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Abstract A new detector array characterized by compact

structure and large solid-angle coverage was designed for

radioactive ion beam (RIB) experiments and measuring

multi-particle correlations. A Monte Carlo simulation was

performed to explore the effects of beam drifts in different

directions and distances on the angular distribution of the

Rutherford scattering, as measured by the detector array.

The results indicate that when the beam drift distance is

less than 2.0 mm, the symmetry of the detector array can

maintain a count error of less than 5%. This confirms the

property of the detector array for RIB experiments. Fur-

thermore, the simulation was validated through the elastic

scattering angular distributions of 6;7 Li measured by the

detector array in 6;7Liþ209 Bi experiments at different

energies.

Keywords Large solid-angle detector array � Beam drift �
Monte Carlo simulation � Elastic scattering

1 Introduction

With the development of accelerator facilities in many

nuclear physics laboratories, the beams of weakly bound

nuclei are becoming increasingly available [1]. It is

becoming critically important to understand the influence

of weak binding on reaction dynamics, including elastic

scattering [2–5]. Through the elastic scattering angular

distributions of the weakly bound nuclei, reaction mecha-

nisms can be studied [6, 7]. Therefore, a precise mea-

surement of the elastic scattering angular distribution is

necessary for the study of weakly bound nuclei.

A double-sided silicon strip detector (DSSD) is widely

used for the measurement of charged particles because of

its high position, energy resolution, and detection effi-

ciency. Several well-known silicon detector arrays, such as

the EXPADES detector array, MITA, and compact disk

DSSD array [8–10], have been used for the measurement of

elastic scattering angular distributions in experimental

studies. A silicon detector array with a larger angle cov-

erage than the previous arrays [8–15], both in scattering

angles and azimuthal angles, was developed by the China

Institute of Atomic Energy (CIAE). The detector array was

characterized by a compact structure and small size. It

contained eight independent telescopes, each of which

consisted of two parts of silicon detectors: The first layer

was 40 (or about 60) lm DSSD, followed by one or two

layers of quadrant silicon detectors (QSDs) with different

thicknesses. The detector array was used in the experiment

of 6;7Liþ209 Bi at the HI-13 tandem accelerator in CIAE to
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obtain the elastic scattering angular distributions of 6;7 Li at

different energies. However, the elastic scattering angular

distributions measured by the array were sensitive to the

position of the beam spot on the target, while beam drifts

were common in the experiments. In this study, we con-

ducted Monte Carlo simulations to explore the effect of

beam drifts on the angular distribution of Rutherford

scattering. Through this method, we obtained precise

angular distributions, which are in agreement with the

calculated results.

In this paper, the detector array is described in Sec-

tion II. The experimental setup is presented in Sect. III. In

Sect. IV, we describe the Monte Carlo simulation method.

In Sect. V, the scattered events of 6;7Liþ209 Bi are selected

to obtain the elastic scattering angular distributions.

Finally, we provide our conclusions.

2 Description of the detector array

The detector array used in the experiment is shown in

Fig. 1. The detector array should have consisted of ten

detector telescopes; however, two telescopes were canceled

due to the lack of a silicon detector with the appropriate

thickness. Each telescopic unit contained one DSSD and

one (or two) QSDs. A mylar foil with a thickness of 0.5 lm
was installed in front of the telescope to protect the first

silicon detector from being hit by a low-energy electron.

Following the foil, a series of silicon detectors were

aligned in the same plane. Different units had different

arrangements. A DSSD with a thickness of about 40 lm
and a QSD with a thickness of 1000 lm were arranged in

units 1, 2, 3, and 4. In units 5, 7, and 8, in case the energy

loss of light particles in first layer of telescope was insuf-

ficient, a DSSD with a thickness of about 60 lm and a QSD

with a thickness of 300 lm, followed by a QSD with a

thickness of 1000 lm, were arranged. Due to the lack of

300lm thick QSD, a DSSD with a thickness of about 60

lm and a QSD with a thickness of 1500 lm were arranged

in unit 6. The gap between the mylar foil and DSSD was 1

mm, and the distance from the DSSD to the first QSD was

about 4 mm.

The DSSDs were divided into 16 strips for each side,

which had 50 � 50 mm2 total active area, making up 256

pixels of 3 � 3 mm2. The size of each pixel determines the

angular resolution of the detector array. Considering the

distance from the target to the DSSDs, which was about 70

mm (or 82 mm), the angular resolution in the center region

of each unit was at least about � 1:23� (or �1:05�), which
became better in the periphery area of the detector tele-

scopes in the laboratory frame. The QSDs were divided

into four squares, and each square had a 24� 24mm2

active area.

The eight DE-E telescopes surrounding the target were

installed on a designed and fixed frame. In the array, the

distance from the center of the DSSD to the target center

was 70 mm in units 1, 2, 3, 4, 7, and 8, and 82 mm in units

5 and 6. The angle of the center of each unit in the beam

direction, which is marked as h, is listed in Table 1.

Another angle, /, which is listed in Table 1, is the angle of

the center of each unit in the vertical plane. The arrange-

ment of eight telescopes made the array cover a large area,

both for the scattering angle and azimuthal angle. The

angular coverage of each unit is shown in Fig. 2.

To reduce the noise, the integrated preamplifiers

designed in CIAE [16] were installed close to the detectors,

so that the integrated preamplifiers were also arranged in

the reaction chamber, which was evacuated in the experi-

ment. A cooling system was used to decrease the temper-

ature, to ensure that the integrated preamplifiers functioned

stably. All integrated preamplifiers were installed on two

hollow brass disks, which were fixed on the top and bottom

of the array. During the experiment, the integrated

preamplifiers transferred their heat to the disks, and the

brass disks were cooled by the circulation of alcohol inside.

3 Experimental setup

The detector array was used to study the reaction

mechanism in the 6;7Liþ209 Bi systems at energies around

and above the Coulomb barrier. In the experiment, the 6;7

Li beams were accelerated to energies of 30, 40, and 47

Fig. 1 (Color online) Setup of silicon detector array. To see the

telescope units, the brass disk on the top is invisible. The rectangle

sign on the disk is where the integrated preamplifiers were installed,

and the left outstretched part is the input and output of the alcohol
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MeV, while the 6Liþ209 Bi experiment was performed at

an energy of 25 MeV. The schematic vertical view of the

experimental setup for 6;7Liþ209 Bi is shown in Fig. 3. The

self-hold target 209Bi with a thickness of 210 lg/cm2 was

located at the center of the detector array. To reduce the

blind area on the detectors caused by the target frame, the

target was tilted at 70� relative to the beam line, and

aligned to the gap of the units. A collimator with a diameter

of 3 mm was installed at 30 cm in front of the target along

the beam line to limit the beam spot size and position. Four

silicon detectors were installed at a distance of 250 mm

from the center of the target to monitor the beam intensity

and beam drifts. Two monitors with a diameter of 0.5 mm

were installed symmetrically at a scattering angle of 12:5�

in the horizontal plane, while the other two monitors with a

radius of 0.5 mm were installed at a scattering angle of 25�

in the vertical plane.

4 Simulation

It is common knowledge that the different reaction

positions of the projectiles on the target represent different

scattering angles for the particles measured by the same

detector pixel. The beam spot size of the radioactive ion

beam on the target was usually large (about 10 mm), which

affected the accuracy of the scattering angle of the particles

measured in the experiments. Therefore, several position-

sensitive detectors, such as parallel plate avalanche coun-

ters, were often placed in front of the target to reconstruct

the trajectories of beam particles and determine the reac-

tion positions. For the beam generated by the HI-13 tandem

accelerator, the beam spot size on the target was suffi-

ciently small (at most 1 mm), so that the scattering angle of

each particle could be directly obtained from the geometry

relationship between the fired silicon pixel and beam spot.

However, beam drifts, leading to changes in the reaction

positions of the beam particles on the target, were common

in the experiments, and the accuracy of the scattering angle

of the particles measured in the experiments was often

affected. To determine the influence of beam drifts on the

measurement via the detector array, a Monte Carlo

Table 1 Brief information on the detector array

Unit

NO.

Thickness of DSSD

(lm)

Thickness of front QSD

(lm)

Thickness of back QSD

(lm)

Distance between unit and target

(mm)

h (�) / (�)

1 40 1000 *** 70 132.07 139.23

2 40 1000 *** 70 132.07 40.77

3 40 1000 *** 70 132.07 220.77

4 40 1000 *** 70 132.07 319.23

5 60 300 1000 82 90 180

6 60 1500 *** 82 90 0

7 60 300 1000 70 47.93 139.23

8 60 300 1000 70 47.93 319.23

Fig. 2 (Color online) Angular coverage of detector array. Units 1–8

were used in the 6;7Liþ209 Bi experiment, and the other two

telescopes were canceled. The array covers the scattering angle h
from 24:31� to 155:69�, and 300:96� in the azimuthal angle /. Pixel
separation in each detector is exaggerated for clarity

Fig. 3 (Color online) Schematic plot of the experimental setup

viewed from a top–down perspective. The beam enters from the right

side of the figure
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simulation was performed to simulate the angular distri-

bution of the Rutherford scattering measured by the array

[17]. In the simulation, the aforementioned geometry of the

detector array including the eight telescopic units, was

implemented, and the number of simulated events was 108.

The beam particles were simulated with the energies

sampled from a Gaussian distribution with a large width to

cover a wide range of energies. The distribution was cen-

tered (mean) at 25 MeV with an energy spread (r) of 1

MeV. The ion distribution was uniform in circles with a

radius of 0.5 mm, which was consistent with the beam spot

size in the 6;7Liþ209 Bi experiments. The elastic scattering

occurred inside the target with the reaction positions

sampled from a random distribution along the beam line,

and the energy loss of the projectiles in the target was taken

into consideration by the calculation with the distances 6Li

traversed in the target.

The different beam drift distances in the horizontal and

vertical directions were both chosen in the simulation. We

used the ratios of the number of detected particles with

different beam drift distances to those with no beam drift in

the same pixels. By comparing the changes of ratios, the

influence of beam drifts was obtained. To distinguish the

directions of beam drifts, the distance was recorded as a

positive value when the beam drifted to the right or down

relative to the beam direction. The simulation results with

different drift distances in the horizontal direction are

shown in Fig. 4, while the results for beam drifts in the

vertical direction are shown in Fig. 5. To distinguish easily,

the scattering angles were partitioned into 4� bins. By

comparing Figs. 4 and 5, it was easy to observe that the

ratios were closer to 1 when all detectors were cooperating.

As shown in Fig. 4c, d, when the beam drifted in the

horizontal direction, the ratios were lower than 1.05 when

the beam drift distance was larger than - 2 mm, and higher

than 0.95 when the distance was less than 3 mm. When the

beam drifted in the vertical direction, as shown in Fig. 5c,

d, the difference between the ratios and standard value (the

dashed line) was less than 4% when the beam drift distance

ranges from - 5 mm to 5 mm. This indicates that the beam

drifts in the horizontal direction had a greater effect on the

measured elastic scattering angular distribution than those

in the vertical direction. This may result from the tilted

target and the asymmetry of the detectors in the horizontal–

vertical direction.

We concluded that the symmetrical placement of

detector telescopes is beneficial for correcting the effect of

beam drifts. The influence of beam drifts was small at

distances from - 2 mm to 4 mm in the horizontal direction

or from - 5 mm to 5 mm in the vertical direction, and the

count error was less than 5%. When the beam drift distance

was less than 1 mm, the influence was at most 2%.

5 Data analysis and results

To verify the above simulation, the elastic scattering

data of 6;7Liþ209 Bi, measured by the detector array, were

analyzed. The energy calibrations of the DSSDs were

performed utilizing the a particles decayed from the

evaporation residues in both complete and incomplete

fusion. In addition, two radioactive sources (239Pu and

Fig. 4 (Color online) The ratios with beam drifts at different distances in the horizontal direction. a, b Results with the units to the right and left

of the beam, respectively; c, d results with all units considering the symmetries of the array
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241Am), providing a particles at energies of 5.156 MeV and

5.486 MeV, were employed to calibrate the energy spec-

trum. Then, the calibrations of the QSDs were performed

by the energy deposited by charged particles in the QSDs,

which were determined by subtracting the energy measured

by the DSSDs from the expected energy of the particles

calculated by LISE?? [18].

The typical particle identification spectrum in
6Liþ209 Bi, which was obtained from one pixel of the unit

5 telescope at an energy of 40 MeV, is shown in Fig. 6a,

and the spectra measured by unit 4 at the same scattering

angle are shown in Fig.6b, c. As labeled correspondingly,

the banana-like regions in Fig. 6a–c can be identified as
6Li, protons, deuterons, tritons, and alphas.

A typical energy spectrum of 6Liþ209 Bi, which was

measured by unit 4 at an energy of 40 MeV, is shown in

Fig. 7. The energy resolution was about 2:0%, which was

sufficient to allow a clear separation between the elastic

and inelastic scattering events (the first excited state energy

of 6Li is 2186 keV). Then, the pure elastic scattering events

of 6Li were chosen to calculate the elastic scattering

angular distribution. This is the same for 7Li ? 209Bi.

Through the ratios of the elastic scattering events measured

by the symmetrical monitors over a period of time, the

average beam drift distance was obtained via calculation

using the program, Mathematica [19]. Owing to the

installed collimator, the beam drifts over the period of time

were limited. Then, the influence of beam drifts was cor-

rected via simulations using the determined beam drift

distance.

The angular distribution of elastic scattering is usually

described as the ratio of the reaction cross section to the

cross section of the Rutherford scattering, which is

obtained using equation [11]

drðhCÞ
drRUðhCÞ

¼ D
NðhCÞ
NRUðhCÞ

; ð1Þ

where parameter D is a normalization constant that can be

calculated by assuming that the elastic scattering is pure

Rutherford scattering at small scattering angles. Subscript

C refers to the center-of-mass frame. NðhCÞ is the elastic

scattering event at any scattering angle, and NRUðhCÞ is the
Rutherford scattering event with the same solid angles at

the same scattering angle in the center-of-mass frame.

We supposed the elastic scattering in 6Liþ209 Bi at an

energy of 25 MeV is pure Rutherford scattering because 25

MeV is below the Coulomb barrier of this system. There-

fore, in the 6Liþ209 Bi system, NðhCÞ is the elastic scat-

tering count measured in the experiment at designed

energies, and NRUðhCÞ is the experimental elastic scattering

count of 6Liþ209 Bi at 25 MeV. Then, the equation

becomes

dr6LiðhCÞ
dr6Li;RUðhCÞ

¼ D1

N6LiðhLÞ
N6Li;25MeVðhLÞ

; ð2Þ

where hL is the scattering angle of 6Li in the laboratory

frame, which corresponds to hC in the center-of-mass

frame, while D1 is the new normalization constant. The

influence of the detector efficiency and geometry of the

detector array was reduced by taking the elastic scattering

Fig. 5 (Color online) Ratios with beam drifts at different distances in the vertical direction. a, b results with the units above and below the beam,

respectively; c, d results with all units considering the symmetries of the array
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in 6Liþ209 Bi at an energy of 25 MeV into calculations as

Rutherford scattering.

For the calculation of the angular distributions of elastic

scattering in the 7Liþ209 Bi system at different energies, a

derivation is required. The number of Rutherford scattering

events can be deduced from the elastic scattering events in
6Liþ209 Bi at an energy of 25 MeV, and the transformation

equation is as follows:

N7Li;RUðh1;CÞ ¼ N6Li;RUðhCÞ
X7Li;RUðh1;CÞ
X6Li;RUðhCÞ

;

� dr7Li;RUðh1;CÞ
dX7Li;RUðh1;CÞ

dX6Li;RUðhCÞ
dr6Li;RUðhCÞ

;

ð3Þ

where hC and h1;C are the scattering angles of 6;7Li,

respectively, in the center-of-mass frames. X7Li;RUðh1;CÞ
and X6Li;RUðhCÞ are the solid angles of 6;7Li at the corre-

sponding scattering angles. If hC and h1;C correspond to the

same scattering angle hL in the frame of the laboratory

system, the Rutherford scattering events of 7Li at the

scattering angle h1;C can be described as:

N7Li;RUðh1;CÞ ¼ D2PN6Li;RUðhCÞ

sin4 hL þ sin�1 A6Li

A209Bi

sin hL

� �� �
=2

� �

sin4 hL þ sin�1 A7Li

A209Bi

sin hL

� �� �
=2

� � ;
ð4Þ

P ¼

1þ A7Li

A209Bi

� �2

þ2
A7Li

A209Bi

cos hL þ sin�1 A7Li

A209Bi

sin hL

� �� � !3=2

1þ A7Li

A209Bi

cos hL þ sin�1 A7Li

A209Bi

sin hL

� �� �

1þ A6Li

A209Bi

� �2

þ2
A6Li

A209Bi

cos hL þ sin�1 A6Li

A209Bi

sin hL

� �� � !3=2

1þ A6Li

A209Bi

cos hL þ sin�1 A6Li

A209Bi

sin hL

� �� �

;

ð5Þ

where D2 is a constant related to the energies of 6;7Li, and

P is the ratio of the solid angle of 7Li to 6Li in the center-

of-mass frame at the same scattering angle hL. Then, the
ratio to describe the angular distribution of elastic scat-

tering of 7Li with 209Bi can be calculated by substituting

Eq. (4) and Eq. (2) in Eq. (1).

Fig. 6 (Color online) Typical spectra of 6Liþ209 Bi measured at

ELab ¼ 40 MeV and hLab ¼ 89�. a Measured by the telescope

composed of DSSD and QSD in unit 5; b measured by the telescope

composed of DSSD and front QSD in unit 4; c measured by the

telescope composed of front QSD and back QSD in unit 4

Fig. 7 (Color online) Typical energy spectrum of 6Liþ209 Bi at

ELab ¼ 40 MeV and hLab ¼ 89�
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dr7Liðh1;CÞ
dr7Li;RUðh1;CÞ

¼ D3

P

N7LiðhLÞ
N6Li;25MeVðhLÞ

�
sin4 hL þ sin�1 A7Li

A209Bi

sin hL

� �� �
=2

� �

sin4 hL þ sin�1 A6Li

A209Bi

sin hL

� �� �
=2

� � ;

ð6Þ

where parameter D3 is the normalization constant for 7Li.

The normalization results of the elastic scattering for 6Li

on the 209Bi target at energies of 30, 40, and 47 MeV are

shown in Fig. 8a, while those for 7Li at the same energies

are shown in Fig. 8b. The results were fitted by the optical

model calculation program ‘‘Ptolemy’’ [20], and the

potential parameters and total reaction cross sections were

extracted from the model. Here, the Woods–Saxon func-

tion was selected as the shape function of the real and

imaginary parts of the nuclear potential. V, rV, aV,

respectively, andW, rW, and aW, respectively, represent the

amplitude, radius parameter, and diffuseness parameter of

the real and imaginary parts of the nuclear potential. The

fitting results are shown in Fig. 8 by the solid curves, and

the potential parameters and the total reaction cross sec-

tions are listed in Table 2. In Fig. 8, we observed that the

experimental data were fitted well at 30 MeV and 40 MeV,

while the fit lines deviated the experimental data at large

angles of 47 MeV, because the events measured at large

angles of 47 MeV were too small and other reaction

channels opened. Because the fitting results are in agree-

ment with the experimental data, the results in Table 2

provide the reference data for the nuclear potential and

total cross sections of 6;7Liþ209 Bi.

6 Summary

In this study, we conducted a study introducing the

elastic scattering measured by a large solid-angle covered

detector array, a silicon detector telescope array designed

in CIAE, which covered the scattering angle from 24:31� to
155:69� and 300:96� in the azimuthal angle in the labora-

tory system. By simulating the angular distributions of

Rutherford scattering measured by the detector array at

different beam drift distances in the horizontal and vertical

directions, we explored the influence of the beam drifts on

the angular distribution of the Rutherford scattering mea-

sured by the detector array, obtaining the precise angular

distribution of elastic scattering. The simulation results

indicate that benefiting from the symmetrical geometry of

the detector array, the count error was less than 2% when

the beam drift distance was less than 1 mm. The beam

drifts had a weak influence on the measurements with the

array.

The elastic scattering angular distributions, measured by

the detector array in the 6;7Li experiments with the 209Bi

target at energies of 30, 40, and 47 MeV and performed at

CIAE, were chosen to validate the simulation. After

obtaining the elastic scattering angular distributions of
6;7Li, the optical model calculation program ‘‘Ptolemy’’

was used to fit the results at different energies. The

Fig. 8 (Color online) Angular

distributions of elastic scattering

of (a) 6Li and (b) 7Li on 209Bi at

ELab ¼ 30; 40; 47 MeV. The

solid circles represent the

experimental data, and the solid

curves show the fitting results

obtained by the optical model.

Error bars are statistical only
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program fitted the experimental data well. The potential

parameters V, rV, aV, W, rW, aW, and total reaction cross

sections were extracted from the fitting. The agreement

between the experimental results and theoretical calcula-

tions and the previous results [21] verifies the accuracy of

the simulation. Furthermore, the method can be used in
8Bþ120 Sn and 7Beþ209 Bi experiments to confirm the

performance of the detector array for a deeper investigation

of the nuclear reaction mechanism.
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