeV.

The calculations using the original P-P global optical potential
are shown for comparison. The agreement with the elastic data
is of similar quality for the new fitted potential compared to
P-P; however, the fit provides much better agreement with the
data in the case of the inelastic scattering, except at the highest
energy, as described above.

IV. THE NEUTRON TRANSFER REACTION 10Be(d, p)

Angular distributions of protons emerging from (d,p)
reactions with low orbital angular momentum transfer are
typically peaked at small center-of-mass angles. For this reason
most of the data for the neutron-transfer channel comes from
the SIDAR array, which was placed at backward angles in
the laboratory frame. Figure 5 shows the energies of protons
measured in SIDAR at Ed = 21.4 MeV as a function of angle,
represented by the strip number, where strip 1 covers the largest
laboratory angles. Contours of constant Q value, indicating the
population of a discrete state, have been labeled.

The reaction Q value was calculated on an event-by-event
basis. Figure 6 shows the Q-value spectrum at 140◦ in the
laboratory frame. The energy resolution in Q value for the
(d,p) reaction was more than sufficient to resolve peaks
from the population of the ground state and the first excited
state at 0.320 MeV. The background was identified as fusion
evaporation on 12C by measuring reactions on a carbon
target. It was then possible to account for this background
by fitting an exponential curve for the data at Ed = 12.0,
15.0, and 18.0 MeV, and subtracting measured background
at Ed = 21.4 MeV. The background was significantly less
obtrusive for curve fitting at the higher energies as the energies
of protons from the (d,p) reaction increase more with beam
energy than do the energies of fusion-evaporation ejectiles.

The two bound states in 11Be were populated at each beam
energy. Data were extracted for the 1.78-MeV resonance from
the three higher beam energy measurements. The peaks for the
bound states were fitted with Gaussian curves. A Voigt profile
was used to fit the peak at 1.78 MeV, using the Gaussian
widths (associated with detector resolution) found for the
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FIG. 6. (Color online) Q-value spectrum for 10Be(d,p)11Be in
inverse kinematics at 140◦ in the laboratory reference frame for
an equivalent beam energy of Ed = 21.4 MeV. Background from
fusion evaporation on 12C was accounted for by subtracting data
from reactions on a carbon target.

bound states in each spectrum and treating the natural width of
the state as a free variable. For the data taken with ORRUBA,
Gaussian curves were fitted to each peak, resulting in a Q-value
resolution of approximately 200 keV.

Angular distributions of protons emitted from the
2H(10Be,p)11Be reaction to the ground and first excited state
are presented in Fig. 7. The curves show the results of
FR-ADWA calculations using the global optical potentials
CH89 and K-D as used for the elastic scattering channel above.
The spectroscopic factors, S, were extracted for each state at
each energy by scaling the calculation to the data. The shape of
the experimental angular distributions are well reproduced by
calculations using either CH89 or K-D; however, there is some
variance in the intensity of up to 13% between the calculations.

Cross-section data for population of the resonance at
1.78 MeV could be extracted at the higher three energies
and are presented in Fig. 8. The protons emitted following
transfer to the 1.78-MeV resonance at Ed = 12 MeV were too
low in energy to extract a reasonable angular distribution. The
transfer to the resonance data is discussed more fully in the
next section.

V. TRANSFER ANALYSIS AND DISCUSSION

The conventional method of analyzing data from transfer
reactions using the DWBA has been shown to be particularly
sensitive to the optical potentials used [34]. In the 1970s,
Johnson and Soper [50] showed the importance of including
the breakup channel for the deuteron in the theoretical
treatment of (d,p) reactions, and by using a zero range
formulated a method called the ADWA. The finite-range
version by Johnson and Tandy [51] (FR-ADWA) was recently
applied to a wide range of reactions by Nguyen, Nunes, and
Johnson [41].

The transfer data presented are analyzed using FR-ADWA.
In FR-ADWA, the reaction is treated as a three-body n + p +
10Be problem, and thus neutron and proton optical potentials
are needed, along with the binding potentials for the deuteron
and the final state in 11Be. For the nucleon global potentials we

064612-6

K. T. Schmitt et al., 
PRC 88, 064612 (2013)

OBe(d ' p) l l Be 127 

3. Spin-parity Assignment for the 1.785 MeV state 

Millener and Kurath 3) predict the ~- state with a large ld~ overlap [see ref. 2)] 
with the t°Be ground state at 1.49 MeV in ~'Be. The most likely candidate for this 
model state, the 1.785 MeV state, has not yet been assigned unique spin and parity. 
Due to uncertainties in the reaction mechanism 5-7) the angular distributions for 
the 9Be(t, p)l ~Be(1.785 MeV) reaction could not be used to determine the possible 
spin-parity values. A requirement that the measured width should not exceed the 
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Fig. 2. Differential cross sections for the lOBe(d ' p) l l Be reaction and the results of  the DWBA calculations. 
For  the 1.785 MeV state the data are compared with the calculations corresponding to both lds,  2 (solid 
line) and l p~,2 (dashed line) transfer. The spectroscopic factors are indicated. The optical potentials used 

in the calculations are collected in table !. 

B. Zwieglinski et al., 
NPA 315, 124 (1979)
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Parity identification of 3.4 MeV resonance
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Analysis by Z. Serikow

• Need to add acceptance effects from simulations to extract 
spectroscopic factors 

• Dip around 33° corresponds to 90° effect 
• Comparison to DWBA seem to indicate 3/2+ 

• This resonance would be second member of “halo” band 
• Determination of 0d3/2 single-particle energy in 11Be

PRELIM
INARY

1/2+ (l=0)

1/2- (l=1)
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• 10B contamination present in 10Be beam 
• Large Qvalue=9.23 MeV allows population of 

high-lying resonances in 11B 
• Strong interest in resonances at around 11 MeV 

due to several thresholds 
• -decay proton emission of 11Be 
• AT-TPC is capable of measuring particle decay 

residues of 11B* resonances 
• Branching ratios could inform on the structure 

of these resonances 
• See talk by Ben Kay on 10B(d,p)11B measured 

with Si-array @ HELIOS (Thu 15:20)

β

10B(d,p)11B
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Analysis of 10B(d,p)11B
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Analysis by T. Schaeffeler

PRELIM
INARY
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10B(d,p)11B*  7Li + 4He event from 10.6 MeV peak→

14

Analysis by T. Schaeffeler

Full kinematics reconstruction!
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• 12Be at ~12 MeV/u provided by the RAISOR 
separator from ATLAS 14C primary beam 

• Beam intensity 100 pps 
• Pure 1H2 target at 600 Torr 
• Equivalent CH2 target thickness (number of 

protons): 110 mg/cm2 
• 3 days of beam exposure 
• Pre-kinematics plot from estimation phase 

showing B  versus energy loss 
• Kinematics lines from elastic, inelastic, (p,d) 

and a hint of (p,t) reactions

ρ

12Be reactions on proton target

15
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12Be elastic and inelastic on proton

16

PRELIMINARY

• Higher energy resonances in 12Be 
• Reactions on isomeric 0+ (0.23µs)?

Presently investigating 
kinematics overshoot 
at high momentum
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12Be(p,d)11Be
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PRELIMINARY

• Large cross sections to 1/2+ and 1/2- bound states 
• Similar reaction to 12Be-1n knockout 

• Breakdown of N=8, A. Navin et al., PRL 85, 266 (2000) 
• d-wave component, S. D. Pain et al., PRL 96, 032502 (2006) 
• Neutron-unbound resonances, W. A. Peters et al., PRC 83, 057304 (2011) 

• More details on 12Be wave function from population to other 
unbound resonances

5/2+

1/2+ 1/2-
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12Be(p,t)10Be
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PRELIMINARY

• Analysis done with Spyral 
• Python based 
• Allows use of multi-core CPU and shared memory 
• Multi-platform and well documented 
• See talk by G. McCann (Thu 12:00)

0+

2+

0+
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• Active targets such as the AT-TPC offer a breakthrough in 
measurements of Direct Reactions with Exotic Beams 
• Luminosity gain of two to three orders of magnitude compared to 

passive targets, while retaining comparable resolutions 
• Transfer reaction cross sections (~ 10 mb/sr) now accessible at 100 pps 
• Solid angle coverage allows measurements of full kinematics of 

reactions (target-like and beam-like residues) 
• New avenues of exploration 

• Missing mass spectroscopy of exotic nuclei further from stability 
• Exploration of unbound resonances and deformation via rotational bands 
• Effects of continuum via study of unbound resonances near particle 

decay thresholds

Outlook

19

(d,p) on 7Be (or 7Li) followed by breakup…



D. Bazin, DREB 2024, June 24-28, 2024, Wiesbaden, Germany

• Inner tube for rare gases (3He) 
• Limit cost of operation 
• Allow use of faster gas in detector region 
• Requires enough energy to punch through tube 

foil (12 µm polyamide) 
• Zero degree detector telescope 

• Two DSSD Si detectors backed by CsI array 
• Identification of beam-like residues that scatter at 

small angles (~ < 10°) 
• Reduce pile-up using anti-coincidence with 

upstream ion chamber 
• Use AT-TPC in reverse configuration (like with S800)

Upcoming upgrades
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Radioactive beam

Box containing

DSSSD Si detectors

Target-like

recoil particle


stopping in gas

Beam-like

recoil particle


escaping active volume
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• S800 campaign (happening now!) 
• GT strength in 32Na via 32Mg(d,2He) Done! 
• PGR and GR in 11Li via 11Li(p,p’) 

• SOLARIS experiment (Fall 2024) 
• NP pairing in 56Ni via 56Ni(3He,p) 

• RCNP campaign (early 2025) 
• 6 experiments approved 

• Argonne campaign (late 2025) 
• 3 experiments approved

Upcoming experiments
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AT-TPC collaboration


