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Abstract：The future experimental campaign with the SAMURAI setup at RIKEN will explore a wide

range of neutron-deficient nuclei with a particular focus on the most critical (p,γ) reaction rates relevant

to the astrophysical rp-process in type-I X-ray bursts (XRB). Intense radioactive-ion (RI) beams at an

energy of a few hundred MeV/nucleon will be deployed to populate proton-unbound states in the nuclei

of interest through the Coulomb excitation or nucleon-removal processes. The decay of these states into a

proton and a heavy residue will be measured using complete kinematics and the information about time

reversal proton-capture process will be obtained. This method will provide the vital experimental data

on the resonances, which dominate the stellar (p,γ) reaction rates, as well as on the direct proton-capture

process for some other cases. The experimental setup will utilize for the first time the High-Resolution

90◦-mode of the SAMURAI spectrometer in combination with the existing detection systems, including

custom-designed Si-strip detectors for simultaneous detection and tracking of heavy ions and protons

emitted from the target. The details of the experimental method and the utilized apparatus are discussed

in this paper.
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1 Subject and motivation

Explosive hydrogen burning at extreme tempera-

ture and density conditions is one of the most fasci-

nating topics in modern nuclear astrophysics, which

only in the last decades became accessible for detailed

experimental studies due to availability of intense

neutron-deficient radioactive-ion (RI) beams. Such ex-

otic nuclear species in the proximity of the proton

drip-line play an important role in the astrophysical rp-

process - a dominating nucleosynthesis path in type-I

X-ray bursts (XRB) which are often referred as the

most frequent type of thermonuclear explosions in the

Galaxy
[1–3]

.

XRBs are recurrent events originating from close

binary star systems due to thermonuclear runaway at

the surface of a neutron star which accretes H/He-

rich matter from an adjacent low-mass donor star
[1]
.

When critical temperature (T ≈ 1 ∼ 2 GK) and den-

sity (ρ≈ 106 g/cm3) are reached in the hot envelope of

the neutron star, the explosive process is triggered by

3α-reaction followed by a sequence of (p,γ) and (α,p)

reactions (αp-process) promoting the burning mate-

rial into the A = 40 region
[4]
. After that, a rapid

sequence of (p,γ) reactions and β-decays occurs (rp-

process), thus processing the abundance flow further

along the proton dripline with an extension all the way

into A ≈ 100 region[5–6] where the nucleosynthesis is

Received date: 30 Oct. 2015；

Foundation item: OTKA project (114454)

Biography: Valerii Panin (1985–), male, Alchevsk, Ukraine, Ph.D., working on experimental nuclear physics;

E-mail: valerii.panin@riken.jp.



第 2期 V. Panin et al：New Generation of Experiments for the Investigation of Stellar (p,γ) Reaction · · · · · · · 147 ·

believed to stop in the closed SnSbTe cycle due to dis-

integration of α-unbound isotopes 106−108Te. The en-

tire process lasts typically 10∼ 100 s and results in an

excessive yield (factor of about 10) of X-ray photons

emanated from the neutron star’s surface. This phe-

nomenon is usually observed as a fast X-ray flash with

a characteristic shape of the light curve. A wealth of

information about properties of a neutron star such as

mass, radius, spinning frequency etc., can be extracted

from the XRB light curves
[3, 7]

, if the underlying nu-

clear process is correctly described in the framework

of an accurate fluid dynamics model.

The main difficulty in studying XRB nucleosyn-

thesis arises from its complexity - several hundreds

isotopes and thousands nuclear interactions can be in-

volved in a single XRB event. However, experimental

information is very scare for most of them and the-

oretical calculations may yield uncertainties of a fac-

tor of 10 ∼ 100 for some reaction rates that, in turn,

leads to significant discrepancies in the predicted XRB

properties such as energy generation rates, light curves

and resulting final chemical abundances[8–9]. The final

chemical abundances can be essential, in particular, for

the cooling of the neutron star surface as well as for

the consecutive bursts which develop on the preceding

nuclear ashes
[10]

. It was found in the recent state-of-

the-art sensitivity studies[3, 8–9], based on large (over

600 isotopes) network calculations and on various hy-

drodynamic models with different XRB conditions (ac-

creation rate, temperature and density profiles, etc.),

that about less than 50 reactions may have any sig-

nificant effect on the XRB properties such as overall

energy output and final chemical yields. Such reac-

tions can be identified in the vicinity of the so called

waiting point (WP) nuclei (30S, 60Zn, 64Ge, 68Se, etc.)

for which successive adding of another proton is inhib-

ited by negative or very low proton-capture Q-values

(a few hundreds keV). In such case (p,γ) reactions are

hampered by either proton decay or reverse photodis-

integration (γ),p establishing (p,γ)-(γ),p equilibrium.

In both situations the process must “wait” until the

relatively slow β+ decay to process towards heavier

nuclei via adjacent isotonic chains. This may lead to

accumulation of the material in the region of the WP-

nucleus (Z,N) and thus define the resulting compo-

sition of the burned ashes as well as nuclear energy

generation rates and profiles of the XRB light curves.

Investigation of the identified most critical (p,γ) reac-

tion rates is of primary importance for the experimen-

tal studies in the next years. It will also become the

main focus of the future experimental campaign with

the large-acceptance spectrometer SAMURAI, taking

advantage of the most intense RI-beams in the world

available at RI-beam Factory in RIKEN
[11]

.

2 Reactions in focus and the experi-
mental method

Based on the previous theoretical sensitivity stud-

ies and XRB model predictions, the following set of

reactions has been selected for future experiments at

SAMURAI.

2.1 Breakout from WP-nuclei 64Ge and 56Ni

(a) 65As(p,γ)66Se

The reaction rate is found amongst the most influ-

ential for the final chemical yields of XRB
[3, 9]

. This

is mainly due to its bridging effect on WP-nuclei 64Ge,

which, in most of the studied models, is a starting

points towards production of heavier elements but is

also a limiting factor of the rp-process due to its β-

decay life-time of 92 s being comparable to the typical

time scale of the entire XRB process. A possible break-

out can occur at certain density and temperature con-

ditions even through the proton unbound nucleus 65As

due to its finite lifetime. Hence, sequential two-proton

capture on the WP-nucleus can be much faster than

the associated β-decay
[12]

. In this case, decay constant

of the 64Ge via two-proton capture can be expressed

as follows
[3]
:

λ64Ge−→65As−→66Se =F (Np,T,ji,Gi)×

exp

(
Q64Ge−→65As

kT

)
×λ65As→66Se , (1)

where F (Np,T,ji,Gi) is a function depending on pro-

ton density Np, temperature T , nuclear spins ji and

normalized partition functions Gi (for i=64Ge, 65As

and proton); Q64Ge−→65As is a Q value for proton cap-

ture on 64Ge and λ65As→66Se is a decay constant of
65As with respect to subsequent proton capture. It

can be seen that the breakout is not governed by the

rate of 64Ge(p,γ)65As reaction, but by itsQ-value, and

by the rate of 65As(p,γ)66Se reaction.

(b) 57Cu(p,γ)58Zn

Similarly to the previous case, the reaction can

lead to the breakout from doubly-magic WP-nucleus
56Ni via sequential proton capture

[13]
. Early network

calculations assumed that the rp-process stops at 56Ni

due to its low proton capture Q-value of 695 keV and

comparatively long β-decay lifetime (τ = 2.3×104 s).

However, later calculations
[4, 14]

employing larger net-

works show that the rp-process may process well be-

yond 56Ni region. Influence of this reaction rate on

the final chemical yelds, nuclear enegy generation rates

and on the XBR light curves is also discussed in the

recent state-of-the-art sensitivity studies
[3, 9]

.
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In the experiment, proton unbound states of 66Se

and 58Zn will be populated by neutron removal reac-

tions from 67Se and 59Zn beams, respectively, incident

on the Be target at an energy 250 MeV/u. Proton

decay spectroscopy of these states will be performed

in-flight using the SAMURAI setup as explained in

Sect. 3.

2.2 Resonant reaction rates around WP-
nucleus 34Ar

(a) 34Ar(p,γ)35K

Together with 30S, the WP-nucleus 34Ar was the-

oretically linked to the phenomenon of the multiple-

peaked structure observed in some X-ray bursts
[15]

.

Since the rates near the proton drip line can be sig-

nificantly affected by isolated resonances
[16]

, the iden-

tification of these states are important together with

the determination of resonance energies (ER) and

strengths (ωγ), which are the only nuclear physics in-

puts into the resonant part of thermonuclear reaction

rate. There is no experimental information on the reso-

nance strengths, only shell model calculations are avail-

able to evaluate this reaction rate.

(b) 35Ar(p,γ)36K

When varied by a factor greater than 3, the re-

action rate was found to significantly affect the calcu-

lated nuclear energy generation rate in the theoretical

models
[17]

. The dramatic impact of 35Ar(p,γ)36K rate

on XRB light curves had also been previously demon-

strated by Thielemann
[18]

. Resonance strengths are

not measured for this reaction yet.

(c) 35K(p,γ)36Ca

The reaction rate was identified by Amthor
[19]

as

one of the 12 proton capture rates with an impact on

predicted light curves. This rate was also found to af-

fect predicted nuclear energy generation rates in the

study of Ref. [17]. Presently, only the energy of one

excited state is known in 36Ca
[20]

, and this state with

tentative spin-parity assignment is the sole input con-

sidered in rate evaluations to date. so far.

The above three reactions will be studied via

coulomb dissociation of 35K, 36K and 36Ca beams in-

side lead target at 200 MeV/u beam energy. One-

and two-proton decays in-flight of these nuclei will be

measured to extract energies and strengths of the res-

onances relevant to the rp-process.

2.3 Direct proton capture reaction rates
27P(p,γ)28S and 31Cl(p,γ)32Ar

These reactions are predicted to be among 10 most

important reaction
[19]

with the strong influence on the

calculated XRB light curves. Both reactions rates

are expected to be dominated by a direct proton cap-

ture, because no excited states at astrophysically rele-

vant energies are known for 32Ar and 28S. Coulomb

dissociation cross section of time-reversal processes
32Ar→31Cl+p and 28S→27P+p will be measured with

lead target and 250 MeV/u beam energies to extract

direct-capture components of the reaction rates. Com-

plementary measurements of proton-removal reactions

in the nuclear field (e.g. using 12C target) will be addi-

tionally performed to extract Asymptotic Normaliza-

tion Coefficients, which can be directly related to the

direct-capture cross section. Combining the informa-

tion from the both type of measurements would help

to constrain the model uncertainties and to determine

the reaction rates with higher accuracy.

2.4 Direct proton capture reaction rate
8B(p,γ)9C

The current knowledge of the rate of the
8B(p,γ)9C reaction in stellar conditions is contradic-

tory at the best and there is no hope to determine it

by other means than by indirect methods. This reac-

tion gives a possible path to the hot pp chain pp-IV

at high temperatures and away from it toward a rapid

alpha process rap I at high temperatures and densities

and therefore is important in understanding nucleosyn-

thesis in super-massive hot stars in the early universe,

including possible bypasses of the 3α-process
[21]

. Simi-

lar to the method described in subsection 2.3, breakup

in nuclear and Coulomb fields at a beam energy of 300

MeV/u will be employed to estimate the direct-capture

reaction rate.

3 Experimental appratus

3.1 SAMURAI setup

An overview of the intended experimental setup

is shown in Fig. 1. Radioactive secondary beams will

be produced by the fragmentation of primary stable

beams (e.g. 78Kr, 40Ca or 16O) at a few hundreds

MeV/u energy in beryllium target and separated by

BigRIPS fragment separator
[11]

. The particle identi-

fication of the beam will be then performed event-by-

event using the Bρ-∆E-TOF method. A secondary

reaction target will be placed at the target position

of the Superconducting Analyzer for MUlti-particles

from RAdioIsotope Beams (SAMURAI)
[22]

and the in-

cident beam will be focused on the target via supercon-

ducting quadrupole magnet STQ. Incident secondary

beams will be measured in the tracking systems be-

fore the target with two scintillating detectors, SBT1

and SBT2, for time-of-flight measurements. The po-

sition of hit on the target and incoming angle of the

secondary beams will be measured by two drift cham-

bers (BDC1,2) placed upstream of the target. An ion-
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ization chamber ICB will be used for charge identifi-

cation of the incident ions. After traversing this pre-

target section the beam is incident on the reaction tar-

get (beryllium, carbon or lead) inside the DALI2 γ-ray

detector that will measure gamma-rays in coincidence

with charged fragments. Directly after the target an

array of Silicon Strip Detectors (SSDs) will be used

to measure trajectories of outgoing protons and frag-

ments. Due to the wide dynamic range of these de-

tectors (∼ 104), simultaneous detection and tracking

of a proton and a heavy ion is possible. The SSDs

will provide vital information about relative angles be-

tween the fragment and the proton with a resolution

of a few mrad, which determines to a large extent the

invariant mass reconstruction and the corresponding

relative energy resolution. Next, the SAMURAI spec-

trometer, rotated 90° with respect to the beam (High-

Resolution mode) will separate the unreacted beam,

breakup fragments and protons. The magnetic field

will be set at around 2.8 T in the center of the spec-

trometer filled with helium gas at 1 atmosphere pres-

sure. After the magnet, the protons are tracked by

the two proton drift chambers, PDC1 and PDC2. The

heavy fragments and the unreacted beam are measured

in a separate drift chamber, FDC2. The time of flight

and ∆E of the decay products are measured in two ho-

doscopes, labeled HODP and HODF, for the protons

and the heavy fragments, respectively. Hence, identifi-

cation and momentum measurement of every travers-

ing particle will be performed and the invariant-mass

analysis of the reaction products will be applied to re-

construct the decay energy of the initial system.

Fig. 1 (color online)High-Resolution (90°) mode of the SAMURAI setup will be used to measure heavy-ion-proton
breakup reactions. Shown particle trajectories were simulated with Geant4 for the case of 28S→27P+p breakup.
See text for more details.

3.2 Silicon strip detectors

An essential component of the setup will be an

array of GLAST-type
[23]

single-sided Silicon Strip De-

tectors (SSDs) situated downstream of the target.

Each detector is 325 µm thick and has dimensions of

87.6 cm×87.6 cm with 864 µm readout pitch size. Out-

going protons and heavy residues will be measured in

the SSDs in order to reconstruct their relative angles

with the precision of a few mrad. A key feature of the

detectors is their wide dynamic range, which allows for

simultaneous detection of protons and heavy ions, de-

positing in a single SSD a few hundred keV and up to 1

GeV energy, respectively. This is achieved via custom-

designed ASIC dual-gain preamplifiers coupled to the

high-density processing circuit HINP
[24]

.

A performance test of the SSDs was conducted at

the HIMAC facility in Japan, using irradiation of the

detectors by proton beams at different energies (from

150 to 230 MeV/u) as well as by heavy-ion beams at a

few hundred MeV/u in order to confirm the designed

dynamic range. The results of the performance test

are summarized in Fig. 2. Good linearity of the low-

gain readout was observed together with the deposited-



· 150 · 原 子 核 物 理 评 论 第 33卷

energy (dE) resolution of ∼ 1.4%. The performance of

the high-gain readout with respect to proton beams

was also confirmed, yielding a proton-detection effi-

ciency of > 97% and the cross-talk ratio of ∼ 1%. Thus,

it was confirmed that the dynamic range of the SSDs

spans from ∼ 100 keV up to ∼ 1 GeV, which would

allow simultaneous detection of protons and Z ≈ 50

heavy ions in SAMURAI experiments.

Fig. 2 (color online)Results of the performance test of the SSDs. Fig. (a) shows the particle identification of 132Xe
secondary beam, using the deposited energy (strip-cluster sum) measured by low-gain readout of the SSD as a
function of the TOF. Fig. (b) shows the energy response in the SSD with the graphical cut indicated in Fig.
(a), while Fig. (d) displays the linearity check for this energy range by plotting measured energies against the
calculated ones. A signal form 150 MeV proton in high-gain readout of the same SSD is shown in Fig. (c)
together with the Landau function fit.

3.3 Parameters of the experimental setup

Based on detailed Geant4 simulations of the par-

ticle transmission through the magnetic field of the

SAMURAI spectrometer, and taking into account re-

alistic detector responses, the following parameters of

the setup can be estimated:

• Momentum resolutions: P/σP ≈ 1300 for heavy

ions and P/σP ≈ 500 for protons;

• Angular resolutions: ∼ 3 mrad for protons and

∼ 2 mrad for heavy ions;

• Total detection efficincy: ∼ 100% for heavy ions

and ∼ 20% for protons at relative energy Erel =1 MeV;

• Erel resolution ∼ 100 keV (σ) at Erel =1 MeV.

4 Summary and outlook

The future experimental setup using SAMURAI

spectrometer will serve as a powerful tool for system-

atic experimental studies of the most important (p,γ)

reactions in the region of the astrophysical interest,

using inverse and complete kinematics measurements

of the heavy-ion-proton breakup reactions at relativis-

tic energies. With the combination of the SAMURAI

tracking detectors and the newly designed SSD track-

ers, possessing an extremely wide dynamic range, sev-

eral neutron-deficient nuclei up to 100Sn region can be

potentially studied. The first experimental campaign

will be ready to run in 2016, focusing on the proton

decay of such exotic species as 66Se, 58Zn, 35K, 36K,
36Ca, 28S, 32Ar and 9C.
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