
Simulation and prototype testing of multi-wire drift chamber
arrays for the CEE

Li-Ming Lyu1 • Han Yi1 • Li-Min Duan2 • Zhao Zhang1 • Zhi-Gang Xiao1

Received: 12 February 2019 / Revised: 1 October 2019 / Accepted: 5 November 2019 / Published online: 3 January 2020

� China Science Publishing & Media Ltd. (Science Press), Shanghai Institute of Applied Physics, the Chinese Academy of Sciences, Chinese

Nuclear Society and Springer Nature Singapore Pte Ltd. 2020

Abstract The building of a large-scale external-target

experiment, abbreviated as CEE, in the cooling storage ring

at the Heavy Ion Research Facility in Lanzhou has been

planned. The CEE is a multi-purpose spectrometer that will

be used for various studies on heavy-ion collisions. A

multi-wire drift chamber (MWDC) array is the forward

tracking detector of the CEE. In this work, GEANT4

simulations were performed for the MWDC forward

tracking array with a focus on the track reconstruction

algorithm. Combined with the time of flight information,

particle identification is achieved. The residue is about

30 lm, while the tracking efficiency is higher than 90%

with the current redundancy. In addition, a prototype of the

forward tracking system using three MWDCs was assem-

bled and tested using a high-energy proton beam. The firing

efficiency of the detector and the reconstruction accuracy

of the prototype were derived. The track residue for the

protons at about 400 MeV/c is better than 300 lm, meeting

the requirements of the CEE. Suggestions for improving

the performance of the forward tracking system are given.

Keywords CEE � Multi-wire drift chamber array � Track
finding and reconstruction

1 Introduction

At present, research on the equation of state of nuclear

matter and the phase diagram of the strong interaction

matter at high net-baryon number density are drawing

increasingly intensive attention. The heavy-ion collision at

intermediate and high energies is an important means to

explore this field. The cooling storage ring (CSR) at the

Heavy Ion Research Facility in Lanzhou (HIRFL) [1] can

provide full ion beams of many elements from carbon to

uranium with energies of up to 1 GeV/u and is an important

scientific device for the studies of high-energy nuclear

physics if equipped with an advanced detector.

The existence of a critical end point (CEP) of the first-

order phase transition between the quark–gluon plasma

(QGP) phase and the hadron phase has been widely

investigated [2]. It is believed that the CEP manifests itself

by an oscillation behavior of the high-order cumulants of

the distribution of certain conserved quantity as a function

of the system’s energy
ffiffi

s
p

[3]. The experimental non-

monotonous distribution of the net proton jr2 has been

reported in the first phase beam energy scan (BES-I) pro-

gram of the STAR collaboration [4]. However, the drop-

ping tail of the oscillation at the low energy side has not yet

been confirmed and is one of the scientific goals of various

heavy-ion facilities, including the FAIR (Germany), NICA

(Russia), and HIAF (China). Recently, various calculations

have suggested that the CEP is in the range of

T � 110 MeV and lB� 600 MeV [5], which can be

reached in the beam energy at several GeV/u in fixed-target

experiments. Thus, measurements in the energy region of

the HIRFL-CSR and HIAF are of significant interest.

The nuclear symmetry energy, i.e., the isovector sector

in the equation of state of nuclear matter in hadron phase
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has recently become a frontier in astrophysics and nuclear

physics [6–11], particularly after the GW170817 event

[12, 13], for which the density dependence of the symmetry

energy was an essential quantity to characterize the tidal

deformation of the two merging neutron stars [14–16]. To

study the symmetry energy at about 2q0 in terrestrial lab-

oratories, heavy-ion collisions at sub-GeV/u are favorable.

Both experiments and transport model simulations have

shown that the fireball formed in heavy-ion collisions

experiences the largest space-time volume and nuclear

stopping power in this energy region [17–19]. Therefore,

the sensitivity of the observables on the nuclear equation of

state at about 2q0 is optimized [19]. For these purposes, as

well as others, a large-scale multi-purpose spectrometer,

abbreviated as CEE [20], was proposed at the HIRFL-CSR

with the flexibility to continue running on future HIAF.

Before construction, it is necessary to verify that the

design of the spectrometer meets the requirements of

physical research through full simulations and prototype

tests. So far, many R&D works have been conducted for

the subsystems, including the time projection chamber

(TPC) [21] and time of flight (TOF) detectors [22–28],

multi-wire drift chambers (MWDCs) [20, 29–31, 31], beam

monitor [32], and readout electronics [33–36]. In the cur-

rent conceptual design [20], the forward tracking system

consists of two arms of MWDC arrays followed by a TOF

wall (eTOF) made of a multilayer-resistive plate counter

(MRPC) to measure the charged particles at forward

rapidity. Each arm consists of three MWDCs plus one

MRPC wall. In this article, the simulation studies and

prototype tests of the forward tracking MWDC array are

reported. Section 2 presents the simulation studies with a

focus on the track reconstruction; Sect. 3 presents the

results of the beam test of a large area MWDC array pro-

totype; and Sect. 4 presents a summary of this study.

2 Simulation study

Figure 1 shows the conceptual design of the CEE [20].

The CEE includes several subsystems. The main compo-

nent is a large acceptance dipole providing the magnetic

field to bend the charged particles. Inside the dipole is a

TPC recording the trajectories of the charged particles bent

by the magnetic field and delivering the momentum

information of the particles. Two complanate MRPCs are

installed on the left and right side of the TPC, the so-called

inner TOF wall (iTOF), to measure the TOF and further

provide particle identification. The TPC and the iTOF

cover the mid-rapidity region. On the downstream side of

the dipole, two arms of an MWDC array followed by a

TOF and an eTOF provide the measurement of the charged

particles at forward rapidity, covering the polar angle range

of h\30� in the laboratory. A silicon pixel detector, called

the top metal pixel detector, is installed close to the target

at the upstream side of the target to provide the incident

position of the beam. A barrel of MRPC arrays surrounds

the target covering the large rapidity region to measure the

light charged particles and provide a start timing signal

[22]. A zero-degree hadron calorimeter (ZDC) is installed

far at the downstream side of the target to measure the

collision centrality.

The MWDC is developed on the basis of the multi-wire

proportional chamber (MWPC) [37]. Field wires are added

between the signal wires to modulate the electric field and

to form drift cells near each signal wire. With the appro-

priate working gas, the drift velocity of the electrons in the

drift cell is substantially uniform, and the drift distance can

be determined from the drift time. Compared with the

MWPC, the number of signal wires and readout electronic

devices is much smaller. For the detailed structure of the

drift cell of the CEE MWDC, we refer readers to [31].

2.1 Model construction with GEANT4

GEANT4 is a Monte Carlo simulation software widely

used in the field of nuclear physics and particle physics

[38]. Because we concentrate on the simulation of the

MWDC array, only the magnetic dipole with a detailed

field map, the MWDC array, and the eTOF wall are con-

structed based on GEANT4, as shown in Fig. 2. The gap

size is 180 ðLÞ � 220 ðWÞ � 100 ðHÞ cm3, the volume size

of the homogeneous field (1% variance) is

100 ðLÞ � 110 ðWÞ � 80 ðHÞ cm3. The other geometric

information can be found in [20]. The field is calculated in

parallel with the design of the dipole. The field map is

shown in Fig. 3. Here, the z-direction is defined as the

beam direction, and the y-direction is defined as the vertical

direction, as shown in Fig. 1. The field in the vicinity of the
Fig. 1 (Color online) Schematic diagram of the CEE [20]
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first layer of the MWDC closest to the dipole is at the level

of 500 G, which is about 10% of the central region and is

ignored in the tracking procedure.

The event generator is designed based on the experi-

mental data of heavy-ion collisions in the same energy

region. As the output of the generator, the multiplicity and

phase-space distribution of the particles, including pions,

protons, and light charged particles, is linearly interpolated

from the phase-space distribution of the same species

measured in C?C, Ni?Ni, and Au?Au at beam energies

from 400 to 1200 MeV/u [39]. Because the yields and

width of the rapidity distribution vary monotonously with

the beam energy and with of the system’s size, respec-

tively, both longitudinally and transversely, the interpola-

tion generates a nearly true phase distribution of the

charged products in the CSR energy region. This method

can circumvent the deficiency of the transport model,

which usually overestimates the nucleon yield while

underestimating the yield of clusters. An energy of 600

MeV/u is selected because it is the typical energy of the

CEE in the HIRCL-CSR. The trajectories of the charged

particles originating from the collision at the target position

in the magnetic field are tracked. The responses of the

MWDC and the eTOF wall are simulated by recording the

energy deposition and firing position in the sensitive vol-

ume of the detector. The digitized data mainly include the

ID of the fired wires, the drift radius, and the energy loss in

the corresponding drift cell and the timing when the hit

appears in the eTOF wall.

2.2 Track finding and reconstruction based

on simulation data

As shown in Fig. 4, the drift chamber used in this work

consists of three layers of wires in different orientations.

The first layer is vertical (X orientation), and the second

and third layers are rotated clockwise and counterclock-

wise by 30 degrees (U and V orientations, respectively).

The normal planes perpendicular to these three orientations

are marked as the X?, U?, and V?, respectively. The dis-

tance between two adjacent layers is 4 cm, and the size of

one drift cell is 1 cm� 1 cm.

Based on the simulation data, an algorithm for track

finding and track reconstruction was developed. In general,

track finding and reconstruction can be processed in the

following steps depending on the specific geometric char-

acteristics of the detector used [40].

1. Hit information recognition: The hit spatial coordi-

nates and signal heights are extracted from the original

digitized fire information based on the geometric

database of the detector.

2. Local pattern recognition: In each detector, various hits

that may belong to the same track are recognized.

Fig. 2 (Color online) Forward tracking system and dipole of the CEE

constructed with GEANT4

Fig. 3 (Color online) Two-dimensional magnetic field distribution

(a); the projection of the field of By at z ¼ 0 (b); and projection of the

field of By at x ¼ 0 (c)
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3. Global pattern recognition: The track elements found

in the local pattern recognition stage are combined into

candidate tracks.

4. Track fitting: The candidate tracks are fitted. If the

fitting quality meets our accuracy requirement, it is

considered to be a real track; otherwise, the candidate

is rejected and released to the data for the next iteration

of finding and fitting.

Figure 5a describes how the hit is recognized in the

local pattern recognition stage. Three different directions

of the fired wires of the same drift chamber are considered

to form an isosceles triangle using the geometry of the

detector. The red lines in the left panel represent the wire

recording a fire, and the black dots represent the

approximate original position of the hit on the wire plane.

If the base length d of this triangle is less than a specific

threshold value (65 mm in this work), the three wires are

considered to form a hit. This value is related to the

MWDC parameters. We used tracks of simulation data to

accumulate this value, which can cover more than 95% of

the events. Following this recognition, several hits can be

found in each single drift chamber. Figure 5b presents a

schematic of the global pattern recognition procedure. The

red dotted line in the figure represents the plane in a certain

direction in each drift chamber, the black dot (the geo-

metric center of the triangle) represents the hit found in the

local pattern recognition in the corresponding chamber. We

fit each combination (linear fit) of two hits from the first

two chambers in a given plane and prolong the fit to the

third plane to match the third hit. As shown by the solid

black line, if the distance of the hit in the third chamber to

the intersection is within a certain window, the three hits

are considered to form a candidate track; otherwise the

finding procedure goes to the next iteration of hit candidate

recognition. At this stage, the algorithm aims at approxi-

mately assigning the hits to a certain track; thus, the drift

time and drift length information are not used, and only the

geometric characteristics of the fired wire are considered.

In the fitting phase, the fitting process is divided into two

steps, which are fitted using the least squares method, and

the drift length is carefully considered.

1. Two-dimensional fitting: This step is performed to fit

the track in each U?, X?, and V? plane. Figure 6 depicts

the three drift signals in a single plane. Considering the X?
plane as an example, fitting the candidate track in this plane

is equivalent to finding the common tangent line of three

circles. This procedure can be derived analytically,

assuming that the line is approximately perpendicular to

the sense wire plane. Under this assumption, if we

construct

v2 ¼ Ri

kx
0
i þ b� z

0
i

�

�

�

�

ffiffiffiffiffiffiffiffiffiffiffiffiffi

k2 þ 1
p � ri

 !2

; ð1Þ

the fitting procedure actually searches the values in the

vicinity of minimum v2. Here, the Z
0
direction refers to the

direction perpendicular to the MWDC plane. The slope k

Fig. 4 (Color online) XUV sense wire direction of multi-wire drift

chamber. The planes perpendicular to the X, U, and V wires are

denoted as X?, U?, and V?, respectively

Fig. 5 (Color online) Schematic view of the local (a) and global

(b) pattern recognition

Fig. 6 Two-dimensional fitting to three circles with the radius being

the drift length recorded on each individual wire
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and the intercept b , assuming they are small enough, can

be deduced by

b ¼ z
0

2 þ ðr1 þ r2 þ r3Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi

k2 þ 1
p

3

k ¼ x
0

2z
0

2 þ ðx0

1r1 þ x
0

2r2 þ x
0

3r3Þ
ðx02

1 þ x
02
2 þ x

02
3 Þ � 3b2 � z

02
2 � 2z

0
2bþ bðr1 þ r2 þ r3Þ � r2z

0
2

;

8

>

>

>

<

>

>

>

:

ð2Þ

where ri (i ¼ 1; 2; 3) is the radius of each circle, and (x
0
i, z

0
i)

(i ¼ 1; 2; 3) are the coordinates of the center of each circle

in the local coordinate system fixed to the MWDC plane. It

should be pointed out that the assumption that the slope and

the intercept of the common tangent are small enough can

always be met by coordinate transformation.

After the two-dimensional fitting procedure in all three

planes, the fitted lines are used as the initial condition in the

three-dimensional fitting, as described below.

2. Three-dimensional fitting: The function of the line in

three-dimensional space is fitted to obtain the real track.

Here, we assume that the residual magnetic fields in the

locations of the MWDCs are negligible and the track forms

a straight line penetrating the MWDCs, which can be

expressed as [41]

x
0 ¼ az

0 þ b

y
0 ¼ cz

0 þ d
:

(

ð3Þ

In the ideal case, this track is identical to the three lines

given by the two-dimension fitting in the three planes U?,
X?, and V?. In reality, however, the three lines do not

necessarily coincide perfectly; thus, the real track is again a

fitted line in the three-dimensional coordinate space

minimizing

v2 ¼ Ri

½x0
i � ðacosai þ csinaiÞz

0
i � ðbcosai þ dsinaiÞ�2

1þ ðacosai þ csinaiÞ2
;

ð4Þ

where ai is the angle between the wire and the vertical

direction. Taking the partial derivative of v2 with respect to

the parameters a, b, c, d and ignoring the high-order small

quantity, one obtains

Riz
02
i ðcosaiÞ

2
aþ z

0
iðcosaiÞ

2
bþ z

02
i sinaicosaicþ z

0
isinaicosaid � x

0
iz

0
icosai ¼ 0

Riz
0

iðcosaiÞ
2
aþ ðcosaiÞ2bþ z

0

isinaicosaicþ sinaicosaid � x
0

icosai ¼ 0

Riz
02
i sinaicosaiaþ z

0

isinaicosaibþ z
02
i ðsinaiÞ

2
cþ z

02
i ðsinaiÞ

2
d � x

0

iz
0

isinai ¼ 0

Riz
0
isinaicosaiaþ sinaicosaibþ z

0
iðsinaiÞ

2
cþ ðsinaiÞ2d � x

0
isinai ¼ 0

;

8

>

>

>

>

<

>

>

>

>

:

ð5Þ

where a, b, c, d are the parameters of the line in which the

track is located; x
0
i and z

0
i (i ¼ 1� 9) are the intersection

coordinates of the perpendicular line and the circle,

respectively, where the perpendicular line extends from the

point where the wire is located to the line obtained by two-

dimensional fitting, and the circle is centered at the location

of the fired wire and has a radius equal to the drift length,

as depicted in Fig. 7.

Figure 8 presents the distribution of the tracking reside,

defined as the difference between the drift length and the

distance from the wire to the track in each X?, U?, and V?
plane. The results are accumulated for 8985 tracks con-

taining all the light charged particles from the simulated

data. Through a double Gaussian fitting, we obtain an

average root mean square (RMS) of the residual distribu-

tion of 29 lm. It should be pointed out that this result

includes the effects of multiple scattering in air and other

materials of the detectors, treated automatically in the

simulation. The uncertainties caused by the detection are

not considered. To check the track finding efficiency in a

high multiplicity environment, we simulated 500 events

randomly with each event containing ten tracks. It was

found that, with the current track finding procedure, more

than 90% of the tracks can be reconstructed, and the resi-

due is not deteriorated.

2.3 Momentum reconstruction and particle

identification

The final step is the reconstruction of the particle

momentum with the magnetic field. We developed a track

reversal algorithm that does not require an ideal homo-

geneity of the field. The particle is reversely incident into

the magnetic field along the reconstructed linear track. The

deflection in the magnetic field is calculated step by step

until the track passes through the transverse plane o-xy at

the target position. The ratio of momentum to charge, p /

q (the charge is fixed at 1 in this work), is iteratively

adjusted according to the position of the particle relative to

the target. The iteration is ceased when the particle hits the

target point within a given precision, taken as the beam

spot size (10 mm in this work). In order to make achieve

fast iteration and a reasonable momentum, the initial value

of the momentum is calculated analytically by assuming

that the magnetic field is uniform in the area of the dipole

in the y-direction. Figure 9 shows the projection of the

track in the XZ plane. The red dot represents the target

Fig. 7 The position relationship of a fitted track and a drift circle. The

cross point (x
0

i, z
0

i) is marked
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point; the black frame is the magnetic field region; the solid

red line is the reconstructed track in the form of a straight

line from the MWDC array measurement, and the red

dotted line is the extension of the track into the magnetic

field. The solid blue and green lines represent the position

where the track is reversed to the o-xy plane with a particle

momentum being too small or too large, respectively.

In the case where the deflection angle dh of each step is

sufficiently small, a sufficiently small step size can be

obtained, as shown in Fig. 10. The magnetic field will

change the position and the direction of the momentum of

the moving charged particles. Considering the momentum

in the x-direction and the magnetic field in the y-direction

as an example, the displacement in the z-direction is

dz ¼ rPxBydh
dh
2
; ð6Þ

and the displacement in the x-direction is

dx ¼ rPxBydh 1� dh2

8

� �

; ð7Þ

the momentum change in the z-direction is

dPz ¼ Pxdh: ð8Þ

The displacement and change in the direction of the

momentum produced by the momentum in other directions

under the action of the magnetic field can be obtained

similarly. The displacement and change in the direction of

the momentum are accumulated to obtain a change in the

position and direction of the movement in one sufficiently

small step.

In the case of a detector array with a spatial resolution of

29 lm, the beam spot size is assumed to be 10 mm. The

difference between the reconstructed momentum and the

Monte Carlo truth track momentum is shown in Fig. 11.

Here, 300 lm hit position residues and a TOF resolution of

60 ps are incorporated in the simulation. It is shown that

the final momentum resolution is 4%. Using this momen-

tum resolution and taking into account a TOF resolution of

about 60 ps, one can arrive at a clear particle identification,

as shown in Fig. 12, where the events of Sn?Sn at 600

MeV/u are used.

3 Experimental study

3.1 Experimental situation

In order to further verify the feasibility of the forward

tracking system of the CEE, a prototype system was built.

As shown in Fig. 13, the system consists of three drift

chambers with a sensitive area of 40� 40 cm2. The dis-

tance between two contiguous signal wires of the same

layer is 20 mm, which is also the distance between two

Fig. 8 (Color online) Tracking reside distribution in GEANT4

simulation and reconstruction. The blue dotted curves are the two

Gaussian fits and the solid red curve is the sum

Fig. 9 (Color online) Schematic view of the track reversal algorithm

in momentum reconstruction

Fig. 10 (Color online) The momentum in the x-direction produces a

displacement and the momentum direction changes under the action

of the magnetic field By in the y-direction

Fig. 11 (Color online) Momentum resolution defined by the error

between the Monte Carlo truth input and the reconstruction value.

The blue dotted curves are the two Gaussian fits and the solid red

curve is the sum
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contiguous layers. The distance between two contiguous

drift chambers is 199 mm. Two plastic scintillators with

sizes of 500� 150� 15 mm3 in front of and behind the

drift chamber array, respectively, are installed to provide

the start timing of the track and to trigger the data acqui-

sition. The entire unit is installed on a rigid aluminum

frame.

The working gas of the drift chamber is a mixture of

argon (90%) and carbon dioxide(10%). The preamplifier is

designed based on a current-amplification scheme [42], and

the data acquisition system is based on flash ADC [43]

requiring a trigger signal from the coincidence of the four

PMT signals of the scintillators.

The beam test of the prototype was carried out in the E3

test beam at the Institute of High Energy Physics, Chinese

Academy of Science. The incident beam is generated by a

2.5 GeV primary electron beam hitting a Beryllium target.

The momentum of the secondary beams, which are mixed

mainly with protons, pions, and very few mixed events, are

selected by a magnetic dipole behind the primary target

station. The beam used in the prototype test has a

momentum of 400 MeV=c or 500 MeV=c, and a count rate

of about 100/min.

3.2 Analysis and discussion of results

Figure 14 presents the correlation between the TOF and

the energy loss measured by the two scintillators, with only

a few components presented. The TOF is recorded by the

two scintillators. Several components are visible in the

plot. The two main peaks are produced by protons and

pions. Pions are situated in the region with very small

energy loss for the minimum ionization feature. Figure 15

depicts the correlations between the energies in the two

plastic scintillators. Pions and protons with similar P/Q can

be seen in the plot, as well as the two-proton events with

very small P/Q. The random coincidence between the

single proton and double protons are visible. By imposing a

window cut on the two plots, the pure single proton events

can be selected. As a result, with a total of 155,525 events,

we obtained 102,127 single proton events. With these

selected one-proton events, one can count the multiplicity

of the fired wires Mw in each layer, as shown in Fig. 16.

Clearly, with the clean one-proton events, the multiplicity

distribution peaks at 1. An extension to Mw[ 1 is visible,

indicating that, in some layers, the neighboring wires may

also be fired simultaneously. From the multiplicity

P/Q (GeV/c)
2− 0 2 4 6

)2
(M
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s/

Q
) 

(G
eV
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-π

+π

P

He3

Li6He, 4D, 

T

Fig. 12 (Color online) Particle identification achieved in GEANT4

simulation, considering 300 lm tracking residues and a TOF resolu-

tion of 60 ps. [20]

Fig. 13 (Color online) Schematic view of the prototype system (a),
and the prototype system mounted for the beam test (b)

Fig. 14 (Color online) Scattering plot of the TOF signals and the

energy loss in the scintillators
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distribution, with a threshold of Mw � 1, one can compute

the efficiency of each layer, as summarized in Table 1. The

average efficiency is between 70% and 80%, with an

exception in the V1 wire plane. The firing efficiency is not

high enough for the protons at this energy, because the

working voltage is lowered to avoid the high leakage

current arising from the high air humidity present at the

time of the experiment (conducted in summer). In addition,

one wire of the V1 layer is out of order, causing an even

lower efficiency in this layer, as indicated in the third

column in Table 1.

Unlike in the GEANT4 simulations, in the real test, the

firing efficiency of each layer is less than 100%. Thus, the

algorithm based on the simulation data has to be improved

to overcome the inefficiency of the chambers. In particular,

in the hit recognition, it is no longer required to have three

wires being fired. The incident particle may only fire one or

two wires in a certain chamber. Clearly, in order to con-

struct a real track in three-dimensional space, the minimum

hit multiplicity is 2, and the minimum wire multiplicity is

5. The multiplicity refers to the number of firing wires

included in the candidate track. Using the improved

searching method, the search efficiency was higher than

99%.

Figure 17 depicts the collinear characteristics of the hits

in the three chambers. Panel (a) displays the schematic

pattern of the fired wires viewed from different planes, e.g.,

the X? plane. The blue dotted lines represent the sense wire

planes X of the three chambers, the red dots represent the

fired wires in the candidate track, and the solid black lines

represent the two track segments connecting fired wires in

the first and second two chambers. It can be expected that

the three fired wires viewed in the normal plane X?, shall
lie close to a straight line, and the angle between the two

track segments satisfies a12 	 180�. The panel (b) of

Fig. 17 presents the distribution of a12. It is shown that the

main peak appears in the vicinity of 180� with some dis-

crete values on the left side. This is a natural broadening

effect because the broadening of the beam spot is larger

than the size of one single drift cell, and the drift length

was not applied in this plot.

The tracking fitting algorithm for the data is the same as

that in the simulation. However, in the experiment, the

processing of the signal acquired by the flash ADC system

has to be treated carefully. Digital signal filtering has been

introduced to enhance the signal-to-noise ratio. The details

of the technique are described in [43]. Furthermore, the

relationship between the drift length Ld and the drift time

Td, which is determined by the time difference between the

arrival of the signals of the drift chamber and scintillators,

has to be calibrated before the fitting procedure. The cali-

bration method is described in [31].

The results in Fig. 17 suggest that the track patterns are

accurate and further track fitting can be processed. Because

there are only three chambers and nine layers of sense

wires, in order to access the tracking quality with the

maximum redundancy, the tracks with nine wires fired,

with one wire on each plane, are further selected to cal-

culate the tracking residue, as shown in Fig. 18. Using a

double Gaussian fit for the main peaks between 
1 mm,

the weighted average of the standard deviations of the two

Gaussian peaks is found to be 295 lm.

The uncertainty of 295 lm results from many sources of

uncertainty, including those from the TOF broadening of

the beam, the space-time relation, the signal distortion, and

the mechanical accuracy in the assembly of the chamber.

Except for the mechanical accuracy, all other terms, sum-

ming up to 150 lm [44], can be evaluated in the test of

electronics and data analysis. For the mechanic accuracy, it

Fig. 15 (Color online) Scattering plot of the energy loss signals in the

two scintillators

Fig. 16 (Color online) Fired wire multiplicity distribution in the 9

sense wire planes

Table 1 Fired wire multiplicity

of the 9 layers
Layer X1 U1 V1 X2 U2 V2 X3 U3 V3

Efficiency 0.80 0.76 0.68 0.80 0.79 0.75 0.76 0.73 0.72
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is found that, unlike in the calibration test where the dis-

placement is reasonably small and can be corrected, the

relative mechanical displacement of the wire planes is

comparable with the residue. It is also found that the cal-

ibration of the displacement does not bring significant

improvement. Therefore, it is very important to improve

the mechanical assembling accuracy in the future mass

production of chambers.

The redundancy of tracking is an important factor.

Because there are three chambers in a row of the MWDC

array prototype, there should be one layer of sense wire

plane for a given orientation (X, U, or V) in each chamber

to reduce the total number of electronic devices by 50%.

The ability of tracking may not be influenced as predicted

by the simulation. However, in real experiments, the

redundancy of the tracking is reduced due to the non-per-

fectness of the detector or the signal, particularly for the

tracks with a fired wire multiplicity of less than nine. Thus,

we suggest resuming, as traditionally done, the design of

two sense wire planes displaced by half the size of the drift

cell for each direction of sense wire in each chamber.

4 Summary and outlook

Based on GEANT4 packages, the forward tracking

system of the CEE was constructed, and the response of the

detector was simulated. The tracking algorithm was

developed for the MWDC system. A tracking residue of

29 lm and a momentum resolution of 4% were achieved in

the simulation. A prototype of the tracking array consisting

of three MWDCs with a sensitive area of 40� 40 cm2 and

two scintillators as trigger detectors were built and tested

using the proton beam at 400 MeV/u. Then, the firing

efficiency was measured, and a tracking residue of 295 lm
was achieved. Based on the prototype test, improvement in

tracking redundancy and the mechanical assembly accu-

racy are suggested.
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