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Abstract
The 24Mg(�,p)27 Al reaction was measured using the solenoid spectrometer for nuclear astrophysics at the University of the 
Notre Dame to study the astrophysical 24Mg(�,p)27 Al reaction rate. Alpha beams from the 10-MV FN tandem accelerator 
impinged on 24 Mg solid targets which were made using the vacuum evaporation method on 12 C foils. A total of 43 beam 
energies were used. Recoiling protons from the 24Mg(�,p)27 Al reaction were detected using a double-sided position sensi-
tive silicon detector array mounted on the solenoid. Energies, times of flight, and flight distances of particles were measured 
for particle identification. Protons associated with a wide range of excitation energies E

x
 = 12.42–14.44 MeV in 28 Si were 

identified.
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1  Introduction

An X-ray burst can be characterized by a sudden and intense 
release of X-ray radiation from a compact astronomical 
object, typically a neutron star in a binary star system [1]. 
During the burst, a very large amount of energy of about 1036
–1038 erg/s is released. A burst typically lasts for 10–100 s, 
and the recurrence times range from hours to days [2]. Very 
high temperatures of 1−2 GK can be reached during the 
burst. Many proton-rich nuclei up to the Sn–Sb–Te region 
can be synthesized through the �p-process and the rapid pro-
ton capture process (rp-process) [3–5]. To understand the 
heavy-element synthesis and energy production during the 
burst, the knowledge of various nuclear reactions participat-
ing in the process is essential.

In the sensitivity study performed by Parikh et al. [6], the 
impact of uncertainties in nuclear rates on the nucleosynthe-
sis during type-I X-ray burst was investigated. Ten different 

models with characteristic temperature and density profiles 
were considered. It was found that the uncertainty of the 24
Mg(�,p)27 Al reaction rate plays a crucial role in the final 
abundance of 34 S when the long burst duration model K04-
B2 was used. It was also shown that the reaction rate affected 
the total energy output by more than 5%. Therefore, studying 
the 24Mg(�,p)27 Al reaction rate at X-ray burst temperatures 
is essential to better understand the X-ray burst.

Since the reaction proceeds through the 28 Si levels located 
above the � threshold at 9.984 MeV, the properties of the 
levels are very important for the 24Mg(�,p)27 Al reaction 
rate calculation. Although both the � particles and 24 Mg are 
stable nuclei that can be provided as the beams or targets 
rather easily, the results from the direct measurements of 
the reaction are still sparse [8, 9]. In Ref. [8], the excitation 
curve for the 24Mg(�,p)27 Al reaction was reported. By com-
paring the results with the excitation curves of the previously 
reported 27Al(p,p)27 Al and 27Al(p,�)24 Mg experiments, the 
reaction Q-value was deduced. In another work by Ahn et al. 
[9], the secondary �-rays from the final states in 27 Al ( Ex = 
0.844 and 1.014 MeV) to the ground state were measured 
for the 24Mg(�,p)27 Al reaction rates. The 24Mg(�,p

1
)27 Al and 

24Mg(�,p
2
)27 Al channels were studied at the energy range 

relevant for the X-ray burst. It was found that the contribu-
tion to the total reaction rate due to the population of excited 
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states in 27 Al is up to 6.1% at high temperatures of above 2 
GK. Although our understanding of 24Mg(�,p)27 Al reaction 
has been substantially improved through previous works, 
the reaction rate is still rather uncertain due to the lack of 
the knowledge on the resonance parameters. Therefore, fur-
ther direct measurements of the 24Mg(�,p)27 Al reaction are 
needed to accurately estimate the astrophysical reaction rate.

The 24Mg(�,p)27 Al reaction was studied using the sole-
noid spectrometer for the nuclearastrophysics (SSNAP) at 
the University of Notre Dame (UND) [10]. The spectrometer 
was originally developed for the transfer reaction studies 
in inverse kinematics, following the principle of the helical 
orbit spectrometer (HELIOS) at Argonne National Labora-
tory (ANL) [11]. In this experiment, however, the 24Mg(�
,p)27 Al reaction was studied using � beams and 24 Mg solid 
targets in normal kinematics to demonstrate the feasibility of 
using the SSNAP for compound nucleus reaction measure-
ments. The SSNAP utilizes a 6T superconducting solenoid 
used for the Twinsol [12, 13] and an array of position-sen-
sitive detectors. Type Super X3 double-sided silicon strip 
detectors from micron semiconductor were used for the 
array. Six detectors were mounted along the beam axis to 
measure the energies, flight distances and flight times of the 
particles from the reaction.

The experimental setup and procedures are detailed in 
Sect. 2. The preliminary results of the normalization counts 
obtained from the 24Mg(�,p)27 Al reaction measurement are 
described in Sect. 3. Conclusion and future plan are provided 
in Sect. 4.

2 � Experiment

A schematic diagram of the 24Mg(�,p)27 Al experimental 
setup is shown in Fig. 1. The experiment was performed 
using the � beams from the 10 MV FN tandem accelerator 
at the Nuclear Science Laboratory (NSL). The energies of 
� beams ranged from 2.84 MeV to 5.20 MeV (2.43 MeV < 

Ec.m < 4.45 MeV). The beams impinged on a 50 μg/cm2 24 Mg 
foil target. The target was made using the vacuum evapora-
tion method on a 5 μg/cm2 12 C foil. A step size of 40 keV 
was taken in the bombarding energy, because the expected 
energy loss of the beam particles in the target is about 20− 30 
keV. The protons from the reaction were detected by the 
detector array that was installed in the solenoid. The 24 Mg 
solid targets were also placed in the solenoid with a rotat-
able target frame.

The detector array was composed of six double-sided 
position-sensitive silicon strip detectors. The front side of 
a detector consists of four 1.0 cm × 7.5 cm resistive strips 
to measure the position of the reaction particles, while the 
back side of the detector has four 4.0 cm × 1.875 cm non-
resistive strips to measure the energy of the particles. The 
detector array was placed right above the beam axis in a 
straight line along the beam axis as schematically shown 
in Fig. 1. The energy response of each strip of detector was 
calibrated using an �-emitting source 228 Th which emits � 
particles with various energies (5.423, 5.686, 6.288, 6.778, 
and 8.784 MeV). The position response of each resistive 
strip was also calibrated using the source. To estimate the 
background events, a run with a blank target frame was also 
performed at each beam energy. A Faraday cup was placed 
downstream of the solenoid to monitor the beam current.

3 � Data analysis and preliminary results

The detected light charged particles were identified using 
their energies, times of flight, and flight distances to the 
detector. The recoiling particles follow helical trajectories 
in the uniform magnetic field �⃗B . The cyclotron period of a 
particle T cyc is

where m and q e are the mass and charge of the particle, 
respectively. The period is proportional to the ratio of the 
mass to charge of the particle as shown in the equation. The 
periods of several types of charged particles are calculated 
and shown in Table 1.

The time of flight in this experiment was measured using 
the signal from the silicon detector and delayed pulse from 

(1)Tcyc =
2�

B
×

m

qe
(s),

superconducting solenoid24Mg target

detector array

p
Aperture

Fig. 1   A schematic diagram of the experimental setup. The protons 
from the 24Mg(�,p)27 Al reaction were detected by a detector array in 
the solenoid of SSNAP

Table 1   The cyclotron periods 
in nanoseconds of several light 
charged particles under the 
uniform magnetic field of 1T, 
2T, and 3T

Particles 1T 2T 3T

p 65.6 32.8 21.9
d 131.2 65.6 43.7
3He 98.2 49.1 32.7
� 130.3 65.2 43.4
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the tandem buncher. Figure 2 shows the particle identifica-
tion plot obtained from the blank (left) and 24 Mg (right) 
target run. The y-axis of the figure represents the time-to-
amplitude converter (TAC) signal for the time of flight, 
while the x-axis represents the energy of the detected par-
ticle. The plot was obtained from the E

�
 = 4.44 MeV run. 

It is obvious from the figure that the events in the red and 
green contours in (b) are only observed in the 24 Mg target 
run. Considering the energies of the detected particles and 
the reaction kinematics, it can be concluded that the events 
in the red contour are the protons from the 24Mg(�,p

0
)27 Al 

reaction and those in the green contour are the � particles 
from the 24Mg(�,�

1
)24 Mg reaction.

The flight distance z of a charged particle along the beam 
axis for the cyclotron period can be written as

where v∥ is the laboratory velocity of the particles parallel to 
the beam axis as shown in Fig. 3.

Figure 4 shows the energy versus position plot for the 
detected particles, where the position is the flight distance 
z in Eq. 2. Similarly to Fig. 2, the panels (a) and (b) of the 
figure show the results from the blank run and 24 Mg target 
run, respectively. Since a group of events are only evident 
in the panel (b) at the energy of about 2.6 MeV, a cut using 
the TAC was made. The result is shown in the panel (c). The 
events falling in the red contour and the green contour were 
also identified as the ground state transition proton from the 
24Mg(�,p

0
)27 Al reaction and the � particles from the 24Mg(�

,�
1
)24 Mg reaction, respectively.
The identified protons and � particles were counted and 

normalized with the beam current at each beam energy. 

(2)z = v∥Tcyc,

The incident beam energy was converted to the center of 
mass energy for the plot. The black and red dots in Fig. 5 
indicate the normalized counts obtained from the 24Mg(�
,p

0
)27 Al reaction and the 24Mg(�,a

1
)24 Mg reaction, respec-

tively. Using the � beams at the energy range of 2.84 MeV 
< Ebeam < 5.2 MeV (2.43 MeV < Ec.m. < 4.46 MeV), the 
excitation energy in 28 Si from 12.42 MeV to 14.44 MeV 
could be investigated. For further analysis, the uncertainty 
in Ec.m. will be deduced by considering the energy loss of 
the beam particles in the target. The resolutions in energy 
and position information will be throughly investigated as 
well. More precise beam current will be extracted at each 
beam energy. Finally, the excitation function of the reaction 
will be deduced.
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Fig. 2   A particle identification plot obtained from the (a) blank run 
and (b) 24 Mg target run. The � beam energy was 4.44 MeV in this 
specific case. Events within the red and green contour in (b) were 
identified as the protons from the 24Mg(�,p

0
)27 Al and the � particles 

from the 24Mg(�,�
1
)24 Mg reaction, respectively
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Fig. 3   The vector diagram of a particle with the velocity measured in 
laboratory frame v lab . The vectors v 

⊥
 and v ∥ are the vertical and par-

allel components of v lab , respectively. v o is the particle velocity meas-
ured in the center of mass frame. v cm is the velocity of the center of 
mass system. �lab and �cm are the angles of particles measured in the 
center of mass and laboratory frames, respectively
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Fig. 4   The energy versus position plots for the detected particles for 
the (a) blank frame run and (b) 24 Mg target run. A cut is made using 
the TAC to clearly identify the p
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 particles as shown in panel 
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4 � Conclusion and future plan

The 24Mg(�,p)27 Al reaction was measured using the solenoid 
spectrometer SSNAP in UND to demonstrate the feasibility 
of using the device for compound nucleus measurements 
with light charged particle beams. The beams of � parti-
cles and the solid 24 Mg target were used for the experiment. 
The recoiling protons were detected by a position-sensitive 
silicon detector array which was mounted inside of the 
solenoid. Protons associated with a wide range of excita-
tion energies in 28 Si (12.42 MeV < Ex < 14.44 MeV) were 
identified. Events from the 24Mg(�,a

1
)24 Mg reaction were 

also identified through the measurements. To determine the 
precise differential cross sections, we will investigate the 

number of incident beam particles measured by the beam 
monitoring system at each beam energy, the areal density of 
target atoms, and the solid angle covered by silicon detector 
strips. By comparing the empirical excitation function and 
the theoretical R-matrix calculations, resonance parameters 
such as spin, parity, and the partial width of � and protons 
will be extracted. The 24Mg(�,p)27 Al reaction rate will be 
studied from the resonance parameters as well.
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Fig. 5   A preliminary result of the normalization counts from the 
measurements. The black and red dots are the results obtained from 
the 24Mg(�,p

0
)27 Al and 24Mg(�,�

1
)24 Mg reaction, respectively


	The Mg(,p) Al reaction measurement using solenoid spectrometer for nuclear astrophysics (SSNAP)
	Abstract
	1 Introduction
	2 Experiment
	3 Data analysis and preliminary results
	4 Conclusion and future plan
	Acknowledgements 
	References


