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a b s t r a c t

A large time-of-flight (TOF) detector has been developed for the Rare-RI Ring. This detector consists of a
Multi Channel Plate (MCP) and a carbon foil. Secondary electrons from the carbon foil are transported to
the MCP by crossed electric and magnetic fields. In order to cover the beam size of the ring, a large and
thin carbon foil (100 mm � 50 mm2 and 60 lg/cm2) is used as a sensitive material. The time resolution of
r � 130 ps, the detection efficiency about 56% and a position dependence of the TOF about 1 ns are
obtained. A calculated position dependence of TOF adopting experimental (inhomogeneous) electric field
and a homogeneous magnetic field is in agreement with the experimental one. These results suggest that
the homogeneity of electric field is important to improve the time resolution in the large size detector.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

A Rare-RI Ring project [1–3] to measure masses of short-lived
rare RI with a precision of 10�6 is in progress at RIKEN. The mass is
determined by measuring a time-of-flight (TOF) of rare RI between
the entrance and the exit of the ring. A principle of the mass mea-
surement is described elsewhere [1–3]. For determination of nuclear
masses with the precision of 10�6, dedicated TOF detectors have
being developed. Three TOF detectors are planned to be installed;
two among three are placed at the entrance (start detector) and exit
(stop detector) of the ring and one inside the ring (beam monitor).
The required specifications for the start detector and the beam mon-
itor are: (i) Good time resolution less than 100 ps because the flight
time in the ring is about 0.7 ms. (ii) Small energy loss and energy
straggling to keep the energy of nuclei within the energy acceptance
and the energy distribution less than 10�5, (iii) Unchanging of the
charge state by passing through a detector to avoid reduction of
the transmission efficiency, and (iv) A large sensitive area to
match the beam size of 100 mm � 50 mm. The required specifica-
tion for the stop detector is only a good time resolution.

As a start detector, a thin plastic scintillator coupled with a pho-
tomultiplier tube (PMT) is adopted for light nuclei. Measurements

of the time resolution for the thin plastic scintillators were
conducted using Xe beam at E ¼ 200A MeV [5]. These results show
that a few tens of picoseconds of the time resolution were obtained
using 10-, 50-, 100-, and 500-lm-thick plastic scintillator. While a
new TOF detector consisting of thin carbon foil and Multi Channel
Plate (MCP) is prepared as a start detector for heavier nuclide
about A P 50 and as a beam monitor in the ring. The basic concept
of the TOF detector is same as those developed at ESR/GSI [6] and
CSRe/IMP [7], an enlargement of the sensitive area is needed to
cover a large beam profile in the Rare-RI Ring. Thus, we have been
developing a large TOF detector using a large and thin carbon foil
(100 mm � 50 mm and 60 lg/cm2) [8] and a large MCP
(95 mm � 42 mm).

Here we assume an interested nucleus is 78Ni28+ (E ¼ 200A MeV)
and the detector material is carbon. In view of the energy loss (DE)
and straggling (dE), a thickness t of the carbon foil is allowed up to
t ¼ 6 mg/cm2 for the start detector and t ¼ 50 lg/cm2 for the beam
monitor. The values of energy loss and straggling are calculated as
DE � 19 MeV and dE � 9:3� 10�3 MeV/u, DE � 0:160 MeV and
dE � 8:5� 10�4 MeV/u for t ¼ 6 mg/cm2 and t ¼ 50 lg/cm2, respec-
tively. In this case, 78Ni will circulate approximately 1000 turns. A
charge state after passing though the 6-mg/cm2-thick carbon foil is
calculated by CHARGE code [4] to be same as approximately 99.8%
that of before passing through.

2. TOF detector

A principle of the TOF detector is that a beam generates second-
ary electrons in passing through a thin carbon foil. These electrons

0168-583X/$ - see front matter � 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.nimb.2013.08.053

⇑ Corresponding author. Tel.: +81 298532496.
E-mail address: nagae@tac.tsukuba.ac.jp (D. Nagae).

1 Present address: RIKEN Nishina Center, RIKEN, 2-1 Hirosawa, Wako, Saitama
351-0198, Japan.

2 Present address: National Cerebral and Cardiovascular Center Research Institute,
5-7-1 Fujishiro-dai, Suita, Osaka 565-8565, Japan.

Nuclear Instruments and Methods in Physics Research B 317 (2013) 640–643

Contents lists available at ScienceDirect

Nuclear Instruments and Methods in Physics Research B

journal homepage: www.elsevier .com/locate /n imb

http://crossmark.crossref.org/dialog/?doi=10.1016/j.nimb.2013.08.053&domain=pdf
http://dx.doi.org/10.1016/j.nimb.2013.08.053
mailto:nagae@tac.tsukuba.ac.jp
http://dx.doi.org/10.1016/j.nimb.2013.08.053
http://www.sciencedirect.com/science/journal/0168583X
http://www.elsevier.com/locate/nimb


are transported to the MCP by crossed electric and magnetic fields.
The secondary electrons are accelerated to several keV by the
electric field to reduce the initial energy spread and angular spread
of the emitted electrons on time resolution. A schematic view of
the TOF detector is shown in Fig. 1. The accelerating electric field
is produced by nine potential plates, the carbon foil and the MCP,
and the magnetic field is produced by iron yoke and coils as shown
in Fig. 1. To achieve an isochronous condition, electric (E) and mag-
netic (B) fields, and a horizontal displacement of the secondary
electrons (D) are satisfied a relation [9], D ¼ ð2pm=qÞðE=B2Þ, where
m and q denote a mass and a charge of electron, respectively. The
horizontal displacement is chosen as D ¼ 140 mm, and the electric
and the magnetic fields are determined so as to a flight time
spectrum is narrow.

3. Experiment

Experiments to investigate property of the TOF detector were
performed by using a particle emitted from 241Am source and by
using heavy ion beams. As shown in Fig. 2(a), a small MCP was
set to detect the a particle at opposite of the 241Am. A time spec-
trum was obtained between the small MCP and the large MCP.
The position of the 241Am and the small MCP were moved in order
to obtain the position dependences of the time resolution and the
TOF. Other experiments were carried out by using the secondary
beam line, SB2 course [10] in the heavy-ion synchrotron facility,
Heavy Ion Medical Accelerator in Chiba (HIMAC) at National Insti-
tute of Radiological Sciences. Heavy ion beams such as 84Kr
(E ¼ 200A MeV), 60,64Ni (E � 300A MeV) were delivered to the final
focus of the SB2 course with a typical intensity of 2 �103 particles
per pulse. An experimental setup is shown in Fig. 2(b). In order to
investigate the time resolution, a TOF between a trigger detector
and the TOF detector was measured. As the trigger detector which
was located after a vacuum window of 100-lm-thick aluminum of
the SB2, a 1-mm-thick plastic scintillator of which both ends were
connected on PMTs was used. The TOF detector was placed about
1 m downstream of the trigger detector. Two parallel plate
avalanche counters (PPAC) were used to measure the position
distribution of the beam and to estimate the beam profile at the
carbon foil by a ray-trace technique.

4. Result

In order to obtain the suitable electric field, an electric field
dependence of the time resolution was measured using heavy
ion beams as shown in Fig. 3. In these measurements, the magnetic

field was set in order to satisfy the isochronous condition for each
electric field. The value of the time resolution decreases with
increasing electric field and stays a constant about r � 140 ps at
E=60 V/mm and over. In the following measurement, the electric
and magnetic fields were set at E ¼ 60 V/mm and B � 40 G, respec-
tively. An inhomogeneity of E along an electron trajectory (see
Figs. 1 and 2(a)) was calculated as 40% by using SIMION [11].
Shown in Fig. 4 by the solid line is an electric potential calculated
along the dashed line (x = 0 mm, z = 26.5 mm) in Fig. 2(a). The re-
sult suggests that an opening of the ground electrode and an elec-
tric potential of MCP distort the electric field to the opposite
directions. A measured inhomogeneity of B was about 4% as shown
in Fig. 5. A typical flight time spectrum obtained using 64Ni beam is
shown in Fig. 6. The time resolution was determined by fitting the
flight time spectrum with a Gaussian function. The fitting range
was selected so as to v2 � 1. The obtained width of the peak in-
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Fig. 1. Schematic view of the detector. A top yoke is not drawn to help the understanding.
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Fig. 2. (a) An experimental setup using 241Am source with the electric potentials
indicated. The dashed line indicates the calculation axis of the electric potential. (b)
A schematic view of setup using heavy ion beams.
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