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֓ཁ

ਅۭதͰͷϋυϩϯ࣭ྔ͸ɺQCD࿨ଇͳͲͷཧ࿦తΞϓϩʔνʹΑͬͯ QCDʹ͓͚

ΔΫΥʔΫॖڽͱ͚ؔͮ܎Δ͜ͱ͕ՄೳͰ͋Δɻզʑ͸༗ີݶ౓ԼͰͷϋυϩϯ࣭ྔεϖ

ΫτϧΛଌఆ͢Δ͜ͱͰɺ࣮ݧͷཱ৔͔Β༗ີݶ౓ʹ͓͚ΔΫΥʔΫॖڽͷৼΔ෣͍Λௐ

΂Δɻ

զʑ͸ J-PARCϋυϩϯ࣮ࢪݧઃͷߴӡಈྔϏʔϜϥΠϯʹ͓͍ͯɺີ֩ࢠݪ౓Լʹ

͓͚Δ φ தؒࢠͷ࣭ྔεϖΫτϧଌఆΛ͏ߦɻ࣮ݧͰ͸ 30GeVɺ1 × 1010/spill(1 εϐ

ϧ͸໿ 2ඵ)ͷཅࢠϏʔϜΛಔඪతٴͼ୸ૉඪతʹরࣹ͠ɺ֩ࢠݪ಺ʹ φதؒࢠΛੜ੒͢

Δɻͦͯ͠ɺφ → e+e− ่յͰੜ੒͞ΕͨిࢠɾཅిࢠରΛଌఆ͠ɺෆม࣭ྔ๏Λ༻͍

ͯ φதؒࢠͷ࣭ྔΛߏ࠶੒͢Δɻਅۭதͱൺֱͨ͠৔߹ͷεϖΫτϧͷมܗΛੵݟ΋Γɺ

QDC࿨ଇΛ༻͍Δ͜ͱͰ༗ີݶ౓ԼͰͷ sΫΥʔΫॖڽͷ஋ʹ੍ݶΛ༩͑Δɻ

ຊ࣮ݧͷલ਎Ͱ͋Δ KEK-PS E325࣮ݧͰ͸ɺ࣭ྔ෼ղೳ 11MeV/c2 ͰଌఆΛ͍ߦɺ

φ தؒࢠʹ͍࣭ͭͯྔͷݮগ޲܏Λ؍ଌͨ͠ɻຊ࣮ݧͰ͸࣭ྔ෼ղೳ 8MeV/c2 ͷԼͰ

E325࣮ݧͷඦഒͷ౷ྔܭΛऩू͠ɺ֩಺ͷ࣭ྔεϖΫτϧʹ͍ͭͯ֬ఆతͳ৘ใΛಘΔ

͜ͱΛ໨͢ࢦɻ

τϦΨʔʹ༻͍Δνϟϯωϧ਺͸͍͓ͯʹݧ࣮ 2,620chͱଟ͘ɺ௚઀ҰͭͷϞδϡʔϧ

Ͱड৴͢Δ͜ͱ͸Ͱ͖ͳ͍ɻͦͷͨΊτϦΨʔΛܾఆ͢ΔϞδϡʔϧͷલஈʹɺτϦΨʔ

Λத͢ܧΔϞδϡʔϧΛઃஔ͢Δ͜ͱͱͨ͠ɻ

τϦΨʔதܧϞδϡʔϧ͸ຊ࣮ݧͷͨΊʹ৽͞࡞ΕͨϞδϡʔϧͰ͋ΓɺLVDS৴߸ͷ

ೖྗίωΫλɺσʔλॲཧΛ͏ߦ FPGAνοϓɺSFP+ͱݺ͹ΕΔޫτϥϯγʔόʔ͔

ΒͳΔɻ͜ͷϞδϡʔϧͰ͸ɺ1 Ϟδϡʔϧ͋ͨΓ 256 νϟϯωϧͷ LVDS ৴߸͔Βཻ

ஈϞδϡʔϧ΁ͱૹ৴͢Δɻޙ৘ใΛऔಘ͠ɺγϦΞϥΠζͯؒ࣌͠ग़ͷݕࢠ

ຊڀݚͰ͸ɺFPGA ͷϑΝʔϜ΢ΣΞΛ։ൃ͠ɺೖྗ෦෼ͱ߹ΘͤͨੑೳධՁΛͬߦ

ͨɻධՁ͸ؒ࣌෼ղೳɺੵ෼ඇ௚ઢੑɺඍ෼ඇ௚ઢੑɺ୹෯৴߸΁ͷԠ౴ɺ୹ִؒ৴߸΁

ͷԠ౴ʹ͍͍ͭͯߦɺ͍ͣΕ΋࣮ݧʹे෼ͳੑೳ͕ಘΒΕ͍ͯΔ͜ͱΛࣔͨ͠ɻ·ͨɺ࣮

࠾ɺϑΝʔϜ΢ΣΞͰ͍ߦͰϞδϡʔϧ΁ೖྗ͞ΕΔ৴߸ʹ͍ͭͯγϛϡϨʔγϣϯΛݧ

༻͍ͯ͠ΔϩδοΫͷϨʔτ଱ੑʹ͍ͭͯͨ͠࡯ߟɻ

ຊ࿦จͰ͸ɺτϦΨʔதܧϞδϡʔϧͷϑΝʔϜ΢ΣΞ࣮૷ɺੑೳධՁɺγϛϡϨʔ

γϣϯͷৄࡉʹ͍ͭͯड़΂Δɻ
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ୈ 1ষ

ং࿦

զʑ͸ φ → ee൓ԠΛ༻͍ͨɺີ֩ࢠݪ౓Լʹ͓͚Δ φதؒྔ࣭ࢠଌఆΛ J-PARC E16

͸ʹݧը͍ͯ͠Δɻ࣮ܭͱͯ͠ݧ࣮ 1 × 1010/spill(1εϐϧ͸໿ 2ඵ)ͷେڧ౓ཅࢠϏʔ

Ϝͱେཱମ֯ͷݕग़܈ثΛ༻͍ɺεϖΫτϧʹ͍ͭͯܥ౷తڀݚΛ͏ߦɻݕग़ث৴߸͸

112,996 chɺ·ͨτϦΨʔʹ༻͍Δνϟϯωϧ਺͸ 2,620 chͱଟ͍ɻͦ͜Ͱզʑ͸ɺτϦ

ΨʔΛܾఆ͢ΔϞδϡʔϧͷલஈʹ৴߸Λू໿͢ΔϞδϡʔϧΛ։ൃ͢Δ͜ͱͱͨ͠ɻຊ

࿦จ͸͜ͷ TRG-MRGͱݺ͹ΕΔϞδϡʔϧͷϑΝʔϜ΢ΣΞ࣮૷ͱͦͷੑೳධՁʹͭ

͍ͯड़΂Δ΋ͷͰ͋ΔɻຊষͰ͸ڀݚͷ෺ཧతഎܠͱɺཧ࿦ɺ࣮ ঢ়ʹ͍ͭͯड़΂Δɻݱͷݧ

1.1 ෺ཧతഎܠ

ਅۭதͷϋυϩϯ࣭ྔͷҰ෦͸ɺΧΠϥϧରশੑͷࣗൃతഁΕͱͦΕʹ൐͏ΫΥʔΫڽ

ॖʹΑͬͯ୲ΘΕ͍ͯΔͱ͑ߟΒΕ͍ͯΔɻҰํ༗ݶԹ౓ͳ͍͠༗ີݶ౓Ͱ͸ɺΫΥʔΫ

ΒΕΔɻਤ͑ߟͷ஋͸ࣗൃతഁΕͷ෦෼తճ෮ʹΑΓখ͘͞ͳΔͱॖڽ 1.1ʹ NJL໛ܕ

Λ༻͍ͯ͞ࢉܭΕͨΫΥʔΫॖڽͷظ଴஋ʹର͢ΔԹ౓ٴͼີ౓ґଘੑΛࣔ͢ [1]ɻैͬ

ͯਅۭதͱൺֱͯ͠ɺີ֩ࢠݪ౓ԼͰ͸ϋυϩϯͷ࣭ྔεϖΫτϧʹมݟ͕ܗΒΕΔ͜ͱ

͍ͯ༺Λࢉܭతʹଌఆ͠ɺཧ࿦ݧΛ࣮ܗ଴͞ΕΔɻมظ͕ QCDͷॖڽͱ݁ͼ͚ͭΔ͜ͱ

Ͱɺ༗ີݶ౓ԼͰͷΫΥʔΫॖڽͷ஋ʹ੍ݶΛ͚ͭΔ͜ͱ͕Ͱ͖Δɻ
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W. Weise / Nuclear aspects of chiral symmetry 65c 

is trivial, so that tile local change of the scalar density is Aps(r)  = ps(r) - ps(o~) = 
- ( f i t ,  + dd)oO(R - r). The sigma term becon,es 

o [ 4 ~  2 2 aN = m ~ 'l'3r Aps(r)  = --~-R°m, f~, (17) 

where we have used the GOR relation again, itence one finds R "" 0.S fro for on, = 
45 M e V .  In this picture, each nucleon represents a small volume 4rrRa/3 ~ 2fro 3 inside 
of which chiral symmetry is locally restored. This volume is about one third of the specific 
volume o = p~-! 2 5.9fro a availahle to a nucleon in nuclear matter,  in practice, the scalar 
density profile of the nucleon is generally not that simple, but essential features remain 
[15]. 

Figure 2: Picture of the nucleon as an "impurity" in the non-pertnrbative vacuum. 

ChirM effective theories have been used extensively in order to estimate both the 
density and the temperature dependence of the {~q) condensate. Its behaviour with 
temperature,  in the chiral limit, is determined entirely by the pion decay constant. [16]: 

< ~ q > r  = 1 -  + O  (18) 
< eq >r:0  2 \2f ) 

(for N! = 2 flavours). Below T <~ 100 M c V ,  there is hardly any variation with temper- 
ature. The density dependence is far more pronounced. Hence the place to look for 
indications of chiral symmetry restoration is dense, rather than hot, systems. Fig. 3 
shows a qualitative impression of how ((/q) behaves with both p and T; this is a typical 
result of NJL modei caiculations [14]. 

DENSITY 
Figure .~: The condensate {#q) as a function of  density p and temperature T (adapted 
from ,'ef.[I4] ). The density is 9iven in units of nuclear matter density Po = 0.17 f m  -3 

ਤ 1.1 < qq >ͷԹ౓ɾີ౓ґଘੑ [1]

ΫΥʔΫͷಈྗֶ͸ Quantum ChromoDynamics(QCD)ͱݺ͹ΕΔɻQCD͸ߴΤω

ϧΪʔͰ͸઴ۙతࣗ༝ੑΛͪ࣋ɺઁಈ࿦తͳѻ͍͕ՄೳͰ͋ΔҰํɺΧΠϥϧରশੑͷࣗ

ൃతഁΕͷ͜ىΔΑ͏ͳ௿ΤωϧΪʔྖҬͰ͸݁߹ఆ਺͕େ͖͘ͳΔͨΊɺઁಈ࿦తͳ

QCDͰऔΓѻ͏͜ͱ͕Ͱ͖ͳ͍ (ਤ 1.2)[2]ɻ
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9. Quantum chromodynamics 31

Notwithstanding these open issues, a rather stable and well defined world average
value emerges from the compilation of current determinations of αs:

αs(M
2
Z) = 0.1184 ± 0.0007 .

The results also provide a clear signature and proof of the energy dependence of αs, in
full agreement with the QCD prediction of Asymptotic Freedom. This is demonstrated in
Fig. 9.4, where results of αs(Q2) obtained at discrete energy scales Q, now also including
those based just on NLO QCD, are summarized and plotted.

Figure 9.4: Summary of measurements of αs as a function of the respective energy
scale Q. The respective degree of QCD perturbation theory used in the extraction
of αs is indicated in brackets (NLO: next-to-leading order; NNLO: next-to-next-to
leading order; res. NNLO: NNLO matched with resummed next-to-leading logs;
N3LO: next-to-NNLO).

July 9, 2012 19:53

Figure 1.1: Summary of measurements of αs as a function of the energy scale Q [2].

The QCD Lagrangian is invariant under the chiral transformation (q → e−iγ5θq)
in massless limit (mu,md,ms → 0). When the spontaneous breaking of the chiral
symmetry occurs, quark-antiquark pairs condense in the vacuum and, constituent
quarks in hadrons interact with the condensate and gain their effective mass. Quark
condensate ⟨q̄q⟩ is an order parameter of the chiral symmetry. The order parameter
⟨q̄q⟩ becomes zero with the chiral symmetric phase, while it becomes finite value
with the chiral symmetry broken phase.

Temperature and density dependence of the quark condensate ⟨q̄q⟩ is illustrated
with Fig. 1.2. As temperature (density) increases, absolute value of ⟨q̄q⟩ decreases
and finally goes to zero at the critical temperature (density). In hot (finite temper-
ature) and/or dense (finite density) matter, chiral phase transition takes place and
the spontaneous breaking chiral symmetry is restored. Unfortunately, ⟨q̄q⟩ itself is
not an observable, therefore other observables such as spectral properties of hadrons
like mass and decay width which reflect the value of ⟨q̄q⟩ should be used. In other
words, measurements of hadron properties in hot/dense matter are powerful tools
to search the chiral symmetry restoration in the matter.

There are several theoretical approaches to the hadron properties in the medium
[7, 8, 9, 10, 11]. In particular, QCD sum rule shows that a mass spectrum in the
medium has to change as a result of the chiral symmetry restoration. Hatsuda and
Lee studied using the QCD sum rule and calculated density dependence of light
vector mesons (ρ,ω, φ) [8]. They predicted 10∼20% decreasing for ρ,ω and 2∼4%
for φ at normal nuclear density (ρnucl ∼ 0.17 fm−3) as shown in Fig. 1.3.

ਤ 1.2 ݁߹ఆ਺ͷΤωϧΪʔεέʔϧґଘੑ [2]

QCD࿨ଇ͸௿ΤωϧΪʔྖҬͰ QCDͷॖڽΛ؍ଌྔͱ݁ͼ͚ͭΔ͜ͱ͕Ͱ͖Δྗڧ

ͳཧ࿦ख๏Ͱ͋ΔɻQCD࿨ଇʹΑΔͱɺ༗ີݶ౓ ρʹ͓͚Δ φதؒྔ࣭ࢠεϖΫτϧͱ

sΫΥʔΫͷॖڽ < ss >ρ ͸ɺρͷઢࣅۙܗͷൣғ಺Ͱ࣍ͷΑ͏ʹؔ࿈͚ͮΒΕΔ [3]ɻ

< ss >ρ=< ss >0 + < N |ss|N > ρ (1.1)

1

M2

∫ ∞

0
dse−s/M2

ρ(s) = c0(ρ) +
c2(ρ)

M2
+

c4(ρ)

M4
+ · · · (1.2)

c0(ρ) = c0(0), c2(ρ) = c2(0) (1.3)

c4(ρ) = c4(0) + ρ

[
− 2

27
MN +

56

27
ms < N |ss|N >

+
4

27
mq < N |qq|N > +As

2MN − 7

12

αs

π
Ag

2MN

] (1.4)

͜͜Ͱɺρ(s) ͸εϖΫτϧؔ਺ɺMN ͸֩ྔ࣭ࢠɺms ͸ s ΫΥʔΫͷΧϨϯτ࣭ྔɺ

ms < N |ss|N >͸֩ࢠதͷετϨϯδωε੒෼ɺmq < N |qq|N >͸֩ࢠதͷ uɺd੒

෼ɺAs
2ɺAg

2 ͸ύʔτϯ෼෍ؔ਺ͷϞʔϝϯτ [3]ɺαs ͸݁߹ఆ਺Ͱ͋Δɻ

༩ͷখ͍߲͞Λআ͘ͱɺc4(ρ)د஌ͷྔ΍ط ͸ີ౓ ρ ͱ < N |ss|N > ͷΈͰܾ·

Δɻ·ͨɺࣜ (1.2) ͷࠨล͸εϖΫτϧͷੵ෼஋Ͱ͋ΔͷͰɺ࣮͔ݧΒܾఆ͢Δ͜ͱ
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͕Ͱ͖ΔɻΑͬͯɺQCD ࿨ଇΛ༻͍Δͱ < N |ss|N > Λಋग़Ͱ͖Δ͜ͱʹͳΔɻਤ

1.3 ʹɺີ֩ࢠݪ౓Լʹ͓͚Δ φ தؒྔ࣭ࢠͷ < N |ss|N > ґଘੑΛࣔ͢ɻԣ࣠͸

σsN = ms < N |ss|N >ɺॎ࣠͸ φதؒྔ࣭ࢠͷਅۭதͱͷൺͰ͋Δɻैͬͯɺmφ(ρ0)

͸ σsN Δɻ͑ݴ౓ͷ͋ΔଌఆྔͰ͋Δͱײʹ

6

lies 56 MeV above the experimental value of 1.019 GeV. Note
that we have deliberately chosen a rather small value for the
strange quark condensate to get this mass. This is done in
purpose of starting the analysis from a spectral function in the
vacuum that is as realistic as possible, as higher quark con-
densate values would lead to an even larger mφ .

Next, we proceed to the main subject of interest of this pa-
per, the behavior of the φ meson at finite density. As a first
example, we choose two values of the strange sigma term, pro-
vided by recent lattice QCD calculations [10, 12], for which
we have intentionally chosen results that lie on the lower and
upper range of the values reported during the past few years.
They will therefore provide a lower and upper limit for the
mass shift of the φ meson, based on these lattice results. The
behavior of the φ meson mass as a function of density is
shown in the upper plot of Fig. 4, where it is seen that the
φ meson mass shift at nuclear matter density lies roughly in
the range of +10MeV ∼ −10MeV.

This result is especially interesting in view of the fact that
earlier sum rule studies have all [22–25, 27, 31, 32] obtained
a negative mass shift at nuclear matter density, while here we
get both the possibility of a positive and negative mass shift,
depending on the value of σsN . The reason for this discrep-
ancy is twofold. First, the recent lattice QCD values of the
strange sigma term are much smaller than those that had been
used until about a decade ago, which significantly reduces the
contribution of this term to the OPE of Eq.(12). Furthermore,
the twist-2 gluonic term of dimension four, which was not
considered in these works, has turned out to have quite a large
effect, leading to a further increase of the mass. Hence, the
situation is now quite different from what it used to be and it
is at present not even clear whether there will be a positive,
negative or any mass shift at all at nuclear matter density.

In this context, let us mention the works using hadronic
models with phenomenologically determined effective La-
grangians [27, 62–64], which at normal nuclear matter den-
sity get a small but negative mass shift of below 10MeV and
a width about an order of magnitude larger than the vacuum
value. As can be observed in Fig. 4, this is consistent with our
QCD sum rule result and some of the recent lattice QCD com-
putation ranges of σsN , but would exclude too-small values of
the strange sigma term, for which the mass shift is positive.

As explained in the introduction, we do not choose any spe-
cific value of the strange sigma term, but study the modifica-
tion of the φ meson more generally as a function of this pa-
rameter. The result of this investigation is given in the lower
plot of Fig. 4, where the φ meson mass at nuclear matter
density is shown as a function of σsN . Here, the error band in-
cludes the uncertainties of As2, As4, Ag2, 2mq⟨N|q̄q|N⟩, κN , and
of the twist-4 terms of dimension six. Furthermore, the sys-
tematic errors of the MEM analysis stemming from the pos-
sible broadening of the φ meson peak and the modification
of the continuum, discussed at the end of Sec. III A, are also
taken into account. Figure 4 clearly demonstrates that there
is an (almost) linear relationship between the φ meson mass
shift and σsN . Altogether, the result of Fig. 4 can most simply
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FIG. 4. (Upper plot) Peak position of φ meson as a function of
the density ρ , for value ranges of the strange sigma term σsN , ob-
tained from the MILC [10] and JLQCD [12] lattice QCD collabora-
tions. The σsN values are 61± 9 MeV for MILC and 8± 21 MeV
for JLQCD. (Lower plot) Peak positions of the φ meson at nuclear
matter density ρ0 as a function of σNs =ms⟨N|s̄s|N⟩. For both plots,
the peak positions are given relative to the φ mass in vacuum.

be fitted by a constant plus a term linear in σsN :

mφ (ρ)
mφ (0)

− 1 =

[

b0 − b1

( σsN
1MeV

)

]

ρ
ρ0

, (13)

ρ0 representing the normal nuclear matter density. Our fit
gives b0 = (1.00 ± 0.34) · 10−2 and b1 = (2.86 ± 0.48) ·
10−4, which means that the mass shift changes its sign at a
σsN/1MeV value of b0/b1 = 34.9± 13.1. Using the vari-
able y instead of σsN , we get 0.174± 0.040 for the slope pa-
rameter (which corresponds to C/y in [22], where a value of
0.15± 0.045 was obtained) with the sign of the mass shift
switching at y= (5.74± 2.34) ·10−2.

IV. DISCUSSION

Let us try to understand the result of Fig. 4 by looking at the
OPE of Eqs.(10-12) a bit more closely. From our discussion
of the OPE in vacuum [Eqs.(7-9], see also Fig. 1), we know
that the properties of the φ meson are essentially determined
by the OPE terms up to dimension four. As the dimension-
zero and -two terms do not have any density dependence, one

ਤ 1.3 ౓தͷີ֩ࢠݪ φதؒྔ࣭ࢠͷ < N |ss|N >ґଘੑ [3]

ਤ 1.4͸֨ࢠ QCDʹΑͬͯ༧ଌ͞Εͨ σsN ͷ஋Λ༻͍ɺQCD࿨ଇʹΑͬͯͨ͠ࢉܭ

ີ౓ͱ φதؒྔ࣭ࢠͷؔ܎Ͱ͋Δɻ
6

lies 56 MeV above the experimental value of 1.019 GeV. Note
that we have deliberately chosen a rather small value for the
strange quark condensate to get this mass. This is done in
purpose of starting the analysis from a spectral function in the
vacuum that is as realistic as possible, as higher quark con-
densate values would lead to an even larger mφ .

Next, we proceed to the main subject of interest of this pa-
per, the behavior of the φ meson at finite density. As a first
example, we choose two values of the strange sigma term, pro-
vided by recent lattice QCD calculations [10, 12], for which
we have intentionally chosen results that lie on the lower and
upper range of the values reported during the past few years.
They will therefore provide a lower and upper limit for the
mass shift of the φ meson, based on these lattice results. The
behavior of the φ meson mass as a function of density is
shown in the upper plot of Fig. 4, where it is seen that the
φ meson mass shift at nuclear matter density lies roughly in
the range of +10MeV ∼ −10MeV.

This result is especially interesting in view of the fact that
earlier sum rule studies have all [22–25, 27, 31, 32] obtained
a negative mass shift at nuclear matter density, while here we
get both the possibility of a positive and negative mass shift,
depending on the value of σsN . The reason for this discrep-
ancy is twofold. First, the recent lattice QCD values of the
strange sigma term are much smaller than those that had been
used until about a decade ago, which significantly reduces the
contribution of this term to the OPE of Eq.(12). Furthermore,
the twist-2 gluonic term of dimension four, which was not
considered in these works, has turned out to have quite a large
effect, leading to a further increase of the mass. Hence, the
situation is now quite different from what it used to be and it
is at present not even clear whether there will be a positive,
negative or any mass shift at all at nuclear matter density.

In this context, let us mention the works using hadronic
models with phenomenologically determined effective La-
grangians [27, 62–64], which at normal nuclear matter den-
sity get a small but negative mass shift of below 10MeV and
a width about an order of magnitude larger than the vacuum
value. As can be observed in Fig. 4, this is consistent with our
QCD sum rule result and some of the recent lattice QCD com-
putation ranges of σsN , but would exclude too-small values of
the strange sigma term, for which the mass shift is positive.

As explained in the introduction, we do not choose any spe-
cific value of the strange sigma term, but study the modifica-
tion of the φ meson more generally as a function of this pa-
rameter. The result of this investigation is given in the lower
plot of Fig. 4, where the φ meson mass at nuclear matter
density is shown as a function of σsN . Here, the error band in-
cludes the uncertainties of As2, As4, Ag2, 2mq⟨N|q̄q|N⟩, κN , and
of the twist-4 terms of dimension six. Furthermore, the sys-
tematic errors of the MEM analysis stemming from the pos-
sible broadening of the φ meson peak and the modification
of the continuum, discussed at the end of Sec. III A, are also
taken into account. Figure 4 clearly demonstrates that there
is an (almost) linear relationship between the φ meson mass
shift and σsN . Altogether, the result of Fig. 4 can most simply
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0)

ρ [ρ0]

MILC Collaboration [10]
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φ(
ρ 0

)/m
φ(

0)

σsN [MeV]

FIG. 4. (Upper plot) Peak position of φ meson as a function of
the density ρ , for value ranges of the strange sigma term σsN , ob-
tained from the MILC [10] and JLQCD [12] lattice QCD collabora-
tions. The σsN values are 61± 9 MeV for MILC and 8± 21 MeV
for JLQCD. (Lower plot) Peak positions of the φ meson at nuclear
matter density ρ0 as a function of σNs =ms⟨N|s̄s|N⟩. For both plots,
the peak positions are given relative to the φ mass in vacuum.

be fitted by a constant plus a term linear in σsN :

mφ (ρ)
mφ (0)

− 1 =

[

b0 − b1

( σsN
1MeV

)

]

ρ
ρ0

, (13)

ρ0 representing the normal nuclear matter density. Our fit
gives b0 = (1.00 ± 0.34) · 10−2 and b1 = (2.86 ± 0.48) ·
10−4, which means that the mass shift changes its sign at a
σsN/1MeV value of b0/b1 = 34.9± 13.1. Using the vari-
able y instead of σsN , we get 0.174± 0.040 for the slope pa-
rameter (which corresponds to C/y in [22], where a value of
0.15± 0.045 was obtained) with the sign of the mass shift
switching at y= (5.74± 2.34) ·10−2.

IV. DISCUSSION

Let us try to understand the result of Fig. 4 by looking at the
OPE of Eqs.(10-12) a bit more closely. From our discussion
of the OPE in vacuum [Eqs.(7-9], see also Fig. 1), we know
that the properties of the φ meson are essentially determined
by the OPE terms up to dimension four. As the dimension-
zero and -two terms do not have any density dependence, one

ਤ 1.4 ີ౓ͱ φ தؒྔ࣭ࢠͷؔ܎ [3]: ੺ઢ͸ MILC Collaboration ʹΑͬͯࢉܭ

͞Εͨ σsN = 61 ± 9[MeV]ɺ྘ઢ͸ JLQCD Collaboration ʹΑͬͯ͞ࢉܭΕͨ

σsN = 8± 21[MeV]ͱ͍͏஋Λ༻͍͍ͯΔ [3]

MILC Collaboration ͷ஋Λ༻͍Δͱɺີ֩ࢠݪ౓Ͱ φ த͕ؒྔ࣭ࢠ໿ 1% গ͢Δݮ
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ͱ༧ଌ͞ΕΔɻ·ͨۙ࠷ͷ֨ࢠ QCDʹΑΔ σsN ͷ݁ࢉܭՌͱͯ͠͸ɺ໿ 40MeV ΍໿

100MeVͱ͍ͬͨ݁Ռ͕ಘΒΕ͍ͯΔ [4, 5]ɻͨͩ͠ɺ্ͰݟΒΕΔΑ͏ʹ֨ࢠ QCDܭ

ਫ਼౓Ͱ͍ߴΑͬͯΑΓʹݧ͸ະͩ͹Β͖͕ͭେ͖͘ɺ࣮ʹࢉ σsN ΛܾఆͰ͖Δͱظ଴͞

Ε͍ͯΔɻ

1.2 ઌݧ࣮ߦ

౓Լʹ͓͚Δີ֩ࢠݪ φ தؒࢠͷ༗ҙͳ࣭ྔεϖΫτϧมܗ͸ɺKEK-PS E325 ࣮

Εͨ͞ࠂͰॳΊͯใݧ [6]ɻ͜ͷ࣮ݧͰ͸ 1 × 109/spill(1 εϐϧ͸໿ 2 ඵ)ɺӡಈΤωϧ

Ϊʔ 12GeV ͷཅࢠϏʔϜΛ୸ૉɺಔඪతʹরࣹ͢Δ͜ͱͰඪత಺ʹ φதؒࢠΛੜ੒͠ɺ

ͦͷ่յੜ੒෺Ͱ͋Δిࢠɾཅిࢠରͱՙి K தؒࢠରΛଌఆͨ͠ɻ࣭ྔ෼ղೳ͸໿

11MeV/c2ɺφதؒࢠͷ਺͸໿ Ͱ͋ͬͨɻਤݸ2,400 1.5ʹ KEK-PS E325ͰಘΒΕ࣭ͨ

ྔεϖΫτϧΛࣔ͢ [8]ɻඪతͷ֩ࢠݪ൒͕ܘେ͖͘ੜ੒ φ தؒࢠͷ଎౓͕খ͍͞৔߹ɺ

ͭ·Γ֩ࢠݪ಺Ͱ φ த่͕ؒࢠյͨ͠Մೳੑ͕͍ߴ৔߹ʹɺ༗ҙͳ࣭ྔมݟ͕ܗΒΕͨ

(ਤ Լ)ɻࠨ1.5
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and Cu target.

Figure 5: Invariant mass spectra of φ→ e+e− observed by E325. Upper
panels are for carbon and lower are for copper targets. The data are divided
by the meson velocity, slower (βγ < 1.25 ), middle (1.25 < βγ < 1.75) and
faster (1.75 < βγ ) component as shown in left, middle and right panels,
respectively. Only the data shown in the lower-left panel have significant
excess over the φ meson shape and the quadratic background curve.

For φ meson case, similar analysis was performed and the excess is ob-
served only the slowly moving component in larger nuclear target as shown
in Fig.5 from the reference [6]. The result is consistent with a view that al-
most all mesons, which are produced in nuclei with a few GeV of momentum,
should decay outside the nucleus or nuclear matter and only limited num-
ber of mesons could decay inside nucleus with mass-modification by density
effect, because the mean life is relatively longer than the nuclear size. The
velocity-dependence analysis for ρ/ω meson case is also desired and ongoing.

The number of mesons in the excess is calculated by subtracting unmod-
ified shape distorted by the detector simulation from the data and plotted in
the left panel of Fig. 6. Supposing the excess consists of modified φ meson ,
the ratio Nexcess/(Nexcess +Nφ) means the fraction of φ→ e+e− decay inside
nucleus among the total φ→ e+e− decays. The lines in the figure are the

9

ਤ 1.5 E325 Ͱऔಘ͞Εͨ φ தؒࢠεϖΫτϧ [8]: ্Լ͸ඪతͷҧ͍ɺࠨӈ͸ φ த

Β͔ࠨͷ଎౓ͷҧ͍ʹΑͬͯ෼ׂ͞Ε͓ͯΓɺࢠؒ βγ < 1.25ɺ1.25 < βγ < 1.75ɺ

βγ > 1.75Ͱ͋Δɻ

͜ΕΒ ͷεϖΫτϧʹ͍ͭͯɺີ౓ʹର͢Δ࣭ྔɺશ่յ෯ͷؔ਺ͱͯ͠ݸ6

mφ(ρ)

mφ(0)
= 1− k1

ρ

ρ0
,

Γφ(ρ)

Γφ(0)
= 1 + k2

ρ

ρ0
(1.5)

ΛԾఆͨ͠Ϟσϧࢉܭͱൺֱͨ͠ͱ͜Ζɺ࣭ྔมԽ k1 = 0.034+0.006
−0.007ɺશ่յ෯มԽ

k2 = 2.6+1.8
−1.2 ͷ৔߹ʹ࠷΋ྑ࣮݁͘ݧՌ͕͞ݱ࠶ΕΔ͜ͱ͕෼͔ͬͨɻ͜ͷ஋ʹ QCD࿨

ଇΛద༻͢ΔͱɺσsN = 160± 50 MeVͱٻΊΒΕΔɻ͔ͦ͠͠ͷ౷ൣࠩޡܭғͰ͸ɺε

ϖΫτϧมܗͷີ౓ґଘੑʹ͍ͭͯ໌֬ͳ݁࿦͸ಘΒΕͳ͔ͬͨɻਤ 1.6ʹ E325Ͱͷ֤

ඪత֩छʹ͓͚Δɺ࣭ྔมܗͷͨͬ͜ىΠϕϯτ਺ͷൺͷ φதؒࢠ଎౓ґଘੑΛࣔ͢ɻ

14
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Nexcess

Nphi +Nexcess

• Run1の統計量では、
E325の結果とくらべて
統計誤差が小さくできる 
• E325実験ではβγスラ
イスで1 binしかexcess
が見られなかったが、
βγ= 0.5 - 3.5 の領域
にわたって系統的な測定
が可能となる

N
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N

p
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i
+
N
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ਤ 1.6 E325ɺE16ͷ֤ඪతʹ͓͚Δ φதؒࢠͷ࣭ྔมԽྔͷ଎౓ґଘੑ [9]: ॎ࣠͸

εϖΫτϧมܗͷ֬ͨͬ͜ى཰Λද͍ͯ͠Δɻ࢛֯ࠇ͸ E325 ʹ͓͚Δ C ඪతͷ࣮ݧ

஋ɺϐϯΫؙ͸ E325 ʹ͓͚Δ Cu ඪతͷ࣮ݧ஋ɺ྘ඛܗ͸ E16 ͷ Run1(్தஈ֊)

ʹ͓͚Δ CuඪతͷγϛϡϨʔγϣϯ஋Ͱ͋ΔɻE325ʹ͓͍ͯ͸ Cuඪతͷ βγ ͷখ

͍͞Ұ఺ͷΈʹɺ౷ࠩޡܭΛ௒͑Δ༗ҙͳมݟ͕ܗΒΕͨɻ

ਤ 1.5ͷώετάϥϜͰ͸ɺόοΫάϥ΢ϯυ෦෼Λআ͍ͨΠϕϯτ਺ʹର͢Δɺ࣭ྔ

มܗͱࢥΘΕΔ෦෼ͷΠϕϯτ਺ͷൺΛॎ࣠ͱ͍ͯ͠Δɻ֩ഔ࣭தʹ͓͍ͯ φ த࣭ؒࢠ

ྔͷϩʔϨϯπෆมੑ͸ഁΕΔͨΊɺQCD࿨ଇʹ༻͍Δ φதؒྔ࣭ࢠεϖΫτϧ͸ɺӡ

ಈྔ 0ͷ΋ͷͰͳ͚Ε͹ͳΒͳ͍ [7]ɻӡಈྔ 0ͷ৔߹ͷ࣭ྔมܗ͸༗ݶӡಈྔ͔Βͷ֎

ૠ͔ΒಘΒΕΔɻ͔͠͠ KEK E325ʹ͓͍ͯ͸༗ҙͳ࣭ྔมܗ͸ਤ 1.6ʹ͓͍ͯ 1఺ͷ

ΈͰ͋ΔͨΊɺਫ਼౓ͷ͋Δ֎ૠ͸๬Ίͳ͍ɻ·ͨɺCERN-SPSͰߦΘΕͨ CERES࣮ݧ

[10]΍ NA60࣮ݧ [11]Ͱ͸༗ݶԹ౓ɺJLabͰߦΘΕͨ CLAS࣮ݧ [12]Ͱ͸༗ີݶ౓Լ

ʹ͓͚Δ࣭ྔม͞ڀݚ͕ܗΕͨɻ͔͍ͣ͠͠Εͷ࣮ݧ΋෼ղೳ΍౷ܭͷෆ଍ʹΑΓɺφத

͸༗ҙͳ݁Ռ͕ಘΒΕͳ͔ͬͨɻ͍ͯͭʹܗͷ࣭ྔมࢠؒ

͜ͷΑ͏ͳഎ͔ܠΒɺJ-PARC E16࣮ܭ͕ݧը͞Εͨɻݱ୅ͷՃ଎ࢪثઃʹ͓͍ͯɺେ

εϖΫτϧΛܾఆ͢ΔࢠଌεϖΫτϩϝʔλʔΛ༻͍ɺ֩಺ͷதؒܭߴϏʔϜͱࢠ౓ཅڧ

͜ͱΛ໨͍ͯ͠ࢦΔɻφதؒࢠͷ଎౓ͰεϖΫτϧΛ੾Γ෼͚ͨࡍʹɺਤ 1.6ͷ྘ؙͷΑ

͏ͳෳ਺ͷ଎౓ྖҬʹ౉Δ༗ҙͳ࣭ྔมܗΛ؍ଌ͢Δ͜ͱͰɺӡಈྔ 0ʹ͓͚Δ࣭ྔΛΑ

Γ৴པ౓͘ߴ֎ૠ͢Δɻຊ࿦จͰ͸ɺE16࣮ݧͷͨΊʹ։ൃ͞Εͨ TRG-MRGϞδϡʔ
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ϧͷੑೳධՁʹ͍ͭͯใ͢ࠂΔɻ࣮ݧͷଟνϟϯωϧԽɺߴϨʔτԽʹରԠͨ͠τϦΨʔ

༻தܧϘʔυͱҐஔ෇͚ΒΕΔɻ

ୈೋষͰ͸࣮ݧͷৄࡉʹ͍ͭͯɺୈࡾষͰ͸τϦΨʔγεςϜʹ͍ͭͯઆ໌͢Δɻୈ࢛

ষͰ͸ TRG-MRGͷৄࡉͱϑΝʔϜ΢ΣΞͷ࣮૷ɺୈޒষͰ͸࣮ػΛ༻͍ͨੑೳධՁͷ

݁ՌΛड़΂Δɻୈ࿡ষͰ͸γϛϡϨʔγϣϯʹΑΔ TRG-MRGͷதޮܧ཰ͷੵݟ΋Γʹ

͍ͭͯड़΂Δɻ
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ୈ 2ষ

J-PARC E16࣮ݧ

2.1 ໨త

J-PARC E16࣮ݧͰ͸ɺ֩ࢠݪதͷ φதؒྔ࣭ࢠεϖΫτϧΛଌఆ͢Δɻ͜ͷଌఆʹ

ରͯ͠༗ີݶ౓ʹ͓͚Δ QCD ࿨ଇΛద༻͠ɺ༗ີݶ౓Լʹ͓͚Δ s ΫΥʔΫॖڽͷ஋

< ss >ρ ΛٻΊΔ͜ͱΛ໨తͱ͍ͯ͠Δɻ

2.2 ख๏ݧ࣮

ຊ࣮ݧͰ͸ɺ30GeV ཅࢠϏʔϜΛ֩ࢠݪඪత΁ೖࣹ͠ɺੜ੒͞ΕͨϕΫλʔதؒࢠͷ

่յʹΑͬͯͰ͖ΔిࢠɾཅిࢠରͷӡಈྔΛଌఆ͢Δɻిࢠɾཅిࢠରͷݩ࢛ӡಈྔ͔

Βෆม࣭ྔ๏ʹΑͬͯɺ਌ͷϕΫλʔதؒࢠͷ࣭ྔεϖΫτϧΛߏ࠶੒͢Δɻ

Ϩϓτϯ͸ϋυϩϯͱൺֱͯ֩͠ࢠͱͷ૬࡞ޓ༻͕খ͘͞ Final State Interaction ͷ

ӨڹΛ΄ͱΜͲड͚ͳ͍ͨΊɺ֩ࢠݪதͷϕΫλʔதؒࢠΛଌఆ͢ΔͨΊʹ͸ిࢠɾཅి

ൺ͸ɺྫ͑͹ذରΛϓϩʔϒͱ͢Δ͜ͱ͕༗རͰ͋Δɻ͔ͦ͠͠ͷ෼ࢠ φதؒࢠͷ৔߹Ͱ

2.95× 10−4 ͱখ͘͞ [2]ɺେ౷ܭΛಘΔͨΊʹ͸ిࢠɾཅిࢠରΛޮ཰Αࣝ͘ผ͢Δ͜ͱ

͕ॏཁʹͳΔɻ

͸ʹݧ࣮ J-PARCϋυϩϯ࣮ࢪݧઃͷߴӡಈྔϏʔϜϥΠϯͷ 30GeV ཅࢠϏʔϜΛ

༻͍Δɻڧ౓͸ 1 × 1010/spill(1εϐϧ͸ 2ඵ)Ͱ͋Δɻ·ͨඪతʹ͸ɺ80 µmͷಔΛ 2

ຕͱɺ400 µmͷ୸ૉΛ 1ຕ༻͍Δɻ͜ͷްΈ͸ɺ์ࣹ௕Ͱ 1ຕ͋ͨΓ 0.5%ɺ૬࡞ޓ༻௕

ͰͦΕͧΕ 0.05%(80 µmಔ)ɺ0.1%(400 µm୸ૉ)ʹରԠ͢Δɻຕ਺Λௐ੔͢Δ͜ͱͰಔ

ͱ୸ૉͷ૯૬࡞ޓ༻௕Λଗ͍͑ͯΔɻφதؒࢠͷੜ੒அ໘ੵ͸ɺE325ͷଌఆ஋Λ֩ࢠݪ

൓ԠγϛϡϨʔλʔ JAMͷ࣭ྔ਺ґଘੑʹΑΓεέʔϧ͢Δ͜ͱͰɺ30GeV ཅࢠϏʔ
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Ϝʹରͯ͠ CuͰ 4.8mbɺCͰ 1.2mbͰ͋Δ͜ͱ͕༧ଌ͞Ε͓ͯΓɺφ → e+e− Πϕϯ

τͷੜ੒཰͸໿ 18Hz ͱੵݟ΋ΒΕΔ [13]ɻݕग़ܥث͸஗͍ φ தؒࢠ·ͰΧόʔ͢Δେ

ཱମ֯εϖΫτϩϝʔλʔΛߏ੒͢Δ༷࢓ͱͳ͓ͬͯΓɺ࣓৔ҹՃྖҬʹ͓͚Δඈ੻ݕग़

Λ༻͍ͨӡಈྔଌఆͱ 2ஈ֊ͷిࣝࢠผʹΑͬͯిࢠɾཅిࢠରΛଌఆ͢Δɻ

ਤ 2.1 ʹϞϯςΧϧϩγϛϡϨʔγϣϯʹΑͬͯಘΒΕͨ φ தؒྔ࣭ࢠͷ༧૝εϖΫ

τϧΛࣔ͢ [9]ɻφதؒࢠͷ࣭ྔεϖΫτϧ͸ɺKEK-PS E325࣮ݧͰಘΒΕͨ݁Ռʹج

͍ͮͯ֩಺Ͱ࣭ྔ͕มԽ͢Δͱ͍ͯ͠Δɻσʔλ఺ʹର͠ɺਅۭதͷ φ தؒࢠͱͯ͠

Breit-Wigner ෼෍ɺόοΫάϥ΢ϯυͱͯ͠ exponential Λ༻͍ͯϑΟοτ͍ͯ͠Δɻ

্ଆ͕શ࣭ྔྖҬɺԼଆ͸εϖΫτϧͷมྖܗҬΛআ͍ͨ෦෼ͰϑΟοτ͍ͯ͠Δɻ

͜ͷਤʹؚ·ΕΔ φ → e+e− Πϕϯτ͸ܭ 15,000 Ͱͷ໨ඪऩྔͰ͋Δݧͱɺ࣮ݸ

଴͞ΕΔɻظΒΕΔ͜ͱ͕ݟ͕ܗΑΓগͳ͍͕ɺ֤ӡಈྔͰ༗ҙͳεϖΫτϧมݸ69,000
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2.3 ܥثग़ݕ

ਤ ͷ໛ࣜਤΛࣔ͢ɻܥثग़ݕʹ2.2

and further, the first data of momentum dependence of the spectral change, with the 6 times
higher statistics than that of E325 collected, as shown in this section. In addition, we also
measure the yield and kinematical distribution of vector mesons, and background conditions
in the limited detectors in this stage. Based on the information, we could blush up the
detailed plan of the next stage.

With additional budget of about 5 Oku yen, we will able to prepare the full acceptance,
which consists of 26 modules. (Cost for new module is 0.26 Oku yen/module including readout
electronics.) The configuration is illustrated in Fig. 8. We would like to run 320 shifts (RUN
2) with the configuration, and take physics data. We will be able to do systematic study of
the in-medium spectral change of vector mesons.

Here, we would like to request approval for RUN 0 and RUN 1.
The expected yield of vector mesons expected for the different configuration and different

lengths of the data taking is listed in Table I. For the estimation, we assume the usage of a
400 µm -thick Carbon target and two 80 µm -thick Copper targets simultaneously, located
in-line on the beamline. Thus the total interaction length is 0.2 % and the interaction rate is
10 MHz at the target with the beam of 1×1010 protons per 2-sec pulse. Other numbers used
for the yield estimation is summarized in Table II.

FIG. 7: Detector configuration with 8 modules.
FIG. 8: Detector configuration with 26 modules.
(RUN 2)

RUN beam time configuration target φ ω

RUN 0 9 shifts 6 + 6 + 2 + 2 Cu 460 2400
RUN 0’ 9 shifts 8 + 8 + 8 + 8 Cu 840 4400
RUN 1 160 shifts 6 + 6 + 2 + 2 Cu 8200 42000
RUN 1’ 160 shifts 8 + 8 + 8 + 8 Cu 15000 (1700)
RUN 1’ 160 shifts 8 + 8 + 8 + 8 C 12000 (1500)
RUN 2 320 shifts 26 + 26 + 26 + 26 Cu 69000 (12000)

KEK-PS E325 Cu 2400 (460) 3200

TABLE I: Numbers of φ’s and ω’s expected for different configurations and lengths of the beam time,
compared to the numbers obtained by the KEK-PS E325 experiments. Numbers in parentheses are
for mesons with βγ < 1.25. Four numbers interleaved with “+” in the configuration column describes
the numbers of the modules for the four spectrometer components : SSD, GTR, HBD, and LG,
respectively.

10

陽子ビーム

ハドロン不感検出器(HBD)

鉛ガラスカロリーメーター(LG)

GEMトラッカー(GTR)×3
標的チェンバー

シリコンストリップ検出器 
(SSD)

三次元図

ਤ 2.2 ͷ໛ࣜਤܥثग़ݕ

੒͞ΕߏͰثग़ݕ༺ผࣝࢠͱిثग़ݕ͸ඪతΛ෴͏Α͏ʹɺ಺ଆ͔Βॱʹඈ੻ثग़ݕ

Δɻಛʹඈ੻ݕग़ث͸࣓৔தʹઃஔ͞ΕΔɻඈ੻ݕग़ث͸಺ଆ͔ΒγϦίϯετϦοϓݕ

ग़ث (SSD) ͱΨεి૿ࢠ෯ث (GEM) Λ༻͍ͨݕग़ࡾثஈ (GTR1, 2, 3) ͔Β੒Δɻి

ثग़ݕܕ͸಺ଆ͔ΒɺΨενΣϨϯίϑثग़ݕ༺ผࣝࢠ (HBD)ͱԖΨϥεΧϩϦʔϝʔ

λʔ (LG)͔Β੒Δɻਤ ͷஅ໘ਤΛࣔ͢ɻ޲ͷਫฏํ܈ثग़ݕʹ2.3
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been measured.
Such systematic studies enable us not only to confirm the E325 results but also to provide

new systematic information of spectral change of vector mesons in nuclei, and to contribute
to elucidate the nature of QCD vacuum.

2. EXPERIMENT

For the experiment, we will use a 30-GeV proton beam with an intensity of 1×1010 protons
per pulse, at the high-momentum beam line, which is to be constructed at J-PARC Hadron
Experimental Facility (Hadron hall). To increase the statistics by a factor of 100 compared to
E325, the beam intensity is increased by a factor of 10, the acceptance of the spectrometer is
enlarged to achieve a factor of 5, and the production cross section of the φ meson increase by
a factor of 2, within the acceptance, by changing beam energy from 12 to 30 GeV. The target
thickness must stay the same as E325, typically 0.1% interaction length and 0.5% radiation
length, for each targets, typically C and Cu, to suppress the electron background caused by
γ-conversion in the target. To cope with the expected interaction rate that is increased by a
factor of 10, to 10-20 MHz, new spectrometer based on the new technology should be built.
Also the readout circuits and DAQ system are prepared to take 1-2 kHz of trigger request
within 80% live time, coping with the background from the 10-20 MHz interaction rate.

The schematic view of a proposed spectrometer is shown in Figure 1. Nuclear targets are
located at the center of the spectrometer magnet. The primary proton beam is delivered on
the target. GEM Tracker (GTR)[18, 19] which has three tracking planes is located around
the target, between 200 mm and 600 mm in radius from the center of the magnet where the
target is located. Outside the tracker, Hadron Blind Detector (HBD)[20–22] and lead-glass
EM calorimeter (LG) are located successively to identify the electrons.

FIG. 1: Schematic view of the proposed spectrometer, the 3D view and the plan view.

GEM Tracker is required to cope with the high rate that is expected to reach 5 kHz/mm2 at
the most forward region of the proposed spectrometer. It should be noted that the COMPASS
experiment reported that their GEM Tracker works under 25 kHz/mm2 with a position
resolution of 70 µm[23].

The goal of the mass resolution is 5 MeV/c2, improved by a factor of two from that of
E325, 11 MeV/c2. With the resolution, possible double peak structure due to the modified
φ mesons in nuclei could be observed by selecting very slowly-moving φ mesons, e.g. with a
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and further, the first data of momentum dependence of the spectral change, with the 6 times
higher statistics than that of E325 collected, as shown in this section. In addition, we also
measure the yield and kinematical distribution of vector mesons, and background conditions
in the limited detectors in this stage. Based on the information, we could blush up the
detailed plan of the next stage.

With additional budget of about 5 Oku yen, we will able to prepare the full acceptance,
which consists of 26 modules. (Cost for new module is 0.26 Oku yen/module including readout
electronics.) The configuration is illustrated in Fig. 8. We would like to run 320 shifts (RUN
2) with the configuration, and take physics data. We will be able to do systematic study of
the in-medium spectral change of vector mesons.

Here, we would like to request approval for RUN 0 and RUN 1.
The expected yield of vector mesons expected for the different configuration and different

lengths of the data taking is listed in Table I. For the estimation, we assume the usage of a
400 µm -thick Carbon target and two 80 µm -thick Copper targets simultaneously, located
in-line on the beamline. Thus the total interaction length is 0.2 % and the interaction rate is
10 MHz at the target with the beam of 1×1010 protons per 2-sec pulse. Other numbers used
for the yield estimation is summarized in Table II.

FIG. 7: Detector configuration with 8 modules.
FIG. 8: Detector configuration with 26 modules.
(RUN 2)

RUN beam time configuration target φ ω

RUN 0 9 shifts 6 + 6 + 2 + 2 Cu 460 2400
RUN 0’ 9 shifts 8 + 8 + 8 + 8 Cu 840 4400
RUN 1 160 shifts 6 + 6 + 2 + 2 Cu 8200 42000
RUN 1’ 160 shifts 8 + 8 + 8 + 8 Cu 15000 (1700)
RUN 1’ 160 shifts 8 + 8 + 8 + 8 C 12000 (1500)
RUN 2 320 shifts 26 + 26 + 26 + 26 Cu 69000 (12000)

KEK-PS E325 Cu 2400 (460) 3200

TABLE I: Numbers of φ’s and ω’s expected for different configurations and lengths of the beam time,
compared to the numbers obtained by the KEK-PS E325 experiments. Numbers in parentheses are
for mesons with βγ < 1.25. Four numbers interleaved with “+” in the configuration column describes
the numbers of the modules for the four spectrometer components : SSD, GTR, HBD, and LG,
respectively.
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ਤ 2.3 :ͷஅ໘ਤܥثग़ݕ Լଆ͸ 1Ϟδϡʔϧͷஅ໘ਤ

ҎޙɺඪతΛத৺ͱͯ͠ਫฏํ޲ɺԖ௚ํ޲ʹͦΕͧΕ 30◦ ͷཱମ֯Λ෴͏ݕग़ث 6ஈ
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ͷ૊Λɺ1Ϟδϡʔϧͱද͢هΔ (ਤ 2.3Լஈ)ɻ·ͨɺਫฏํ޲ͷ࣠Λ x࣠ɺԆ௕ํ޲ͷ

࣠Λ y࣠ɺݕग़ث໘ʹରͯ͠ਨ௚ͳ࣠Λ z࣠ͱද͢هΔɻݕग़ܥث͸ɺ͜ͷϞδϡʔϧΛ

x࣠ํ޲ʹ 9Ϟδϡʔϧ (±135◦)ɺy࣠ํ޲ʹ 3Ϟδϡʔϧ (±45◦)ฒ΂ɺϏʔϜيಓ্

ͷ 1ϞδϡʔϧΛআ͍ͨܭ 26ϞδϡʔϧͰߏ੒͞ΕΔɻ

શମͷੑೳͱͯ͠͸ɺ࣭ྔ෼ղೳܥثग़ݕ 7.9MeVɺిࢠͷݕग़ޮ཰ 57%ɺओͳόοΫ

άϥ΢ϯυͱͳΔ π தؒࢠͷࠞೖ཰ 3 × 10−2 %Λ࣮͢ݱΔઃܭͱͳ͍ͬͯΔ [8]ɻ֤ݕ

ग़ثͷ֓ཁΛड़΂Δɻ

FM Magnet

ӡಈྔଌఆ༻ͷμΠϙʔϧϚάωοτͰ͋Δɻத৺ͰͷΪϟοϓ͸ 400mm Ͱ͋

Γɺిྲྀ 2500AͰத৺࣓৔ 1.7Tʹୡ͢Δɻਤ 2.4ʹࣸਅΛࣔ͢ɻ

ਤ 2.4 FM Magnet

Silicon Strip Detector(SSD)

Ґஔݕग़༻ͷย໘γϦίϯετϦοϓݕग़ثͰ͋Δɻ༗ྖײҬͷαΠζ͸໿ 60mm
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ɺνϟϯωϧ਺͸ํ࢛ 768 chɺҐஔ෼ղೳ͸ 30 µmͰ͋Δɻ࠷΋൓Ԡ఺ʹۙ͘ɺӡ
ಈྔ෼ղೳ্޲ͷͨΊʹಋೖ͞ΕΔɻ

GEM Tracker(GTR)1ɺ2ɺ3

GEM Λ༻͍ͨඈ੻ݕग़ثͰ͋Δɻ௿෺࣭ྔͷͨΊԼྲྀͷݕग़ث΁ͷӨ͕ڹখ͞

͘ɺ·࣮ͨݧͰ૝ఆ͞ΕΔՙిཻࢠϨʔτ 5 kHz/mm2 ʹରͯ͠଱ੑ͕͋Δɻਤ

2.5ʹࣔ͢Α͏ʹɺGEM໘ࡾ૚ͱಡΈग़͠ύου͔Βߏ੒͞ΕΔɻಈݪ࡞ཧͱ͠

ͯ͸ɺ·ͣՙిཻ͕ࢠ௨ա͢Δͱ GEMͷҰ૚໨ͷखલͷυϦϑτ૚Ͱిి͕ࢠ཭

͠ɺGEM΁ಋ͔ΕΔɻࡾ૚ͷ GEMͰి૿͕ࢠ෯͞ΕɺಡΈग़͠ύουͰ৴߸ͱ

ͯ͠ಡΈग़͞ΕΔɻͦͯ͠ᮢ஋Λ௒͑ͨ৴߸ͷؒ࣌ɺνϟϯωϧ෼෍͔ΒཻࢠͷҐ

ஔΛݕग़͢ΔɻΨε͸ 1 atmͷ Ar + CO2(7:3)ࠞ߹ΨεΛ༻͍Δɻ

FIG. 39: The view of the tracker in y-z plane. The red lines show the sensitive area of the chambers.
The left is “B type” and the right is “A type”. The red lines and blue lines show the acceptance in
polar angle.

glass epoxy. A prototype is manufactured as shown in Fig. 40.

FIG. 40: A photo of the prototype frame. The parts of black are made of CFRP and light green are
glass epoxy.

The deformations are evaluated with a realistic configuration by a software (Autodesk
Inventor Professional 2012). Weight of the cables, electronics and chambers is estimated as
12.4 kgf, while the frame’s own weight is estimated as 4.3 kgf. The frames are supported by
the base parts made of aluminum with a thickness of 10 mm. The base parts are fixed on
a base ring, which located on the pole piece of the spectrometer magnet. The base is also

39
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Figure 3.2: A photograph of GEM trackers

Advantages of GEM detectors are following.

1. High gain (∼ 104) can be achieved by using three layers of GEM foils.

2. GEM has a high rate capability because of the fine hole pitch.

3. An amplification region and a readout board can be separated. It enables us to
use perpendicular strip readout board to obtain two-dimensional information
of a hit position.

Figure 3.3: View of typical GEM foil[21]
Figure 3.4: View of a electric filed in
holes[21]

In our configuration, three GEM foils are stacked in a chamber and a mixture of
Ar (70%) and CO2 (30%) is used for amplification gas. The design of a GEM foil is
summarized in Table 3.1.

A GEM is manufactured by a wet etching method. Copper and polyimide (PI)
are etched by chemicals to make holes. Figure 3.5 shows a typical hole shape of
a 100 × 100 mm2 GEM. The copper layer of a large GEM are divided into several
segments to reduce capacitance and damage by discharge. The size of 200×200 mm2

GEM is divided into 4 segments on one side and that of 300 × 300 mm2 GEM is

2.1 動作原理 7

(a) GEMフォイル電気力線 (b) GEMフォイル (CERN製)

図 2.1 GEMフォイル．参考文献 [11]より引用

2枚，もしくは 3枚縦に重ねて使用するのが一般的で，典型的には約 104のGainが得ら
れる．1枚目の GEMと Drift cathodeの間を Drift gapと呼び，ここで電離された電子
が Drift field (ドリフト電場) によって，GEMへと導かれ，増幅がされる．増幅された電
子は最終段に設置された電極で信号となってフロントエンド回路 (Readout Electronics)
へ入力される．

図 2.2 一般的な GEM Trackerਤ 2.5 GTRͷ໛ࣜਤ [8]

Ґஔ෼ղೳ͸ x࣠ํ޲ʹ໿ 100 µmɺy࣠ํ޲ʹ໿ 300 µmͰ͋Δɻ࣓৔ͷ͕͖޲ y

͠ࢹͷ෼ղೳΛॏ޲༩͕খ͍ͨ͞Ίɺx࣠ํدͰ͋Γͦͷӡಈྔ෼ղೳ΁ͷ޲ํ࣠

ͨઃܭͱͳ͍ͬͯΔɻҐஔ෼ղೳ্޲ͷͨΊɺυϦϑτ଎౓Λখ͍ͯ͘͞͠Δɻ಺

ଆ͔Βॱʹ 100mm× 100mmɺ200mm× 200mmɺ300mm× 300mmͷ໘ੵΛ

ͭ࣋ 3छྨͷ GTRΛઃஔ͢Δɻਤ 2.6ʹࣸਅΛࣔ͢ɻ
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FIG. 39: The view of the tracker in y-z plane. The red lines show the sensitive area of the chambers.
The left is “B type” and the right is “A type”. The red lines and blue lines show the acceptance in
polar angle.

glass epoxy. A prototype is manufactured as shown in Fig. 40.

FIG. 40: A photo of the prototype frame. The parts of black are made of CFRP and light green are
glass epoxy.

The deformations are evaluated with a realistic configuration by a software (Autodesk
Inventor Professional 2012). Weight of the cables, electronics and chambers is estimated as
12.4 kgf, while the frame’s own weight is estimated as 4.3 kgf. The frames are supported by
the base parts made of aluminum with a thickness of 10 mm. The base parts are fixed on
a base ring, which located on the pole piece of the spectrometer magnet. The base is also

39

CHAPTER 3. GEM TRACKER 15

Figure 3.2: A photograph of GEM trackers

Advantages of GEM detectors are following.

1. High gain (∼ 104) can be achieved by using three layers of GEM foils.

2. GEM has a high rate capability because of the fine hole pitch.

3. An amplification region and a readout board can be separated. It enables us to
use perpendicular strip readout board to obtain two-dimensional information
of a hit position.

Figure 3.3: View of typical GEM foil[21]
Figure 3.4: View of a electric filed in
holes[21]

In our configuration, three GEM foils are stacked in a chamber and a mixture of
Ar (70%) and CO2 (30%) is used for amplification gas. The design of a GEM foil is
summarized in Table 3.1.

A GEM is manufactured by a wet etching method. Copper and polyimide (PI)
are etched by chemicals to make holes. Figure 3.5 shows a typical hole shape of
a 100 × 100 mm2 GEM. The copper layer of a large GEM are divided into several
segments to reduce capacitance and damage by discharge. The size of 200×200 mm2

GEM is divided into 4 segments on one side and that of 300 × 300 mm2 GEM is

2.1 動作原理 7

(a) GEMフォイル電気力線 (b) GEMフォイル (CERN製)

図 2.1 GEMフォイル．参考文献 [11]より引用

2枚，もしくは 3枚縦に重ねて使用するのが一般的で，典型的には約 104のGainが得ら
れる．1枚目の GEMと Drift cathodeの間を Drift gapと呼び，ここで電離された電子
が Drift field (ドリフト電場) によって，GEMへと導かれ，増幅がされる．増幅された電
子は最終段に設置された電極で信号となってフロントエンド回路 (Readout Electronics)
へ入力される．

図 2.2 一般的な GEM Tracker

ਤ 2.6 GTRͷࣸਅ [8]: ஈͷࡾ(ࠨ) GTR(100mm× 100mmɺ200mm× 200mmɺ

300mm× 300mm)ɺ(ӈ)ࠎ૊Έ

ͦΕͧΕͷνϟϯωϧ਺͸ද 2.1ʹࣔ͢௨ΓͰ͋Γɺ1Ϟδϡʔϧ͋ͨΓܭ 2160 ch

ʹͳΔɻ

ද 2.1 1Ϟδϡʔϧ͋ͨΓͷ GTRνϟϯωϧ਺

x y x+y

GTR1 288 72 360

GTR2 576 144 720

GTR3 864 216 1080

ܭ߹ - - 2160

Hadron Blind Detector(HBD)

Ͱ͋Δɻਤثग़ݕܕผ༻ͷΨενΣϨϯίϑࣝࢠి ཧΛࣔ͢ɻCF4ݪग़ݕʹ2.7 Ψ

ε૚ͰిࢠͷνΣϨϯίϑ์ࣹ͔ΒޫࢠΛੜ੒ͨ͠ͷͪɺCsIޫి໘Ͱిࢠʹม׵

͠ɺGEMͰ૿෯ͯ͠৴߸Λݕग़͢ΔɻҰํ π தؒࢠʹΑΔి཭ిࢠ͸ϝογϡʹ

͔͚ΒΕͨి৔ʹΑΓϝογϡʹٵΘΕɺGEM໘΁͸౸ୡ͠ͳ͍ɻ͜ͷଌఆݪཧ

ʹΑΓϋυϩϯʹෆײͳిࣝࢠผ͕ՄೳͱͳΔɻ
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FIG. 61: HBD gas vessel.

(double-gas-vessels and single-gas-vessels) as shown in the next subsection. As the first step,
we produced a single-gas-vessel. The leak rate in single-gas-vessel, which has a total gas
volume of ∼250 L, is measured to be 2 × 10−3 mL/min. When we apply the CF4 flow rate
of 1.5 L/min to the gas vessel, the level of oxygen is less than 0.5 ppm and water is less than
3 ppm. This is sufficient to keep the transmission loss of photoelectrons less than 1%.

8.2.2. Photocathode

The quantum efficiency of the photocathode is very significant parameter for the over-
all performance of the HBD. Evaporation of CsI on the GEM foil surface is performed by
Hamamatsu. The quantum efficiency of the CsI photocathode depends on the thickness and
it saturates at 200 nm. The thickness of the CsI layer is made to be ∼350 nm to ensure full
sensitivity in spite of possible non-uniformity of the evaporation. We measured the quantum
efficiency of the CsI photocathode evaporated on a GEM foil by Hamamatsu. The results
are shown in Fig. 62. This quantum efficiency fulfills our requirements as described later.

It is concerned that the photocathode may deteriorate due to water vapor since CsI is
deliquescent material. We investigated possible degradation of the photocathode during
transportation and operation. This study was performed during the beam test. A CsI
photocathode was mounted in the single-gas-vessel. Transportation from RIKEN to ELPH
took ∼48-hours round trip. We performed the HBD operation for ∼120 hours. Nitrogen gas
flowed in the gas vessel during transportation and the level of water was ∼15 ppm. CF4 gas
flowed in the gas vessel during operation and the level of water was ∼3 ppm. The quantum
efficiency before and after this study are compared and no deterioration was observed. Thus
there is no concern for the transportation of HBD from the view point of the deterioration
of the photocathode.
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8. HADRON BLIND DETECTOR

8.1. Overview

Originally, Hadron Blind Detector (HBD) is an electron tracker using Čerenkov radiation
proposed by Giomataris and Charpak [28]. In the PHENIX experiment, HBD is made by
Weizmann Institute, SUNY and BNL as a mirror-less windowless Čerenkov detector using
GEM and is used for electron identification. Here, CF4 is used as the radiator and ampli-
fication gas and CsI evaporated GEM serves as a photocathode [29, 30]. We learned the
production technology used in PHENIX.

Schematic view of our HBD is shown in Fig. 60.
Elements of our HBD are:

• a radiator where incident electrons emit Čerenkov radiation,

• a GEM detector which amplify electrons,

• a photocathode, that is evaporated on the surface of the GEM detector,

• a mesh anode which controls the field above the photocathode, and

• a read-out system for the GEM detector.

Responses of the HBD to charged particles are shown in Fig. 60. The HBD identifies
electrons by converting emitted Čerenkov photons in CF4 into photoelectrons with a CsI
photocathode. The converted photoelectrons are amplified by a triple GEM stack and then
leave a signal on read-out pads. Charged particles apart from electrons, like pions, do not emit
Čerenkov photons in the momentum region, up to 4.0 GeV/c, where we perform measurement
and ionization charges by energy loss can only induce a signal. However, the ionization

FIG. 60: Schematic view of the HBD.
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ਤ 2.7 HBDͷݕग़ݪཧ [8]

GEM ໘͸ 1 Ϟδϡʔϧ͋ͨΓ 600mm Ͱ͋Γɺνϟϯωϧ਺͸ํ࢛ 1,380 ch Ͱ

͋Δɻిࢠͷݕग़ޮ཰͸໿ 63%ɺπ தؒࢠͷࠞೖ཰͸໿ 0.6%Ͱ͋Δɻ·ͨɺΦϑ

ϥΠϯղੳʹ͓͍ͯ͸৴߸ͷۭؒతͳ͕޿Γ͔ΒɺνΣϨϯίϑޫ༝དྷͷ৴߸ͱి

཭ిࢠʹΑΔ৴߸Λ۠ผ͢Δ͜ͱ͕Ͱ͖Δɻਤ 2.8ʹࣸਅΛࣔ͢ɻ
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FIG. 61: HBD gas vessel.

(double-gas-vessels and single-gas-vessels) as shown in the next subsection. As the first step,
we produced a single-gas-vessel. The leak rate in single-gas-vessel, which has a total gas
volume of ∼250 L, is measured to be 2 × 10−3 mL/min. When we apply the CF4 flow rate
of 1.5 L/min to the gas vessel, the level of oxygen is less than 0.5 ppm and water is less than
3 ppm. This is sufficient to keep the transmission loss of photoelectrons less than 1%.

8.2.2. Photocathode

The quantum efficiency of the photocathode is very significant parameter for the over-
all performance of the HBD. Evaporation of CsI on the GEM foil surface is performed by
Hamamatsu. The quantum efficiency of the CsI photocathode depends on the thickness and
it saturates at 200 nm. The thickness of the CsI layer is made to be ∼350 nm to ensure full
sensitivity in spite of possible non-uniformity of the evaporation. We measured the quantum
efficiency of the CsI photocathode evaporated on a GEM foil by Hamamatsu. The results
are shown in Fig. 62. This quantum efficiency fulfills our requirements as described later.

It is concerned that the photocathode may deteriorate due to water vapor since CsI is
deliquescent material. We investigated possible degradation of the photocathode during
transportation and operation. This study was performed during the beam test. A CsI
photocathode was mounted in the single-gas-vessel. Transportation from RIKEN to ELPH
took ∼48-hours round trip. We performed the HBD operation for ∼120 hours. Nitrogen gas
flowed in the gas vessel during transportation and the level of water was ∼15 ppm. CF4 gas
flowed in the gas vessel during operation and the level of water was ∼3 ppm. The quantum
efficiency before and after this study are compared and no deterioration was observed. Thus
there is no concern for the transportation of HBD from the view point of the deterioration
of the photocathode.
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8. HADRON BLIND DETECTOR

8.1. Overview

Originally, Hadron Blind Detector (HBD) is an electron tracker using Čerenkov radiation
proposed by Giomataris and Charpak [28]. In the PHENIX experiment, HBD is made by
Weizmann Institute, SUNY and BNL as a mirror-less windowless Čerenkov detector using
GEM and is used for electron identification. Here, CF4 is used as the radiator and ampli-
fication gas and CsI evaporated GEM serves as a photocathode [29, 30]. We learned the
production technology used in PHENIX.

Schematic view of our HBD is shown in Fig. 60.
Elements of our HBD are:

• a radiator where incident electrons emit Čerenkov radiation,

• a GEM detector which amplify electrons,

• a photocathode, that is evaporated on the surface of the GEM detector,

• a mesh anode which controls the field above the photocathode, and

• a read-out system for the GEM detector.

Responses of the HBD to charged particles are shown in Fig. 60. The HBD identifies
electrons by converting emitted Čerenkov photons in CF4 into photoelectrons with a CsI
photocathode. The converted photoelectrons are amplified by a triple GEM stack and then
leave a signal on read-out pads. Charged particles apart from electrons, like pions, do not emit
Čerenkov photons in the momentum region, up to 4.0 GeV/c, where we perform measurement
and ionization charges by energy loss can only induce a signal. However, the ionization

FIG. 60: Schematic view of the HBD.
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ਤ 2.8 HBD1Ϟδϡʔϧ෼ͷࣸਅ [8]

Lead Glass Calorimeter(LG)

ผ༻ͷԖΨϥεΧϩϦʔϝʔλʔͰ͋Δɻి࣓γϟϫʔɺνΣϨϯίϑ์ࣹࣝࢠి

ʹΑͬͯੜͨ͡ޫࢠΛޫి૿ࢠഒ؅ͰಡΈऔΓɺᮢ஋ܕͷݕग़ثͱͯ͠ಈͤ͞࡞

Δɻిࢠͷݕग़ޮ཰͸໿ 90%ɺπ தؒࢠͷࠞೖ཰͸໿ 5% Ͱ͋Δɻݕग़ܥث 1 Ϟ

δϡʔϧΛ 38ͳ͍͠ 42ϒϩοΫͰܗ੒͢Δɻਤ 2.9ʹੇ๏ͱࣸਅΛࣔ͢ɻ
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鉛ガラス

フランジ 
(ステンレス)

PMT

~180mm

~120mm

ライトガイド 
(鉛ガラス)

鉛ガラス

フランジ 
(高マンガン鋼)

PMT

~180mm

~120mm

ライトガイド 
(鉛ガラス)

ਤ 2.9 LGͷ֓ཁ: ଆ͕ੇ๏ɺӈଆ͕ࣸਅࠨ

ද͍ͯͭʹثग़ݕ 2.2ʹ·ͱΊΔɻ

ද 2.2 ͷ·ͱΊثग़ݕ

ثग़ݕ SSD GTR HBD LG શମ

༻్ ඈ੻ݕग़ ผࣝࢠి

ઃஔ൒ܘ [mm] 120 200, 400, 600 1200 1400

νϟϯωϧ਺ [ch/module] 768 2,160 1,380 38 or 42 4,348

૯νϟϯωϧ਺ [ch] 1,9968 56,160 35,880 1,060 112,996

Ґஔ෼ղೳ [µm] 30 100(x), 300(y) - - -

࣭ྔ෼ղೳ [MeV/c2] - - - - 7.9

ग़ޮ཰ݕࢠి - - 63% 90% 57%

π தؒࠞࢠೖ཰ - - 0.6% 5% 0.03%

2.4 ճ࿏ܥ

E16࣮ݧͰ͸ɺSSDɺGTRɺHBDɺLGͷશͯͷݕग़͔ثΒ೾ܗ৘ใΛऔಘ͢Δɻ͜

Ε͸Ґஔ෼ղೳͷ্޲ͱɺύΠϧΞοϓͷӨڹΛΦϑϥΠϯͰऔΓআͨ͘ΊͰ͋Δɻ·ͨ

τϦΨʔੜ੒ʹ͸ɺGTR3ɺHBDɺLG͔ΒͷσΟεΫϦϛωʔλʔग़ྗ৴߸Λ༻͍Δɻ

SSDɺGTR1ɺGTR2 ͸ඪతʹۙ͘ɺϏʔϜϋϩʔͳͲͷӨ͕ڹେ͖͍ͱ͑ߟΒΕΔͨ

ΊɺτϦΨʔʹ͸࢖༻͠ͳ͍ɻਤ 2.10ʹճ࿏ܥͷ֓೦ਤΛࣔ͢ɻݕग़ث৴߸ಡΈग़͠ܥ
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ͱɺτϦΨʔΛੜ੒͢ΔτϦΨʔܥʹେผ͞ΕΔɻཻݕ͕ࢠग़܈ثΛ௨ա͢ΔͱɺσΟε

ΫϦϛωʔλʔ৴߸͕ग़ྗ͞Εಉ࣌ʹಡΈग़͠ܥͰ೾ܗ৘ใ͕όοϑΝϦϯά͞ΕΔɻτ

ϦΨʔܥͰ͸όοϑΝϦϯάλΠϜʹؒʹ߹͏Α͏τϦΨʔΛੜ੒͠ɺ೾ܗಡΈग़͠ܥ΁

τϦΨʔΛൃ͢ߦΔɻ

SSD

GTR1

GTR2

APV25-S1 Chip
DRS4 Chip

波形バッファIC検出器

GTR3

HBD

LG

トリガー中継 
モジュール

トリガー決定 
モジュール

トリガー分配 
モジュール

A/D変換

トリガー系(2,620ch)

0サプレッション DAQ PC

波形読み出し系(112,996ch)

: 波形情報 
: トリガープリミティブ 
: トリガー信号

読み出しチャンネル: 112,996ch 
トリガーチャンネル: 2,620ch

GTR ASD

HBD ASD

DRS4モジュール

ディスクリミネーター

ਤ 2.10 ճ࿏ܥͷ֓೦ਤ

ຊઅͰ͸τϦΨʔܥͷҰ෦ͱɺτϦΨʔϨΠςϯγͷ্ݶʹؔΘΔ೾ܗόοϑΝूੵճ

࿏ (IC)ʹ͍ͭͯड़΂ΔɻτϦΨʔܥͷৄࡉ͸ୈ 3ষɺதͰ΋ຊ࿦จͰใ͢ࠂΔτϦΨʔ

தܧϞδϡʔϧͷৄࡉ͸ୈ 4ষͰड़΂Δɻ

2.4.1 ಡΈग़͠ܥ

ಡΈग़͠ܥͰ͸ܭ 112,996 ch ͔Βͷ೾ܗ৘ใΛऔΓѻ͏ɻSSDɺGTRɺHBD ͸

APV25-S1 Chip[14] ͱݺ͹ΕΔ ICɺLG ͸ DRS4 Chip[15] ͱݺ͹ΕΔ IC Λ༻͍ͯɺ

τϦΨʔ͕͔͔Δ·Ͱɺ೾ܗΛΞφϩάͷ··όοϑΝϦϯά͢ΔɻͦΕͧΕͷ ICͷ࢓

༷Λද 2.3ʹ·ͱΊΔɻ
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ද 2.3 ೾ܗόοϑΝϦϯά༻ ICͷ༷࢓

IC APV25 DRS4(E16༷࢓)

νϟϯωϧ਺ 128 4

αϯϓϦϯάִؒ [MHz] 40 700-1000

ηϧ਺ [/ch] 160 2048

όοϑΝϦϯάλΠϜ [µs] 4 ∼ 2

DRS4 Chip͸༷࢓ΛΧελϚΠζ͢Δ͜ͱ͕Ͱ͖Δ͕ɺ͜͜Ͱ͸ E16Ͱ༧ఆ͍ͯ͠Δ࢓

༷Λ͢هɻSSDɺGTRɺHBD͸ 4 µsɺLG͸ 2 µsͷόοϑΝϦϯάλΠϜ͕͋Δɻ

2.4.2 τϦΨʔܥ

τϦΨʔ৴߸ͷੜ੒ʹ͸ɺGTR ͷࡾஈ໨ (GTR3)ɺHBDɺLG ͷσΟεΫϦϛωʔ

λʔग़ྗ৴߸Λ༻͍Δɻਤ 2.11ʹ 1Ϟδϡʔϧ͋ͨΓͷɺ֤νϟϯωϧͷ෴͏໘Λࣔ͢ɻ

LG͸ 1ϒϩοΫ͕ 1 chʹରԠ͠৔ॴʹԠͯ͡ 1Ϟδϡʔϧ͋ͨΓ 38ͳ͍͠ 42 ch͋Δɻ

HBD͸ LGʹରԠͤ͞ΔΑ͏ʹॎԣʹ 6× 6ͷ 36 chɺGTR3͸ y࣠ํ޲ʹ 24෼ׂ͞Ε

͍ͯΔɻσΟεΫϦϛωʔτ৴߸͸ 1Ϟδϡʔϧ͋ͨΓ໿ 100 chɺશϞδϡʔϧʹ౉Δ૯

਺͸ 2,620 chʹͳΔɻ
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x

y

GTR3 HBD LG

GTR2
GTR1

SSD

1モジュールの水平方向断面図

ビーム

各検出器面でのチャンネル配置

ਤ 2.11 τϦΨʔνϟϯωϧਤ

σΟεΫϦϛωʔτ৴߸ͷੜ੒͸ɺGTR3 ͱ HBD ʹ͍ͭͯ͸ ASD(Amp-Shaper-

Discriminator) Χʔυ [16]ɺLG ʹ͍ͭͯ͸ DRS4 Ϟδϡʔϧ [17] ͱݺ͹ΕΔɺ೾ܗऔ

ಘٴͼσΟεΫϦϛωʔλʔͳͲ͕࣮૷͞ΕͨϞδϡʔϧΛ༻͍Δɻ͜ΕΒͷσΟεΫϦ

ϛωʔλʔ͸͍ͣΕ΋৴߸͕ᮢ஋Λ௒͑ͨؒ࣌ (Time Over Threshold: TOT)ͱಉ͡෯

ͷσδλϧ৴߸Λग़ྗ͢Δ (ਤ 2.12)ɻయܕతͳ৴߸ͷ෯͸ɺGTR3Ͱ໿ 200 nsɺHBDͰ

໿ 800 nsɺLGͰ໿ 30 nsͰ͋Δɻ

30



時間

波高

閾値
入力信号

時間
出力信号

ਤ 2.12 TOTܕσΟεΫϦϛωʔλʔͷ໛ࣜਤ

·ͨτϦΨʔνϟϯωϧͷώοτϨʔτ͸࠷େͰ໿ 1MHz/chͱ༧ଌ͞ΕΔɻ͜Ε͸ɺ

ՙిཻࢠશͯʹײ౓ͷ͋Δ GTR3ͷɺ࠷લํͰͷ஋Ͱ͋ΔɻτϦΨʔϨʔτʹؔ͢Δৄ

͸ࡉ 6.2.1߲Ͱड़΂Δɻ·ͨσΟεΫϦϛωʔλʔҎ߱ʹ͍ͭͯ͸࣍ষͰઆ໌͢Δɻ
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ୈ 3ষ

τϦΨʔγεςϜ

ຊষͰ͸ɺຊ࣮ݧͰ՝͢τϦΨʔ৚݅ͷίϯηϓτͱɺͦΕΛ࣮͢ݱΔͨΊͷϋʔυ

΢ΣΞʹ͍ͭͯهड़͢Δɻ

3.1 τϦΨʔ৚݅ͷ֓ཁ

ຊ࣮ݧͰ͸ GTR3ɺHBDɺLGͷσΟεΫϦϛωʔλʔग़ྗ৴߸Λ༻͍ͯɺిࢠɾཅి

ͷΑ͏ͳ৚݅Ͱ൑ఆ͢Δɻ࣍ର΁ͷ่յΠϕϯτΛࢠ

• ͰλΠϛϯάͷίΠϯγσϯεͱҐஔͷϚονϯάΛऔΓɺඪత͔Βثग़ݕஈͷࡾ
ͷిࢠඈ੻Λݕग़͢Δ (ਤ 3.1)ɻ

• ඈ੻͕Ұఆؒ࣌಺ʹ 2ͭҎ্ݕग़͞Εɺ͔ͭͦͷඈ੻ͷ։͖֯౓͕͋Δ஋Λ௒͑ͨ

৔߹ʹτϦΨʔΛੜ੒͢Δ (ਤ 3.2)ɻ

Ұͭ໨ͷ৚݅Ͱ͸ɺݕग़ثʹώοτཻ͕ͨ͠ࢠඪత͔Β์ग़͞Εͨ΋ͷͰ͋Δ͜ͱͱɺͦ

ͷཻࢠి͕ࢠͰ͋Δ͜ͱΛཁ͢ٻΔɻೋͭ໨ͷ৚݅Ͱ͸ɺిࢠͷඈ੻͕ 2ຊ͋Γɺ͔ͭ φ

தؒࢠ༝དྷͰ͋Δ͜ͱΛཁ͢ٻΔɻ
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J-PARC E16実験 5

• Tracking 
- SSD 
- GEM Tracker 
➡Mass resolution < 10.0 
MeV/c2 

• Electron ID 
- HBD 
- Lead Glass calorimeter 
➡pion rejection < 10-3

HBD
LG

SSD
GEM2

GEM1
GEM3

断面図 3D

× 8 modules   (Run1) 
× 26 modules (Run2)

1 Module 拡大図

(HBD)

断面図

been measured.
Such systematic studies enable us not only to confirm the E325 results but also to provide

new systematic information of spectral change of vector mesons in nuclei, and to contribute
to elucidate the nature of QCD vacuum.

2. EXPERIMENT

For the experiment, we will use a 30-GeV proton beam with an intensity of 1×1010 protons
per pulse, at the high-momentum beam line, which is to be constructed at J-PARC Hadron
Experimental Facility (Hadron hall). To increase the statistics by a factor of 100 compared to
E325, the beam intensity is increased by a factor of 10, the acceptance of the spectrometer is
enlarged to achieve a factor of 5, and the production cross section of the φ meson increase by
a factor of 2, within the acceptance, by changing beam energy from 12 to 30 GeV. The target
thickness must stay the same as E325, typically 0.1% interaction length and 0.5% radiation
length, for each targets, typically C and Cu, to suppress the electron background caused by
γ-conversion in the target. To cope with the expected interaction rate that is increased by a
factor of 10, to 10-20 MHz, new spectrometer based on the new technology should be built.
Also the readout circuits and DAQ system are prepared to take 1-2 kHz of trigger request
within 80% live time, coping with the background from the 10-20 MHz interaction rate.

The schematic view of a proposed spectrometer is shown in Figure 1. Nuclear targets are
located at the center of the spectrometer magnet. The primary proton beam is delivered on
the target. GEM Tracker (GTR)[18, 19] which has three tracking planes is located around
the target, between 200 mm and 600 mm in radius from the center of the magnet where the
target is located. Outside the tracker, Hadron Blind Detector (HBD)[20–22] and lead-glass
EM calorimeter (LG) are located successively to identify the electrons.

FIG. 1: Schematic view of the proposed spectrometer, the 3D view and the plan view.

GEM Tracker is required to cope with the high rate that is expected to reach 5 kHz/mm2 at
the most forward region of the proposed spectrometer. It should be noted that the COMPASS
experiment reported that their GEM Tracker works under 25 kHz/mm2 with a position
resolution of 70 µm[23].

The goal of the mass resolution is 5 MeV/c2, improved by a factor of two from that of
E325, 11 MeV/c2. With the resolution, possible double peak structure due to the modified
φ mesons in nuclei could be observed by selecting very slowly-moving φ mesons, e.g. with a
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and further, the first data of momentum dependence of the spectral change, with the 6 times
higher statistics than that of E325 collected, as shown in this section. In addition, we also
measure the yield and kinematical distribution of vector mesons, and background conditions
in the limited detectors in this stage. Based on the information, we could blush up the
detailed plan of the next stage.

With additional budget of about 5 Oku yen, we will able to prepare the full acceptance,
which consists of 26 modules. (Cost for new module is 0.26 Oku yen/module including readout
electronics.) The configuration is illustrated in Fig. 8. We would like to run 320 shifts (RUN
2) with the configuration, and take physics data. We will be able to do systematic study of
the in-medium spectral change of vector mesons.

Here, we would like to request approval for RUN 0 and RUN 1.
The expected yield of vector mesons expected for the different configuration and different

lengths of the data taking is listed in Table I. For the estimation, we assume the usage of a
400 µm -thick Carbon target and two 80 µm -thick Copper targets simultaneously, located
in-line on the beamline. Thus the total interaction length is 0.2 % and the interaction rate is
10 MHz at the target with the beam of 1×1010 protons per 2-sec pulse. Other numbers used
for the yield estimation is summarized in Table II.

FIG. 7: Detector configuration with 8 modules.
FIG. 8: Detector configuration with 26 modules.
(RUN 2)

RUN beam time configuration target φ ω

RUN 0 9 shifts 6 + 6 + 2 + 2 Cu 460 2400
RUN 0’ 9 shifts 8 + 8 + 8 + 8 Cu 840 4400
RUN 1 160 shifts 6 + 6 + 2 + 2 Cu 8200 42000
RUN 1’ 160 shifts 8 + 8 + 8 + 8 Cu 15000 (1700)
RUN 1’ 160 shifts 8 + 8 + 8 + 8 C 12000 (1500)
RUN 2 320 shifts 26 + 26 + 26 + 26 Cu 69000 (12000)

KEK-PS E325 Cu 2400 (460) 3200

TABLE I: Numbers of φ’s and ω’s expected for different configurations and lengths of the beam time,
compared to the numbers obtained by the KEK-PS E325 experiments. Numbers in parentheses are
for mesons with βγ < 1.25. Four numbers interleaved with “+” in the configuration column describes
the numbers of the modules for the four spectrometer components : SSD, GTR, HBD, and LG,
respectively.
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陽子ビーム

ハドロン不感検出器(HBD)

鉛ガラスカロリーメーター(LG)

GEMトラッカー(GTR)×3
標的チェンバー

シリコンストリップ検出器 
(SSD)

三次元図

ਤ 3.1 ҐஔͷϚονϯά: ੺ͷόπҹͷҐஔͰཻݕ͕ࢠग़͞Ε͍ͯΔ

標的

LG

GTR3

HBD

B

ビーム

φ由来の電子

φ由来の陽電子

π0由来の電子π0由来の陽電子

x

z
y

ਤ 3.2 ։͖֯౓ͷ໛ࣜਤ: φதؒࢠ༝དྷͷిࢠɾཅిࢠ͸େ͖͘։͕͘ɺπ0 தؒࢠ༝

དྷͷిࢠɾཅిࢠ͸։͖֯౓͕খ͍͞ɻ

ຊ࣮ݧͷڥ؀ԼͰඪత෇ۙʹిࢠΛൃੜͤ͞ΔओͳཁҼͱͳΔͷ͸ɺp+A൓ԠͰൃੜ

ͨ͠ π0 தؒࢠͰ͋Δɻπ0 தؒࢠ͸
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• π0 → 2γ (෼ذൺ: 98.823± 0.034%[2])

γ → e+e−(ඪతͷ์ࣹ௕: ֤ඪత 0.5%)

• π0 → γe+e− (෼ذൺ: 1.174± 0.035%[2])

ͷΑ͏ͳ൓ԠͰిࢠରΛੜ੒͢Δɻ·ͨͦͷੜ੒அ໘ੵ͸ɺաڈͷଌఆ [13] ͔Β 1 b ͷ

ΦʔμʔͰ͋Δ͜ͱ͕஌ΒΕ͓ͯΓ (ද 3.1)ɺφதؒࢠͷੜ੒அ໘ੵͷ໿ 500ഒͱඇৗʹ

େ͖͍ɻ

ද 3.1 π0 தؒࢠͷੜ੒அ໘ੵ (ਪఆ஋)

30GeV p+C 500mb

30GeV p+Cu 2400mb

͔͜͠͠ͷΑ͏ʹͯ͠ൃੜͨ͠ిࢠରͷؒͷ։͖֯౓͸Ұൠతʹখ͘͞ɺτϦΨʔஈ֊

Ͱిࢠɾཅిؒࢠͷ։͖֯౓ʹ੍ݶΛ͚ͭΔ͜ͱͰͦͷଟ͘Λ٫͢غΔ͜ͱ͕Ͱ͖Δ (ਤ

3.2)ɻਤ 3.3ʹ։͖֯౓ʹ੍ݶΛ͔͚ͨ৔߹ͷɺτϦΨʔϨʔτͱ φதؒࢠ༝དྷͷిࢠɾ

ཅిࢠରͷੜଘ཰ͷؔ܎Λࣔ͢ [18]ɻԣ࣠͸ɺཱମ֯Λ΄΅֨ࢠঢ়ʹ෼ׂ͢Δ HBDτϦ

Ψʔνϟϯωϧͷνϟϯωϧؒڑ཭ (
√

x2 + y2[ch](ਤ 3.2 ((রࢀ Ͱ͋Γɺ1 ch ͸͓Αͦ

5◦ ʹରԠ͢Δɻ·ͨిࢠɾཅిࢠରͷੜଘ཰͸ɺݕग़ثʹ φதؒࢠ༝དྷͷిࢠɾཅిࢠ

ೖࣹͨ͠Πϕϯτʹରͯ͠ɺτϦΨʔ৚݅Λຬͨͨ͠Πϕϯτ਺ͷൺͰ͋Δɻͨͩʹڞ͕

͍ͣ͠ΕͷΠϕϯτͰ΋ɺిࢠର͕ώοτͨ͠ HBDͷνϟϯωϧ͕Ԗ௚ํ޲ͰಉҰͰͳ

͍͜ͱ (∆y ̸= 0)ͱ͍͏৚݅͸՝͞Ε͍ͯΔͱͨ͠ɻੵݟ΋Γʹ͸ π தؒࢠͷݕޡग़ͷӨ

ೖΕ͍ͯΔɻʹྀߟ΋ڹ
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Trigger Rate

8

• HBDにおけるpairのtrigger segment間距離(sqrt(dX2 + dY2))の分布 
• segment間距離でCutをかけるロジックでバッググラウンドを抑制する 
• Cutを下限としたヒストグラムの積分値 = トリガーレート 
• 1kHz以下のトリガーレートに対応するφ surviving ratio : 74% (SUS), 86% (Ti)
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200 Sum (2 Cu target + 1 C target + 1 SUS) Cu target 1 e-e

πCu target 1 e- π-πCu target 1 
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π-πC target 3 Cu target 5 e-e
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Distribution of segment distance in HBD

ਤ 3.3 τϦΨʔϨʔτͱిࢠରੜଘ཰ͷؔ܎ [8]: ΛͦΕͧΕ࣭ࡐɺന͸ਅۭ૭ͷࠇ

SUSɺTIͱͨ͠৔߹ͷτϦΨʔϨʔτɺ੺͸ φதؒࢠ༝དྷͷిࢠɾཅిࢠରͷੜଘ཰

·ͨ൓ԠΛ͢͜ى෺࣭ͱͯ͠ɺ্ྲྀʹઃஔ͞ΕΔϏʔϜϥΠϯͷਅۭ૭Λੵݟ΋ΓʹؚΊ

͍ͯΔɻ͜͜Ͱ͸ਅۭ૭ͷ࣭ࡐΛ SUS ͳ͍͠ Ti ͱ͍ͯ͠Δɻਤ 3.3 தͷࠇ఺͸ɺඪత

ͱਅۭ૭ (SUS)͔Βͷཻ࡞͕ࢠΔτϦΨʔͷϨʔτɺന఺͸ɺඪతͱਅۭ૭ (Ti)͔Βͷ

ΔτϦΨʔͷϨʔτɺ੺఺͕࡞͕ࢠཻ φ தؒࢠ༝དྷͷిࢠɾཅిࢠରͰ͋Δɻ͜ͷਤΑ

ΓɺτϦΨʔϨʔτΛ 1 kHzҎԼʹ͠Α͏ͱͨ͠৔߹ͷిࢠରͷੜଘ཰͸ SUS૭ͷ৔߹

∼74%(੨఺ઢ)ɺTi૭ͷ৔߹ ∼86%(྘఺ઢ)ͱͳΔɻ

3.2 τϦΨʔϋʔυ΢ΣΞ

τϦΨʔγεςϜͰ͸ɺ্هͷϩδοΫΛ༻͍ͯ 2,620 chͷσΟεΫϦϛωʔλʔग़ྗ

৴߸͔ΒτϦΨʔΛੜ੒͠ɺશಡΈग़͠ϞδϡʔϧʹτϦΨʔΛ෼഑͢ΔɻτϦΨʔܾఆ

ͷͨΊʹ͸ɺશτϦΨʔνϟϯωϧͷσΟεΫϦϛωʔλʔ৘ใΛҰͭͷϞδϡʔϧʹू

໿ͯ͠ѻ͏ඞཁ͕͋Δɻ͔͠͠ɺશτϦΨʔνϟϯωϧ͔Βͷ৴߸ͷड৴ɺτϦΨʔܾఆɺ

શಡΈग़͠Ϟδϡʔϧ΁ͷτϦΨʔͷૹ৴ΛҰͭͷϞδϡʔϧͰ͜͏ߦͱ͸ࠔ೉Ͱ͋Δɻ

ͦ͜Ͱຊ࣮ݧͰ͸τϦΨʔճ࿏ΛɺτϦΨʔதܧϞδϡʔϧɺτϦΨʔܾఆϞδϡʔϧɺ
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τϦΨʔ෼഑Ϟδϡʔϧͷࡾஈ֊ʹ෼͚Δ͜ͱͱͨ͠ɻ֤Ϟδϡʔϧͷ֓ཁΛड़΂Δɻ

τϦΨʔதܧϞδϡʔϧ: TRG-MRG(TRiGger-MeRGer)

TRG-MRG͸ E16ͷͨΊʹ։ൃͨ͠ϞδϡʔϧͰ͋Δɻ͜ͷϞδϡʔϧ͸ҎԼʹ

ࣔ͢Α͏ͳ໾ׂΛՌͨ͢ɻ

• ΒύϥϨϧʹೖྗ͞ΕΔ͔ثग़ݕ֤ 1Ϟδϡʔϧ͋ͨΓ 256 chͷ LVDS৴߸

ΛγϦΞϧ৘ใʹม͠׵ɺ͞ Βʹ SFP+(Small Formfactor Pluggable+)ͱݺ

͹ΕΔޫτϥϯγʔόʔͰޫ৴߸΁ม͑ɺޫϑΝΠόʔΛհͯ͠τϦΨʔܾఆ

Ϟδϡʔϧ΁ग़ྗ͢Δɻ

• ೖྗ͞ΕͨσΟεΫϦϛωʔλʔग़ྗ৴߸͔Β্ཱ͕ͪΓΛݕग़͠ɺλΠϛϯ

ά৘ใΛ෇༩͢Δɻ

• ֤νϟϯωϧʹ഑ઢ௕ͳͲͷࠩΛଧͪফ͢஗ԆΛ༩͑ɺΠϕϯτಉظΛͱΔɻ

• ֤νϟϯωϧͷεέʔϥʔͱͯ͠ώοτͷճ਺Λܭଌ͢Δɻ

σʔλॲཧ͸ FPGA(Field-Programmable Gate Array)ͱݺ͹ΕΔɺॻ͖͑׵Մ

ೳͳ IC্Ͱ͏ߦɻϞδϡʔϧͷ͞ΒͳΔৄࡉ͸࣍ষʹ͢هɻ

τϦΨʔܾఆϞδϡʔϧ: Belle-2 UT3(Universal Trigger board 3)

Belle-2 UT3͸ɺBelle-2࣮͚ͯ޲ʹݧ։ൃ͞ΕͨτϦΨʔ༻൚༻ϩδοΫϘʔυ

Ͱ͋Δ [19]ɻਤ 3.4 ʹ UT3 ͷࣸਅΛࣔ͢ɻQSFP+(Quad SFP+) ͱݺ͹ΕΔޫ

τϥϯγʔόʔͰશ 10୆ఔ౓ͷதܧϞδϡʔϧ͔Βͷ৴߸Λड͚ɺFPGAʹΑͬ

ͯτϦΨʔΛੜ੒͢ΔɻQSFP+ ͸ɺ1 ϙʔτͰ 4 ͭͷ SFP+ ͱͷ઀ଓ͕Մೳͳ

ޫτϥϯγʔόʔͰ͋ΓɺϘʔυ্ͷ FPGA಺ͷτϥϯγʔόʔ 4Ϩʔϯͱ઀ଓ

͞Ε͍ͯΔɻQSFP+16 ϙʔτͷ͏ͪ 6 ϙʔτ͸ 1 Ϩʔϯ͋ͨΓ࠷େ௨৴Ϩʔτ

11.18Gbpsͷ GTHτϥϯγʔόʔɺ࢒Γͷ 10ϙʔτ͸ 1Ϩʔϯ͋ͨΓ࠷େ௨৴

Ϩʔτ 6.6Gbpsͷ GTXτϥϯγʔόʔΛ࢖༻Ͱ͖Δ [20]ɻGTHɺGTXτϥϯ

γʔόʔ͸Xilinxࣾͷఏ͢ڙΔτϥϯγʔόʔͷ֨نͰ͋ΓɺϢʔβʔճ࿏͔Βͷ

ग़ྗ৴߸ͷΤϯίʔυ΍֎෦͔Βͷೖྗ৴߸ͷσίʔυͳͲΛ͏ߦɻ෼഑Ϟδϡʔ

ϧͱͷؒʹ͸ RJ45ͱݺ͹ΕΔίωΫλͰ௨৴͢Δɻ෼഑ʹ͸ 4ରͷ LVDS(Low

Viltage Differential Signaling)৴߸Λ༻͍ɺ250MbpsͷγϦΞϧσʔλΛૹड৴

͢Δɻ͜ͷ಺༁͸ɺ

CLK

γϦΞϧσʔλసૹ༻ͷ 125MHzΫϩοΫɻ

TRG

τϦΨʔͷλΠϛϯάɺछྨɺࣝผλάͳͲͷ෇ਵ৘ใ
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ACK

τϦΨʔσʔλड৴ʹର͢ΔԠ౴σʔλɺϏδʔ৘ใͳͲ

RSV

ະ࢖༻

ͱͳ͍ͬͯΔɻ্ͷ 2छྨ͸ UT3͔Βͷૹ৴৴߸ɺԼͷ 2छྨ͸ड৴৴߸Ͱ͋Δɻ

QSFP+ ×10ポート 
FPGA GTXと接続

QSFP+ ×6ポート 
FPGA GTHと接続

RJ45 ×4ポートトリガー分配モジュール
トリガー中継モジュール

トリガー中継モジュール

ਤ 3.4 Belle-2 UT3ͷࣸਅ

τϦΨʔ෼഑Ϟδϡʔϧ: Belle-2 FTSW(Frontend Timing SWitch)

Belle-2 FTSW ΋ UT3 ͱಉ༷ɺBelle-2 ͷͨΊʹ։ൃ͞ΕͨλΠϛϯά෼഑ݧ࣮

ϞδϡʔϧͰ͋Δ [21]ɻਤ 3.5 ʹ FTSW ͷࣸਅΛࣔ͢ɻ24 ຊͷ RJ45 ϙʔτΛ

ɺUT3ͪ࣋ ͔Βೖྗ͞ΕͨτϦΨʔͱΫϩοΫΛɺTRG-MRG ΍֤ಡΈग़͠Ϟ

δϡʔϧʹ෼഑͠ɺ֤Ϟδϡʔϧ͔ΒͷϏδʔ৴߸ͳͲΛड৴͢Δɻ·ͨɺUT3

ͳͲ֤Ϟδϡʔϧͱͷؒͷέʔϒϧʹ͸ CAT7 LANέʔϒϧΛ༻͍Δɻ͜Ε͸ 2

ॏγʔϧυʹͳ͓ͬͯΓɺϊΠζʹ͘ڧप೾਺ଳҬ΋ 600MHzͱྑ͍ɻ
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RJ45 ×24ポート

JTAG

読み出しモジュール、 
TRG-MRGとの通信(20ポート)

UT3との通信
LAN
AUX

ਤ 3.5 Belle-2 FTSWͷࣸਅ

3.3 τϦΨʔܥ΁ͷؒ࣌తཁ੥

3.3.1 τϦΨʔϨΠςϯγͷੵݟ΋Γ

·ͣɺTRG-MRG ΁ͷೖྗ͔Β FTSW ͔Βͷग़ྗ·Ͱͷؒ࣌΁ͷཁ੥Λ͑ߟΔɻτ

ϦΨʔճ࿏Ͱͷॲཧؒ࣌Λ T [ns] ͱஔ͘ɻ࣮ݧͰ͸ GEM ͷ೾ܗόοϑΝ͸ݕग़ثͷۙ

͘ɺLG ͷ೾ܗόοϑΝ͸τϦΨʔܥϞδϡʔϧͷۙ͘ʹઃஔ͢ΔɻLG ͔Β DRS4 Ϟ

δϡʔϧ·Ͱͷέʔϒϧ௕ͱɺFTSW͔Β GEMಡΈग़͠ܥ·Ͱͷέʔϒϧ௕ΛͦΕͧ

Ε 20m ͱͨ͠ɻ͜ΕʹΑΓɺGEMͰͷσΟεΫϦ৴߸ੜ੒͔Β TRG-MRG ΁ͷೖྗ

ͱɺFTSW ͔ΒͷτϦΨʔग़ྗ͔Β LG ೾ܗόοϑΝ΁ͷτϦΨʔೖྗʹ͸ͦΕͧΕ

100 ns ͔͔ΔࢉܭʹͳΔɻ·ͨ GTR3 ͷ৴߸͸ɺυϦϑτεϖʔεͷͲ͜Ͱి཭͕ى

͜Δ͔ʹΑͬͯɺ࠷େ 500 ns ఔ౓ͷ্ཱ͕ͪΓ͕͋ࠩؒ࣌ΔɻϞδϡʔϧؒͷܦ࿏௕΍

GEMͷυϦϑτؒ࣌Λྀ͢ߟΔͱɺཻࢠ௨ա͔ΒಡΈग़͠։࢝·ͰͷλΠϜςʔϒϧ͸

38



ਤ 3.6ͷΑ͏ʹͳΔɻ

バッファ開始

0

粒子通過

100 500 600 700+T

トリガー

GEM波形

LG波形

その他

時刻[ns] 600+T

バッファ開始

早いGEM信号、 
LG信号が 

TRG-MRGへ入力
遅いGEM信号が生成早いGEM信号が生成

遅いGEM信号が 
TRG-MRGへ入力

FTSWから 
トリガー出力

読み出し開始

読み出し開始

600+T-100 < LGのバッファリング時間

700+T < GEMのバッファリング時間

ਤ 3.6 ͰͷλΠϜςʔϒϧ·࢝௨ա͔ΒಡΈग़͠։ࢠཻ

GEMɺLGͷ೾ܗόοϑΝϦϯάؒ࣌ͷ্ݶ͸ͦΕͧΕ 4 µsɺ2 µsͳͷͰɺಡΈग़͕͠੒
ཱ͢ΔͨΊʹ͸ 700 + T < 4000ɺ600 + T − 100 < 2000Ͱ͋Δඞཁ͕͋Δɻैͬͯɺτ

ϦΨʔܥͰ͸ TRG-MRGʹޙ࠷ͷೖྗ͕͔͋ͬͯΒ FTSW͔ΒτϦΨʔΛग़ྗ͢Δ·

Ͱ͕ 1500 nsҎ಺Ͱͳ͚Ε͹ͳΒͳ͍ɻ

3.3.2 τϦΨʔܥͷ֤Ϟδϡʔϧͷؒ࣌഑෼

࢓഑෼ʹ͍ͭͯड़΂ΔɻγϦΞϧ௨৴ͷؒ࣌ɺ֤τϦΨʔϞδϡʔϧͰͷॲཧͷʹޙ࠷

༷΍ Belle2ϞδϡʔϧͷଞάϧʔϓͰͷ࢖༻ঢ়گͳͲ͔Βɺ֤ॲཧʹ͔͔Δؒ࣌Λද 3.2

ͱੵݟ΋͍ͬͯΔɻશମͰ 300 nsͷ༨༟Λͯͬ࣋τϦΨʔΛੜ੒͢Δʹ͸ɺTRG-MRG

ͷॲཧؒ࣌͸ 200 ns ҎԼͰͳ͚Ε͹ͳΒͳ͍ɻ͜ΕΛ TRG-MRG ʹର͢Δཁੑٻೳͱ

͢Δɻ

ද 3.2 τϦΨʔܥͷ֤ॲཧͷॴཁؒ࣌

ॲཧ γϦΞϧ௨৴ UT3 FTSW ܭ

ؒ࣌ [ns] 300 500 200 1000
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ୈ 4ষ

τϦΨʔதܧϞδϡʔϧͷ։ൃ

TRG-MRG͸ E16࣮ݧͷͨΊʹ։ൃͨ͠τϦΨʔ৴߸ͷதܧ༻ϞδϡʔϧͰ͋Δɻݕ

ग़͔ثΒͷσΟεΫϦϛωʔλʔग़ྗ৴߸Λ 256chͷ LVDSͰड৴͠ɺFPGAͰॲཧΛ

଎γϦΞϧ௨৴Ͱૹ৴͢ΔɻFPGAߴτϦΨʔܾఆϞδϡʔϧ΁͍ߦ ಺Ͱ͸ 3.1 અͰड़

΂ͨτϦΨʔ৚݅Λద༻͢Δલஈ֊ͱͯ͠ɺ৴߸ͷ্ཱ͕ͪΓΛݕग़͠ɺ্ཱ͕ͪΓͷ࣌

ؒͱνϟϯωϧ൪߸ͷ৘ใΛੜ੒͢Δɻ·ͨɺ֤τϦΨʔνϟϯωϧ΁ͷ஗Ԇͷ෇༩ʹ

ΑΔΠϕϯτಉظͷ࣮ݱ΍ɺεέʔϥʔͷ໾ׂ΋Ռͨ͢ɻຊڀݚͰ͸ɺFPGA ͷϑΝʔ

Ϝ΢ΣΞ։ൃΛ͍ߦɺ͜ΕΒͷੑೳʹ͍ͭͯධՁͨ͠ɻຊষͰ͸ FPGAͷ TDC෦෼ͱ

SiTCP෦෼ͷ࣮૷ͷৄࡉΛड़΂ΔɻੑೳධՁʹ͍ͭͯ͸࣍ষʹهड़͢Δɻ

4.1 Ϟδϡʔϧͷϋʔυ΢ΣΞ

Ϟδϡʔϧ͸ɺϝΠϯϘʔυͱখܕͷ֦ுج൘Ͱ͋ΔϝβχϯΧʔυೋຕ͔Βߏ੒͞

ΕΔɻϝβχϯΧʔυͰ͸৴߸ͷड৴ͱɺ1.8V LVCMOS(Low Voltage Complementary

Metal Oxcide Semiconductor) ৴߸΁ͷม׵Λ͏ߦɻϝΠϯϘʔυͰ͸ϝβχϯΧʔυ

͔Βͷ৴߸Λ FPGAͰॲཧ͠ɺSFP+ Λ༻͍ͯ UT3΁ૹ৴͢Δɻਤ 4.1ʹຊϞδϡʔ

ϧͷࣸਅɺਤ 4.2ʹུ֓ਤΛࣔ͢ɻ
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340mm

~350mm

ਤ 4.1 TRG-MRG ͷࣸਅ: ਤ͸ϝβχϯΧʔυҰຕΛऔΓ෇͚ͨ΋ͷɻӈਤ͸ࠨ

LVDSड৴ޱͷ֦େࣸਅɻ

SFP+ ×8 
<->UT3

FPGA

LVDS input 32ch×4

メザニンカード 
コネクタ

メザニンカード

LVDS 
1.8V_LVCMOS 

変換

メインボード

LVDS input 32ch×4

125MHz Clock

RJ45 
<->PC

補助FPGA
電源回路

12V電源
NIM I/O ×2

RJ45 ×2 
<->FTSW

RJ45 
Remote JTAG用

340mm

~350mm

ਤ 4.2 TRG-MRGͷུ֓ਤ
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TRG-MRGͷ֤෦඼ʹ͍ͭͯҎԼʹड़΂Δɻ

LVDS৴߸ड৴ޱ

32ch༻ͷϑϥοτέʔϒϧΛɺϝβχϯΧʔυҰຕ͋ͨΓ ɺTRG-MRGҰ୆ݸ4

͋ͨΓ ܭɺ͍༺ݸ8 256chΛड৴͢Δɻ

LVDS-1.8V LVCMOSม׵

ೋछྨͷ ICΛ༻͍ͯ LVDS৴߸Λ 1.8V LVCMOS৴߸ʹม͢׵Δɻ͜ΕʹΑΓɺ

৴߸͕ FPGAͷ I/Oʹదͨࣜ͠ܗʹͳΔɻ1ஈ໨Ͱ͸ SN65LVDS348[22]ʹΑͬ

ͯɺLVDS৴߸Λ 2.5Vͷ LVTTL(Low Voltage Transistor-Transistor Logic)৴

߸ʹม͢׵Δɻ͜ͷ IC͸ J-PARC K1.8ϏʔϜϥΠϯͰ΋࢖͘޿ΘΕΔ൚༻࡞ಈ

৴߸ϨγʔόʔͰ͋Γɺి͍޿ѹͷଳҬΛͭ࣋ɻҰํ৴߸ͷ্ཱ͕ͪΓ΍ཱͪԼ͕

Γʹ͸ 1nsఔ౓͔͔Γɺप೾਺ಛੑ͸͋·Γྑ͘ͳ͍ɻ2ஈ໨Ͱ͸ ADG3247[23]

ʹΑͬͯɺLVTTL ৴߸Λ FPGA ͷ I/O Ͱ༻͍Δ 1.8V LVCMOS ৴߸ʹม׵

͢Δɻ

FPGA

FPGA ʹ͸ Xilinx ࣾͷ Kintex7 160T-2[24] Λ༻͍ΔɻTRG-MRG Ͱ͏࢖

Kintex-7ͷ speed grade-2͸ɺ࠷େ 10.3125GbpsͰͷ௨৴͕Մೳͳ GTXτϥϯ

γʔόʔΛͭ࣋ɻ

௨৴ϙʔτ

େ࠷ 10Gbpsఔ౓Ͱ௨৴Մೳͳ SFP+ϙʔτ 8ຊͰɺ֎෦Ϟδϡʔϧͱ௨৴Λߦ

͏ɻ͏ͪ 4ຊΛ UT3ͱͷߴ଎ޫ௨৴ʹ༻͍ɺ1ຊ͸ RJ45ʹมͯ͠׵ PCͱͷ௨

৴ʹ༻͍Δɻ

ຊϞδϡʔϧͷϙʔτ͸࠷େ 10Gbps Ͱͷ௨৴͕Մೳ͕ͩɺUT3 ʹ͸ 6.6Gbps ·Ͱ

ʹ͔͠ରԠ͍ͯ͠ͳ͍ϙʔτ͕͋ΔͨΊɺجຊతʹ͸ 6.6GbpsͰ௨৴Λ͏ߦɻ௨৴ʹ͸

AURORAϓϩτίϧ [25]ͱݺ͹ΕΔɺXilinx͔ࣾΒఏ͞ڙΕΔߴ଎γϦΞϧ௨৴༻ϓ

ϩτίϧΛ࢖༻͢Δ༧ఆͰ͋ΔɻEthernetͱҟͳΓํ͍࢖ʹΑͬͯ͸ϨΠςϯγΛҰఆ

ʹอͭ͜ͱ͕Ͱ͖ΔͨΊɺτϦΨʔճ࿏ʹར༻͢Δ͜ͱ͕Ͱ͖Δɻ

4.2 ϞδϡʔϧͷϑΝʔϜ΢ΣΞ

4.2.1 ϑΝʔϜ΢ΣΞ΁ͷཁ੥

ϑΝʔϜ΢ΣΞͷ TDCʹର͢Δཁ੥Λද 4.1ʹ·ͱΊΔɻ
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ද 4.1 TDC΁ͷཁ੥

ೖྗνϟϯωϧ਺ 256ch/module

αϯϓϦϯάִؒ 1ns

େώοτϨʔτ࠷ ∼ 1MHz/ch

ॲཧؒ࣌ < 200ns

αϯϓϦϯάִؒ΁ͷཁٻ͸ɺओʹೖྗ͞ΕΔ৴߸ͷ෯ͱִ͔ؒΒܾఆ͞ΕΔɻ͜ΕΒ

͕యܕతʹαϯϓϦϯάִؒΛԼճΔͱɺे෼ʹ্ཱ͕ͪΓΛݕग़͢Δ͜ͱ͕Ͱ͖ͳ͘ͳ

ΔɻTRG-MRG΁ೖྗ͞ΕΔ৴߸ͷϨʔτ͸࠷େͰ GTR3ͷ 1MHzఔ౓ɺGTR3ͷ৴

߸෯͸ 200 nsఔ౓ͷͨΊɺయܕతʹ͸ 800 nsఔ౓ͷִؒͰ৴߸͕ೖྗ͞ΕΔͱࢥΘΕΔɻ

·ͨೖྗ৴߸ͷ෯͸ɺ5.5.1߲Ͱޙड़͢ΔΑ͏ʹ࠷খͰ 3 nsఔ౓Ͱ͋Δɻ͜ΕΛऔಘ͢Δ

ͨΊʹɺଟগͷ༨༟Λͯͬ࣋ 1 ns αϯϓϦϯάͱͨ͠ɻώοτϨʔτ͸ՙిཻࢠશൠΛ

ग़͢Δݕ GTR3ͷɺ࠷લํͷνϟϯωϧʹ͓͚Δ༧ଌ஋Ͱ͋ΔɻώοτϨʔτʹؔ͢Δ

ड़΂ͨɻʹط͸ɺ3.3.2߲Ͱͯؔ͠ʹؒ࣌͸ɺ6.2.1߲Ͱड़΂Δɻॲཧࡉৄ

4.2.2 ϑΝʔϜ΢ΣΞͷߏ੒

ϑΝʔϜ΢ΣΞ࣮૷͸ Xilinx ࣾͷఏ͢ڙΔ 7 γϦʔζҎ߱ͷ FPGA ͷσβΠϯπʔ

ϧͰ͋Δ Vivado2017.2[26]্ͰɺVerilog HDLͱݺ͹ΕΔϋʔυ΢ΣΞهड़ޠݴΛ༻͍

ɻFPGAͨͬߦͯ ͷճ࿏ߏ੒Λਤ 4.3 ʹࣔ͢ɻΫϩοΫΛੜ੒͢ΔΫϩοΫɾΧ΢ϯλ

෦ͱɺؒ࣌৘ใΛॲཧ͢Δ TDC෦ɺPCͱͷ௨৴Λ͏ߦ SiTCP෦ [27]͔Βߏ੒͞ΕΔɻ

TDC෦෼ͷ֓೦ਤΛਤ 4.4ʹࣔ͢ɻ
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FPGA಺Ͱ͸ɺड৴͔Βૹ৴৴߸ͷੜ੒·Ͱɺ64 chΛҰ·ͱ·Γͱͯ͠ѻ͏ɻੜ੒͞

Εͨ৴߸͸ 64ch͋ͨΓҰຊͷ SFP+Ͱૹ৴͢ΔɻTDC·Ͱͷ֤ίϯϙʔωϯτͷৄࡉ

ΛҎԼʹड़΂Δɻ

4.2.2.1 ΫϩοΫɺΧ΢ϯλ

Clock Generator(CG)

FPGA֎ͷ 125MHzΫϩοΫ͔Βɺ15.625MHzɺ125MHzɺ250MHzɺ500MHz

ΫϩοΫΛੜ੒͢Δɻ250MHzΫϩοΫ͸ TDCͷۦಈΫϩοΫͱͯ͠ɺ125MHz

ΫϩοΫ͸ޙड़ͷ SiTCPͷۦಈΫϩοΫͱͯ͠ɺ500MHzΫϩοΫ͸ೖྗͷαϯ

ϓϦϯάʹ༻͍Δɻ

250MHz Counter

250MHz ΫϩοΫΛ༻͍ͯɺ4 ns ୯ҐͰؒ࣌ΛΧ΢ϯτ͢ΔɻΧ΢ϯτͷ஋͸ޙ

ड़ͷ HM64Ͱɺ4 ns୯Ґͷؒ࣌৘ใΛ෇༩͢Δࡍʹ༻͍Δɻ

64 ns Counter

15.625MHz ΫϩοΫΛ༻͍ͯؒ࣌ΛΧ΢ϯτ͢ΔɻΧ΢ϯτͷ஋͸ޙड़ͷ HB

Ͱɺ64 ns୯Ґͷؒ࣌৘ใΛ෇༩͢Δࡍʹ༻͍Δɻ

4.2.2.2 TDC

TDCͰ͸ 256 chͷೖྗ৴߸Λ 64 ch͝ͱʹऔΓѻ͍ɺ64 chɺ64 ns͋ͨΓʹ࠷େ ݸ8

ͷώοτ৘ใΛग़ྗ͢Δɻ

DESerializer(DES)

σΟεΫϦϛωʔλʔग़ྗ৴߸Λ 1 nsͰαϯϓϦϯά͠ɺ250MHzɺ4 bitͷύϥ

Ϩϧ৴߸ʹม͢׵ΔɻαϯϓϦϯά͸ 500MHzΫϩοΫͷ্ཱ͕ͪΓɺཱͪԼ͕

Γͷ྆ํͰ͏ߦ (DDR: Double Data Rateํࣜ)ɻ࣮૷͸ ISERDESE2ͱݺ͹Ε

ΔίϯϙʔωϯτʹΑͬͯͨͬߦɻ

Edge Detecter(ED)

4 ns ෼ͷσʔλத͔Βɺ্ཱ͕ͪΓΛݕग़͢Δɻ۩ମతʹ͸ 4 bit σʔλʹ௚લ

ͷ 1 bitΛՃ͑ͨܭ 5 bitͷதʹɺ01ͷϏοτྻ͕͋Ε͹ 1ͷ͋ͬͨλΠϛϯάΛ

্ཱ͕ͪΓͷλΠϛϯάͱ͢Δɻग़ྗ͸্ཱ͕ͪΓͷ༗ແ (1 bit)ͱ࠷ԼҐϏοτ

(Least Significant Bit: LSB)͕ 1 nsͷλΠϛϯά৘ใ (2 bit)ͷܭ 3 bitͱͳΔɻ

·ͨɺ32 bitͷεέʔϥʔͱ্ཱ͕ͯͪ͠Γͷ਺ͷΧ΢ϯτ΋͏ߦɻ

Delay Buffer(DB)
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EDͷग़ྗʹର͠ɺ4ns୯ҐͰ࠷େ 1µsఔ౓ͷ஗ԆΛ͔͚Δɻ͜Ε͸ɺ഑ઢ௕ͳͲ
ͷࠩʹΑΔ֤νϟϯωϧݻ༗ͷλΠϛϯάͷͣΕΛٵऩͯ͠ΠϕϯτಉظΛ࣮͢ݱ

ΔͨΊͷ΋ͷͰ͋Δɻ

Hit Merger 16ch(HM16)

DBΛग़ͨ 3bitͷσʔλΛ 16ch෼ूΊɺ্ཱ͕ͪΓͷ਺ͱνϟϯωϧ൪߸ɺؒ࣌

ͷ৘ใΛੜ੒͢Δɻճ࿏ن໛ɺώοτϨʔτͷ݉Ͷ߹͍͔Βɺ্ཱ͕ͪΓ͸ 16ch

த͔Β࠷େ ग़͢Δɻग़ྗ৘ใ͸ࣺͯΒΕͨ΋ͷ΋ؚΉ্ཱ͕ͪΓͷ਺ͱɺݕ෼ݸ8

্ཱ֤͕ͪΓʹ͖ͭνϟϯωϧ৘ใ 6bit(64ch)ɺؒ࣌৘ใ 2bit(4ns)Ͱ͋Δɻ

Hit Merger 64ch(HM64)

HM16ͷग़ྗΛ͞Βʹ 4ͭ෼౷߹͠ɺ4nsɺ64chத͔Β࠷େ ݕͷ্ཱ͕ͪΓΛݸ8

ग़͢Δɻ·ͨ 250MHz Counter͔Βͷ৘ใ΋Ճ͑ɺؒ࣌৘ใΛ 8bitɺ256ns෼ʹ

͢Δɻ

Hit Buffer(HB)

HM64 ͷग़ྗΛ߹Θͤͯɺ64ns ෼ͷ৘ใʹ͢Δɻ64ns ͷؒ࣌෯Ͱ 64 ch ʹର

େ࠷͠ 8 ग़͢Δɻ͜Ε͸ݕͷ্ཱ͕ͪΓ৘ใΛݸ 1ch ͋ͨΓͷϨʔτͱͯ͠͸

8 hit/64 ch×64 ns∼2MHz/chͰ͋Δ͜ͱΛҙຯ͠ɺయܕతʹ͸࣮ݧͰ༧૝͞ΕΔ

େ࠷ 1MHz/ch ʹରͯ͠ 2 ഒͷ଱ੑ͕͋Δͱ͑ݴΔɻ࣮ͨͩ͠ݱతͳ࣮ڥ؀ݧͰ

ͷ଱ੑΛධՁ͢Δඞཁ͕͋ΔɻγϛϡϨʔγϣϯΛ༻͍ͨϨʔτ଱ੑͷੵݟ΋Γ͸

6ষʹ͢هɻ

γϦΞϧ௨৴෦ʹ͓͍ͯ͸ 64bit Λ 1 ϒϩοΫͱͯ͠ૹ৴͢Δ༧ఆͰ͋ΔͨΊɺ

64bit×3ͷ৘ใ΁ͷ੔ܗ΋͏ߦɻ্ཱ͕ͪΓ ͸ɺදࣜܗΓͷσʔλͨ͋ݸ1 4.2ʹ

ࣔ͢Α͏ʹνϟϯωϧ৘ใ (6bit)ɺ৘ใͷछྨ (2bit)ɺؒ࣌৘ใ (8bit)ͷܭ 16bit

Ͱ͋Δɻ৘ใͷछྨ͸ɺকདྷతͳཱͪԼ͕Γͷݕग़ͳͲʹඋ͑ͯ༻ҙ͍ͯ͠Δɻ

ද 4.2 ্ཱ͕ͪΓ৘ใͷσʔλࣜܗ

Ϗοτ 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

๏༺࢖ νϟϯωϧ৘ใ (ch0-ch63) छྨ ৘ใؒ࣌ (0 ns-255 ns)

͸ܾఆ͍ͯ͠ͳ͍ࣜܗஈϞδϡʔϧͷϑΝʔϜ΢ΣΞ͸։ൃதͷͨΊσʔλͷޙ

͕ɺ͋ͨ͞͠Γද 4.3ͷΑ͏ʹઃఆ͍ͯ͠Δɻ
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ද 4.3 ࣜܗஈϞδϡʔϧ΁ͷͷૹ৴σʔλޙ

Ϗοτ
0-7
32-39

8-15
40-47

16-23
48-55

24-31
56-63

1ϒϩοΫ໨ 0-31bit ૹ৴ճ਺ ϔομʔ TRG-MRGͷ ID

1ϒϩοΫ໨ 32-63bit ্ཱ͕ͪΓ৘ใ 0 ্ཱ͕ͪΓ৘ใ 1

2ϒϩοΫ໨ 0-31bit ্ཱ͕ͪΓ৘ใ 2 ্ཱ͕ͪΓ৘ใ 3

2ϒϩοΫ໨ 32-63bit ্ཱ͕ͪΓ৘ใ 4 ্ཱ͕ͪΓ৘ใ 5

3ϒϩοΫ໨ 0-31bit ্ཱ͕ͪΓ৘ใ 6 ্ཱ͕ͪΓ৘ใ 7

3ϒϩοΫ໨ 32-63bit Τϥʔ৘ใ ϑολʔ ࣺͯΒΕ্ཱ͕ͨͪΓ਺

ϔομʔɺϑολʔͱ࠷େ ͷ্ཱ͕ͪΓ৘ใʹՃ͑ɺTRG-MRG͔Βݸ8 UT3΁

ͷσʔλૹ৴ճ਺ɺTRG-MRGͷ IDɺΤϥʔ৘ใɺΦʔόʔϑϩʔʹΑͬͯૹΔ

͜ͱ͕Ͱ͖ͳ্ཱ͔͕ͬͨͪΓͷ਺Λૹ৴͍ͯ͠ΔɻΤϥʔ৘ใ͸ࡏݱ͸׆༻ͯ͠

͍ͳ͍͕ɺσΟεΫϦϛωʔλʔग़ྗ৴߸ͷҟৗͳͲΛૹ৴͢Δ༧ఆͰ͋Δɻ

4.2.2.3 SiTCP༻ίϯϙʔωϯτ

τϦΨʔܾఆϞδϡʔϧ΁ͷૹ৴ͱ͸ผʹɺϞδϡʔϧઃఆ༻ͷ PCͱ௨৴ͯ͠εϩʔ

ίϯτϩʔϧ΍छʑͷ৘ใͷಡΈग़͠Λ͏ߦඞཁ͕͋Δɻ௨৴͸ SiTCPͱݺ͹ΕΔϓϩ

τίϧͰ͏ߦɻ͜ͷϓϩτίϧ͸ FPGAͱ EthernetΛɺTCP FIFO I/F(InterFace)ͱ

slow control I/F ʹΑͬͯ઀ଓ͢ΔɻSiTCP खલͷίϯϙʔωϯτʹ͍ͭͯҎԼʹड़΂

Δɻ͜͜Ͱ ES͸ɺTRG-MRGͷੑೳධՁ༻ʹ࣮૷ͨ͠ίϯϙʔωϯτͰ͋Δɻ

Slow Controller(SC)

slow control I/FʹΑͬͯ FPGAͷϨδελʹରͯ͠ॻ͖ࠐΈɺಡΈग़͠Λ͏ߦɻ

ED Ͱͷݕग़ͷ ON/OFFɺDB Ͱͷ஗Ԇྔͷઃఆͱ֬ೝɺ֤νϟϯωϧͷεέʔ

ϥ஋ͷ֬ೝɺϦηοτΛ͑ߦΔɻ

Event Selector(ES)

TDC͔Βੜ੒͞ΕΔ 64 nsɺ256ch͋ͨΓͷσʔλྔʹରԠ͢Δ 64 bit×3×4/64 ns

=12Gbpsʹର͠ɺSiTCPʹΑΔ TCP௨৴ͷ଎౓͸ 1GbpsΑΓখ͍ͨ͞Ίɺશ

ͯͷσʔλΛૹ৴͢Δ͜ͱ͸Ͱ͖ͳ͍ɻESͰ͸ɺૹ৴͢ΔΠϕϯτͷબผΛ͏ߦɻ

͋Δ 256chɺ64nsͷؒʹ্ཱ͕ͪΓ͕͋ͬͨ৔߹ʹͷΈ HBͷग़ྗΛόοϑΝ΁

ೖྗ͢ΔɻόοϑΝ͞Εͨσʔλ͸ SiTCP͕ಡΈग़͠Մೳͳঢ়ଶʹͳΔͱɺTCP
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FIFO I/FͰॱ࣍ಡΈग़͞ΕΔɻ

4.2.2.4 Ϣʔβʔճ࿏Ҏ߱ͷϑΝʔϜ΢ΣΞ

SiTCP

8bitΛ 1ϒϩοΫͱͯ͠ɺϢʔβʔճ࿏͔Βͷग़ྗͷૹ৴ࣜܗ΁ͷม׵ɺड৴σʔ

λͷϢʔβʔճ࿏ͰಡΈऔΕΔࣜܗ΁ͷม׵Λ͏ߦɻ

GTX

࿦ཧ৴߸Λిؾ৴߸ʹม͢׵Δɻલड़ͷ௨Γ࠷େ 10.3125GbpsͰͷૹ৴ʹରԠ͠

ͨಈ͕࡞ՄೳͰ͋Δɻ

4.3 ಈݧࢼ࡞

4.3.1 VivadoʹΑΔγϛϡϨʔγϣϯ

ϞδϡʔϧΛ࣮ػʹ࣮૷͢ΔલʹɺγϛϡϨʔλʔʹΑΔಈ֬࡞ೝΛͨͬߦɻγϛϡ

Ϩʔγϣϯ͸ϑΝʔϜ΢ΣΞ࣮૷ͱಉ༷ʹ Vivado2017.2্ͰͨͬߦɻγϛϡϨʔγϣϯ

ʹΑͬͯɺϑΝʔϜ΢ΣΞͷ࿦ཧ͕૝ఆ௨Γʹಈ͢࡞Δ͔ɺ·ͨ৴߸ೖྗ͔Βग़ྗ৘ใੜ

੒·Ͱͷॴཁؒ࣌Λ֬ೝͨ݁͠ՌΛड़΂Δɻ͜ͷৄࡉ͸෇࿥ Aʹ͢هɻ

·ͣɺ64 nsͷ೚ҙͷλΠϛϯάͰώοτ͕ೖྗ͞Εͨ৔߹ʹਖ਼͘͠ HBίϯϙʔωϯ

τ·Ͱ౸ୡ͢Δ͔Λௐ΂ͨɻಛʹνϟϯωϧ΍λΠϛϯάͷ۠੾ΓͱͳΔ෦෼Ͱ૝ఆ͠ͳ

Γ΍͘͢ͳΔͨΊɺ16͜ىಈ͕ڍ͍ νϟϯωϧ۠੾Γͷ྆୺Ͱ͋Δ ch0 ͱ ch15 ʹ͍ͭ

ͯɺ0 ns͔Β 63 ns·Ͱ 1 nsͣͭೖྗͷλΠϛϯάΛม͑ɺHBίϯϙʔωϯτͷग़ྗΛ

֬ೝͨ͠ɻͦͷ݁Ռɺௐ΂ͨશͯͷνϟϯωϧɺλΠϛϯάͰͷೖྗʹରͯ͠ਖ਼͘͠ಈ࡞

͢Δ͜ͱΛ֬ೝͨ͠ɻ

·ͨɺ৴߸Λ 64 nsΧ΢ϯλͷ 0 nsͱ 63 nsͷλΠϛϯάͰೖྗ͠ɺTDCͷϨΠςϯ

γΛγϛϡϨʔγϣϯͨ͠ɻ͜Ε͸ɺϨΠςϯγͷ࠷΋୹͍৔߹ͱ࠷΋௕͍৔߹ʹରԠ͠

͍ͯΔɻ63 ns ʹೖྗ͞Εͨ৴߸͸ 116 ns ɺ0ޙ ns ʹೖྗ͞Εͨ৴߸͸ 179 ns ʹग़ྗ͞

ΕΔ͜ͱ͕෼͔ͬͨɻ͜Ε͸ 200nsΛԼճ͓ͬͯΓɺཁٻΛຬͨ͢ɻ

ɻ4.2.2߲Ͱड़΂ͨΑ͏ʹɺϑΝʔͨͬߦೝΛ֬࡞ଟνϟϯωϧೖྗʹର͢Δಈʹޙ࠷

Ϝ΢ΣΞͷ্༷࢓ɺ64 chɺ64 nsதʹ ໨Ҏ߱ݸҎ্ͷώοτ͕ೖྗ͞Εͨ৔߹͸ɺ9ݸ9

ͷώοτ৘ใΛࣺ͍ͯͯΔɻ64 nsதʹܭ ͷώοτΛೖྗͨ͠ͱ͜Ζɺਖ਼͘͠ૣ͍λݸ20

ΠϛϯάͰೖྗ͞Εͨ ࿥͞هͷώοτ͕Φʔόʔϑϩʔͱͯ͠ݸ෼͕ग़ྗ͞Εɺ12ݸ8
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Εͨɻ

Ҏ্ͷ௨ΓɺϑΝʔϜ΢ΣΞͷಈ͕࡞γϛϡϨʔγϣϯ্Ͱ֬ೝͰ͖ͨɻ

4.3.2 SiTCPΛ༻͍࣮ͨػςετ

ຊ߲Ͱ͸εέʔϥʔ஋ͱ TDC͔Βग़ྗ͞ΕΔγϦΞϧ৘ใͷɺSiTCPΛ༻͍ͨಡΈ

ग़͠ͷ݁ՌΛड़΂Δɻ

·ͣɺॏཁͳػೳͷҰͭͰ͋Δεέʔϥʔͷಈͨ͠ݧࢼ͍ͯͭʹ࡞ɻ૝ఆ͞ΕΔϨʔτ

ͷ৴߸Λ TRG-MRGͱ NIMεέʔϥʔʹೖྗ͠ɺεέʔϥʔ஋Λൺֱͨ͠ɻਤ 4.5ʹ

ଌఆͷճ࿏ਤΛɺਤ 4.6ʹͦΕͧΕͷग़ྗΛ͠Ί͢ɻ

Function 
Generator Discri Terminator

DRS4 
Module TRG-MRG

NIM Scaler

1MHz矩形波 
幅500ns

ਤ 4.5 εέʔϥʔͷಈ֬࡞ೝ࣌ͷճ࿏: Function Generator ʹ͸ Tektronix ੡ͷ

AFG 1062[28]Λ༻͍ͨ

ਤ 4.6 εέʔϥʔͷಈ֬࡞ೝ: ͕ࠨ NIMεέʔϥʔ (10ਐ਺)ɺӈ͕ TRG-MRG಺

εέʔϥʔ (16ਐ਺)ɻӈͷಡΈ͸ 16ਐ਺Ͱ 000965ebͰ͋Δɻ

ਤ 4.6ͰɺTRG-MRG಺εέʔϥʔͷಡΈ͸ 32’h000965eb=615,915ͳͷͰɺ྆ํͰ

ಉ͡εέʔϥʔ஋Λग़ྗ͍ͯ͠Δɻ͜͜Ͱ 32’h000965eb ͸ɺ32bit ͷܻ਺Ͱ͋Γ 16 ਐ

਺ͷදه (h)Ͱ 000965ebͱදͤΔ͜ͱΛҙຯ͍ͯ͠Δɻ10ਐ਺ͷ৔߹͸ dɺ2ਐ਺ͷ৔

߹͸ b ͱද͢هΔɻಉ༷ͷ֬ೝΛ਺ઍճͯͬߦશͯͷΧ΢ϯτ਺͕Ұக͢Δ͜ͱΛ֬ೝ

ͨ͠ɻ

·ͨɺTCP I/F ʹΑΔ TDC ͷग़ྗͷಡΈग़֬͠ೝ΋ͨͬߦɻ࣮ࡍʹ৴߸Λೖྗ͠ɺ
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ώοτͷ͋ͬͨ 64 nsͷΈ͕ग़ྗ͞Ε͍ͯΔ͜ͱΛ֬ೝͨ͠ɻৄࡉ͸෇࿥ Aʹ͢هɻ
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ୈ 5ষ

τϦΨʔதܧϞδϡʔϧͷੑೳධՁ

ຊষͰ͸ɺ࣮૷ͨ͠ FPGAͷϑΝʔϜ΢ΣΞʹ͍ͭͯɺLVDSड৴ϋʔυ΢ΣΞΛؚ

ΜͩੑೳධՁͷ݁ՌΛड़΂ΔɻධՁ͸ TDCͷجຊੑೳͰ͋Δ

1. प೾਺҆ఆ౓

2. ੵ෼ඇ௚ઢੑ (INL: Integral Non Linearity)

3. ඍ෼ඇ௚ઢੑ (DNL: Differential Non Linearity)

4. ෼ղೳؒ࣌

5. ୹෯৴߸ʹର͢Δݕग़ޮ཰

6. ୹ִؒ৴߸ʹର͢Δݕग़ޮ཰

-ɻੑೳධՁʹ༻͍ͨϞδϡʔϧͷγϦΞϧφϯόʔ͸ͦΕͧΕɺTRGͨͬߦ͍ͯͭʹ

MRGͷϝΠϯϘʔυ͸ 201403-02ɺϝβχϯΧʔυ͸ 201412-02ɺDRS4Ϟδϡʔϧ͸

2EF663C811Ͱ͋Δɻ

5.1 प೾਺҆ఆ౓

ຊઅͰ͸ɺFPGAͷ֎෦ΫϩοΫͷܥ౷తͳ࣮ؒ࣌ͱͷͣΕΛௐ΂Δɻ͜Ε͸Ϟδϡʔ

ϧ΁ͷೖྗࠩؒ࣌ͱग़ྗࠩؒ࣌Λϓϩοτͨ͠ࡍͷɺ͖܏ 1͔ΒͷͣΕͰධՁͰ͖Δɻͦ

ͷӨڹ͸ิਖ਼܎਺Λௐ΂Δ͜ͱͰ͋Δఔ౓খ͘͢͞Δ͜ͱ͕Ͱ͖Δ͕ɺτϦΨʔϨΠςϯ

γ΍ճ࿏ن໛ͷ૿Ճͷ໘͔Β๬·͘͠ͳ͍ɻ
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5.1.1 ཁੑٻೳ

ΫϩοΫ͕ܥ౷తʹͣΕ͍ͯΔ৔߹͸ɺଞͷ TRG-MRGʹೖͬͨ৴߸ͱಉظΛऔΔ͜

ͱ͕ࠔ೉ʹͳΔɻಉҰΠϕϯτʹΑΔ৴߸ಉ࢜ͷࠩؒ࣌͸࠷େͰ 500 ns ఔ౓Ͱ͋Δɻ͠

͕ͨͬͯɺ࠷௿Ͱ΋ 500 nsఔ౓·ͰͷλΠϜϨϯδͰଞͷϞδϡʔϧͱ 1 nsҎ্ͣΕͳ

͍͜ͱ͕ཁ͞ٻΕΔɻ͜ΕΛ͢ࢉ׵ʹ͖܏Δͱɺ1± (2× 10−3)ʹ૬౰͢Δɻ

5.1.2 ༧ଌੑೳ

ຊϞδϡʔϧʹ౥͞ࡌΕ͍ͯΔ 125MHz ਫথൃৼثͰ͋Δ CL58VBG[29] ͸ɺԹ౓ɺ

ిѹมಈͷد༩΋ؚΊͯ ±50 ppmͷप೾਺҆ఆ౓͕อূ͞Ε͍ͯΔɻ͜ΕΛΫϩοΫͱ

Δͱɺ1±͢ࢉ׵ʹͷൺ࣮ؒ࣌ (5× 10−5)ͱͳΔɻ·ͨຊϑΝʔϜ΢ΣΞʹ͓͍ͯ͸ɺਫ

থൃৼثͷग़ྗΛ FPGA ಺ͷΫϩοΫੜ੒ثʹೖྗͯ͠ 250MHz ͷΫϩοΫΛੜ੒͠

͍ͯΔɻͦͷͨΊ 250MHzΫϩοΫͷप೾਺҆ఆ౓͸ɺਫথൃৼثͷ΋ͷʹൺ΂ͯѱ͘

ͳΔɻ

5.1.3 ଌఆํ๏

ਤ 5.1ʹप೾਺҆ఆ౓ଌఆͷճ࿏ਤΛࣔ͢ɻϑΝϯΫγϣϯδΣωϨʔλʔ͔Βͷग़ྗ

৴߸Λೋͭʹ෼͚ɺยํΛ஗Ԇ͔ͤͯ͞Β TRG-MRG ͷ 2 ͭͷνϟϯωϧ (ch0ɺch4)

΁ೖྗ͢Δɻ஗ԆྔΛม͑ͳ͕Βɺ֤஗ԆྔͰग़ྗ͞ΕΔࠩؒ࣌Λ਺ສΠϕϯτଌఆ͢

Δɻ஗Ԇ͸ 200 ns ҎԼ͸έʔϒϧΛ͗ܧ଍͠ɺͦΕҎ্͸ϩδοΫσΟϨΠΛ༻͍ͨɻ

ͳ͓ɺࡏݱ TRG-MRG ΁৴߸Λೖྗ͢Δखஈ͸ DRS4 ϞδϡʔϧͷσΟεΫϦϛωʔ

λʔग़ྗ৴߸Λ༻͍Δํ๏ΛͱͬͨɻϢʔβʔճ࿏ͱ SiTCPΛͭͳ͙ϑΝʔϜ΢ΣΞͷ

੍໿্ɺ্ه 1͔Β 4ͷଌఆ͸ 1 kHzఔ౓ͷ௿ϨʔτͰͨͬߦɻ

Function 
Generator Delay

DRS4 
discri TRG-MRG

1kHz矩形波 
幅~50ns

Discri

ਤ 5.1 प೾਺҆ఆ౓ଌఆͷճ࿏ਤ
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5.1.4 ଌఆ݁Ռ

ਤ 5.2ʹग़ྗࠩؒ࣌ͷώετάϥϜͷྫɺਤ 5.3ʹɺೖྗࠩؒ࣌ͱग़ྗࠩؒ࣌ͷฏۉͷ

͸ࠩؒ࣌Λࣔ͢ɻೖྗ͞ΕΔ܎ؔ DRS4Ϟδϡʔϧ΁ͷೖྗΛ 500MHzप೾਺ଳҬͷΦ

γϩείʔϓ (DSOX4054A[30])Λ༻͍ͯଌఆͨ͠ɻDRS4ϞδϡʔϧʹΑͬͯࠩؒ࣌ʹ

Φϑηοτ͕৐ΓಘΔ͕ɺ࢖༻νϟϯωϧΛݻఆ͓ͯ͠Γɺೖग़ྗΛ௚ઢͰϑΟοτ͢Δ

৔߹ʹ͸ͦͷ੾ยʹ͔͠Ө͠ڹͳ͍ɻ੾ย͸ຊڀݚʹ͓͍ͯ͸࢖༻͠ͳ͍ͨΊɺ͜ͷଌఆ

ํ๏Ͱ໰୊͸ͳ͍ɻ

h0
Entries  1463002
Mean    16.05
Std Dev    0.2212

15 15.5 16 16.5 17 17.5 18 18.5 19
Time Lag[ns]

0

200

400

600

800

1000

1200

1400
310×

C
ou

nt h0
Entries  1463002
Mean    16.05
Std Dev    0.2212

ਤ 5.2 2chͷࠩؒ࣌ͷग़ྗྫ
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g[

ns
]

 / ndf 2χ  29.17 / 35
Prob   0.745
p0        0.003807± 0.7259 
p1       06− 5.194e±     1 

 / ndf 2χ  29.17 / 35
Prob   0.745
p0        0.003807± 0.7259 
p1       06− 5.194e±     1 

ਤ 5.3 ೖྗࠩؒ࣌ͱग़ྗࠩؒ࣌ฏۉͷؔ܎

ਤ 5.2ʹ͓͍ͯɺԣ࣠ͷΤϥʔ͸ೖྗ৴߸ࠩؒ࣌ͷઈର஋ͷΦγϩείʔϓग़ྗͷɺ໨

Ͱ͋ΔࠩޡΑΔʹࢹ 0.02 nsɺॎ࣠ͷΤϥʔ͸֤఺Ͱग़ྗͨࠩؒ࣌͠෼෍ (ྫ: ਤ 5.2)ͷඪ

४ภࠩΛΠϕϯτ਺ͷฏํࠜͰׂͬͨ΋ͷͱධՁ͍ͯ͠Δɻ͜ΕΒΛ࠷খೋ৐๏Ͱ௚ઢͰ

ϑΟοτͨ݁͠Ռɺ͖܏͸ 1± (5× 10−6)ͱͳͬͨɻ͜Ε͸༧ଌੑೳͱίϯγεςϯτͰ

͋Γɺ·࣮ͨݧͰͷ࢖༻ʹ͸໰୊ͳ͍ɻ·ͨɺಉҰͷଌఆσʔλ͔ΒධՁͰ͖Δੵ෼ඇ௚

ઢੑɺؒ࣌෼ղೳʹ͍ͭͯ͸࣍અҎ߱Ͱड़΂Δɻ

5.2 ੵ෼ඇ௚ઢੑ

͸ɺGTR3ࠩؒ࣌େͷ࠷ͰίΠϯγσϯεΛऔΓ͏Δݧ࣮ ASDͷग़ྗͷ্ཱ͕ͪΓͷ

Ͱ͋Δࠩؒ࣌ 500 nsͱ༧૝͞ΕΔɻͦͷͨΊɺ500 nsఔ౓ͷࠩؒ࣌Λਫ਼౓Α͘ଌఆ͢Δ

ඞཁ͕͋ΔɻຊઅͰ͸ɺ࠷େ 2 µsఔ౓·Ͱͷࠩؒ࣌Λೖྗͨ͠ࡍͷɺग़ྗࠩؒ࣌ͷ;ΕΛ
ଌఆ͠ɺલઅͷϑΟοτ௚ઢͱͷࠩ࢒Λͱͬͨɻ
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5.2.1 ཁੑٻೳ

1LSB Ҏ্ͷ͕͋ࠩ࢒Δ৔߹ʹ͸λΠϛϯά৘ใͷ 1 ns ෦෼ʹҙຯ͕ͳ͘ͳͬͯ͠·

͏ɻैͬͯɺINLʹ͸ 1LSBҎԼ͕ཁ͞ٻΕΔɻ

5.2.2 ଌఆํ๏

ଌఆʹ͸प೾਺҆ఆ౓ଌఆͷࡍͷσʔλΛ༻͍ͨɻ2ͭͷνϟϯωϧର͠ݻఆͷࠩؒ࣌

Ͱ৴߸Λೖྗ͠ɺग़ྗ͞ΕͨΧ΢ϯλʔͷ஋ͷࠩΛग़ྗࠩؒ࣌ͱ͢Δɻ֤ଌఆ఺ͷग़ྗ࣌

ؒࠩͱϑΟοτ௚ઢͷରԠ͢Δ஋͔Βࠩ࢒ΛٻΊɺͦͷઈର஋ͷ࠷େ஋Λ INLͱͨ͠ɻ

5.2.3 ଌఆ݁Ռ

ਤ 5.4ʹɺਤ 5.3ͷ֤ଌఆ఺ͷϑΟοτ௚ઢͱͷࠩ࢒෼෍Λࣔ͢ɻ

10 210 310Input Time Lag [ns]

0.06−

0.04−

0.02−

0

0.02

0.04

0.06

R
es

id
ua

l [
LS

B]

Integral Non Linearity

ਤ 5.4 ग़ྗࠩؒ࣌ฏۉͷࠩ࢒෼෍

͸ɺਤࠩޡ 5.3ͷ֤ଌఆ఺ͷೖྗ৴߸ɺग़ྗ৴߸ͷࠩޡͱϑΟοτύϥϝʔλʔͷࠩޡ

Λ఻ൖͤ͞ධՁͨ͠ɻଟ͘ͷଌఆ఺͸ࠩޡͷൣғ಺Ͱ 0ʹͳΓɺࠩ࢒ͷ࠷খ஋ͱ࠷େ஋͔

Βɺੵ෼ඇ௚ઢੑ͸ [−0.035LSB, 0.035LSB]ͱੵݟΒΕͨɻ͜Ε͸ 1LSBʹରͯ͠े෼

খ͘͞ɺINLͷ؍఺͔Β͸ग़ྗͷ 1 ns·Ͱҙຯ͕͋Δͱ͑ݴΔɻ
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5.3 ඍ෼ඇ௚ઢੑ

4.2.2 ߲Ͱड़΂ͨΑ͏ʹɺຊϞδϡʔϧͰ͸ɺ125MHz ͷ֎෦ΫϩοΫ͔Β 500MHz

ΫϩοΫͱ 250MHzΫϩοΫΛ߹੒ͯ͠ 1 ns୯ҐͷΧ΢ϯλʔΛܗ੒͍ͯ͠Δɻ͜ΕΒ

ͷ಺෦ΫϩοΫͷ҆ఆ౓͸֎෦ΫϩοΫͱൺ΂ͯѱ͍ͨΊɺ1Χ΢ϯτͷࠁΈ෯͸ܥ౷త

ʹ 1 ns ͔ΒͣΕಘΔɻ͜ΕʹΑͬͯੜ͡Δඇઢ͕ੑܗ DNL Ͱ͋Δɻ·ͨલड़ͨ͠Α͏

ʹɺσγϦΞϥΠβʔʹ͸ ISERDESE2ίϯϙʔωϯτΛ༻͍͍ͯΔ͕ɺ͜ͷ಺෦ߏ଄

͸෦෼తʹ͔͠ެ։͞Ε͍ͯͳ͍ͨΊɺίϯϙʔωϯτ಺ͷ഑ઢͷεΩϡʔ΋ DNLͷѱ

ԽͷҰҼͱͳΓಘΔɻ಺෦ΫϩοΫͷ্ཱ͕ͪΓλΠϛϯά͸ 8 ns͝ͱʹ ±50 ppmͷ֎

෦ΫϩοΫʹΑͬͯଗ͏ͨΊɺຊϞδϡʔϧͷ 1 nsΧ΢ϯλʔʹ͸ 8छྨͷࠁΈ෯͕ଘ

ΒΕΔɻ͜ͷ͑ߟΔͱ͢ࡏ 8छྨʹ͍ͭͯؒ࣌෯ͷ༳Β͗Λଌఆͯ͠ධՁͨ͠ɻ

5.3.1 ཁੑٻೳ

INLͷ৔߹ͱಉ͘͡ɺDNLʹ΋ 1LSBҎԼͰ͋Δ͜ͱ͕ཁ͞ٻΕΔɻ

5.3.2 ଌఆํ๏

ଌఆ͸ɺStatistical Code Density Test ͱݺ͹ΕΔख๏Ͱͨͬߦɻ͜ͷํ๏Ͱ͸ɺϞ

δϡʔϧͷ͋Δνϟϯωϧʹରͯ͠ϗϫΠτϊΠζΛೖྗ͠ɺΧ΢ϯλʔ஋ΛಡΈग़͢ɻ

֤Χ΢ϯλʔ஋ͷ౷ܭ਺ͷൺ͕ɺ֤ࠁΈ෯ͷେ͖͞ʹରԠ͢ΔɻຊଌఆͰ͸্ཱ͕ͪΓʹ

෇༩͞ΕͨΧ΢ϯλʔ஋ͷԼҐ 7bitΛಡΈग़͠ɺιϑτ΢ΣΞ্Ͱ֤Χ΢ϯλʔ஋Λܭ

਺ͨ͠ɻਤ 5.5ʹճ࿏ਤΛࣔ͢ɻҎ߱ͷଌఆʹ͸ TRG-MRGͷ ch0Λ༻͍ͨɻ

Function 
Generator

DRS4 
discri TRG-MRG

White Noise
Random Digital Signal

ਤ 5.5 DNLଌఆͷճ࿏ਤ: ؆୯ͷͨΊɺLVDS৴߸ΛγϯάϧΤϯυͷΑ͏ʹॻ͍ͨ
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5.3.3 ଌఆ݁Ռ

·ͣɺ্ͰԾఆͨ͠ 8छྨͷࠁΈ෯ͷଘࡏΛͨ͠ূݕɻਤ 5.6͸ग़ྗ͞ΕͨΧ΢ϯλʔ

ͷԼҐ 4bit ͷ஋ͷώετάϥϜͰ͋Δɻਤ 5.7 ͸ਤ 5.6 ͷ 0 − 7 ns ͱ 8 − 15 ns ͷྖҬ

ΛॏͶॻ͖ͨ͠΋ͷͰ͋Δɻ૝ఆ͞ΕͨΑ͏ʹ 8 ns ͷपࠩޡ͕ੑظͷൣғ಺Ͱ࣮؍ʹࡍ

ଌ͞Εͨɻैͬͯɺ͜ͷ 8 ns ؒͷΫϩοΫͷ༳Β͗Λྀ͢ߟΕ͹ྑ͍ͱ͑ߟΒΕΔɻಘ

ΒΕͨΧ΢ϯτ਺෼෍͔Βɺ֤Χ΢ϯλʔʹ͓͚Δؒ࣌ͷࠩ࢒෼෍͕ಘΒΕΔɻ͜ΕΛਤ

5.8ʹࣔ͢ɻ

h0
Entries     1.01891e+08
Mean    7.496
Std Dev      4.61

0 2 4 6 8 10 12 14 16
Lower 4bit

6330
6340
6350
6360
6370
6380
6390
6400
6410

310×

C
ou

nt

h0
Entries     1.01891e+08
Mean    7.496
Std Dev      4.61

ਤ 5.6 Χ΢ϯλʔԼҐ 4bitͷΧ΢ϯτ਺
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h0
Entries     1.01891e+08
Mean    3.495
Std Dev     2.292

0 1 2 3 4 5 6 7 8
lower 3bit

6330

6340
6350

6360
6370
6380

6390
6400

6410

310×
C

ou
nt h0

Entries     1.01891e+08
Mean    3.495
Std Dev     2.292

h1
Entries     1.01891e+08
Mean    3.495
Std Dev     2.292

h1
Entries     1.01891e+08
Mean    3.495
Std Dev     2.292

h0
Entries     1.01891e+08
Mean    3.495
Std Dev     2.292

h0
Entries     1.01891e+08
Mean    3.495
Std Dev     2.292

h1
Entries     1.01891e+08
Mean    3.495
Std Dev     2.292

h1
Entries     1.01891e+08
Mean    3.495
Std Dev     2.292

ਤ 5.7 ਤ 5.6Λ 0-7 ns(੨ɺh0)ɺ8-15 ns(੺ɺh1)ͷྖҬͰॏͶॻ͍ͨ΋ͷ

Χ΢ϯτ਺ͷ࠷খ஋ͱ࠷େ஋͔ΒɺDNL͸ [−0.005LSB,0.006LSB]ͱٻΊΒΕͨɻ͜ͷ

஋΋ LSBʹରͯ͠े෼খ͘͞ɺ࣮ݧ΁ͷѱӨڹ͸ͳ͍ͱ͑ݴΔɻ

0 1 2 3 4 5 6 7
Lower 3bit

0.006−

0.004−

0.002−

0

0.002

0.004

0.006

D
N

L[
ns

]

ਤ 5.8 DNLࢉ׵஋
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5.4 ෼ղೳؒ࣌

5.4.1 ཁੑٻೳ

ຊϞδϡʔϧʹ࣮૷ͨ͠ TDC͸ LSB = 1nsͰ͋Δɻ͜Ε͸ 4.2.1߲Ͱड़΂ͨΑ͏ʹɺ

೾ܗαϯϓϦϯάͷ࠷খִؒ 1 nsʹରԠ͍ͯ͠Δɻ߲࣍Ͱৄड़͢Δ͕ɺLSB͕ܾ·Δͱ

෼ղೳ͸ؒ࣌Αͬͯʹࠩؒ࣌ఆ͞ΕΔɻଌఆ͢Δܾ͕ݶ෼ղೳͷ্ؒ࣌ΑΓʹࠩޡԽࢠྔ

มಈ͢Δ͕ɺLSB=1nsʹ͓͚Δ࠷ѱͷ৔߹Ͱɺ໿ 0.35 nsͱͳΔɻຊڀݚͰ͸͋ΒΏΔ

Δɻ͢ٻͰ͜ΕΛ্ճΒͳ͍͜ͱΛཁࠩؒ࣌

5.4.2 ཧతͳ༧ଌੑೳݪ

ΫϩοΫʹδολʔ͕ͳ͍৔߹ͷαϯϓϦϯάʹΑΔྔࢠԽ͑ߟ͍ͯͭʹࠩޡΔɻೖྗ

ࠩؒ࣌ [ns]ͷ੔਺෦෼Λ Tinɺখ਺෦෼Λ tinɺαϯϓϦϯάͷ۠੾Γʹର͢Δ ໨ͷ৴ݸ1

߸ͷೖྗͷλΠϛϯάΛ tstart[ns](0 ≤ tstart < 1) ͱஔ͘ɻ͜ͷͱ͖ग़ྗࠩؒ࣌ Tout[ns]

͸ɺtstart ͷ஋ʹΑͬͯ

Tout =

{
Tin (0 ≤ tstart < 1− tin)

Tin + 1 (1− tin ≤ tstart < 1)
(5.1)

ͱ෼෍͢Δ (ਤ 5.9)ɻ

0サンプリングクロック 1

tstart Tin+tin

Tin Tin+1

tstart 
=1-tin
tstart

N[ns]

N[ns]

N+1[ns]

Tin+tin

Tin+tin
ਤ 5.9 ཧݪग़ͷݕؒ࣌

tstart ͸Ұ༷ʹ෼෍͢ΔͷͰɺTout = Tin, Tin + 1ͱͳΔ֬཰ p͸ͦΕͧΕɺp(Tout =
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Tin) = 1− tin, p(Tout = Tin + 1) = tin Ͱ͋Δɻग़ྗࠩؒ࣌ͷฏۉ µ[ns]ͱඪ४ภࠩ σ[ns]

͸ɺ

µ = Tin × p(Tout = Tin) + (Tin + 1)× p(Tout = Tin + 1) = Tin + tin (5.2)

σ =
√

(Tin − µ)2 × p(Tout = Tin) + (Tin + 1− µ)2 × p(Tout = Tin + 1) =
√

tin(1− tin)
(5.3)

ͱ͞ࢉܭΕΔɻ͜ͷ σ ʹ͸ ໨ͷ৴߸αϯϓϦϯάͱݸ1 ໨ͷ৴߸αϯϓϦϯάͷ෼ݸ2

ղೳ͕৐͍ͬͯΔͷͰɺ୯ಠͰͷؒ࣌෼ղೳ͸ ∆T = σ/
√
2Ͱఆٛ͢Δɻ͜ͷ σ Λؒ࣌

෼ղೳ ∆T ͱఆٛ͢Δɻ͜Ε͕αϯϓϦϯάִؒʹΑΔݪཧతͳ੍ݶͰ͋Γɺࣜ (5.3)

͔Βɺ͋ΒΏΔ tin ʹରͯ͠ 0 ≤ ∆T ≤ 1/2
√
2(= 0.35) Ͱ͋Δ͜ͱ΍ɺ∆T ͷฏ͕ۉ

π/8
√
2 = 0.28Ͱ͋Δ͜ͱ͕෼͔ΔɻαϯϓϦϯάΫϩοΫʹδολʔ͕͋Δ৔߹ʹ͸ग़

͕ࠩؒ࣌ྗ 3఺Ҏ্ʹͳΔՄೳੑ͕͋Γɺ∆T ͷ஋͸ѱԽ͢Δɻtin = 0ͷ৔߹ʹ͸গ͠

Ͱ΋δολʔ͕͋Δͱ 3binʹ෼෍͠͏Δɻ෼ղೳ͕࠷΋ѱ͍ tin = 0.5ͷ৔߹ʹ͸ɺδο

λʔ͕ 0.5 nsҎ্ͳ͚Ε͹ 3binʹ͸෼෍͠ͳ͍ɻैͬͯɺଟগδολʔ͕͋ͬͨͱͯ͠

΋ؒ࣌෼ղೳͷԼݶ͸มԽ͠ͳ͍ɻ

ຊϞδϡʔϧͷ֎෦ΫϩοΫͷδολʔ͸ 0.15 ps Ͱอূ͞ΕΔ [29]ɻ͜Ε͸ LSB ͱ

ൺֱͯ͠े෼খ͍͕͞ɺΧ΢ϯλʔʹ༻͍ΔΫϩοΫ͸֎෦ΫϩοΫ͔Β߹੒ͨ͠΋ͷΛ

༻͍ΔͨΊδολʔ͸ΑΓѱ͘ͳΓಘΔɻैͬͯɺ࣮ࡍʹଌఆΛ֬ͯͬߦೝ͢Δ͜ͱͱ

ͨ͠ɻ

5.4.3 ଌఆํ๏

प೾਺҆ఆ౓ଌఆͷσʔλΛ༻͍ͨɻ2ͭͷνϟϯωϧʹݻఆͷࠩؒ࣌ͷ͍ͭͨ৴߸Λ

ೖྗ͠ɺग़ྗ͞ΕͨΧ΢ϯλʔͷ஋ͷࠩΛग़ྗࠩؒ࣌ͱ͢Δɻ

5.4.4 ଌఆ݁Ռ

ਤ 5.10ʹग़ྗ͔ΒٻΊͨࠩؒ࣌ͷখ਺෦෼ tin ͱؒ࣌෼ղೳ ∆T ͷؔ܎Λࣔ͢ɻ
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

tin[ns]

ΔT[ns]

ਤ 5.10 ෼ղೳؒ࣌Δ͚͓ʹ֤ࠩؒ࣌

h0
Entries  1256244
Mean     1189
Std Dev    0.1338

1188 1188.5 1189 1189.5 1190 1190.5 1191 1191.5 11920

200

400

600

800

1000

1200

310× h0
Entries  1256244
Mean     1189
Std Dev    0.1338

TIMELAG

1189 11901188 1191
時間差[ns]

カウント数

ਤ 5.11 3binʹ෼෍ͨ͠৔߹ͷώετάϥϜ: Θ͔ͣʹ྆ྡͷϏϯʹ෼෍͍ͯ͠Δ

ਤதͷ੺ઢ͸ཧ࿦ۂઢ y =
√
x(1− x)/2Ͱ͋Δɻ΄ͱΜͲͷଌఆͰ͸ग़ྗࠩؒ࣌͸ 2
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ද 5.1 ֤ଌఆ఺ʹ͓͚Δ෼෍ bin਺

tin ෼෍ bin਺ ଌఆ఺਺

0.05 ≤ tin ≤ 0.95 2bin 35఺

0.01, 0.96 3bin 2఺

఺ͷΈʹ෼෍͓ͯ͠Γɺ3఺ʹग़ྗ͕͋ͬͨͷ͸ tin ͕ 0ʹ͍ۙɺ྆୺ͷ 2఺ͷΈͰ͋ͬ

ͨ (ਤ 5.11)ɻද 5.1 ʹ෼෍ͨ͠Ϗϯ਺ͷ৘ใΛ·ͱΊΔɻશଌఆ఺ʹ͓͍ͯؒ࣌෼ղೳ

͸ 1/2
√
2 ∼ 0.35 ns ΛԼճ͓ͬͯΓɺΫϩοΫʹδολʔ͕ͳ͍ͱԾఆͨ͠৔߹ͷཧ࿦

ݴΛຬ͍ͨͯ͠Δͱٻ෼ղೳ͸ཁؒ࣌ઢͱΑ͘Ұக͍ͯ͠ΔɻैͬͯɺຊϞδϡʔϧͷۂ

͑Δɻ

5.5 ୹෯৴߸ʹର͢Δݕग़ޮ཰

৴߸ͷݕग़ޮ཰͸ɺ෯ͷখ͍͞৴߸ʹରͯ͠͸ඞͣ͠΋ 1 ʹͳΒͳ͍ɻ͜Ε͸ਤ 5.12

ʹࣔ͢Α͏ʹɺσδλϧ৴߸ͷ࿦ཧ͕୹ؒ࣌ʹೋճ੾ΓସΘΔ৔߹ʹɺप೾਺ଳҬͷѱ͍

I/OͰ͸৴߸͕ᮢ஋·Ͱୡ͠ͳ͍ͨΊͰ͋Δɻ

閾値

閾値

点線: 理想的なデジタル信号 
実線: 実際のデジタル信号

※簡単のためシングルエンドのように表記する

検出

非検出

ਤ 5.12 ୹͍৴߸ͷඇݕग़ݪཧ

ຊϞδϡʔϧʹ͓͍ͯ͸ LVDS-LVTTLม׵ʹ༻͍Δ IC͕࠷΋ѱ͍प೾਺ଳҬΛͬ࣋

͍ͯΔͱ͑ߟΒΕΔ [22]ɻຊઅͰ͸ɺͦ͏ͨ͠৔߹ͷݕग़ޮ཰Λଌఆ͠ɺཁٻΛຬͨͯ͠

͍Δ͜ͱΛࣔ͢ɻ
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5.5.1 ཁੑٻೳ

ຊϞδϡʔϧͷલஈͷσΟεΫϦϛωʔλʔ͸શͯɺᮢ஋Λ௒͑ͨ৴߸͕ೖྗ͞Ε͍ͯ

Δؒ͸σΟεΫϦϛωʔλʔग़ྗ৴߸͕ग़ྗ͞Εଓ͚ΔɻैͬͯσΟεΫϦϛωʔλʔग़

ྗ৴߸ͷ࠷খ෯͸ɺݕग़ثͷग़ྗ͢Δ೾ܗͷ࠷খ෯ʹରԠ͢Δɻຊ࣮ݧͰऔಘ͢Δ༧ఆͷ

৴߸ͷ͏ͪ෯͕࠷খʹͳΔ΋ͷ͸ɺ௿ӡಈྔͷి͕ࢠ LG ͷޫి૿ࢠഒ؅͔Βԕ͍Ґஔ

ʹೖࣹͨ͠৔߹Ͱ͋Δɻ͜ͷ৴߸ͷؒ࣌෯Λաڈͷςετ࣮ݧͷσʔλ͔Βੵݟ΋Δͱɺ

FWHM Ͱ ∼3 ns ͱ༧ଌ͞ΕΔ (ਤ 5.13)ɻͳ͓͜ͷ࣮ݧͷࡍʹ͸൓ࣹͷ͜ىΔޫి૿ࢠ

ഒ؅Λ͍ͨͨͯͬ࢖Ίɺ࣮ࡍͷ࠷খ෯͸ΑΓେ͖͍Մೳੑ͕͋Δɻ

Iteration$
600 610 620 630 640 650 660 670

W
av
eF
or
m
9

0

200

400
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800
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1200

WaveForm9:Iteration$

~3ns
     ns

ਤ 5.13 LG ग़ྗ೾ܗͷ DRS4 ʹΑΔಡΈऔΓ݁Ռ: LG ͷ PMT ͔Βԕ͍෦෼ʹ௿

ӡಈྔ (0.6GeV/c)ͷి͕ࢠೖࣹͨ͠৔߹

ΑͬͯຊϞδϡʔϧͰ͸ɺ3 nsͷ෯ͷ৴߸Λ Δɻ͑ݴग़Ͱ͖Ε͹े෼Ͱ͋Δͱݕ100%

5.5.2 ଌఆํ๏

ਤ 5.14 ʹଌఆͷճ࿏ਤΛࣔ͢ɻ෯ͷখ͍͞৴߸ʹಉͨ͠ظ 50 ns ఔ౓ͷؒ࣌෯ͷϦ

ϑΝϨϯε༻ͷ৴߸Λผͷνϟϯωϧʹೖྗ͠ɺೋͭͷνϟϯωϧ΁ͷΧ΢ϯτ਺Λൺֱ
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͢Δɻ৴߸ͷ෯͕͘ڱͳΔʹͭΕɺDRS4Ϟδϡʔϧͷप೾਺ଳҬ੍ݶʹΑΓ୹෯৴߸͕

ϦϑΝϨϯε৴߸ʹରͯ͠ 100%Ͱ͸ग़ྗ͞Εͳ͘ͳΔՄೳੑ͕͋ΔͨΊɺ͜ͷํ๏Ͱ͸

ຊϞδϡʔϧͷݕग़ޮ཰ͷԼݶͷΈଌఆͰ͖Δɻ
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ਤ 5.14 ୹෯৴߸ʹର͢Δݕग़ޮ཰ଌఆ༻ճ࿏
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৴߸෯͸ɺDRS4 Ϟδϡʔϧ෇ଐͷσΟεΫϦϛωʔλʔͷᮢ஋Λಈ͔͢͜ͱͰมߋ

ͨ͠ɻຊϞδϡʔϧʹ༻͍Δ LVDS-LVTTLม׵༻ ICͰ͋Δ SN65LVDS348PWͰ͸ɺ

ਤ 5.15ͷΑ͏ʹೋͭͷ৴߸ͷࠩͷ஋͕ 50mVΛԼଆ͔Βࡍ͍ͩލʹ 1ɺ−50mVΛ্ଆ

͔Βࡍ͍ͩލʹ 0ͱ൑ఆ͢Δ [22]ɻ

+50mV

-50mV

LVDSの2信号の差

論理信号

ਤ 5.15 SN65LVDS348PWͷ࿦ཧ൑ఆ: ࿦ཧ͕ 0/1ͷ࣌ʹ −50/+50mV Λ͍ލͰ

΋ɺ࿦ཧ͸มΘΒͳ͍

ೖྗ৴߸෯͸ɺDRS4Ϟδϡʔϧͷग़ྗΛϓϩʔϒΛ༻͍ͯܭଌͨ͠ɻ

5.5.3 ଌఆ݁Ռ

ਤ 5.16ʹɺDRS4Ϟδϡʔϧग़ྗͷҰྫΛࣔ͢ɻ
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赤: LVDS0

青: LVDS1

紫: 2信号の差

+50mV

-50mV

1~1.3ns
ਤ 5.16 DRS4Ϟδϡʔϧͷग़ྗྫ (୹෯৴߸)

ਤ 5.16தΦϨϯδͷઢͰࣔ͞ΕͨΑ͏ʹɺ৴߸ͷ෯͸ɺ1.0-1.3 nsͱଌఆ͞ΕΔɻ͜ͷΑ

͏ͳ৴߸Λ > 109 Πϕϯτೖྗͨ͠ͱ͜Ζɺ਺͑མͱ͢Πϕϯτ͸ 0Ͱ͋ͬͨɻैͬͯɺ

ग़ޮ཰͸ݕ 100%Ͱ͋Δɻ

5.5.4 ର͢ΔԠ౴ʹܗখ೾࠷ͨ͠ݱ࠶

্Ͱ༻͍ͨ༧ଌ࠷খ෯ 3 nsͱ͍͏஋͸ɺDRS4ϞδϡʔϧͰऔಘͨ͠೾͔ܗΒੵݟ΋ͬ

ͨ΋ͷͰ͋Δ͕ɺ࣮ݱతͳݕग़ث৴߸Λೖྗͨ͠৔߹͸ɺDRS4 ϞδϡʔϧͷσΟεΫ

Ϧϛωʔλʔ͔ΒΑΓ͍ڱ෯ͷ৴߸͕ग़ྗ͞ΕΔՄೳੑ΋͑ߟΒΕΔɻͦ͜ͰɺDRS4

ϞδϡʔϧͰऔಘͨ͠೾ܗͷ೾ߴɺ෯͕ςετ࣮ݧͷ΋ͷͱҰக͢ΔΑ͏ͳ৴߸Λ࡞

੒͠ɺ೾ߴͷ൒෼ͷᮢ஋ͰσΟεΫϦϛωʔλʔΛग़ྗͤ͞ɺDRS4 ʹೖྗͨ͠৔߹ͷ

TRG-MRGͷԠ౴΋ௐ΂ͨɻਤ 5.17ʹ DRS4ϞδϡʔϧͰऔಘͨ͠ݱ࠶೾ܗΛࣔ͢ɻ
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~3ns
     ns

ਤ 5.17 LGग़ྗͷݱ࠶೾ܗ

͜ͷ࣌ͷσΟεΫϦϛωʔλʔग़ྗ৴߸ͷ෯͸ 4 ns ఔ౓Ͱ͋Γɺ> 109 Πϕϯτʹର

͠ɺ100%ͷޮ཰Ͱݕग़͢Δ͜ͱΛ֬ೝͨ͠ɻΑͬͯɺຊϞδϡʔϧͷ୹෯৴߸ʹର͢Δ

Ԡ౴͸࣮ݧʹे෼ͩͱ͑ݴΔɻ

5.6 ୹ִؒ৴߸ʹର͢Δݕग़ޮ཰

৴߸͕ߴϨʔτͰೖྗ͞ΕΔ৔߹ʹ͸৴߸ؒͷִ͕ؒ͘ڱͳΓɺ৴߸ಉ࢜ͷڥ໨͕ݕग़

Ͱ͖ͣޙΖଆͷ৴߸Λݕग़Ͱ͖ͳ͍৔߹͕͋ΔɻຊઅͰ͸ۙ઀ͨ͠৴߸ͷݕग़ޮ཰ͷଌఆ

݁ՌͱɺͦΕ͕ٴ΅͢Өڹʹ͍ͭͯͷ࡯ߟΛड़΂Δɻ

5.6.1 ཁੑٻೳ

৴߸෯ͷ৔߹ͱҟͳΓɺཻ͕ࢠϥϯμϜʹൃੜ͢ΔҎ্͸ຊϞδϡʔϧͷੑೳΛ௒͑ͯ

৴߸ִؒͷ͍ڱ΋ͷ͸ൃੜ͠ಘΔɻຊઅͰ͸·ͣϞδϡʔϧͷੑೳΛௐ΂ͨͷͪɺͦͷੑ

ೳ͕࣮ٴʹݧ΅͢Өݕ͍ͯͭʹڹ౼͢Δɻ
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5.6.2 ଌఆํ๏

ਤ 5.18ʹଌఆ༻ͷճ࿏ਤΛࣔ͢ɻ1MHzͷۣܗ೾Λ 2৴߸ʹ෼͚ɺยํΛ஗Ԇͤͨ͞ޙ

ʹ ORΛऔΔ͜ͱͰִؒͷ͍ڱ৴߸Λ࡞Δ͜ͱ͕Ͱ͖Δɻղੳʹ͓͍ͯ͸ɺDESirializer

ίϯϙʔωϯτͰ 1 nsαϯϓϦϯά͞Εͨσδλϧ৴߸Λ SiTCPͰग़ྗͤ͞ɺೋ৴߸͕

෼཭͍ͯ͠Δ͔Λௐ΂ͨɻೖྗͷ৴߸ִؒ͸ɺ5.5.1߲ͱಉ༷ʹΦγϩείʔϓΛ༻͍ͯ

ௐ΂ͨɻਤ 5.19ʹೖྗͷҰྫΛࣔ͢ɻ

Function 
Generator Delay

DRS4 
discri TRG-MRGFan OutDiscri Divider Terminator

1MHz矩形波

ਤ 5.18 ৴߸ִؒͷ͍ڱ৔߹ͷݕग़ޮ཰ଌఆ༻ճ࿏

赤: LVDS1

青: LVDS0

紫: 2入力信号の差

紫の+50mV

紫の-50mV

2.5~2.8ns

ਤ 5.19 DRS4 Ϟδϡʔϧͷग़ྗྫ (ִؒͷ͍ڱ৴߸)
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5.6.3 ଌఆ݁Ռ

Ұͭ໨ͷ৴߸ͷཱͪԼ͕Γ͔Βೋͭ໨ͷ৴߸ͷ্ཱ͕ͪΓ·Ͱͷִ͕ؒ 2.5-2.8 nsͷঢ়

ଶͰ > 109 ΠϕϯτΛೖྗ͠ɺ100%ͷݕग़ޮ཰Λಘͨɻ

5.6.4 ڹ΁ͷӨݧ࣮

৴߸ͷύΠϧΞοϓ͕͜ىΔݪҼΛɺTRG-MRGҎલͱ TRG-MRGʹ෼͚ͯ͑ߟΔɻ

લऀͰ͸ɺ্ཱ͕ͪΓಉ࢜ͷ͕ࠩؒ࣌యܕతͳ৴߸෯ΛԼճΔ৔߹ʹύΠϧΞοϓΛ͜ى

͢ɻTRG-MRGͰͷݕग़ޮ཰Λ 2.8 nsҎ্Ͱ 1ɺͦΕҎԼͰ 0ͱԾఆ͢ΔͱɺऀޙͰ͸ɺ

ಉ༷ͷ͕ࠩؒ࣌యܕతͳ৴߸෯Ҏ্ɺ৴߸෯ +2.8 nsҎԼͷ࣌ʹύΠϧΞοϓΛ͢͜ىɻ

͕ͨͬͯ͠యܕతͳ৴߸෯͕খ͍͞ͱ͖΄Ͳɺ૬ରతʹ TRG-MRGͷݕग़ޮ཰ͷد༩͕

େ͖͘ͳΔɻE16࣮ݧͰ࠷খͷ৴߸෯ͱ͑ߟΒΕΔͷ͸ LGͷ໿ 30 nsͷͨΊɺLGʹͭ

΋ΒΕ͍ͯੵݟɻLGͷτϦΨʔνϟϯωϧ͋ͨΓͷώοτϨʔτ͸͏ߦ΋ΓΛੵݟ͍ͯ

ͳ͍͕ɺ͜͜Ͱ͸ GTR3ͷ࠷େϨʔτͰ͋Δ 1MHzΛԾఆ͢Δɻ͜Ε͸ύΠϧΞοϓΛ

աେධՁ͢Δํ޲ͷͨΊɺ͜ͷԾఆʹ͓͍ͯ໰୊͕ͳ͚Ε͹ɺ࣮ࡍͷঢ়گͰ΋໰୊͕ͳ͍

ͱ͑ݴΔɻ͜ͷ৔߹ʹ͓͍ͯɺTRG-MRGͷੑೳͷͨΊʹݕग़Ͱ͖ͳ্ཱ͍͕ͪΓ͕ൃ

ੜ͢Δ֬཰͸଴ͪྻߦཧ࿦͔Βɺ

e−1MHz×30 ns − e−1MHz×32.8 ns ∼ 0.0027

ͱੵݟ΋ΒΕΔɻैͬͯຊϞδϡʔϧͷݕग़ޮ཰͕࣮ٴʹݧ΅͢Өڹ͸খ͘͞ɺ࣮༻ʹ͸

໰୊ͳ͍ͱ͑ݴΔɻ
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ୈ 6ষ

γϛϡϨʔγϣϯΛ༻͍ͨதޮܧ཰
ධՁ

6.1 γϛϡϨʔγϣϯͷ໨త

4.2.2߲Ͱड़΂ͨ௨ΓɺຊϞδϡʔϧͰ͸ؒ࣌෯ 64 nsʹདྷΔ 64 ch෼ͷσʔλͷத͔Β

େ࠷ ग़͢Δɻ6.2.1߲Ͱৄड़͢Δ͕ɺτϦΨʔνϟϯωϧͷώοτݕͷ্ཱ͕ͪΓΛݸ8

Ϩʔτ͸࠷େͰ΋ 1MHz/ch ͱੵݟ΋ΒΕ͍ͯΔɻ͜Ε͸ 64 chɺ64 ns ͋ͨΓʹฏۉͰ

໿ తʹ͸্ͷϩδοΫͰ໰୊ܕͷ্ཱ͕ͪΓ͕͋Δ͜ͱΛҙຯ͍ͯ͠Δɻैͬͯɺయݸ4

͸ͳ͍ͱ͑ݴΔɻ͔͠͠

• ౷ܭతͳ;Β͖ͭ
• ਺ͷ૿Ճࢠग़ཻݕॴతͳہΑΔɺʹ༺࡞ޓͷ૬ࢠपลͷ෺࣭ͱཻثग़ݕ
• ϏʔϜڧ౓ͷॠؒతͳ૿Ճ

ͳͲͷཁҼΛྀ͢ߟΔͱɺ্ཱ͕ͪΓ਺͕ 8Λ௒͑Δ͜ͱ͕͜ىΓ͏ΔɻຊষͰ͸ TRG-

MRG ͷϩδοΫͷɺిࢠɾཅిࢠର༝དྷͷ৴߸ͷதޮܧ཰Λௐ΂Δɻ͜͜Ͱݕग़ޮ཰

Λɺφ → e+e− ่յͰిࢠɾཅిࢠର͕ੜ੒͞Εɺి͓ࢠΑͼཅి͕ࢠ GTR3Λ௨ա͠

͕߸ΒΕͨ৴࡞ͯ TRG-MRGͷΤοδݕग़Ͱݕग़͞Εͨ৔߹ʹɺ྆ํͷిࢠɾཅిࢠର

ͷώοτ৘ใ͕τϦΨʔܾఆϞδϡʔϧ΁ͷग़ྗσʔλʹؚ·ΕΔ֬཰ͱఆٛ͢Δɻ

্ʹड़΂ͨ࠷େώοτϨʔτ 1MHz/chͱ͍͏஋͸ GTR3ͷ΋ͷͰ͋ΔɻҰํɺHBD

ͼٴ LG ͸΄΅ిࢠͷΈʹ༗ײͰ͋ΔͨΊɺώοτϨʔτ͸ GTR3 ʹൺ΂ͯѹ౗తʹ

খ͍͞ɻͦͷͨΊ͜ͷ 2 ͸͍ͯͭʹثग़ݕ TRG-MRG ͷϩδοΫʹΑΔ਺͑མͱ͕͠

ͳ͍ͱ͠ɺຊڀݚͰ͸ GTR3ͷΈΛྀͯ͠ߟγϛϡϨʔγϣϯΛͨͬߦɻ·࣮ͨࡍʹ͸
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GTR3ͷ ASDͷνϟϯωϧ਺͕ 24୯ҐͰ͋Δ͜ͱ͔ΒɺGTR3ͷ৴߸͸ 64 ns͋ͨΓ

ʹ 48 chΛड͚Δ͜ͱʹͳΔɻ͜ͷ৚݅ԼͰγϛϡϨʔγϣϯΛͨͬߦɻ

6.2 γϛϡϨʔγϣϯͷ৚݅

6.2.1 τϦΨʔνϟϯωϧͷώοτϨʔτ

τϦΨʔνϟϯωϧͷώοτϨʔτΛɺώοτϨʔτͷ͍ߴϏʔϜ࣠ۙ๣ͱϏʔϜ࣠ԕ

ํͷ 2छྨʹ෼͚ͯੵݟ΋Δɻਤ 6.1ʹϏʔϜ্ྲྀ͔Βͨݟ GTR3ͷϞδϡʔϧͷਤΛ

ࣔ͢ɻϏʔϜ࣠ΛғΉ 4 Ϟδϡʔϧʹؚ·ΕΔνϟϯωϧΛϏʔϜ࣠ۙ๣ɺͦΕҎ֎ͷ

22ϞδϡʔϧΛϏʔϜ࣠ԕํͱఆٛ͢Δɻ

beam

near

near

near

near

near

30°
90° beam

ਤ 6.1 ϏʔϜ্ྲྀ͔ΒͨݟɺGTR3ͷϞδϡʔϧਤ: ਤதͷ੨ͰృΒΕͨϞδϡʔϧ

ΛϏʔϜ࣠ۙ๣ͷϞδϡʔϧͱ͢Δ

ώοτϨʔτͷ஋͸ઌݧ࣮ߦͰ͋Δ KEK-PS E325 ΋ੵݟͰಘΒΕͨσʔλ͔Βݧ࣮

ΔɻKEK-PS E325 Ͱ͸ݧ࣮ E16 ͷݧ࣮ 10% ͷڧ౓Ͱ͋Δ໿ 109/spill(1 εϐϧ͸໿ 2

ඵ)ɺ12GeVͷཅࢠϏʔϜͱ΄΅ 2ഒͷ૬࡞ޓ༻௕ͷඪతΛ༻͍ɺ൓Ԡ཰໿ 1MHzͰ࣮

υϦϑτνΣϯόʔܕͷҰͭͰ͋Δɺԁ౵ثग़ݕͷݧɻ͜ͷ࣮ͨͬߦΛݧ (VTC: VerTex

drift Chamber)ͷώοτ৘ใΛੵݟ΋Γʹ༻͍ΔɻVTC͸ຊ࣮ݧͷ GTR3ͱಉ༷ʹՙ

౓͕͋Γɺਤײʹશൠࢠཻి 6.2ʹࣔ͢Α͏ʹඪత͔Βಈ޲ํܘʹ໿ 200mmͷҐஔʹઃ

ஔ͞Ε͍ͯͨɻ
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Vertex DC

ਤ 6.2 KEK E325࣮ݧηοτΞοϓ: VTC͸࠷΋൓Ԡ఺ۙ͘ʹઃஔ͞Ε͍ͯͨ

͜ͷݕग़ثͷਫฏํ޲ 15◦ɺ45◦ ͷνϟϯωϧͷώοτϨʔτΛຊ࣮ݧͷϏʔϜڧ౓Ͱ

εέʔϧ͢ΔͱɺͦΕͧΕ ∼ 50MHz/moduleɺ∼ 12.5MHz/moduleͱ͞ࢉܭΕΔɻ͜

͜Ͱεέʔϧ஋͸୯७ʹ͸ϏʔϜڧ౓ 10ഒ ×૬࡞ޓ༻௕ 0.5ഒͰ 5ഒͰ͋Δ͕ɺ2ഒͷ

༨༟Λͯͬ࣋ 10ഒͱͨ͠ɻ

͔͜͠͠ΕΒͷ஋ʹ͸ɺϏʔϜϋϩʔʹΑΔώοτؚ͕·Ε͍ͯΔՄೳੑ͕͋Δɻ

E325 ͍͓ͯʹݧ࣮ VTC ΑΓಈ޲ํܘͰඪత͔Βԕ͍Ґஔʹઃஔ͞Ε͍ͯͨඈ੻

ͷώοτ৘ใͱͷ૬ؔΛΈΔͱɺϏʔϜ࣠ۙ๣Ͱ͸൒෼͕ϏʔϜϋϩʔʹΑΔثग़ݕ

΋ͷͰɺϏʔϜ࣠ԕํͷϨʔτʹ͸ϏʔϜϋϩʔͷӨ͕ڹͳ͍͜ͱ͕෼͔ͬͨɻͨ͠

͕ͬͯɺGTR3 ͷಈܘҐஔͰਫฏํ޲ 15◦ɺ45◦ ʹ͓͚ΔώοτϨʔτ͸ͦΕͧΕɺ

∼ 25MHz/moduleɺ∼ 12.5MHz/moduleͱੵݟ΋ΒΕΔɻ

͜ΕΛͦΕͧΕຊ࣮ݧʹ͓͚ΔϏʔϜ࣠ۙ๣ɺԕํͷώοτϨʔτͱͨ͠ɻ1Ϟδϡʔ

ϧ͕ 24 chʹ෼ׂ͞ΕΔ͜ͱΛྀ͢ߟΔͱɺGTR3ͷτϦΨʔνϟϯωϧͷώοτϨʔτ

͸ϏʔϜ࣠ۙ๣ͷϞδϡʔϧͰ 1MHz/chɺϏʔϜ࣠ԕํͷϞδϡʔϧͰ 500 kHzͱੵݟ

΋ΒΕΔɻ
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6.2.2 ൓ԠΛੜ͡Δ෺࣭֩ࢠݪ

ඪతपลͰ p+A൓ԠΛ͢͜ىͱࢥΘΕΔ෺࣭ʹ͍ͭͯ͑ߟΔɻਤ 6.3ʹඪతपลͷ໛

ࣜਤΛࣔ͢ɻ্ྲྀʹ͸ਅۭϏʔϜύΠϓ͕͋Γɺް͞ 100 µmͷ SUS੡ͷ૭͕औΓ෇͚

ΒΕ͍ͯΔɻ·ͨɺඪతΛ֨ೲ͢ΔνΣϯόʔͷ૭͸ 50 µmްͷ Eval͕༻͍ΒΕΔɻͦ

ͷԼྲྀʹ࣮ݧඪత͕഑ஔ͞ΕΔɻඪత͸্ྲྀ͔Β Target1ɺTarget2ɺTarget3ͱͨ͠ɻද

6.1ʹͦΕͧΕͷ෺࣭ͷৄࡉΛࣔ͢ɻ

Beam Pipe

Beam Window(SUS)

p

Chamber Window(Eval)

Target Chamber

Target1(Cu)
Target2(C)

Target3(Cu)

ਤ 6.3 ඪతपลͷ໛ࣜਤ

ද 6.1 ֤෺࣭ͷৄࡉ

෺࣭ ࣭ࡐ Ґஔ [cm] ްΈ [µm] ૬࡞ޓ༻௕

൓Ԡ཰
(1× 1010/spill

pϏʔϜ)

Beam Window SUS −20.575 100 0.0625% 3.125MHz

Chamber Window Eval −19.575 50 0.0125% 625 kHz

Target1 Cu −2 80 0.05% 2.5MHz

Target2 C 0 400 0.1% 5MHz

Target3 Cu 2 80 0.05% 2.5MHz

Eval(Ethylene and Vinyl ALcohol) ͸ΤνϨϯ (CH2 ––CH2) ͱϏχϧΞϧίʔϧ

(CH2 ––CHOH)ͷڞॏ߹ମथࢷͰ͋ΔɻόοΫάϥ΢ϯυͱͯ͠͸ɺ·ͣ͜ΕΒͷ෺࣭ͱ
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ͷ൓ԠཻࢠΛ૝ఆ͢Δɻͳ͓૬࡞ޓ༻௕ͷࢉग़΍γϛϡϨʔγϣϯʹ͓͍ͯ͸ɺSUS ͸

CuɺEval͸ CͰ୅ସͨ͠ɻ

6.2.3 νϟϯωϧ IDͷఆٛ

GTR3ͷτϦΨʔνϟϯωϧͷ ID͸ɺਤ 6.4ͷΑ͏ʹఆٛ͢Δɻ࣮ࡍʹଘ͢ࡏΔͷ͸

26Ϟδϡʔϧ͕ͩɺਤ 6.4ͷࠨਤͷΑ͏ʹγϛϡϨʔλʔͷδΦϝτϦʹ͸྆࿬ʹԾ૝త

ʹ 3 ϞδϡʔϧͣͭΛ഑ஔ͓ͯ͠Γɺ͜Ε΋ؚΜͰϞδϡʔϧ൪߸Λৼ͍ͬͯΔɻ2.4.2

߲Ͱड़΂ͨΑ͏ʹɺ1Ϟδϡʔϧ͸ y࣠ํ޲ʹ 24෼ׂ͞ΕͯτϦΨʔνϟϯωϧΛܗ੒

͓ͯ͠Γɺਤ 6.4ͷӈਤͷΑ͏ʹνϟϯωϧ൪߸Λৼ͍ͬͯΔɻ

beam

29

28

27 300

1

2

3

4

5

15

17

31

32

シミュレーションでのみ導入した 
仮想モジュール

Module IDのナンバリング Trigger IDのナンバリング

0

23

・ 
・ 
・

Channel_ID = 24×Module_ID + Trigger_ID

x

y

ਤ 6.4 νϟϯωϧ IDͷఆٛ: ͸ࠨ 26Ϟδϡʔϧͷ഑ஔɺӈ͸ 1Ϟδϡʔϧ಺ͷνϟϯωϧ෼͚

6.2.4 γϛϡϨʔλʔ

γϛϡϨʔγϣϯͰ͸ɺΠϕϯτੜ੒༻ʹ JAM[13]Λ༻͍ɺݕग़ثͷӨڹΛGeant4[31]

ʹΑͬͯධՁͨ͠ɻͦΕͧΕͷγϛϡϨʔλʔͷ໾ׂΛड़΂Δɻ

JAM

࣮͕༺࡞ޓΔΑ͏ͳ૬͢ݱ࠶൓ԠγϛϡϨʔλʔɻϋυϩϯ൓Ԡͷஅ໘ੵΛ֩ࢠݪ

૷͞Ε͍ͯΔɻҰճͷ p+A൓ԠͰੜ੒͞ΕΔཻࢠͷछྨɺ਺ɺӡಈྔͷ৘ใΛಘ

ΔͨΊʹ༻͍ͨɻ

Geant4

෺࣭ͱͷ૬࡞ޓ༻ΛؚΉཻࢠඈ੻γϛϡϨʔλʔɻJAMͰग़ྗ͞Εͨ 1Πϕϯτ
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෼ͷ p+A൓Ԡͷ৘ใΛೖྗ͢Δ͜ͱͰɺGTR3ͷ֤τϦΨʔνϟϯωϧʹͲͷཻ

Δ෺࣭͚͓ʹثग़ݕͨ·ͲͷλΠϛϯάͰώοτ͢Δ͔Λ஌Δ͜ͱ͕Ͱ͖Δɻ͕ࢠ

ͱͷ૬࡞ޓ༻ʹΑΔӨڹ΋औΓೖΕΔ͜ͱ͕Ͱ͖Δɻ

͜ΕΒΛ૊Έ߹ΘͤΔ͜ͱͰɺp+A ൓Ԡ 1 ճ͋ͨΓʹੜ੒͞ΕཻͨࢠͷɺGTR3 ΁ͷ

ώοτͷτϦΨʔνϟϯωϧɺؒ࣌෼෍͕ಘΒΕΔɻ

6.3 தޮܧ཰ͷγϛϡϨʔγϣϯ

6.3.1 γϛϡϨʔγϣϯͷྲྀΕ

લઅ·ͰʹಘΒΕͨ৘ใΛͯͬ࢖ɺਅͷΠϕϯτͱଥ౰ͳόοΫάϥ΢ϯυΠϕϯτΛ

ੜ੒͠ɺTRG-MRGʹೖྗͯ͠ TRG-MRGϩδοΫͷݕग़ޮ཰ΛٻΊΔɻҎԼʹ۩ମ

తͳखॱΛࣔ͢ɻ

1. Լهͷ Geant4ग़ྗΛੜ੒͢Δɻ

• ඪతͰੜ੒͞Εͨ φத่͕ؒࢠյͯ͠ੜͨ͡ిࢠɾཅిࢠର

• ඪతͰ φத͕ؒࢠੜ੒͞Εͨࡍʹಉ࣌ʹੜ੒͞Εͨ π தؒࢠ

• ඪతɺϏʔϜύΠϓ૭ɺඪతνΣϯόʔ૭Ͱੜ੒͞Εͨ π தؒࢠ

2. ͷग़ྗΛ༻͍ͯɺφه্ → e+e− ΠϕϯτͱόοΫάϥ΢ϯυΛؚΉɺώοτͷ

64 ns෼ͷλΠϜςʔϒϧΛ࡞Δɻ

3. λΠϜςʔϒϧΛ TRG-MRGͷϩδοΫʹೖྗͯ͠ɺిࢠɾཅిࢠରͷώοτ͕

Δ֬཰ΛγϛϡϨʔγϣϯ͢Δɻ࢒ੜ͖ʹڞ

JAMͷग़ྗʹ͓͍ͯ π தؒࢠͷΈΛ࢖༻͍ͯ͠Δͷ͸ɺπ தؒࢠͷੜ੒ྔʹൺ΂ͯɺଞ

ͷཻࢠͷੜ੒ྔ͕ແࢹͰ͖Δ΄Ͳখ͍ͨ͞ΊͰ͋Δɻ

6.3.2 Geant4ग़ྗ

ਤ 6.5 ʹ Target1 Ͱͷ൓ԠͰͰ͖ͨՙిཻࢠͷ࡞Δώοτ෼෍Λࣔ͢ɻ72 ch ͓͖ʹ

ϐʔΫཱ͕ͭͷ͸ɺඪతʹ͍ۙ͞ߴʹઃஔ͞Εͨνϟϯωϧͷώοτ͕ଟ͍ͨΊͰ͋Δɻ

·ͨதԝͷνϟϯωϧʹώοτ͕ͳ͍ͷ͸ɺϏʔϜ্࣠Ͱ͋ΓϞδϡʔϧ͕ଘ͠ࡏͳ͍ͨ

ΊͰ͋Δɻ
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ਤ 6.5 ώοτ෼෍ͷྫ

6.3.3 λΠϜςʔϒϧੜ੒

͍ͯ༺ɺੜ੒͞ΕͨGeant4ग़ྗΛʹ࣍ φ → e+e− ΠϕϯτΛؚΉώοτͷλΠϜςʔ

ϒϧΛੜ੒͢Δɻφ → e+e− ΠϕϯτͷλΠϛϯάΛ 0 nsͱͯ͠ɺ−200 ns͔Β 70 nsͷ

ൣғͰλΠϜςʔϒϧΛ࡞ΓɺόοΫάϥ΢ϯυΛ෇Ճͯ͠ిࢠɾཅిࢠରͷώοτΛؚ

Ή 64 nsΛऔΓग़͢ɻ͜͜Ͱɺ−200 ns͔ΒλΠϜςʔϒϧΛ࡞Δͷ͸ɺGTR3ͷ৴߸ͷ

෯͕໿ 200 nsͰ͋ΔͨΊɺిࢠɾཅిࢠରੜ੒Πϕϯτͷ −200 nsҎ߱ͷώοτ͕ɺ੾

Γऔͬͨ 64 nsͷؒ࣌෯ʹ͓͚Δώοτͷ෼෍ʹӨ͢ڹΔͨΊͰ͋Δɻ۩ମతʹ͸ҎԼͷ

Α͏ͳखॱͰΠϕϯτΛߏ੒͢Δɻ

1. ͋ΔඪతͰൃੜͨ͠ φதؒࢠΛ 1Πϕϯτ෼ 0 nsʹൃੜͤ͞Δɻ

2. ͦͷඪతͰ φதؒࢠͱಉ࣌ʹൃੜͨ͠ πதؒࢠΛ 1Πϕϯτ෼ 0 nsʹൃੜͤ͞Δɻ

3. 6.2.2߲Ͱྀͨ͠ߟ෺࣭͔Βൃੜͨ͠ π தؒࢠΛɺ෺࣭ͷްΈʹԠͨ͡൓Ԡ཰ʹج

͖ͮϙΞιϯ෼෍Ͱൃੜͤ͞Δɻ

4. ͜ΕΒͷ෺࣭Ҏ֎͔ΒདྷΔόοΫάϥ΢ϯυΛɺϙΞιϯ෼෍Ͱൃੜͤ͞Δɻ

5. ରͷώοτΛؚΉࢠɾཅిࢠి 64 nsΛऔΓग़͢ɻ

͜͜Ͱ෺࣭Ͱੜ੒͞Εͨ π தؒࢠ༝དྷͷɺϏʔϜۙ๣ɺԕํͷώοτϨʔτΛ͢ࢉܭΔ

ͱͦΕͧΕɺ120 kHzɺ20 kHzͱͳΔɻ͜Εͱ 6.2.1߲Ͱ͞ࢉܭΕͨ 1MHzɺ500 kHzͷ
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ࠩͰ͋Δ 880 kHzɺ480 kHzΛɺ্هͷखॱ 4Ͱੜ੒͢ΔόοΫάϥ΢ϯυͱͯ͠௥Ճ͢

Δɻ·ͨɺ48 ch ͷ૊Έ߹Θͤ͸ɺϏʔϜۙ๣ಉ͕࢜૊Ή͜ͱͷͳ͍Α͏ʹͨ͠ɻਤ 6.6

ʹ TRG-MRG΁ೖྗ͞ΕΔώοτͷ෼෍ɺਤ ରΛؚΉࢠɾཅిࢠిʹ6.7 48 chɺ64 ns

தͷώοτ਺ͷ෼෍Λࣔ͢ɻ
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ਤ 6.6 TRG-MRG΁ೖྗ͞Εͨνϟϯωϧͷ෼෍
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ਤ 6.7 ରΛؚΉࢠɾཅిࢠి 48 chɺ64 nsͷώοτ਺

6.3.4 ݁Ռ

͜Ε·ͰͷγϛϡϨʔγϣϯͰɺ֤ʑͷඪతͰͰ͖ͨిࢠɾཅిࢠରͷݕग़ޮ཰Λࢉग़

Ͱ͖Δɻ͔࣮͠͠ࡍ͸ Target1ɺ2ɺ3ͷͦΕͧΕ͔Βిࢠɾཅిࢠର͕ੜ੒͞ΕΔɻ֤ඪ

తͰͷ φதؒࢠͷੜ੒ྔͷൺ͸ɺੜ੒அ໘ੵɺ൓Ԡ௕͔Βɺ1:2:1ͱͳΔɻ͜ͷൺͰॏΈ

෇͚ͯ͠ฏۉΛͱΔ͜ͱͰɺ͋ΔϏʔϜϨʔτͷ৔߹ͷిࢠɾཅిࢠରͷݕग़ޮ཰͕ࢉ

ग़Ͱ͖ΔɻຊڀݚͰ͸ɺϏʔϜϨʔτΛ 1 × 1010/spill(1 εϐϧ͸໿ 2 ඵ)(5GHz) ͔Β

3× 1010/spill(15GHz)·Ͱ 1× 109/spillࠁΈͰઃఆ͠ɺ֤ʑʹ͍ͭͯγϛϡϨʔγϣϯ

Λͨͬߦɻਤ 6.8ʹͦͷ݁ՌΛࣔ͢ɻ
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ਤ 6.8 ϏʔϜϨʔτͱ TRG-MRGݕग़ޮ཰ͷؔ܎

͔͜͜ΒɺయܕతͳϏʔϜϨʔτͰ͋Δ 5GHz ʹରͯ͠͸ 99.95% ͱे෼ͳݕग़ޮ཰

Λͭ࣋͜ͱ͕෼͔ͬͨɻ·ͨɺ2ഒͷڧ౓Ͱ͋Δ 10GHzʹରͯ͠΋ 98.75%ͱڐ༰Ͱ͖

Δޮ཰͕ಘΒΕͨɻҎ্ΑΓɺ࣮ࡏݱ૷͍ͯ͠Δ TRG-MRG ͷώοτݕग़ϩδοΫ͕ɺ

࣮༻ʹରͯ͠े෼ͳݕग़ޮ཰Ͱಈ͢࡞Δ͜ͱ͕݁࿦͚ͮΒΕͨɻ
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ୈ 7ষ

݁࿦

զʑ͸ J-PARCߴӡಈྔϏʔϜϥΠϯʹ͓͍ͯɺ֩ࢠݪ಺ʹ͓͚ΔϕΫλʔதؒࢠͷ

࣭ྔଌఆΛ͏ߦɻφ தؒࢠͷ࣭ྔεϖΫτϧ͸ɺQCD ࿨ଇΛ༻͍ͯ༗ີݶ౓ԼͰͷ s

ΫΥʔΫॖڽͷ஋ͱ݁ͼ෇͚ΒΕΔɻ

Ͱ͸ɺް͞ݧ࣮ 80 µmͷ Cu 2ຕͱ 400 µmͷ C 1ຕΛ༻͍ɺ1× 1010/spill(1εϐϧ

͸໿ 2 ඵ) ͷ 30GeV ཅࢠϏʔϜΛরࣹ͢Δɻp+A ൓ԠͰੜ੒͞Εͨ φ தؒࢠʹର͠ɺ

φ → e+e− ่յ͔Βੜͨ͡ిࢠɾཅిࢠରΛେཱମ֯ͷεϖΫτϩϝʔλʔͰଌఆ͠ɺߴ

଎ͷ DAQ Ͱॲཧ͢ΔɻτϦΨʔճ࿏͸ɺτϦΨʔதܧϞδϡʔϧ (TRG-MRG)ɺτϦ

ΨʔܾఆϞδϡʔϧ (Belle-2 UT3)ɺτϦΨʔ෼഑Ϟδϡʔϧ (Belle-2 FTSW)ͷࡾஈͰ

੒͢ΔɻτϦΨʔʹ༻͍Δνϟϯωϧ͕ߏ 2,620 chͱଟ਺ʹ౉ΔͨΊɺ৴߸Λ੔ܗɺѹॖ

ͯ͠τϦΨʔܾఆϞδϡʔϧʹߴ଎సૹ͢ΔதܧϞδϡʔϧ͕ॏཁͱͳΔɻ

τϦΨʔதܧϞδϡʔϧ͸ɺ256 chͷσΟεΫϦϛωʔλʔग़ྗ৴߸Λ 1 nsִؒͰα

ϯϓϦϯά͠ɺ৴߸ͷ্ཱ͕ͪΓͷλΠϛϯάΛݕग़͢Δ TDC෦෼ͱɺݕग़ͨ͠৘ใΛ

ڀݚೳͱͯ͠͸ɺຊػஈ΁ૹ৴͢Δτϥϯγʔόʔ෦෼͔Β੒Δɻޙ଎γϦΞϧ௨৴Ͱߴ

Ͱ͸ɺTDC෦෼ͷ։ൃͱੑೳධՁΛߦͳͬͨɻ

TDCʹ͸ɺؒ࣌෼ղೳ 0.35 nsҎԼͰ্ཱ͕ͪΓΛݕग़͢Δ͜ͱɺ࣮ݧͰ༧૝͞ΕΔ࠷

খ 3 nsఔ౓ͷ෯ͷ৴߸ʹରͯ͠΋ײ౓Λͭ࣋͜ͱɺ1MHz/chఔ౓ͷϨʔτʹରͯ͠଱ੑ

͕͋Δ͜ͱ͕ٻΊΒΕΔɻੑೳධՁͷ݁Ռɺؒ࣌෼ղೳ͸΄΅ྔࢠԽࠩޡʹΑΔ΋ͷͰ͋

Γɺ೚ҙͷೖྗʹରͯ͠ 0.35 nsҎԼͷ෼ղೳΛୡ੒͍ͯ͠Δ͜ͱΛ֬ೝͨ͠ɻ·ͨɺप

೾਺҆ఆ౓ɺੵ෼ඇ௚ઢੑɺඍ෼ඇ௚ઢੑ͸ LSBʹରͯ͠े෼খ͍͞஋Ͱ͋Γɺؒ࣌ଌ

ఆʹ΄΅ӨڹΛ༩͑ͳ͍͜ͱ͕෼͔ͬͨɻ୹ύϧεʹର͢Δݕग़ޮ཰ʹ͍ͭͯ͸ɺ∼ 1 ns

ͷ෯ͷ৴߸ʹରͯ͠ݕग़ޮ཰ 1͕ಘΒΕͨɻ࠷΋ॏཁͱͳΔϨʔτ଱ੑ͸ɺϋʔυ΢ΣΞ

ͷӨڹͱϑΝʔϜ΢ΣΞͷϩδοΫͷӨڹʹ͍ͭͯͦΕͧΕධՁͨ͠ɻϋʔυ΢ΣΞʹͭ
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͍ͯ͸ɺ΄΅࿈ଓͯ͠ೖྗ͞Εͨ 2৴߸ʹର͢Δݕग़ޮ཰Λௐ΂ɺ1ͭ໨ͷ৴߸ͷཱͪԼ

͕Γ͔Β 2 ͭ໨ͷ৴߸ͷ্ཱ͕ͪΓ·Ͱ͕ 2.6 ns ఔ౓཭Ε͍ͯΕ͹ 100% ग़Ͱ͖Δͱݕ

͍͏݁Ռ͕ಘΒΕͨɻ͜ͷޮՌ͕࣮ٴʹݧ΅͢ѱӨڹ͸΄΅ͳ͍ɻ·ͨϩδοΫʹ͍ͭͯ

͸ɺγϛϡϨʔγϣϯΛ༻͍ͯதޮܧ཰ΛධՁͨ͠ɻͦͷ݁ՌɺయܕతͳϏʔϜڧ౓Ͱ͋

Δ 1× 1010/spillʹରͯ͠ɺ99.95%ͷதޮܧ཰͕ಘΒΕΔ͜ͱ͕͔֬ΊΒΕͨɻ

Ҏ্͔ΒɺຊϞδϡʔϧ͕ཁٻΛຬͨ͢ੑೳΛͭ࣋͜ͱ͕֬ೝͰ͖ͨɻޙࠓ͸τϥϯ

γʔόʔ෦෼ͷ࣮૷Λ͏ߦ༧ఆͰ͋Δɻ
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ँࣙ

ຊ࿦จͷࣥචʹ͋ͨΓɺଟ͘ͷํʑʹ͓ੈ࿩ʹͳΓ·ͨ͠ɻࢦಋ׭ڭͰ͋ΔӬߐ஌จڭ

त͸ࢲͷࣗओੑΛॏͯ͘͠ࢹΕͳ͕Β΋ɺཁॴཁॴͰ͸਌਎ʹͳͬͯ૬ஊʹ৐ͬͯͩ͘͞

Γɺద੾ͳॿݴΛͯͩ͘͠͞Γ·ͨ͠ɻ੒໦ܙ।ڭत͸ɺࢲΛΧΠϥϧରশੑͱ͍͏෼໺

ʹಋ͍ͯͩ͘͞ΓɺڀݚΛਐΊΔ্Ͱ͸ɺ੿͍ࢲͷઆ໌Λਏ๊͘ڧฉ͖ਖ਼͍͠ํ޲΁ͷࢦ

਑Λࣔͯͩ͘͠͞Γ·ͨ͠ɻ઒ാو༟।ڭतɺଜ্఩໵ࢣߨɺ౻Ԭ޺೭ॿڭɺ৽ࢁխ೭ॿ

Ͱ༷ʑͳΞυόΠεΛ͍͖ͨͩ·ͨ͠ɻ׆͸ɺൃදձ΍ීஈͷੜʹڭ

ཧݚͷ࢛೔ޛࢢઐ೚ڀݚһʹ͸ɺ࣮ݧશମʹؔ͢Δ༷ʑͳٙ໰ʹ౴͍͖͑ͯͨͩɺಛ

ʹγϛϡϨʔγϣϯʹ͓͍ͯ͸ଟେͳؒ࣌Λࢦಋʹׂ͍͍͖ͯͨͩ·ͨ͠ɻ։ൃʹ͓͍

ͯ͸ɺେࡕେֶ RCNP ͷڮߴஐଇ͞Μʹ௚઀ͷࢦಋΛ͍͖ͨͩ·ͨ͠ɻFPGA ΍ιϑ

τ΢ΣΞɺճ࿏ͳͲٕज़తͳ͜ͱશൠʹ͍ͭͯɺҰ͔Βஸೡʹ͖͍ͩͨͯ͑ڭ·ͨ͠ɻ

ϑΝʔϜ΢ΣΞΛແࣄ։ൃͰ͖ͨͷ΋͞ڮߴΜͷ͓͔͛Ͱ͢ɻ

KEKͷ಺ాஐٱ।ڭतɺेޒཛྷ༸Ұࢣߨɺ౦๺େֶͷຊଟྑଠ࿠ॿڭʹ͸ɺ౦ւଜͰ

ͷۀ࡞εϖʔεΛ͓ି͍͖ͨͩ͠ɺ։ൃʹ͓͍ͯੜ༷ͨ͡ʑͳ໰୊ʹ͍ͭͯ૬ஊ͍ͤͯ͞

͖ͨͩ·ͨ͠ɻKEKͷӏཆඒౙॿڭɺࢁຊ߶࢙͞Μ͸ J-PARCͰ৯΂Δ͜ͱͳͲʹͬࠔ

Λա͢͜͝ͱ͕Ͱ͖ؒ࣌༠ͬͯͩ͘͞Γ·ͨ͠ɻ͓͔͛Ͱָ͍͠ʹ͠࠵Λɺ౓ʑࢲ͍ͨͯ

·ͨ͠ɻݚݪͷ Philipp Gubler͞Μʹ͸ E16࣮ݧͷཧ࿦ͱͷ݁ͼ͖ͭʹ͍ͭͯɺ༷ʑͳ

ٙ໰ʹ౴͍͖͑ͯͨͩ·ͨ͠ɻ

ಉࣨ͡ڀݚͷઌഐͰ͋Δߐ઒͞ߦ߂Μͱۚஙढ़ี͞Μʹ͸ɺͦΕͧΕओʹ J-PARCͱ

େֶͰ༷ʑͳ͜ͱΛ૬ஊ͍͖ͤͯͨͩ͞·ͨ͠ɻͲΜͳ࣌Ͱ΋շ͘૬ஊʹԠ͍ͯͨͩ͡

͖ɺඇৗʹॿ͚ʹͳΓ·ͨ͠ɻಉ͘͡ઌഐͰ͋Δࣣଜ୓໺͞Μɺಉճੜͷӽ઒ѥඒ͞Μ

͸ɺಉ͡ࢪઃͰ࣮ݧΛ͏ߦϝϯόʔͱͯ͠ɺ೔͔ࠒΒΑ͍͖ͯͨͩ͘͠·ͨ͠ɻಉճੜͷ

଍རࠫ͞ࢠرΜͱ͸ɺಉ࣮͡ݧΛਐΊΔϝϯόʔͱͯ͠਌͍͖ͤͯͨͩ͘͠͞·ͨ͠ɻཱ

ɻ͢·͍ͯ͡ײΛܹࢗ੎͔Βৗʑ࢟ΛਐΊΔ଍ར͞Μͷࣄ͸ɺண࣮ʹ෺ࢲΓ͕ͪͳ·ࢭͪ

ଞʹ΋͜͜ʹ͸ॻ͍͍ͯͳ͍ࣨڀݚͷํʑɺ࣮ݧάϧʔϓͷํʑɺJ-PARCɺݚݪͷ
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ํʑͳͲʹ΋͓ੈ࿩ʹͳΓ·ͨ͠ɻօ༷ɺຊ౰ʹ͋Γ͕ͱ͏͍͟͝·ͨ͠ɻ
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෇࿥ A

ϑΝʔϜ΢ΣΞͷಈݧࢼ࡞ͷৄࡉ

A.1 VivadoʹΑΔγϛϡϨʔγϣϯ

γϛϡϨʔγϣϯ͸ϑΝʔϜ΢ΣΞ࣮૷ͱಉ༷ʹ Vivado2017.2 ্Ͱͨͬߦɻγϛϡ

ϨʔγϣϯʹΑͬͯɺϑΝʔϜ΢ΣΞͷ࿦ཧ͕૝ఆ௨Γʹಈ͢࡞Δ͔ɺ·ͨ৴߸ೖྗ͔Β

ग़ྗ৘ใੜ੒·Ͱͷॴཁؒ࣌Λ֬ೝͨ݁͠ՌΛड़΂Δɻ

A.1.1 1νϟϯωϧೖྗʹର͢Δಈ࡞

ྫͱͯ͠ɺ64 nsΧ΢ϯλʔͷ 63 nsͷλΠϛϯάͰ ch11ʹ৴߸Λೖྗͨ͠ࡍͷԠ౴Λ

γϛϡϨʔγϣϯ͢Δɻਤ A.1ʹೖྗ͔Β SH16·Ͱͷ৴߸Λࣔ͢ɻ

250MHz Clock
Input

DES

ED

DB

SH16

ਤ A.1 ch11ʹೖྗͨ͠৔߹ͷԠ౴: SH16Ҏલ

ͦΕͧΕͷߦͷҙຯΛɺද A.1ʹࣔ͢ɻ
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ද A.1 ਤ A.1ͷઆ໌

਺ߦ ҙຯ

1 250MHzΫϩοΫ

2 ೖྗ৴߸

3-7 DESͷύϥϨϧग़ྗ: 632-636nsͷ 3bit໨ʹ্ཱ͕ͪΓ͕͋Δ

8 EDग़ྗ: ্ཱ͕ͪΓͷ༗ແ

9-10 EDग़ྗ: ্ཱ͕ͪΓͷλΠϛϯάɺ2’b11=3bit໨ʹݕग़͞Εͨ͜ͱΛࣔ͢

11-13 DBग़ྗ: ஗ԆΛ͔͚ͯ ໨Λͦͷ··ग़ྗ͍ͯ͠Δߦ8-10

ଓ͍ͯɺSH16Ҏ߱ͷ৴߸Λਤ A.2ɺͦͷઆ໌Λද A.2ʹࣔ͢ɻ

SH16

SH64

HB

ਤ A.2 ch11ʹೖྗͨ͠৔߹ͷԠ౴: SH16Ҏ߱

ද A.2 ਤ A.2ͷઆ໌

਺ߦ ҙຯ

1 250MHzΫϩοΫ

2 SH16ग़ྗ: ্ཱ͕ͪΓͷ਺͕ 1Ͱ͋Δ͜ͱΛࣔ͢

3 SH16ग़ྗ: 6’b0b=11൪ʹ্ཱ͕ͪΓ͕͋ͬͨ͜ͱΛࣔ͢

4 SH16ग़ྗ: ্ཱ͕ͪΓͷλΠϛϯάɺ2’b11=3ns(mod4)ʹݕग़͞Εͨ͜ͱΛࣔ͢

5 SH64ग़ྗ: ্ཱ͕ͪΓͷ਺͕ 1Ͱ͋Δ͜ͱΛࣔ͢

6 SH64ग़ྗ: 6’b0b=11൪ʹ্ཱ͕ͪΓ͕͋ͬͨ͜ͱΛࣔ͢

7 SH64ग़ྗ: 8’b3f=63ns(mod64)ʹ্ཱ͕ͪΓ͕͋ͬͨ͜ͱΛࣔ͢

ʹޙ࠷ HBͷग़ྗΛਤ A.3ɺͦͷઆ໌Λද A.3ʹࣔ͢ɻ
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ਤ A.3 ch11ʹೖྗͨ͠৔߹ͷԠ౴: HBग़ྗ

ද A.3 ਤ A.3ͷઆ໌

஋ ҙຯ

1ϒϩοΫ໨ (0-15): 16’h0005 64nsͷΧ΢ϯλͷ஋

1ϒϩοΫ໨ (16-31): 16’hfeab ϔομʔ

1ϒϩοΫ໨ (32-39): 8’h2f=8’b00101111

্ཱ͕ͪΓͷνϟϯωϧ৘ใɻ
্Ґ 6bit͕ 6’b001011= 6’d11ͳͷͰ
ch11ʹ্ཱ͕ͪΓ͕͋ͬͨ͜ͱΛࣔ͢ɻ

1ϒϩοΫ໨ (40-47): 8’h3f=8’d63
্ཱ͕ͪΓͷؒ࣌৘ใɻ

63nsʹ্ཱ͕ͪΓ͕͋ͬͨ͜ͱΛࣔ͢ɻ

1ϒϩοΫ໨ (48-63): 16’h0000
໨ͷ্ཱ͕ͪΓ৘ใɻݸ2

্ཱ͕ͪΓ͕ͳ͍͜ͱΛࣔ͢ɻ

ද A.3 ͷ্ཱ͕ͪΓ৘ใ 0 ʹ͸ɺ16’h2f3f=16’b0010111100111111 ͕ग़ྗ͞

Ε͍ͯΔɻνϟϯωϧ৘ใΛද্͢Ґ 6bit ͷ஋Λ 10 ਐ਺ʹม͢׵Δͱɺ

6’b001011=6’d(8+2+1)=6’d11ͱͳΓɺch11ʹೖྗ͕͋ͬͨ͜ͱ͕෼͔Δɻؒ࣌৘ใΛ

ද͢ԼҐ 8bitͷ஋Λ 10ਐ਺ʹม͢׵Δͱɺ8’b00111111=8’d(32+16+8+4+2+1)=8’d63

ͱͳΓɺΧ΢ϯλʔͷ 63 nsͷλΠϛϯάʹೖྗ͕͋ͬͨ͜ͱ͕෼͔Δɻ·ͨɺ্ཱ͕ͪ

Γ৘ใ 1Ҏ߱ʹ͸ग़ྗ͸ͳ͘ɺ͜ΕҎ֎ͷώοτ͕ݕग़͞Εͳ͔ͬͨ͜ͱ͕෼͔ΔɻҎ্

ΑΓɺਖ਼͘͠ग़ྗ͞Ε͍ͯΔ͜ͱ͕Θ͔Δɻ

A.1.2 τϦΨʔϨΠςϯγͷੵݟ΋Γ

ɺ৴߸Λʹ࣍ 64 nsΧ΢ϯλͷ 0 nsͱ 63 nsͷλΠϛϯάͰೖྗ͠ɺTDCͷϨΠςϯ

γΛγϛϡϨʔγϣϯ͢Δɻ͜Ε͸ɺϨΠςϯγͷ࠷΋୹͍৔߹ͱ࠷΋௕͍৔߹ʹରԠ͠

͍ͯΔɻγϛϡϨʔγϣϯͷ݁ՌΛਤ A.4ʹࣔ͢ɻ
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565ns 628ns

63ns

744ns

116ns
179ns

ਤ A.4 TDCϨΠςϯγͷγϛϡϨʔγϣϯ

63nsʹೖྗ͞Εͨ৴߸͸ 116nsޙɺ0nsʹೖྗ͞Εͨ৴߸͸ 179nsʹग़ྗ͞ΕΔ͜ͱ

͕෼͔Δɻ͜Ε͸ 200 nsΛԼճ͓ͬͯΓɺཁٻΛຬͨ͢ɻ

A.1.3 ଟνϟϯωϧೖྗʹର͢Δಈ࡞

ɻਤ͏ߦɺΦʔόʔϑϩʔ͕͋ͬͨ৔߹ͷγϛϡϨʔγϣϯΛʹޙ࠷ A.5 ʹೖྗ৴߸

Λࣔ͢ɻ1ߦ໨͕ 250MHzΫϩοΫɺͦΕҎ͕߱ ch0-15ͷೖྗΛ͍ࣔͯ͠Δɻ·ͣ ch0ɺ

4ɺ8ɺ12ʹೖྗ͠ɺͦͷ 10 nsޙʹ ch1ɺ5ɺ9ɺ13ɺͦͷ 10 nsޙʹ ch2ɺ6ɺ10ɺ14ɺͦ

ͷ 10 nsޙʹ ch3ɺ7ɺ11ɺ15ɺͦͷ 10 nsޙʹ ch0ɺ4ɺ8ɺ12ʹೖྗ͍ͯ͠Δɻ64nsத

ܭʹ 20 ͷ্ཱ͕ͪΓΛೖྗ͍ͯ͠Δ͜ͱʹͳΓɺ͜ͷ৔߹ʹ͸ݸ 12 ͷώοτ͕Φʔݸ

όʔϑϩʔ͢Δɻ

ਤ A.5 Φʔόʔϑϩʔ͕͜ىΔ৔߹ͷೖྗ

ਤ A.6ʹग़ྗɺද A.4ʹͦͷઆ໌Λࣔ͢ɻ
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ਤ A.6 Φʔόʔϑϩʔ͕͖ͨى৔߹ͷग़ྗ

ද A.4 ਤ A.6ͷ্ཱ͕ͪΓ৘ใɺΦʔόʔϑϩʔ৘ใͷઆ໌

஋ ҙຯ

্ཱ͕ͪΓ 0: 16’h0301 ch0ɺλΠϛϯά 1ns

্ཱ͕ͪΓ 1: 16’h1301 ch4ɺλΠϛϯά 1ns

্ཱ͕ͪΓ 2: 16’h2301 ch8ɺλΠϛϯά 1ns

্ཱ͕ͪΓ 3: 16’h3301 ch12ɺλΠϛϯά 1ns

্ཱ͕ͪΓ 4: 16’h070b ch1ɺλΠϛϯά 11ns

্ཱ͕ͪΓ 5: 16’h170b ch5ɺλΠϛϯά 11ns

্ཱ͕ͪΓ 6: 16’h270b ch9ɺλΠϛϯά 11ns

্ཱ͕ͪΓ 7: 16’h370b ch13ɺλΠϛϯά 11ns

Φʔόʔϑϩʔ৘ใ: 16’h010c Φʔόʔϑϩʔͷ਺ɻରԠ͢Δ bit ͷ஋͸

10’h00c=10’d12 ͱͳΔͷͰɺ12 Φʔόʔϑݸ

ϩʔ͍ͯ͠Δͱग़ྗ͞Ε͍ͯΔ͜ͱ͕෼͔Δɻ

ೖྗͨ͠΋ͷͷ͏ͪૣ͍ ਖ਼͍͠νϟϯωϧͰಡΈऔΒΕ͓ͯΓɺ0͔Β͕ݸ8 3ͱ 4͔

Β 7 ͷؒͷࠩؒ࣌΋ 10 ns ͱਖ਼͍͠஋Λग़ྗ͍ͯ͠Δɻ·ͨɺΦʔόʔϑϩʔͷ਺΋ 12

ͱਖ਼͘͠ग़ྗ͞Ε͍ͯΔɻݸ

A.2 SiTCPʹΑΔ TDCಡΈग़͠

αϯϓϧνϟϯωϧͱͯ͠ ch0 ͱ ch5 ʹ৴߸Λೖྗ͠ɺ্ཱ͕ͪΓΛݕग़ͨ͠ 64nsɺ

256chʹ͍ͭͯ SiTCPΛ༻͍ͯಡΈग़ͨ͠ (ਤ A.7)ɻ
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ch000-063+Separater

ch064-127+Separater

ch128-191+Separater

ch192-255+Footer

Header

Separater

Footer

立ち上がり0 立ち上がり1

ਤ A.7 TDCग़ྗͷಡΈग़͠: 64bit× 3͝ͱʹૠೖ͞ΕΔ 64’hff. . .ff͸ηύϨʔλ

ߦ2 3ྻͷ 16’h0333͸ ch0΁ͷλΠϛϯά 51 nsͷ্ཱ͕ͪΓɺ2ߦ 4ྻͷ 16’h173a

͸ ch5΁ͷλΠϛϯά 58 nsͷ্ཱ͕ͪΓʹରԠ͢Δग़ྗͰ͋Γɺೖྗͷνϟϯωϧʹର

Ԡͨ͠ग़ྗ͕͞Ε͍ͯΔ͜ͱ͕෼͔ΔɻҎ্͔ΒɺSiTCPΛ༻͍ͨಡΈग़͠͸ਖ਼͘͠ಈ

Δͱ൑அͨ͠ɻ͍ͯ͠࡞
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