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ワイヤーチェンバーの
ゲイン低下モデルの検証

東京大学大学院 理学系研究科
茂木 駿紀
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} MWDC層+ドリフト部から形成される検出器
} 粒子の３次元飛跡トラッキングが可能

ガス動作TPCの例
} ドリフト部を荷電粒子が通過するとガスが電離される
} 電子は電場によってMWDC層方向へとドリフトされる
} Anode wire近傍に到達した電子はカスケードを起こし増幅される

++++!

MWDC層

DriftHV面
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} J-PARCでの中性子寿命測定実験
!He吸収事象 $ + !He → !H + ' と(崩壊事象 $ → )* + ,̅- + ' を
Time Projection Chamber(TPC)で同時に計測

./ =
1

23454

⁄789: ;89:

⁄7< ;-

で寿命を求める
➡系統誤差の一部をキャンセル

54 中性子ビームの速度(2200m/s)
34

!He吸収事象の断面積(5/ = 54)

2 !Heの個数密度
789:

!He吸収事象の検出イベント数
7< (崩壊事象の検出イベント数
; 検出効率

中性子バンチ
��54

He: 85%, COK: 15%
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ワイヤー(MWDC層)
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82 CHAPTER 5. ANALYSIS

lation. The space charge effect has not been implemented into the simulation in the left graph. The
simulation of the right distribution considers the gain reduction due to the space charge effect. The
space charge effect has a direct influence especially for the 3He(n, p)3H distribution, and we can
see the implementation reproduces the experimental distribution better than before.
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Figure 5.15: Comparison in FPH_MAX distribution. The left graph shows the simulated distri-
bution without the space charge effect, whereas the right graph shows the simulated distribution
considering the space charge effect.

5.2.4 Adjustment for parameters of space charge simulation
The gain reduction due to the space charge effect is implemented as described above section. How-
ever, there is still a significant difference in the 3He(n, p)3H distribution as shown in the right
distribution of Figure 5.15. Since the distribution of the beta-decay events are well reproduced,
the discrepancy in the 3He(n, p)3H distribution is expected to come from the uncertainty of space
charge parameter. The modeling of the space charge effect in Eq. (5.16) is substantially a function
of one variable (f ‘d(∆E)

dl G0). Thus the space charge parameter f ′ is the only adjustable parameter
in the modeling. The optimum value is determined to minimize χ2 value from 36 keV to 300 keV
region. The χ2 parameter is defined as

χ2 =
300 keV∑

E=36 keV

[NEX(E)−NMC(E)]2

σEX(E)2 + σMC(E)2
, (5.20)

where NEX(E) and NMC(E) are the numbers of events whose FPH_MAX values are E in the
experimental and simulated distribution, respectively. σ(E) represents the standard deviation of
the number of events.

!He吸収事象と$崩壊事象は主にエネルギーで区別できる
} !He吸収事象
エネルギー損失大(陽子：~770keV)
} $崩壊事象
エネルギー損失小(電子：~10keV)

ところが，実際に得られたデータでは
!He吸収事象（エネルギー損失大）に
おいて測定値とMCの間でずれが存在

このゲイン低下の定量的な評価を目指す
長倉直樹，「Estimation of Systematic 
Uncertainties for Precise Neutron 
Lifetime Measurement」修士論文，2016
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ワイヤーチェンバーを高い増幅率で動作させ，エネルギーデポジット
の大きな信号を測定する際，ゲイン低下が生じる
我々はこのゲイン低下を自己誘導型空間電荷効果によるものと考えた
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円筒型ワイヤーチェンバーにおいて空間電荷
が軸対称に存在すると仮定(密度!(#))

} ゲイン低下量%を以下で定義

% ≡
log 1 + , Δ.Δ/ 01

, Δ.Δ/ 01

Anode wire
(半径2, +4)

Cathode(半径5, 0V)
#

,：空間電荷効果を押し込めたパラメータ（ガス種，ワイヤー径に依存）
⁄Δ. Δ/：ワイヤー長当たりのエネルギー損失密度

01：空間電荷がないときの増倍率

このモデルを検証し，測定されたエネルギー損失の補正を行う
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} 測定量との関係

! =
log 1 + ( Δ*Δ+ ,-

( Δ*Δ+ ,-
(0 < ! < 1) 2-10 1-10 1 10 210

0f*dE/dl*G
0

0.2

0.4

0.6

0.8

1s

gain reduction factor

• !：（実測のエネルギー損失）/（MCで計算したエネルギー損失）
• ⁄Δ* Δ+：入射粒子に対するワイヤーの角度を変えた時のエネルギー

損失から計算
• ,-：33Feのデータでエネルギーキャリブレーションを行い算出
• (：？？ ➡ フィッティングパラメータ
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TPCを作成し，陽子ビームを用いてゲインを測定

製作したTPC

TPC有感領域

PTEP 2018, 013C01 N. Nagakura et al.

Fig. 3. Wire geometry of the MWDC.

Table 1. MWDC specification.

overall size 130 mm (x) ×58 mm (y) × 130 mm (z)
sensitive region 90 mm (x) × 40 mm (y) × 90 mm (z)
rotation range 40◦–90◦ (w.r.t. beam direction)
gas composition He: 85 kPa, CO2: 15 kPa
drift field strength 4 × 102 V/cm
anode wire (8 ch) Au/W, 20 µm diameter
field wire (7 ch) Au/W, 50 µm diameter
cathode wire (15 × 2 ch) Au/W, 50 µm diameter
wire pitch 6 mm
multiplication factor ∼ 104

anode voltage (V0) ∼ 1700 V
upper electrode voltage 0 V
lower electrode voltage − 1500 V

Fig. 4. Overview of the 1 MV Tandetron accelerator at the University of Tsukuba.

4/10
Downloaded from https://academic.oup.com/ptep/article-abstract/2018/1/013C01/4823606
by University of Tokyo Library user
on 29 March 2018

MWDC層

Anode wire(1300-1800V)
Cathode wire(0V)
Field wire(0V)

DriftHV面(-1500V)
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筑波大学1MVタンデトロン加速器を用いてTPCに陽子ビームを入射
• 陽子ビームのエネルギー!"：1.35MeV, 2.0MeV
• Anode wireのビームに対する角度-：40° − 90°
• Anode電圧23：1300V − 1800V(増幅率105 − 106に相当)
• ガス：He 85%, CO; 15% (1atm)
の条件でゲインを測定

90mm

陽子ビーム
!" = 1.35MeV, 2.0MeV

-

Cathode wire

Anode wire
Field wire



���	�����
�

2018/9/12ILC����20189

!" = 2.0MeV, +, = 1350V でのpulse height 
➡低電圧(低増倍率)ではゲイン低下が生じない

PTEP 2018, 013C01 N. Nagakura et al.

Fig. 8. The variation of the peak position for the 55 Fe X-ray over an extensive period of time. The drift length
of the electrons is set at 1 cm (red) and 3 cm (blue).

Fig. 9. Comparison of the anode pulse height from experiment (black) and the energy deposit calculated by the
Monte Carlo simulation (red) for Ep = 2.00 MeV. φ was set between 40◦ to 90◦, and V0 = 1350 V was applied.
Here, the distribution of the calculated energy deposit was normalized so that its integral is in accordance with
that of the experimental distribution.

4.2. Stability
The long-period data of the MWDC were taken in order to evaluate the effects of gas contamination
and charge accumulation. The transition of the 55Fe X-ray peak position is shown in Fig. 8, where
red and blue represent drift lengths of 1 cm and 3 cm, respectively. The decrease in the pulse height
was measured to be about 5–10% per hour, which was described by an exponential function. Thus
55Fe X-ray data were taken before, after, and in the middle of the proton measurement to interpolate
the calibration factor by an exponential function.

5. Results
5.1. Energy deposit distribution at low anode voltage
The output pulse height for the proton beam was initially measured at a multiplication factor of
about 103. This result was compared with the energy deposit calculated by the Geant4-based Monte
Carlo simulation [9] with the MWDC geometry. Ep was set at 1.35 MeV, 1.68 MeV, and 2.00 MeV,
and V0 at 1350 V, 1310 V, 1250 V, respectively. φ was changed at intervals of 10◦ between 40◦ to
90◦ for every measurement condition. The energy deposit in the TPC sensitive region is calculated
to be 70 keV/cm to 80 keV/cm for a 2.00 MeV proton beam and 140 keV/cm to 190 keV/cm for
a 1.35 MeV proton beam, respectively. Figure 9 shows a comparison between the pulse height
distribution and calculated energy deposit at Ep = 2.00 MeV. This energy was sufficient for the

7/10
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by University of Tokyo Library user
on 29 March 2018



���	�����
�

2018/9/12ILC����201810

!" = 2.0MeV, +, = 1700V での ゲイン低下量/
➡角度の増加(ΔE/Δ3の増加)に伴い/が減少PTEP 2018, 013C01 N. Nagakura et al.

Fig. 10. Result of s for the proton beam measured at anode wire 4 as a function of φ at Ep = 2.00 MeV and
V0 = 1700 V.

proton beam to pass through the sensitive region of the MWDC from anode wire 0 to anode wire 7.
The calculated distribution of the energy deposit was normalized in this plot so that its integral
is in accordance with that of the experimental distribution. The energy deposit distribution of the
anode wires was reproduced by the energy deposit calculated using the Monte Carlo simulation. The
experimental distribution of different beam energies was similarly reproduced by the Monte Carlo
simulation.

5.2. Gain reduction factor at high anode voltage
Next the pulse height for the proton beam obtained with a relatively high multiplication factor (about
104) was compared with the energy deposit calculated by the Monte Carlo simulation. V0 was set
at 1540 V, 1570 V, 1700 V, and 1775 V for Ep = 2.00 MeV, and 1510 V, 1700 V, and 1760 V for
Ep = 1.35 MeV. The multiplication factor corresponds to about 3 × 103 for V0 = 1540, and 2 × 104

for V0 = 1760. The data were taken by changing φ at intervals of 10◦ between 40◦ to 90◦ to find the
dependence on dE/dl.

In this measurement, s was derived as the ratio of the output pulse height to the calculated energy
deposit. 55Fe X-ray data were taken in between the proton measurements for energy calibration and
to correct for the attenuation effect of the electrons. Figure 10 shows the obtained s distribution of
anode wire 4 at V0 = 1700 V and Ep = 2.00 MeV. The results of the Monte Carlo simulation for
different input values of f are also shown in the figure. The decrease of s with respect to φ can be
described by the increase of dE/dl.

5.3. Comparison of the result with the Monte Carlo simulation
The value of s was calculated based on the Geant4-based Monte Carlo simulation with the gain
reduction model described in Sect. 2. The value was compared with the experimental result, and the
f value that minimizes χ2/ndf was selected as the optimum value. Figure 11 shows the overall result
of the derived f values combined with different values of Ep and V0. The f values are consistent with
each other within their respective uncertainties, and averaged at f = (1.8+0.5

− 0.4)×10− 3 mm/MeV. The
experimental result of s as a function of φ was compared with the gain reduction model assuming
this parameter, as shown in Fig. 12. The comparison of the energy deposit distribution before and
after correcting for the space charge effect is also shown in Fig. 13, along with the energy deposit
distribution calculated by the Monte Carlo simulation. The energy deposit distribution corrected for
the space charge effect using the proposed model was able to reproduce the result of the Monte Carlo
simulation, showing the validity of the model.
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測定された!を最も良く再現する"をフィッテイングにより求めると

" = 1.8'(.)*(.+ ×10'.mm/MeVPTEP 2018, 013C01 N. Nagakura et al.
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Fig. 11. Combined result of the optimum f values. The black line represents the averaged value f = (1.8+0.5
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Fig. 12. Comparison of the measured gain reduction factor and the gain reduction model including the f
uncertainty.
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Fig. 13. Comparison of the enegy deposit distribution without and including the correction for the gain
reduction model. The distribution is obtained at anode wire 4, Ep = 2.00 MeV, and V0 = 1700 V.

6. Conclusion
An analytical model was developed for the gain reduction of a wire chamber caused by space charge
existing around its wires. This model describes the gain reduction as a function of dE/dl, G0, and
one constant parameter. In order to confirm the validity of the model, an MWDC was developed
and irradiated by a proton beam from a Tandetron accelerator. Ep , V0, and φ were varied during the
measurement. The value of the constant parameter was determined for various combinations of Ep
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測定されたエネルギー損失をこの!の値を使って補正，MCと比較

MCの結果を再現

PTEP 2018, 013C01 N. Nagakura et al.
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6. Conclusion
An analytical model was developed for the gain reduction of a wire chamber caused by space charge
existing around its wires. This model describes the gain reduction as a function of dE/dl, G0, and
one constant parameter. In order to confirm the validity of the model, an MWDC was developed
and irradiated by a proton beam from a Tandetron accelerator. Ep , V0, and φ were varied during the
measurement. The value of the constant parameter was determined for various combinations of Ep
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} 提案されたモデルでゲインの低下が説明できることが確認できた
} 空間電荷の振る舞いを押し込めたパラメータ!の値(ガス種，ワイ
ヤー径に依存)が決まれば，モデル式からゲイン低下が計算でき，
様々な実験で応用できる

} !の詳細な理解を目指し，アップグレードしたTPCで様々な線源・
ガス種の下，データ取得を行っている
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Backup
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} 中性子寿命
!" = 880.2 ± 1.0[s] (PDG 2018)

} 陽子計数法
容器に中性子を入射，
崩壊による陽子をカウント
} 中性子蓄積法
超冷中性子を容器に蓄積，
残った中性子をカウント

➡２つの測定手法により8.4[s]の差

上記手法とは異なる方法で中性子寿命を1[s]精度で測定する実験がJ-
PARC/MLFで行われている

PDG 2018

888.0 ± 2.0[s]

879.6 ± 0.7[s]

8.4[s]
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} !He吸収事象 $ + !He → !H + '
()*+ = -)*+×( 1 − exp −345
≅ -)*+(345

} 7崩壊事象 $ → 89 + ;̅< + '

(= = -<×( 1 − exp −
5
>?@

≅ -<(
5
>?@

>? =
1

34A@A

⁄()*+ -)*+
⁄(= -<

(4@ = 4A@A = const. )

@A 中性子ビームの速度(2200m/s)
4A !He吸収事象の断面積(@? = @A)

3 !Heの個数密度
()*+

!He吸収事象の検出イベント数
(= 7崩壊事象の検出イベント数
- 検出効率

5

中性子バンチ
((�,@A)

TPC
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Δ"の広がりを持つ空間電荷があるとき
# $ =

&'

2)$*Δ"
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$*Δ"
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.

,
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01

2$3243 $35 $3

'：ワイヤーの電荷線密度

境界条件 6 = const. より
6 = −,

>

-

# $ 2$ =
&' log ⁄B C

2)*Δ"
−

&

*Δ"
,
>

-

2$
1

$
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01

2$3243 $35 $3

E個の電子による増倍が終了しているとすると，

,
-

.

,
/

01

2$3243 $35 $3 ≡ G

HI/

JKL

MH N $ , N C = 0, N B = 1

MH： Q個の先行する電子があるときの増倍率
ただし，5 $ はスケールのみ変化，形状は変わらないとする．

Anode wire
(半径C, +6)

Cathode(半径B, 0V)
$

Δ"
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!を消去して

"# $ =
&

$log (+/-)
−

0

22$3Δ5
6

789

#:;

<7
1

log(+/-)
>
?

@ A $B

$B
C$B − A $

"# = "# $ = - =
&

-log (+/-)
−

0D

22-3Δ5
6

789

#:;

<7

ゲイン<#は"# $ のスケール"#のみに依存するとし， <# = exp H + J"#

と仮定
<# =

<9

1 +
0JD

223-Δ5
K<9

∴ M ≡
1

K<9
6

789

#:;

<7 =
log 1 + A

Δ"

Δ5
<9

A
Δ"

Δ5
<9

, A =
0JD

223-P


