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Results obtained by using the GMDN is reviewed in our recent paper...
Rockenbach+ Space Sci. Rev,, 182, 2014

40-years data from a single MD at Nagoya are analyzed in...
Munakata+ ApJ, 791, 2014



Ground-based detectors

use atmosphere as an active component

» Two types of observation:

) . » Neutron Monitors
primary cosmic rays _ _
Typical energy of primary:

Upper atmosphere ~10 GeV for (Galactic) CRs

,_.__--‘// t » Muon Detectors
n/ 5 /| . Typical energy of primary:
3 / ~50 GeV for (Galactic) CRs
(surface muon detector)

» Because of a large forward
momentum transfer in the high

. n energy interaction, incident direction
Neutron Monitor g, of muons well preserves the incident
direction of primary CRs.
AR | » This makes multi-directional

Muon Detector * observation of primary CRs possible
even with a single detector.



Muon detector (multi-directional)

Nagoya, Sao Martinho, Hobart
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* Incident direction identified by
>0 the combination between
upper & lower detectors.

* 60 conventional combinations
iIn GMDN for analyzing global
—>0 anisotropy.

2D singnificance maps for
observing the local anisotropy
like “loss-cone”.
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Asymptotic viewing directions of

GMDN
. Yxindicates the

RNy SRR TR location of the
K@ L 1§ L ¢ detector.

a2y \ e e e OOAdisplay the
asymptotic viewing
directions of
median energy CRs
corrected for the
geomagnetic
bending.

Thin lines indicate
the spread of
viewing direction
for the central 80 %
of the energy

: | : : . pt : | : : : : . | : : response to
36 m? 32 m? 16 m? O m? primary CRs.
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GMDN is described in Okazaki+ ApJ, 682, 693, 2008



CR transport equation
U(r,p,t)dp = 4np?fo(r,p, t)dp : CR density

(omnidirectional intensity)
SW convection  diffusion

aU+V (2+VUV VU) 0 (1 V. VU)
_ | — — K- —_— | — .
ot 3 , op \3P'SW
| Adiabatic cooling
S(r,p, t) . streaming

1
&(r,p,t) = —S/(ng) . anisotropy

% 2+y
:VU/U=§K_1{ > (VSW_VE)_l_E}

-. Anisotropy (&) tells us the spatial gradient (G)
which reflects the magnetic field geometry in space




(%0)
0

What “CR wind” tells us?

Muon hourly rates in 3 vertical channels * CR density decrease
— —Tssc T TSSC (Forbush Decrease).
» Strong CR streaming
T T 1 1 wind) is associated.
o N i By
e * Need to measure
I __.r’dh'wu"] density & streaming
Nagoya Lr‘ “'-l-}T separately.
- Hobart T
SaoMartinho * Only global network

100

101

102 103 104 can make such a

precise measurement .
day of year 2001

Can deduce 3D distribution from the CR gradient (G) from the anisotropy

Single telescope tell

CRIdepleted region

/1D distribution along the orbit



Cosmic ray
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Magnetic Flux Rope

Event Date 6 ¢ R(t,) P. A @ R(t.) P.

Apr/05/2001 | 7 56  0.109 -0.004,0.013,-0.067 | 29 277 0.175 0.000,-0.073,-0.131
Apr/11/2001 | 66 12 0.060  0.000,-0.002.-0.000

Apr/28/2001 | 26 283 0.097 0.001,-0.009,-0.018

Nov/06/2001 | 38 273 0.074  0.000,-0.023.-0.030

Oct/29/2003 | 35 78 0.215 0.000,-0.066,0.091 [ 46 56 0.222 0.000,-0.080, 0.064 | O
Jul/27/2004 5 303 0096  0.000,-0.004,-0.032 | 16 296 0.136  0.000,-0.004,-0.012 | O
Nov/09/2004 | 44 187 0.065 0.001,-0.038,-0.004 | 36 195 0.060 0.000,-0.036,-0.013 | O
Jan/22/2005 | 7 337 0.049 0.000,-0.003,-0.007 | 51 212 0.237 0.000,-0.170,-0.074



Cosmic ray precursors

> With the improved network coverage
133 (74%) of 181 storms in 2001-07 analyzed

L(OC?eSﬂ%?tr;e 100 : Distlributior? of Storms : 10 IPre|cur|sor Applear?nc:e Time IDistlribu‘tion'
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7/ Shock Dst(nT)=  -250 -100 50 Rockenbach+GRL, 38, 2011

» CRs from the depleted region travel to
the upstream Earth with the speed of
light overtaking the shock ahead.

i » The precursor is seen as the deficit
130\ intensity of CRs arriving from the
\ 27 ) &
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A 088y sunward IMF. Loss-cone (LC) precursor.
] ‘m.*.;' 04 & ownstream
10 00,5, cunvard) 3> CRs reflected and accelerated by the
04 & approaching shock are also observed
|  upstream as an excess intensity. precursory
ﬂ%oo%eo's R (anti-sunward) excess.
1.0

A cunard IVME direction » GMDN with better sky coverage is
Leerungnavarat+ApJ, 593, 2003 capable for detecting more precursors.



Significance at 2006/12/13 02:00:00 UT
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Best-fit analysis of LC precursor

" % Leerungnavarat+ 1.26 ;
— Y ApJ 593, 2003 -
S e =
5 S 1.24
c ., \ 9705 >
= Power index of IMF fluctuation E
93 spectrum appropriate for muon E ‘ ‘ ‘ 1
s« "-,,ste“’a“o”' & 122 | © Leerungnavarat et al. 2003| \; , "
© < X |—excess(cos®) | e
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Fushishita+ ApJ 715 2010



A “gap” in the present GMDN

Blank area still remains in the GMDN Mx
L = Install a new detector for filling ’

O Nagoya QO SaoMartinho A Hobart 0 Kuwait



New muon detector in Mexico
(SCICRT @Mt. SierraNegra) Nagai+ Astroparticle Phys. 59 2014
19.0°N, 97.3 °W
4,600 m a.s.l. (590 hPa)
Geomag. Cut-off (V) =7.9 GV
Expected muon count rate:
2.7x10° cph (750 Hz)

Now In test operation
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After

* Mt. Sierra Negra




Summary

GMDN is currently a network of four detectors and
capable for measuring CR anisotropy precisely.

We deduce the 3D geometry of MFR from the CR
anisotropy.

We also observe CR precursors for the potential space
weather forecast.

GMDN is rooted in the international collaboration.
Anybody willing to join us would be welcome!

Contact: kmunaOO@shinshu-u.ac.jp



Thank you
for your attention!






Duty cycle of the GMDN (in %)

- 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014

95,5 97.8 985 98.0
(Japan)

Hobart

(Australia) 93.6 943 951 99.7
Sao

\Elgilplgfol® 94.7 99.1 99.6 99.8
Brazil

NN 98.7 991 936

Kuwait

96.1 974 98.7 922 98.0

89.1 99.9 100.0 99.9 995

98.4 100.0 97.6 98.7 97.6

974 995 995 989 100.0

I e



Deriving anisotropy vector

b : :
1 1 S(t) pressure corrected count rate in the j th
directional channel of the i th detector

IFH(t) :m+ EFEO ()| ety jcoswt; — s ;sinwt;)
+HEFEO() 511 jcoswt; +51”smmt) fi,j

"o = f f f r| 6@)- B (cos6,,) - cosm(,, — d) dsddp

1 1 TH
Clij Siij S

coupling coefficients | o _ f [ L Ve G(p) - B (o B,,) - sinm (. — her) dSAQdp
1] i,

=

Y(p; x;:,6;, Ep) . response function

We derive 1°(t), £559(t), £550 (1), E5E° (t) minimizing ....

Z'Iﬂbs(t) Ical(t)| /J,j

I,j
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CR diffusion into MFR

CRs CRs can penetrate into MFR
only by the cross-field diffusion

2R(t) i

\4- [l
o /: Kk, also can be evaluated from
* CR data during MFR

i:_\...a-..._._.-"

Self-similar expansion of MFR K, (t) = K,V R(L),
R(t) =R, (t/t,), v(r,t)=v,(r/R,)/(t/t,) P
f oc D (2+y)
2
@:Ko[a gg@]_ww)f =r1R, O<x<1
0s OX" X OX 3 s=logz, 7 =t/R}?/x,) (z>0)

Cross-field diffusion Adiabatic cooling

Dimensionless parameter k, determines



CRs in Magnetic Flux Rope

* CR depleted region is formed in an
expanding MFR into which CRs can
penetrate only through the cross-filed
diffusion.

* CR density gradient G pointing away
from the MFR center can be deduced
from the diamagnetic drift streaming
(Bieber & Evenson, GRL, 25, 1998).

* We deduce MFR geometry from the CR
density gradient by assuming an infinite
straight cylinder as a local part of MFR.

South



asymptotic longitude,®

Cosmic ray precursors

Loss cone
(deficit)
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Dorman+ Proc. 28t ICRC, 2003

» CRs from the depleted region
travel to the upstream Earth
with the speed of light
overtaking the shock ahead.

» The precursor is seen as the
deficit intensity of CRs arriving
from the sunward IMF.

loss-cone (LC) precursor

» For detecting LC precursor, we
need a detector viewing the
sunward IMF direction during a
period preceding the SSC.

» CRs reflected and accelerated
by approaching shock are also
observed as a precursor of
excess intensity.

precursory excess



December, 2006 CME
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IMF direction In Field Of Views

before December 2006 event

5 Ghinges ¢ Sunward IMF directions by...
L 4 XACEIMF -
,_”*” ®:nominal Parker Field
f?” i‘“a 5 N o JW o -
' =

ASao Martinho gHobart vKuwait University



Observed 2D maps
Sao Martlnho Hobart

347.188 “ 3’ 7.229 47.31 47.104 47 14 347188 ™ %47.229

347 854 347.896 347.979 348.021 348 063

Fushishita+,
ApJ 715, 2010



Best-fit parameters
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New detector in Mexico
for filling a gap existing in GMDN

Collaboration between Mexico & Japan

Pl: Prof. Y. Matsubara of STEL, Nagoya Univ. . ‘ﬁ(indicates the
location of the
detector.

o\ , PWIR LD T ~pele OOAdisplay the
G ot G AT LT ) asymptotic viewing

directions of
median energy CRs
corrected for the

geomagnetic
bending.
g S S gl A o * Thin lines indicate
R R R A V' S - e ‘- b the spread of
e N PNET Y sy .| viewingdirection
“IBlank area still remains in the GMDN | | forthe central80%
5 o Dt of the energy
g = Install a new detector for filling [~ | response to
: ' ! ; LA o : ; ; ! : ; : : : primaryCRS.

O Nagoya O SaoMartinho A Hobart O Kuwait



ScICRT

(SciBar for the Cosmic Ray Telescope )

’ Cosmic rays

Plastic
scintillator
bars (15t)

Il
ARE NN =
Ll i 3
o 8
[

&Y Consists of 14,848 scinti.-bars
i (2.5x1.3x300 cm?® each) in 128
horizontal layers viewed by
R 64ch MAPMTs.

64cn Multi-Anode PMT Wave-length Nagai+
(Hamamatsu H8804) shifting fiber Astroparticle Phys. 59 2014

.
L T
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§ 3. -1 Cosmic ray precursors

{ A R S B I
- Nagoya V (60GeV):
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Sep 1992

Dorman et al. (2003)

v SSC (01:39UT 9/9 1992)

-_.“
-

TN

“Loss-cone” precursor
Nagashima+, PSS 40, 1992

» CRs from FD region travel to the
upstream Earth with the speed of
light overtaking the shock ahead.

» Prediction Is possible even 24 h
preceding the CME arrival.

» Focused in narrow p.a. region
= Need better angular resolution
& better sky coverage

13/25



. With network coverage improved
133 (74%) of 181 storms in 2001-07 analyzed

Loss cone s ) oo
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5 L » CRs reflected and accelerated
by the approaching shock are
pstream also observed as an excess
intensity.
precursory excess e
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f(x)

Numerical solutions

B — !

0.01

0.01 0.011 0.012 0.013 0.014 0.015
T

* K, appropriate to the observed
FD size is 10 ~ 50.

* f (xX) rapidly becomes stationary,

much earlier than the 1st contact

with Earth at t=1.

* We use stationary f (x) for best-

fitting.



f(x)

_ n a
f(x)=) a,Xx
n=0
1 ———
0.99 =0
098 —
097 - & O numerical | o @ |
—+—polynomial|]
096 & — RC A
095 e -
094 — O @7 -
093 - O BT = A e
0.92 — I —
-1 -0.5 0 0.5
X

Stationary solution

o0°f
OX*

; OX

1 of
+ e

I'f

=

2(2+ )

3K,

f(x) is given by a polynomial expression....

:n=0,2,4--

:zn—2

'n=135---

Use polynomial f(x) (n=6)
for best-fitting to the data



F{Lg_y (%) RLg X (%) density (%)

R.g (%)

93
92
91

89
88

NS o N
I —

N S o N

N s o s N

3024

Best-fitting to the data

(with stationary f(x) )

2 by O observed L
PTUTS ——Desthit
: i i .

i
! ! !
302.6 302.8 303

09 ———¢————

... Bestfitting at k=18, ,e2"

o
oo

residual (%)

o
-u\l
T I T T T
5
N
)
i

0.6 | L i L E TR R T i L1 ; L
0 10 20 30 40 50

K, = KoVoRy = 1.6x10% (cm?/s)
(Vo=0.21 AU/day, R,=0.17 AU)

K, ~ 3.0x10%3 (cm?/s) for muon

-k, /x,~0.005 for muon
(Munakata+, 2006)






Flux {m? sr s GeV)™

104%
102 % Fluxes of Cosmic Rays
10_1 i AL\‘ e (1 particle per m*-~second)
- \'0‘
10t = k.
' Bending here is due to the
-7 . . .
' F solar modulation which varies
_of IN solar cycle
ol "5" Knee
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Galactic Cosmic Rays (GCRs)

 ~85 % protons

« ~10 % helium nuclel

« afew % heavier nuclel
« ~1 % electrons

Observables
* Energy spectrum
* Elementary & isotopic
compositions
 |sotropic intensity
(GCR density)
* Anisotropy
(GCR streaming)



Solar activity cycle & GCR

(solar magnetic dipole reverses every 11 years)

250 ||!-|||||-|||||-|||||-||||!-|||||-|||||-|||||-|||||-|||||-|||||||||
200 Smoothed Sunspot Number ] ] ] : : :

Monthly Average
150 S; oMY RN

100
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 However, this is only the variation of GCR density.
 GCR anisotropy also tells us the GCR gradient in

3D as a function of time.

qppp Ll e L e v g g e e g e e e |
1960 1965 1970 1975 1980 1985 1990 19945 2000 2005 2010
YEAR R.Fyle, March 2013

Counts/iHourM00
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Cosmic ray observations with
muon detector & neutron monitor

In:nmhing
Cosmic Ray
PR . * Ground-based detectors
A | | measure byproducts of the
u| 7° N . . . .
q | : Interaction of primary cosmic
777 1™\ NCR : rays (,mostly protons) with
VA s AR : Earth’s atmosphere.
+ y "l | * u .
2N | =[\¢ : <+ Neutron monitor detects
'S sy i AN : neutrons produced by elastic
J e/ A | AR scattering from atmospheric
e o7 . A= | nuclei.
= lp n .
S e \be i L A ¢+ Muon detector measures
elle T ' “ i muons produced by inelastic

Air shower : Muon  Neutron : (strong) interaction.

array  :detector monitor : :

observations of
E, (GeV) = 50~100, 1~30 : inner heliosphere & space Weather



Global Muon Detector Network
(GMDN)

Kaz. Munakatal, C. Katol, S. Yasuel, J. W. Bieber?, P. Evenson 2, T. Kuwabara 2,
M. R. DaSilva 3, A. Dal Lago 3, N. J. Schuch#, M. Tokumaru >, M. L. Duldig®, J. E. Humble®,
|. Sabbah 78, H. K. Al Jassar °, M. M. Sharma®

GMDN collaboration

1 Shinshu University, JAPAN 6 University of Tasmania, AUSTRALIA
2 Bartol Research Institute, USA 7 College of Health Science, KUWAIT
SINPE, BRAZIL 8 Alexandria University, EGYPT

4 CRS/INPE, BRAZIL 9 Kuwait University, KUWAIT

5 STE Laboratory, JAPAN

15 people from 9 institutes in 6 countries
working with 4 muon detectors in operation at...

Nagoya, Hobart, Sao Martinho, Kuwait
(36 m?) (16 m?) (32 m?) (9 m?)



Geomagnetic E-W effect

Looking equatorial plane from
north pole...

B directs from south to north
on the equatorial plane

aes®”




Spread of viewing direction
(only for vertical channel of PS detector)

O Nagoya muen telesceopes
A Hobart muon telescopes

O Soo Martinho protetype telescopes



Drift model (Jokipii et al., ApJ, 213, 1977)

Q ,Solarwind V, Wavy neutral sheet

A>0 (Positive) 2 a<0 (Negative)
-0
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(Kota & Jokipii, 265, 573, 1983)

» Reproduces the solar cycle
variation of GCR density from the
variation of NS tilt-angle.

 Predicts local minimum (maximum)
of GCR density on the NS for A>0
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Solar activity cycle & GCR

(solar magnetic dipole reverses every 11 years)

250 P T T T M T T T T T T T FH 11 FH T FH T FH T FH 1 || 1

200 Smoothed Sunspot Number . : : : : :
Monthly Averages

150 - : :

100

a0

Cycle 19

4500

4000

Counts/Houri100

. HoWevér, this is'onlyl the'variation' of GCR'den'sity.
« GCR wind also tells us the GCR gradient in 3D as

a function of time.

3["]I]IIIHIIIHIIIHIIIHIIIHIIIHIIIHIIIHIIIHIIIHIIIHII
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010

YEAR RF, July 2011




Solar cycle variation of gradient (1)

b

- a=ALhy
; ....-E—------. 0.00
== 1 0.05
P 0.10

B " En‘..‘

T%owiar% (S)i . Tciawaird éN) .

- i l I I I
-2 1992 1994 1996 1998 2000 ye§PO2 2004 2006 2008 2010

Bi-directional gradient (G\-Gg)/2

X Minimum on the equatorial plane - -------- -------

G, [%/AU]

: Maximum on the equatorial plane =

i | |
1996 1998 2000

i |
2008 2010

]
2006

= | |
-2 1992 1994



Solar cycle variation of gradient (ll)

Radial gradient

1.57

 Observed radial gradient remains positive indicating
the dominant convection effect by the solar wind.

* Observed radial gradient shows a clear 11y solar cycle
variation.

« Shows no clear 22y variation predicted by drift model.




Drift effect on the GCR transport

K| 0 0 0 0 0
K=xk+x*=|0 k, O0|+|0 0 Hxr

aoU Ok dU  Okp0U
V- (}CA—) = —
ar dy dz 0z 0y

=] VE * VU
drift velocity

0K oK v /1 1

"0z '~ 9y /) 3Ze \BZ B4
oo N
curvature drift
Uiy (Z_H/UV > VU U] 0 (1 Y VU)
6t+ 3 sw— K +VD,__6p 3 PVsw

drift streaming

Reverses with B polarity = 22y variation, T/A dependence
Charge dependent modulation = 11/22y change of e*/e", p/p






Propagation egs. of atmospheric muons

N(E,y) : number of nucleons (p, n)

dN(E, y) Fyn(E,E") / P
O __/IN(E)N(E’ )+!ANN(E’)-EN(E'y)dE : y = x secH
N — N, X N — N
n(E,y) : number of pions
dr(E, y) 1 €n(y)
dy __(/LI(E)-I_ E-y)”(E’y)
™ — 1, X T — | decay (decrease of 1)
Eq Eg
FN?T(ErEr) r ' FKH(E,E’) I r
J I (E) E N(E',y)dE" + J () E?I(E ,¥)dE
u(E,y) : number of muons N — T m— T
du(E, ) E(mg/my)? o -
H(E,y) _ En, N
dy Ef y T {1 (mn) }
T — M decay (increase of p)
dP,(E,y) £
o= TEy EY) E=E+B(y—y)

U — e decay (decrease of p) lonization loss of p



Muon response fn. R(®.x,6,puc)

J(p) . Energy spectrum of primary GCRs

Y (p,x,0,p,): No. of u with p, produced from a
primary GCR with p (Yield fn.)

Momentum of 1ry GCR

R}, 6, Dyc) = f](p) Y(p,x,0,)p)dpy

Parameters of muon detector Momentum of muons

Puc
R [/m?/s/sr/GV] is given in a table by Murakami (1976)

X |: Atmospheric depths x4 : 550, 720, 940, 1030 [g/cm?]

6 | Zenith angles x5 : 0, 16, 32, 48, 64 [°]
Pic |: Muon threshold energies x26 :0.178 ~ 5620 [GeV]




Energy responses of NM and GMDN

0.1

0.01

0.001

1 10 100

to primary GCRs

leferentlal response fn. (solar mln)

Integ‘ralw response f‘n‘. ‘(s“olar min.) .

,,,,, Q ©  GMDN (average of 4 vertical channels)
: o O Thule NM (Nagashima's response fn.) [~

Rigidity of primary GCRs (GV)



Muon count rate

0 0]

10)= D860 | R 00 P O 1) dp
k

Pc(Ok Pr)

Oy, @, : zenith and azimuth angles P (O, Pk ): geomagnetic cut-off rigidity

Nagoya Count
V.
1.06+06 | N.5.EW
NE,NW,N2,S2
etc
1.0e+05 N33
e+ . e
1.0e+05  CIC 1.0e+06

obs. [count/h]



Response function: R(p, x, 8, p,c) [Im?s/sriGV]
J(p) . GCR rigidity spectrum

Y(p, x,0, PH) :No. of muons with p, produced by a
GCR with p(Yield function)

GCR 0
R 6, ppc) = f () Y(0,%,6,p.)dp,

Muon detector

Puc

x | (atmospheric depth) : 550, 720, 940, 1030 [g/cm?]

6 | (zenith angle): 0, 16, 32, 48, 64 [°]
Pyic | (muon threshold rigidity) : 26 values in 0.178 ~ 5620 [GV]




D(t) = Yy o2 _ (A7 cosmwt + B'sinmwt)
= A%cd + AYc? + (cixi + sty})coswt + (—sixi + ciyi)sinwt

_ 40,0 4 1.1 1 101 1; 0,.0
= Agcy + x1 (cjcoswt — sysinwt) + y; (sjcoswt + cysinwt) + Ajc]

F(X) = Xo o X _onnB(cos 6g) P (cos 6)) cosm(a; — ag)

= 3% o XT\_o P (cos B) P (cos 6 ) cos ma(t — tg)

= ¥ o xn _o(x™ cos mwt + yMsin mwt)

m m m m
(An ) o ( Cn Sn )(an )
m | — m m m
Bn —Sn Cn Vn
(8]

1 ,
5::11'(;:,1) — FT(SQ}M f R(p, x, ek,l!p;ic(ﬁk,lr ﬁf’k,a))Prfl(mS 81?::1 (p))cosm.(gbﬂﬂ(p) - :,(;ft)dp
i(k,1) b

oD

1 , . ,
Sﬂli(k,l) = FT(SQ}&:,; f R(p,x, ek,pp,uc(ﬁmr ff’k,l))Pr?l(CUS 9;‘3} (P))Smm(%"‘g?x (p) — Ui’iSt)d'.U
i(k,D) b,






possible Canadian muon detectors

Parameters set for calculations

| Ottawa | Vancouver _

Latitude 45.4N 45.2N
Longitude 75.7TW 123.0W
Altitude 70m 60m

Obtained detector response (5m X 5m PRC detector)

| Ottawa__|_Vancowver _

Cut-off rigidity 1.7GV 2.6GV
Median rigidity 52.4GV 52.5GV
Hourly trigger rate 6,315,000 6,304,000

Notes: Using Nagashima’s muon response function + IGRF-11 geomagnetic field
model (2010). Cut-off and median rigidities are the values at vertical direction



current GMDN

Muon Deteet{:r Netwnrk

o Nagoya o Kuwait
O Hobart O SaoMartinho



current GMDN + Ottawa

Muon Detector Networlk
M-St N ofﬂfquf
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o Nagoya o Kuwait o Ottawa

O Hobart O SaoMartinho



current GMDN + Vancouver

Muon Detector Networlk

o Kuwait

o Nagoya

O SaoMartinho 0 Vancouver

O Hobart



Cost of 5x5m¢? detector with PRCs

Proportional counter tube

Amplifier board
Cables (EHT + signal)
EHT distributor
Steel frame
Lead brick
FPGA recorder unit

Barometer

PC, GPS, DC_PS... etc.

total

5m long, 0.1 m ¢ x200

50 boards
50 pairs

0.2x0.1x0.5 m3 x1250

Digi-quartz

Cl industry Co.

Cl industry Co.
Cl industry Co.
Cl industry Co.
Cl industry Co.
Mitsui Metal Co.

Shinshu

Paroscientific
Co.

90,000
1,750
15,000
6,500
14,500
40,000
6,000

7,000

3,000
183,800



Cost of 5x5m? detector with PSs

Plastic scintillator 0.5x0.5x0.1(0.05) m3 x200 Cl industry Co. 200,000
Photomultiplier tube 5" (R877) x50 Hamamatsu 75,000
photonics
Amplifier board 50 pairs of pre & main Cl industry Co. 1,750
Cables (EHT + signal) 50 pairs Cl industry Co. 15,000
EHT distributor Cl industry Co. 6,500
Steel frame Cl industry Co. 14,500
Lead brick 0.2x0.1x0.5 m3 x1250 Mitsui Metal Co. 40,000
FPGA recorder unit Shinshu 6,000
Barometer Digi-quartz Pal’Oi:C(I)entlfIC 7,000
PC , GPS, DC_PS... etc. 3,000

total 368,800



Cost of each component

Plastic scintillator 0.5x0.5x0.1(0.05) m3 Cl industry Co. 1,000
Photomultiplier tube 5 (R877) Hg&g‘ﬁéi“ 1,500
Proportional counter tube 5miong,0.1m¢ Cl industry Co. 450
Amplifier board pre & main pair Cl industry Co. 35
Cables (EHT + signal) 300
EHT distributor Cl industry Co. 6,500
Steel frame Cl industry Co. 14,500
Lead brick 0.2x0.1x0.5 m3 Mitsui Metal Co. 32
FPGA recorder unit Shinshu 6,000
Barometer Digi-quartz Paroscientific Co. 7,000

PC , GPS, DC_PS... etc. 3,000






Drift model (Jokipii et al., ApJ, 213, 1977)
CIA = QQ°|\/|

gA>0 (Positive) gA<O0 (Negative)




We first correct the observed &E5>F, as ....
GSE
& +(2+y)(Vsw—Ve)=&)+&.1
anisotropy density gradlent

o 8 o 0

OéJ_—)\J_ /RL(t —3/@_@ /RL t)/C
b(t): unit vector along the IMF

o bt —=b,)

G [ 50 o w0 | [COlro

by(t)  —bu(t) &

density gradient anisotropy

We haven’t looked at §, yet...



Sao Martinho muon detector
enlar

Two old (useless?) guys in between
excellent young people!




Muon detector in Kuwalit-City

FPGA(Xlinx XC2S200)

« Fast identification of incident direction

« Count rate in 529 (23x23) directions
can be stored in 5 FPGAS

* Flexible system can be realized

« Low power consumption



New data recording system

FPGA(Xlinx XC2S200)

« Fast identification of incident direction
« Count rate in 441 (21x21) directions
can be stored in 3 FPGASs

Flexible system can be realized

Low power consumption

‘ 11111“‘11111*1

BLReah bbbt bt




A Loss-cone precursor observed with
muon hodoscope on Oct. 28, 2003

2003/10/27 19h [
g i) |
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72 » See Munakata et al., Geophys. Res.
Lett., 32, LO3S04-1, 2005.
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Loss-cone precursor with a hodoscopes

SSC

SH2.2-6 Nonaka et al.
VERTICA

,<—urrwul of shack ; easT| o 560m? array of PC recording 1.8x108 muons/h
i with ~10° angular resolution (GRAPES3).
* Clearly detected the loss-cone precursor twice,
~24h preceding to a CME-event on April 11, 2001.
« Significant deviation of loss-cone center from
sunward IMF is observed half a day preceding
the SSC.

Apnl 11, 2001 o WEST

gtion |
o -N .

+
=

y Vaori

Intensit

SH2.2-5 Fujimoto et al.

« 25m? PC array observed the same precursor.
z)m 13704 14704 * Loss-coneis 15°wide

i i
! :
1 0?;04 1 w‘?

SH2.2-1-P-214 Petrukhin et al.

* 9m? GMC array with ~7° angular resolution.
+ “Tomography” of fluctuationin CME

SH2.2-7 Szabelskiet al.
0.65m? GM array in operation in Poland.

11/0:1- O1hr (UT ) i 11/04\ O:|2hr wr) i iS 11/04 c’)ysm- EUT ) 1;;/54"04” r) SH1.5-1-P-197 Yasue et al-
 New recording system developed for muon
telescope using FPGA & VHDL.






Omni-directional measurement with

Neutron Monitors (NM64)

i " Two main types:

* Proportional counter
filled with BF; (NM64):

n+ 18 - a+ 7Lj

* Proportional counter
filled with 3He:

n+ 3He — p+°H

Neutron Monitor in Doi Inthanon, Thailand
- Shipped from Japan in December 2001
- Construction completed in March 2007



Princess Sirindhorn NM 1n Thailand

World highest GM cut-off rigidity
= Better response to high energy CRs
= in between GMDN and SSE

Turku Apatity

Oulu

Hafele_kar : Cape

Schmidt
B Durham
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PSNM opening ceremony
anuary 21, 2008
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Response function (arbitrary unit)

0.1

0.01

0.001

Differential response functions

....................
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@ Nagashima's resp. fn. for PSNM (Pe=16.8 GV)

-

W

SSE NMs (Moraal et al., 2000)

GMDN (average of 4 vertical channels)

Nagashima's resp. tn. for Thule

Nagashima's resp. tn. for YBJ (Pc=14.1 GV)
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..........

________
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Rigidity of primary GCRs (GV)



Integrated Response Function, int"P_Pcut R(P,x)*dP

0.9

ntegrated response functions (solar min.)

SSE (Moraal 65m) RS

SSE (Nagashima)
YBJ (Nagashima)
PSNM (Nagashima)
Nagoya_V (Muon)

L 1 1 I
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100 1000

ngldlty of primary GCRs (GV)



Characteristics of NM & muon detector

Tixie Bay (TB) 18 NM64s in Russia
As a representative of SSE (71.6N, 128.9E: 0m) ' (SSE)
28 NM64s at Yangbajing, Tibet,
Tibet NM (YBJ) China 13.7 28.8

(30.11N, 90.53E: 4300m)

18 NM64s at Doi Inthanon,
Princess Sirindhorn NM (PSNM) Thailand 16.8 35.5
(18.59N, 98.49E: 2560m)

Multi-directional muon detector

: t Nagoya, Japan 11.5
As a representative of GMDN (35rTiN 138; 02.97%/ m) > (GMDN)



SPACESHIP EARTH VIEWING DIRECTIONS

« Optimized for solar cosmic rays

« 9 stations view equatorial plane at 40-degree intervals
e Thule and McMurdo provide crucial 3-dimensional perspective

Circles denote station geographical locations. Average viewing directions (squares) and
range (lines) are separated from station geographical locations because particles are

deflected by Earth's magnetic field.

e
4= " B TB .
Ao b EvS AP NO -
/ %fp TB
j :%MA
T MA
MC.

@ Bartol Station (NSF Supported) @ Russian Station ® Australian Station

STATION CODES

IN: Inuvik, Canada

FS: Fort Smith, Canada
PE: Peawanuck,Canada
NA: Nain, Canada

MA: Mawson, Antarctica
AP: Apatity, Russia

NO: Norilsk, Russia

TB: Tixie Bay, Russia
CS: Cape Schmidt,
Russia

TH: Thule, Greenland
MC: McMurdo, Antarctica



Ground Level Enhancement (GLE)
on January 20, 2005

University of Delaware
Bartol Research Institute

Neutron Monitor Data
One-minute averages
Neormalized to Inuvik 0530-0630 UT
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Fithess to the vertical data
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100.0 F -
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What does GMDN tell us?
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Smoothed Sunspot Number
Monthly Averages
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Possible expansi

We plan to install a new

on of GMDN

detector In Mexico

to fill the gap.

Global Muon Detector Network (GMDN)

/A HE B I IS S EEEEEEEENEEEENEDN
!

* Mt. Sierra Negra (Mexico)

* 4600 m a.s.l..

« 15k SciBars viewed by ~200
multi-anode PMTs.

* Primarily for the solar neutron *
detection, but can be used for:
muon measurement as well. =

" Hermanus (South Africa)

e 200 PRC tubes in four

O Nagoya O Sao Martinho O Hobart A Kuwait University
® Sierra Negra ® Hermanus

horizontal layers will form a 25
m? muon detector.



Preliminary results with mini-SciCR

We trigger the muon measurement by 4-fold coincidence
between the top & bottom x-y layers.

Observed 2D-maps of hourly count rate

Ioglo(lobs.) ) (Iobs.' Ical.)/lcal. ) (Iobs.' Ical.)/_clobs.

3.0

2.5

12.0

0.5

0.0 7. -1. 75 -10.0
-7.5 -5.0 -2.5 0.0 2.5 5.0 7.5 -7.5 -5.0 -2.5 0.0 2.5 5.0 7.5 -7.5 -5.0 -2.5 0.0 2.5 5.0 7.5

Vertical count rate: 473 cph

(363 cph for SciCR with much higher angular resolution)
Geomagnetic cut-off rigidity (vertical incident): 7.9 GV
Median primary rigidity: 34 GV



log,,(flux)

Zenith angle distribution
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Atmospheric pressure (barometer) effect

(results from ~1 month measurement without lead layer)

Iobs. (Cph)

Daily variations of |, & P
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B is larger than the typical ~-0.1 %/hPa for muons
probably due to ~30 % contamination of AS particles.




Scintillator & WLS Fiber

Scintillator

« Size : 1.3 % 2.5 X 300 cm? O
* Peak of emission spectrum : 420 nm
* TiO, reflector (white) : 0.25 mm thick

» []1.3ctm

Wave-length Shifting Fiber

« Kuraray \Charged particle
— Y11(200)MS 1.5mme

scintillator
~ Multi-clad W/__\\

. Dl N [ 4~ — = WLSfiber
« Attenuation length ~3.6m \
* Absorption peak ~430nm 7 \\ —
. . secondary emission
° EIT]ISSIOI’] peak ~476nm primary emission



SCiCRT@tj%ﬁ(SeiBar for the Cosmic Ray Telescope)
A—/N\—7 Ay x8
(UFL—R16EB L2 TR )
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4 fold coin.[Z&BmuonEIR (1/4)
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fold coin.lZ&AmuonEIR (2/4)
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4 fold coin.lZ&dmuonZEiR (4/4)
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4 fold coin.IZ&KBAGT A RIRTE (1/2)
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4 fold coin.[Z J:%)JKE‘UJ'HJ&E(Z/Z)
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94.84%
AB = tan(3.5x2.5cm/170cm) = +3°




BEATHE R

YERVAY A1 #Fle 1
4-fold 40,000 100[%
Muon event (S<=5) 36,790  91.98[% 100[%]
fionotidin 34,881  87.20[%]  94.81[%]
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BE AT HG R

AR MK #a 1 &1
4-fold 40,000 100[%
Muon event (S<=5) 36,790,  91.98[% 100[%
e se 34,881  87.20[%]  94.81[%
- =
AR | BIAT =gl
4-fold 40,000 100[%]
Muonevent | (+1,567)38,357  95.89[%)] 100[%
et 03935916 89.79[%]  93.64[%)
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Data of test run at INAOE

Zenith Angle distribution
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