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1 13U ®HIC

EIXNEF—RFOIGEEBOME =LAV F—HFOIEBREORHIZ, K
I BT A —DODEELZETH b, FRIF T2, “FERRIEDIHICLT
MES NF02 L), FEROFBRURE VT & W TE 722K 2 HET b
Hb, T TORRICL o T, FHENE  FFUTRIATHBINE S hTREER
FOMKT B, LV ZEHBHLPIRERTWDS (RILOWEEED 5 5), FFITHRE
Tlid, TeV ® PeV T3V F—FHIHTD v MOBHIA» S, FHBOWE & 2 5RKMED
W DRRDOP 0TS, LALENSL, ThHDREEIKERD HE (HERLTS
D, FIHODETHHITE0, MEEOBHICKS 2ERE /S C & ITHE
ThHb,

—F . T4 OME—FIEREETHHRBICBV T, B ANF - IERR
BB E ATV, Fhid, K7 V7 LIEEh 5, KFRE TORIFR R T ANV
F—DBRICED ) SDTH D, K7 L7 THRESh DT AV F—id, ABHE
RHDTI, 3x102 ] KIRBERBONTND, dbbHA, BEROBKES T
L, TR VY — REEISITH R TR 5o TWA L ELNEE LAV F—
BHREGERB DR BWEL ) (FIRE, A =BEQ/VY—T, 1 BRHIC
103 ] 25 102 ] bOIANVF PRI TR EEZLRTWS), LiL,
FIhHLBEE. N (H) X, ¢y BEOBRIER. BB SN HET, KT,
BT R EORTF %, HERPATHES SFEBICHELCBHT LI LB TEL L)
AT, KB7 L7, BIANVF—RMEEEORIZIC L o T, FFHICERRN
FEXRE T > TWh,

KB 7 L7 IS PEFOER KBE7 L 7BV, L EIITH10 Gev nx
INVE-RZEFTCREBIANT-OFFHFRILENL Z LD 5, HREHOTH
W2 B OFHERE (CHIIT % GLE (Ground-Level Enhancements) &R
BERETH5 (1, 2. ChiE. K7 V7RI I ANV F—HNFINEIGES > T b
HRD—DTH b, 1215L. BTEHEBRTTH 5720, Kb L ERORITHFES
LEREMESBICE > TZ 0BT O, GL&ND, DO, TDL ) RITE



WO, KBE7 L7 0roE CRTIEIRE -0 2iH~N5 C £ IdH
HTHb,

—F . TD LI BB IVE - IIE & W G TR REERE A L e %
L. FBIHEUBIC & o THETHRET 5 [3, 4o FHFIIEMZ IR VIZD,
7 VT RESHEDBOCESEICH LIAD S NDE T LA\, F7z, BRERBGICL -
TZOERHBET 5 NB I LD RVOT, FEMAD» OWIRE TEHEL TRH, P
FOIANF—FRETHI LT 0Ty EOBENDH Y. Th EHIRT OB
B L 25, KB CORERLZE N IHT I LATED, LT, BE, B X,
v W OB OBERA L ORI S, 7 LT O EDRBETHFIEIET 5T
WEDPERETEIENTED, I/, TOIRVF ARSI P AL G, KFD
IR 2F0 00 2185 2 LWSTE B,

DX EREANS, FAE, 1990 F 10 A » o FIREOFHBENAT (5
B 2770 m) i Ty J LW AR TEEGE L H KRG OB & Bigs L 72
[5,6,7,8, 90 SO, FLVWAREL R, TIAF Y7 Vv FL—5 ORTHETHI
- TR F RO LA DT, ThE CORGFHEFHRUHVORATEL
FEFE=F LR, (1) PHETOASHAZRETE 2HEMEEROI L. (2)
TR OB 12 % BB FERTE 22 L, (3) FHFDO RNV F -4
BT EEDEMAER o TwD, AR, COFLWBIRIKET, 199146 A4 H
D NOAA 6659 DEEFIRTEE/2KT7 L7 [10] o KB ST 2 5 272D
TH5H[11,12,13]e SOREETIC, KEPHET L ETH S 2 /BT & 2801
HWRELTHS ATV 20, 1982 4 6 A 3 HIC Jungfraujoch THI S - FR
[14, 15, 16, 17] 7513 TH o /2A5, TP HLFEIC 9FERY D L TH o7z (RIEDKK
Hite 7 DERIIZEII S E K [18, 19, 20) 2RO &),

KEFEFORBATFTCOEE L5 T, PHEFIRKREA EZZICAST L
B REETH & OREERIC L 2BELRTINE Z1T %0 - T, #EH LV
HERBE (A TR T 2 B 23410, BUER D 6. KR L2~ ALY
L7 CORME R H1 % 72012, KRG HEF OBBRKRR D TOEROFE & MR-
TBDRLTREL R,



INhE T, KEHHEFORKRKRFCOGEBELERELBIE LT, KALE
(300 g/cm?* % T) TOHRMFIHEE % FH L 72 Alsmiller and Boughner [21] Db D
& KEEFHEEFIIH T 5 HEFE = & DIREE (Sensitivity) %1 L 72 Debrunner 5
(14, 22] DI DHFH B, L L. ThbDFEETRADBHREER (11, 12, 13] DT
ZDE LWEIGT B DTICIEVrRV, FTAE, doLiBVWEZ A (BEIREOKE
nF, 2% ) KIEFM 18°.9 HRDKLADEE T 776 g/cmik) T, FEFE= 4
IR DR 2 o 72 E: (PHETHEEEE L 3 2 —4 VEEE) AVTERIL
TVWERLTHb, FHILWEBHEIEEDDI, PFORRT TOEELEIELE
TUENRD S,

FREOUERI I NI TIEL W, 15 OFHE TR, FIBENZ AV F—DKE
T OIRHE & /NGl L TV ATTREMEDS S B0 870 &, Mot Bl A% IE
LAY bR TR wh 5 TH S, Alsmiller and Boughner [21] DFHE T, 25
MeV DLED T AN F—TORTF—HFEOBUEBEIEH I THE (2D Lid,
o DR N T 3), 72, Debrunner & [14, 22] DHHT-E = & DR
DETEDOEMEL 72 5TV % Debrunner and Brunberg [23] DFHET b . BT & KEH
FHREOMENERZHAA AT —F TR Fo T B0, HEHEE» S 0ES %
EHRLTWDZ LR D, BAN AT —F OFHETIE, ENE AL 2T 0
£ Y ERLRL, RN TOMEER2ZTFRILOBELE LT, #- T,
MG & o TEMNFR TR SRS & ) ZIFEELICIEATE 225 A
T L ENRE TR & SHEER T 2 EHELIC BT E VWD TH 5 24,

&2 AY, FHEFORHBEMTHEOSHERTHRE I 2 EA1E, 50 MeV i}
BT 50 % Lk, 200 MeV DLETH 30 % BBED % [25, 26]0 F 7z, BMEEFELIC &
B ECELP T O A5 S EHR TR ICER LT 5 [27, 28, 29, 30, 31]o #€o T,
100 MeV A58 D T3V F - IR CRGPUF OMBRKRFOEEE2E 2 5 LTt
HEHEL AR T A LI TEL W, & L ABMEELC & o TEERT 5 Tk
PRELEHEZ HOTWD EEZHN5B, Debrunner b [14, 22] DEHETIE, ~ 200
MeV LAF O x4 )V — I T ORBG RT3 T 2% (Sensitivity) 2N S <R
o TV AR S % (Flickiger [32] b 200 MeV AT CHHEFDT7 v 7 2D



BRSSP LRWI LIZERLTWS),

KERETF DI IV E—ZARY FVid, TAINF-LHIZEHTESLTnD L
FrEsh, b L ETHRZL D10 MeV 253100 MeV D LA )V F —FIHIT R
iF 2 HERARZEHTOREFOEEOREIFE o T 5 & L ETORIIKRY O 1
BASN Yy 7 CORBHUETFDT Sy 7 A%EET I, REGBRYET ST
Ll b, T, BIRIE, 100 MeV OHET & 200 MeV O HEFKE % RIS
W= b5 L, MBRICERET 2RAICH 5 FOBEITE S, o T, Bl
P IR DRI L2 5 . KB CORFIEROR MR 2RI 5 LTh,
DI R NVE-FRTCORBTFOEEN, VEeo0EELREEL LS, COLHIT, K
BT OBBAR T TOMEE L BEEHELOHR LI AR THELEY Z Lk,
# E R OIHES BN 2 KRR EFOBIICE o TERR I L TH A,

¥ 7=, KEEHEF ORI COEHBOMERE ., BHIREORKFC S T I
TR D B M ERCIIHERE T 2 KT OB TId, KA THR
AEERIC L > THEONEFRTEERMBFL L TRITHI LIRS, TIT, b
L. BHSELOASAEIRIFICETLTWAZ LA STFHRENDL L) I, KEd
FAKEL v T ICAS LA S5 FnIFETD S FTICRAF E2RFEL T B LT
T, BHEEE O ASHAA KGR O 2HHICRET 5 2 LT L > T, 841
FHBICERT 2 RS2 6RT 2 2 L TE, BloBROE S 21 E
/BT ENTREL 25 [T

PLED &5 % 8lEr 6, T 10 MeV 253100 MeV O L3 )b ¥ — N
HFIconT, FNOHIRATT % EORRIUBIET 2LV I LEEYT AN
OEZHVTEHE L, KED & £ TR TOPRFIRELHIN S W 2 FHEFD
IRANF—ARY P IVERDT,

RXDEBR CORICTIE, P 2T, AN 1990 F 10 IR EOF
BRBIHIET (& 2770 m) ICRRE L 72, AR FEEFEO W THINHT 5, 2
XICHEIET, 1091 F6 H4 HOKB 7 LTHEHC, TOFHLWEETHL 2 bz
KRG HFOEHT — 7 1CoWTHET 5, FAETIE. TOHZOMPUTEE
s % Rz Lo, KT OMIRAR A TOMMBOFTE AT LRIV THEN
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B, BBICESET, BAOH LVETEESR %, 1991 £ 6 A 4 HOBWT — 5 O
FHCHEA L. Z0E5E O N WK R BRE R,

2 KEEHMEFOH LWERRIAZE

FAN 1991 £ 6 A 4 HOKE7 LT IfED) piET 250 2 2B E X, 3F
B O HEREIIET (RE55 2770 m. #RRE 36°.10N, #EEE 137°.55E) ICRKE S LTV
LA PHTERGEL I 2 —F VERETH D, . KEPHFEESRE, €0
LBIASRTE Y AT O DICERENZBDTH S (5,7, 9o

N E TOHEICHT ARG TEFERICE, EohETFEZ S MEAIATE
72o UL, BEFE= I, TR, SHTFHROIRE & RGN 5 BHT
FRENZLDTH L, PEFE= 25, HRAFHICRKE SN TNWT, ThETO
BECBAC ML, BETEIABHEFOBRIUE L TROLATNE IO
iE, 1982 4 6 A 3 HIT Jungfraujoch TEHI S WA-BRIZTF TH o7, HAld, &
D & KB HEF OB 2 h o ERO—D2 & LT, £ ORI E I HE
DHDHEEL, ERFEDNTE 2P HT £ =5 ORBERERE LRGP RS
AR LD TH b,

DNETI, BBDz»I, 2hF TREPETOBIIICED N TE hiF
EZFICOWTHRISENZDL, Fs OF L WKEHEFEIIZE OV TR
T 5

2.1 REROKGPETFHEENGE (FEFEZZ)

PFE= 7 (NM64 B) offE %X 1SR T [33)e PHEFE= 5130 ASHFIC
Lo TEROFARBHTRET HPMET R, 857 4 7, BYIF L VEORBHIT
Lo TWHEL, BF; 77 V7 TRIET S, ThLDORFBICENRT 74 Vb LCRAE
JIF L YOGS Y, RETRE LhiF 5 BET LIRE S 5, 2 ORI
X, D S ORBERMEL AN F—FHFEI) RCBEIFLTVE, 20X
I RMEDRY, PUTEZ S TR, WTSEDI ) LAADPLAG LTS, D
RTHHETERETE, FRAEZBRIBLTLE ), 2% 1. ASHTORHEEEC



ISRV, 7, PEFUSNORT (ECHET) CORIG L. AFHRT-ORFIA
TEHV, 2070, PHETE= S OFHIEAEIML 2L LTS, TR KR
PO XPUTIEEDDOPEIPHETELR Y, E5IT, AFRFDOT RV F—
PRETERV D, ZAIFHRFTH oL LT, KETHREL IR 2 e
TELRV, D% ), PUFE=S X, KBHETOBRIC & o Thol 2 2E T %
WDTH5b,

2.2 AT ERES

FIT, FAZE, COL)PETES S KD I KERETFERIZRE L LT,
DUTF I3 & 9 e KT EEgs 2 R L, K212 0l E 7,

KR FE#EETIR, REBLE LT, 7I9RAFy 7 v F L= ZHTn
%o AFHEHETDS, 79 RAF v 7 v F L—4% (B (CH)s) ADKHED 5 ik
ROBEFHEOBE T ST RBBT 2RO 2 52 itk ), HiEFORRE
BT EMNTES, X200 S4 DERSAS, 1§ 100 cm « B S (KFE771H) 50 cm
EX 100 cm OHFHETFRIEIETSH 5, EREOKEHIANINT HAREMRIE 1 m? T
»5b,

JEEE MDA EORE. PHEFOIRVF -5~ 50 MeV 2Bz 5L K
KBS IR IR S he$ kb, Thid. BHOKBEH LW HIWEICHKL T
Wh, F7m, BTRT LI, T & REE AL & ORBEISRUGIC & o T
SNBBREFHRIHICER LTS, Thid, REFEFHZELORY 725 VERL S
SDLBIRTE D, 22T, COEBTIE, COBRFIRIGICHERTVEVHIHE
AR LT ASHRF-ORIBEREE It % b 728 T B, PRI
(K20 S4) DT FGAF v s vy F =5k, BE 1mm DT VIFITL-T, B4
18 10 cm OHRDT T v 212 10 FEE R TWT, ZI 95 DEFHENLENG 4
CHEBRICEREINTWS, 2L T, MY FVHRERKICLY, 1 7oy s 0%
B LA (S4) & BE ) 2 70y 2120 @B LIHEDET (S4,) ZHLY
My itk oT, MTFOASHMZFIRL TW5b, TOT Lid, HibEFEEEED
B &A1 (RE) % it KR HINMET TRE L TH 0T, KO AGLH
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b EEEAS £11° KU £22° OWROFBICHIRT 5 Z LR 5. 2B, &
DL BREBROEEL, K40V Vv FL—y7 0y 7 OREIIOLEFHEEE
PR FHF ST, EXIEO—KEEEMLET 2720, ThALOHTIIVA%E
IELTWAA, Shick), Y ¥ FL—2F DL PRESTOEREDZEE 20 %
EoTW5h,

HWFRR  PHETFREHO$C E (KBAIR) & £RZENEES 5 cm | HH
lm? DTIAFy 2 F =33, BIKES 1.5 cm OZFSATEPATY
% (20 S1 KU S2)e Zh & DMHEFIASRFAFIAT, 51,52 LB T4
Do 1A IR T EAS Lz D EHIET S, £z I 2 —F U RBGF. BF
S DRPER T DO AFHE, S1,52 WHIEFHS T & THRIETE 5, RITR A
N —y BOBEHT, SOBEICE SLICMETA %L, S2 T ESFHAC
LIS o THET B0 BIANE—y BASRFTHR T —F Yy 7—% R $2H
Thbo, LANVF—DEVETRy Mk, SR TRINEATLE I,

FETARIEERO R ILRE 123, TFER TR 4 MARE LERET 5720, B
5cm s R 0.5m?2 DT FAFv Iy vFL—% L, BEE 1.0 cm OFMRAELY {37
LRTWS (20 $3)o F7-HBEMHE LEFHEENBOLT) KHES 1 cm
DT IFIAFY 7Y VFU—FHBRYMFTF SR TAT, HF L% DAENT DAL %Z
BRHELERET 2 &)Xk 2T a I 1T 5 h Tz w),

TXUX—RB dHFREBO T, 2RZFRES 5 cm OftRE Y ¥ F
Vg pACEIC 2BERTEINL TS (K20 S5 R S6)e Shbid, kT
ORFBIC L T, ABPUFOIAINF—HELHIRT 272005 D0TH5, Gt
DFABE AN F—LOBRE Y, EEFICEEICAF L PEF O30 F—H
BHiE. S5 $TEREL VA, S5 @B T 545 56 T TEREL 2GS, KU S6
FCHEET AN ZNRENITIT L, 50 MeV ~ 360 MeV. 280 MeV ~ 500 MeV,
BLU390 MeV LLEER B,



F 1. KRG FEEEOES

ch. # logic particle angle energy
0 S52-53.S4,-55-56 neutron < 11° low (50 ~ 360 MeV)
1 52-53-54,-55-56 medium (280 ~ 500 MeV)
2 52.53-54,-55-56 high (> 390 MeV)
3 S2.53.54,-55-56 < 22° low
4 §2.53.54,-55-56 medium
5 52.53.54,-55-56 high
6 S2.53-S4y-S5-S6 all medium
7 S52-53-S4y-S5-56 high
8 52-53.54;-55-56 ppu,y <I11° low
9 S2.53.54,-S5-56 medium
10 S2.S3-54,-55-56 high
11  S2-53-54,-55-5S6 < 22° medium

ERRRVT —42NiEsE LIl LILKLADY VY FL—F 2 LDEFTIE,
TYTIREF A2 ) I5—% (NIM BV 2= V) KXo TEEER I 1L MY
HHmEREICEI NS, ) TRERKTIE, TALOETEMAEDLET, R
LERT &) REEOES M) ML TW5, [ K12 ST OEFIA>TRRVD

it S1 451991 £ 6 H 4 HOBETREHL T ih o725 TH 5, |

STEB O I CAMAC MDAy —5 —ICTEHE S, 30 FHEIC 8 mm ¥
FFF—TIEEFIND, T EEEOEIEREY T TH20IC, HMUN

ARy MEOWREE EHRFENDL (FIRSEIR (9 EROC &),

PIETFIREIER KB FEEEORIBEIRIE, FEFIEREOH TR T
oL EBOMWEEER LTy FANVORHEICL o TRO L 9], 5B 3B T/RY
B — 7 et 5, RO IAVF—DENF ¥ YRV, ThDHEID ch0 &
ch3 2 B LADLELGETIE, PHEFOZRNF— 50 MeV LLETIHIZIZ—ET,

100 MeV T 0.15, 300 MeV T 0.17 Th %,
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2.3 Ia1-FEEE

1991 4E 6 A 4 HOKE 7 L7 1E ) T, SUTFERORHZELORZED
72012, 1968 4EIC TR E D FHRMBIRTICERR S Wz 3 2 — 4 VELEEE [34]) THEL
HEhr, COEBIX. EX5m Oy ryFL—%36m?>(1m? 6176528
PohoTWT, HMIOB (U) £ FAIDRE (L) iF 1.73 m R T2, SUTFHHH
DB D70, TREDYYFL—shbnETE & ST ITHAE S ORISR
ENTVDS, BIETRTENF -7 13, LT 0B HETHHLID
(U+L) &, EFOBEHTFIRERI7ZHEDL D (V) ThH b, TRODEFDII
LA, FITEERSRAP CHEERE L TEORDEI 2 —F VITL B DT
Hbo PHEFIIHL TR, EHILVWETORBOY Y FUV—-FATKEGF2HE LT
A (U+L) KMt & h b, YV F L —5 DEHK L MOz EOWHAIC L 2N EE
BT 5L, BREERIZ, PHFOIAVF I L TITIZ—ET, 0.09 THbo —
H. LTy yFLr—s@BroiEcEaitis L) 2%t (V) Tk, LOBETR
B F AL, ZOBRTHETORTETELHIZTRIERL RV, 512, 20D
BA, BEOKBHICHT 2EMLEEARA TS (1992 F 6 A 4 HOKE7 v
TETIE, ERED 20 %)o #o T U+L IKEFHH o T V IKBWHAITIE, K
BRSO DR FICL AEBLEEZLONS, 72, U+L RV 25F Uk KRR
EEZRTEAIE, ZOXEN, K EF TR, SmFHEmRIcER Y5 &
Erxbhb, 2B, U+L RV OEFOREE. FE LI 10 BEICEES L
TWa,

3 FERETHSZ5hXEPMETF

A, BB TR & HBHSEE T, 1991 45 6 A 4 HD NOAA 6659 @
BEFERTRE KT LT [10] o e K EF 2R S 272 (11, 12,130 D7
L7 id, X#T X12, X (Hy) T 3B L\ ) AR b 0T KB EOROHE
{ (N30 E70) TRE72JDTH B, HDBEDHARLIE 03:37 UT THo7zo &
2. SOTLTHEDEIRIVF =, GRO (Compton FE) 12X o THIHM S
N7z (350 VRROBHT — 4 i3, K30 L 912, 03:41:16 UT (< § B 28l ¥ —
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2R FEOTV A, T2, BAIUD 80 GHz DARGFEBENEIT D . vk & FFkDOE
WE— 272 HR SR ([X4) [36]o

e DBIT — 2 5K B 5ORHNLBIRR (HF) . HEmid 3 59
DEBAEDTEH 6 DTN EERERATRLIZODTH b, FHEBIERTZDOFY%

FNFN N KU (N) TET L, HoRTEE>
_N-(N)
= (N)1/2

Thbo 12721, RHEFERERFICH LT’

(N) = 1.37 x 10* / 3 min.

2 —F VEEEED U+L L VI LT, £4

]

(Nysr) =3.15 x 10° / 3 min.
(Ny) = 1.97 x 10° / 3 min.

Thb, KEpFHTFERRICOVTRIANF —DO—FENF ¥ ¥ F )V (50 ~ 360
MeV), 2% ch0 & ch3 2BbELDDIRLTH 5, K 5DWHRIL, K4 DK
BOSEMEABLBOTRMEO LAV TH DL, 32 —F VEEEDOHRMEY
PEL T2 0, SRTFEHRBEND—HELDZETH S,

BI64c, 1991 4£ 6 H 3 H 21:00 UT 5 6 H 4 H 09:00 UT ¥ TOHE D, KX
Re MRS 3 RN E . I 2 —F VELESE (U4L) 0 9 4 H OFHUE
DFHMED S DTN % RT . COHPBTOThORKIR, KEHHETEESE
T 03:46:00 UT ~ 03:49:00 UT T 4.4 o, I 2 —F YEEE (U+L) T3 03:47:00
UT ~ 03:56:00 UT T 490 THbo buHIT, HEMHNO L EITL 5T 4.4 0 DI
AR 2HEHIE 5.4 x 1078 LUTF A2 5, 03:37 UT 26 03:49 UT % T®D 4 [XF
NHILDETPIHET BFEEIZ22x 1075 LT TH 5, 8. KEpFHETEEED
IANF—DEVEDF ¥ ¥ FNTHEROBEMAAH S, 280 ~ 500 MeV DF v
VEANTIZ 2.7 04 390 MeV LEDF ¥ VAV TIE 150 THotz, T72, H5H5
bhPb LI, Ia—FVEEEDOVOF ¥ Y ANTIE, 2D L) LEHHOHEMI
Aoy, F7z, [ URERETHGBNTICH 2o HFE=4 b, [ LA
KR T % 528k L T 5 [37)0

12



4 KBFEFORBEARH TORE

2T, WEITR L&) BEIT — & 24T LT, #ERRK T v 7 TOREHE
FDT Ty 7 ARKBITING BT 2RO 2 1E, B IBITBRR/2LH IS K
B FOEBAS T COERLEHEL T2tk ok, TR, ¥
MR ERET VIS L AL RRY 2R L2DL, VT AMOEI L A5
DWW TEIIC BN,

4.1 MEHELEBETIVICLZRTE

WERKE S v 7 ICAS L7z T, KRR T L OHREBF YV BELZPHKR
SHEEEL T KRBT & ARRTH & OB T, SEERELOARIC
AFHREETF2SF I AR D o THT L ARERBIER, B L A HF O
WIAVF—%52 T, AFFZAIVF-L ) ENZRIVF-DOPEFIHTL S
FERMEBEL: AR B, ST, MIELHMEICT 72010, RO L) 2, B
IEHALL 72 EF WV EE L THAL Yo

4.1.1 1 RTi=\EET IV

ITEIHEFNTIE, KRNy ZRAS LKBHETO ) 6., IIHEFSED
BRI 3 CEBET X B0k, RIS T REUR T & ORI THPEEEL
L7zb 07T TH B E L, FEEEL AR LA, ASPHFIRITRRSh
Ty %o TLEIET B, BWHEELIC L ), BHFIRIASF AT L THSH4
BOLED D %5 o THE XN B DI TH 575, T Tidz 72 HICEZER &[] U5
KHELEND LD ET A, TOL ) ITHEICHEIMLLEF VTR, KihiEso
ez

dN(z) 1 1
o = —XN(Z) + C—XN(z) (1)

L) —RIEOEE AR TEE D, 72770, 2 & g cm™? B TRl - 2 KKDE
&T, N(z) RZDRETOPUTORERL T D, 72, A 3Pl L R&ET
B L OHREOFHHBITR T, C WWHRRICHH~NHTL 2HhiEF0R%0, HEE

13



e LTI T AEE T, I TERATWAEF VTR, BHELOEWTHE
B Opon BTERELMTHIE 20, TR &

Tel

C =

Otot
Lz b, (BREHER (1) OB, KRDOBEED dz g - cm™ Kb o 72 B DT
BOZAELE L, A8 1 HdEEzES ST, A% 2 HIHRERY
BT 2P FHEELTWE, FEX (1) OFLY, STOEF VT K
KE Y T BEOKBERUTFIAS L, KADERS zg-cm™?Tid

%—% = exp [—(I—C)i] il (2)

CRFEST BT LT B, 1272, N(0) KRN v 7 ICAG T BT DT, N(2)
BAREDES 2 cm 2 TEET 2P HTORTH %,

8T, T CHENERS I, BAMNLEEE AN T, KT o ERoRSH
TENL SVRETAPEEL THE Ho PHTFLERPBRER T L OBELHE
Br., VI A VF—gRicbloTHELIAE LT -5 38D %R, £2T,
T, BT L RERT L OBGELITER OWEE (25, 26) IKEOWTHER
790 B 7T IR &0, T & RRETH L OBEWERER., PikroEE) T
AWVE=DT150 MeV BLETIE, 12IT—%ET

Ciot ~N 300 mb
0 =~ 100 mb

TH b, ShoDEELS ., KRETFELY.. FHEER A= 144 OFETRELERZ
L. SEMEROENLER (A) i E A2 LIREL T, X & C eRIET AL

\ 14.4 y (12.0
T 6.02 x 1028 x 300 x 10-27 14.4

1
=3

2/3
) =70.6g-cm™’

b, ShoDfizh (2) KRATZ L, TOEFIVTIE, 150 MeV HLEDKE
HPEF DAREH TOWE I

v~ () = (-5) o (o130)
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BELLD, WEOTFHEBITEL A £ T2 &,

2

Aozt = 106 g - cm”™

EnwHT kit b,

2 =776 g-cn 2 DEE T, HFEE, 12121500 45D 1 (6.62x107) THL, B
s HELEAEIEETIE TR ZoTLE ) (C=0) LIRELTHEIET S
L. FCERET N(z)/N(0) #5168 x 10-5 & %2 55 &, HEHELOBFRIZ, < OR
STORBEIETFOT T 7 A% ML THE I LIl b, BELITHRO T &
VE—EEYE (7)) 2R LRI L8R %, 2B TR Y,

4.1.2 BEELICLZ2BEDLHY)

iz, ThbHERAGER I TERL T ARBHET. KA v 7 TOAS
Hi (0% 9. KBOK) 2o, ERLLVOAEDLENFY) &b >TA>TL S0
RS0, ZOMEELLTF VI, BEBELCRT 2 A0 E Y AnTcE
FhEZEZTHE I,

KEDHDER 2g-cm™ 2Ty KL Yy TTOARFHEADL S, 0 ~ 0+ dIDFAK
TWHICH 5 T ORE . n(z,0)d0 kT 5 (0 =0 DFHDS, KEEDHETSH ), Hi
DEF VD N(z) & DORRIT

N(z) =/(:rn(z,(9)d0
Thhbo BiZ, PEF 2. ZOEELRE kTHIF T
n(z,0) = 3 nal(2,0)

k=0

Lt B, 12750, ni(z,0) 3. READES 2z g em™2F TEEST HHIC kEEHRZE L
Ty OATIAEEL TOKHBEFZRL TR,
Z D& ) IHRE T B & REE TR EEKHRETIERL T A9

FiE
Ono(z, 0
50— no(z,9) )

15



1 [lfEze L TR L TL 53

Ony(z,0 1 1 4 , NS,
la(z ) = —-an(z, 9) + 'XC/O P(9,9 )no(z,(g )da (4)

84 DHRERTEIND, 72775 (4) D P(6,0))doiE, 1 DT, o'DHFEDOH
HFD0 ~ 0+ dONBFELENBHERTH b, I NILHEHELOMTEELETEHRIC L -
THE 3D DOT, HEUTHFOASTHEIH LERFRTH 00, & 2 TIEIHED
RAFMCES LD E L TERLL TB L RFOTRICOVTiH cosfr 1 &
L 72)o

FoRER ) & (4) 3. REBETFHLECHRETIERL T 2P ToRK
i, BT AT LTV 22245 1 Bz L TL B PETFORDOEILITE,
KEADEE dz g cm HECRIC, HRICL o THRPT 4L, TOERS T THRE
PIAEHE L T E PR TFIHFRIIL > T 25 ORABEFEG T L)L %

£L TV A,
Ihae—ffb LT, kMERL TL 2HhitFid
_3”_%(;@ = —nu(2,0) 4 1C [ P(0, )i (2, )0 (5)

LWHFBRTREND I LA D, K (5) DHLE 1 HAPHRIZ L - TEHIT 2
ShFEL, ALELEIFRICL > TMb 555K L TWD,

HEDASH IHEOB LIS L o TR E ), KADES 2ITZEEEFL T
WOT, kOIERL 2Pz

ni(2,0) = Ni(2)Fi(0) (6)

L)L) IERGHELTRTILNTED, 2DLHITTHE, K (5) i

i]%i)' = "%Nk(z) + %ONk—l(z) (7)
bl
Fi(6)= [ PO, 0)Fa(#)d0 (8)

DZODHRAGT B EHTED, A (7) BREAFTORFEEZRL ., 3 (8) #°
HEC L o THGHDIED o T 2 2K LTV A,

16



ST KAN Yy T IHEETFOS T AAST L &I &tE ART, ThHDHRE
K& MERIED TV, ASH T 0&M (WH%EM) &

no(2=0,0) = §(6)

BB\, TR L ROMTET &
No(2=0) = 1 (9)
Fy(0) = 6(0) (10)

TH5bo
R (9) D&MD LI, K(N) % k=0DHAROTHE L

z

No(z) = exp (‘X) (11)

E%b, O (11) £R(10) 2R (6) KARAT S LIE o T, REFETFHEEEL
HEETIC, B zg - cm2F TEHEL T 287

no(z, 0) = exp (_-i-)a(a)

ER bl EWDDRD,
K, LEEELTL B30, Z2o04HBERN G (7) £X @) Thk=1 LBV

b 0)
le(Z)

1 1
dz = —'XNl(Z) + -A—CNO(Z)

F(0) = /0 " P(0,0')Fy(0')de"
. Fheha (1) X (10) 2RALTHES L
Ni(z) = C-; exp (—;) (12)
F(0) = P(0,0) (13)

Ly, Thoox (12) & (13) K (6) IALAL T

z

ni(z,0) = C';exp <_X>P(9’O)

17



L b FRRICLT, KEIHEZEL TSN
1 /z\* z
&

Fi(0) = A” da(k—l)/o" da(k—”-.-/o" oM P(6, 9=y p(e=1) 9(--2))... p(6W, 0)
(15)
D_oDHEEKT
ni(z,0) = Np(2)Fi.(0)

LEEND,

2 (15) BHEROELRE DY (BARALES) Th b, ENEHOHEIHLTR
Eho . B = 0 DPETA, KRIOFHEOK, 00AEITHELS N AR
NEIHCKEN B, K (14) BRDO L) ITHRTE 2, 2/AF, RADES ZHRD
FHEEATETE > 72 b D225, PHHROKLEL LN L, FRIIT V5 ALK
RIHDT, FBICKROES 2z g-cm™2F TR kBIHRT 2HERIRT Y V457 &

Zxibh )
P63 =5 (5) oo (3)

Ll b, 1 EOHETHETIR AN TL BEEHFCER S kOEZE L 725KICE]
FABES N THTLAEEEE (14) DL IR EDITTH S, K (14) 2 LT
5 )

Ni(z) = %(%) exp (—%> exp [— (1-0) ;] (16)
LB TOR (16) DALOEBDOED, BillE R 7z, BELDAGA ZHEH LT
FVTO, PETFORKRTOFFEELRL TSI LTk Y, &Y OED', AED
JEDNIZEST 545, Thbb, RKADES zg- cm™?2E TIEHEL TL 594+
DEEMERRL TR DI TH D (FB C2/ADRT YV Y HHiIl 2o T 5), Hl
KHWEEDP S, 2=T16g - cm2ORS T

Cz
3= 3.66

18



b HeoT. TORROES TR, BLZ 4 MBREHEMEHEELY LRGP+
PEHISNEZ LTz b,

KT, FAGHOTTRER Do TTTEZTVD L) I LA NVF—FHO PHET
DIMEELDF AT DT — 7 EFNIEES %\, & Tk, Ashmore 50 350
MeV TOHUTF & RERTFA L OMMEEELOWEM (31] 2M2Z &35, #ll
SMEE MR N ) TEX SN TWBA, Hy A5 TR % LEEHERAT 6°
I o TV 5, o T, KEANEE 2z g- cn 2 COAEDLD Y &, £ 2 TR
L TL BT EZE O 3.66 M ZHWA &

6° x v3.66 = 11.5°

BEL%2,

TOEII, BHEALLAEFNVTEELTAS L, 150 MeV Bl DT AL F—
REOKRBE T % 61, KEH 776 g - cn 2O S (T2 b b IUEHFREOEHRN)
ICF T, 1500 400 1 BEORFELY ZF 2250, 1222 DAG AL RE OO L
TL BT LDDD 5,

SETHWEEF VI, BIRICHEHELL 72 0 TiEd 245, HEEELLS 0@
BAR- T RETEL Z>TLEILEVRIDBDTH S, oT. TOETIVE
Auv-gEgEid, KRPEEEL T APHTFOREDLZBCEF - Twa I Eil%
%o EBCIE, FHMEHEOBBERPUTS. TAVF-REITETHS )
25, AER LT TREMED S B, F72, DT PRHEED S LAk DS, FEMERGEL
2k o TEGEFHEL L EHENETIERIFST5, 2, ETVE
BHALT 2720102 S TIRIL) AR h o 28881k, ZhEI) ANns &, FEBIC
EHLTL 2T OHE, CCTORBLIY BHEPLIHEMICHEI0TH S, &
I TORME., EBTANVF— ~ 150 MeV BLEOHRHETIIF L, KEHDERHED
TRE25253DTH5,

4.2 ELFHNOKICLDIEE

OB T, BEFIRKFREE L T B BESEE AR 2 5
LW EERTOIC, BRICHEL L EFVERWTERL, LALEY

19



B EEICIIIEMESE D EIRICE ST 5. FEEMHELOERE T AP
KELIANF-ZELD, b1, PHETEP ) TRLIBGFIFRET 2, BT
(BRI AR TR ERT I LICL o T AT — %K) (EREHER), 20X
LM @A OED & ) HEEFERCIY AN, ZREBITENCH C Dk
B EEECH D, 22T, PRTFORRTOEED, & ) EBIGECHEZIT) 72
W, T DA LBEIRYANTEYFAIVaERESYIab—VarvE
Tote COETIR, YIal—Ya Y THW A4 DBRBOETVEHYT 5,

4.2.1 ETEOHE

FPEFEICIY AN7AE 4 O\ OFMRBHICA BRI, £ OBEZRTE <o
COEE T, BERKEICAST 5K T L LT, EB T AV F -5 10 MeV
25 100 MeV ORMTFAEX 2, ORETIEEE ST TERHE L T CHBBK
KA L LTIk, 223K 80% B 20% OFHL LT, HEH A = 144 ORFHEEE
15 EROBETRET L RHTFE LTI, dMETFLERTRTEZR 5,
¥ n (PHFRUBT) ERFRETHE A L OBELICHRTIE

1) BMEREL ntA—n +A

2) BRI n+A—n'+A4

3) JEEMEE n+A—n'+A+X
RERT 5o
FETFO § R, COFECRCTIRENRTE2DTERL RV,
BFIiconTid, &6

4) BEEIC & BT A2 F K
RERTHD, 70 v SEBEIIEHRT 5,

HE OB OER) T, AR IERICE ).

4.2.2 SHEELEER

KEHOHUET-OEBROFHEICE, T L BRRTH (8%, BFE) & okl
MRS ETH B, LA L, TRHDETFEEER L U HELTEREOWE 34

20



Vi, STy ST BEWZAVF—H@EICb o TRELKHES LT,
M & R & OREMTER OWESE [25, 26]) 1ICET VT, 9 MeV 25 1100 MeV &
TOHPTO I 3N R BE0R (K 7) 2FE) . WEEOERKEEIC
B KAEEE A LAREL TERL, FHRAITH (A = 14.4) OWELRTEHR
L L7z $FRA Lo B

2
14.4\} \
— 1
o= (12‘0) exp(az’® + bz + ¢) (17)

THbo 1277l ¢ =logT, T\ T, & MeV BALTE L 7zhiEF OEH) = F 0 F—
’C‘\%Zx’o '{/%;&a,b,c %%2‘:%-;0

4.2.3 EMEELETETA

T & KGR TR & ORI EREL DO WTHIRE (25, 26] & . SBELITHRR & [ CRI%
(X (17)) TEBLL 72 (7)o BEHEMTER OB E ORI a,b,c ZR IR,

BESE OB OMER T OADA S . WH Nz 2 v F —T ol (X8) [31,
927, 28, 29, 30] L7\, o4 id, BT D & 9 %7k CHMERELOA5A O = AV
AR R P L 77 BRI T EEL T H 25 5 [38] € DIRTHITEARIZ |
HELA AN S WHFTIE

do o s . of0
0 - D exp [—4Bpnsm (2)]

= Dexp [—2Bp;‘:(l — cos 9)] (18)

LWHIRTHEES, 7271, puld GeV/c B TR LHUTFOERETHY) ., D
REFILEFTH 2, 1. ZRFROWEME 31, 27, 28, 29, 30] 13K (18) £HT

£ 2. EEELITER OB ORE

T.(MeV) a b c
9.0~ 20.0 -0.4838 2.801  3.246
20.0 ~ 60.0 -0.3095 1.648 5.137
60.0 ~ 100.0 -0.1779 0.4987 7.631
100.0 ~ 400.0 0.5031 -5.637 21.44
400.0 ~ 1100.0 -0.1543 2.196 -1.904
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FO TR B RO, BLANVF—TOHEME [39] bSHT 5, KT, KO-
B BOEB RN RT &) B 25, B4Rt L CHRM L 2B
i[Ey

B = (ﬁ)é [B + By exp(—up: — vp2)]
12.0/ P70 no e

T, ¥ B, Bo,u,vid

B
By

638 , u = 12.05
632 , v = 1.060

n

THbo B BOERERIHT 2 KA, EHEELE LT AT (CHED 2 )
FIRE LTz BMEEELC X A BFENTF O AN X -2 bid, HFRH% 2 AFHRD
EEIEIC L o TEHE L,

4.2.4 FEHMEGEL

T RAR T L OB T, HERELOMIC, FEEEBELL R . FFHME
HE T, PHETDS, HEOBBTEL DI INF -2 EHMICE 2 5720, R
B SEBOMFIRIE S b, $i, HRELIPETS, BFCRET2ILd
H5bo

FAid, FEHEBELOBRE %

1) FETHBRIS

N =T 1 o TF

3) HAT —K#&T

3. BHMEEELTE R O S0 FRE

T.(MeV) a b c
9.0~ 200 -0.6342 3.826 1.101
20.0 ~ 60.0 -0.4136 2.342  3.584
60.0 ~ 100.0 -0.5827 3.560 1.434
100.0 ~ 400.0 0.8466 -9.622 31.81
400.0 ~ 1100.0 -0.2367 3.385 -7.223
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4) FEFBIE
D4 FFEICHTT, YIab—va V) AnZz,
DI, BRIBICOWTEMIC BN S,

4.2.4.1 TIETBRIS PHT LB L OBELCRW T, BFH%, ASTRICHEE
FhE - TWDOLIZIZR LI AV F— %28 o T, WATHICHIE S AR (1 9)
BHb(n+A-p+Xorp+ A—n+X)[40,41, 42]o ZDOBRBRIE, AGHREF
(BF) LAEMBAOETF (PHT) L OB TH 5, T OB TIX, R
i, BEREMECERZIREIRE T 5, RAE.  OWFEIBRCE LT ISR~
BEIREFNVICLoTEBLTY I 2 b—¥ 3 VTP A7z,

HEAPT WEIBRRKICOWMSEEMER . RAPLREE LTV L IRV
F—ETI, WA (0 =0°) TOEDAEPBERHLNRTWEID L% ( 72720
1 GeV Tid Baturin 5%% = 4°, 7.5°, 11.3° D 3 HOTFT—F 2 EEKL T 5 [42]),
FSATE TRUZERT —5 13, BHAOMBRY, FETH L, COMEETIE. A
ST ERBIC T AV F R LAEE XY, BT AV A V25 L TR
HLTLA20T, So@RE, EEFEc, BEEELLR L L )l E) 2 eaF
TEBREEIOND, T TRIFERMBUSICINT % BUNALF D570 % Bkl
DFELRILCE L7z,

EHE MEIED T 2V ¥ —iE . WESRICOEELASA IS L. L& )%
IRE % T UL, HRIH T O BEMTERE OWIEE do .. /dQ (0 = 0°) AT f(0)
DORESED S . TEITHRTIE DEELWTE .., 2 RODZLEDFTE S,

dOces
Ocez = -—dQ—dQ

docez

d

= o ‘/f(msmode

#=0°
7275 L AN OB f(0=0°) =1 KERELLTB,

BHIH (0 = 0°) TOMSEEMHERIZ, I TICHIE ST 5 EERRRIC
LBE. 56 MeV T ~ 70 mb/sr [41], 647 MeV T ~ 30 mb/sr [40] &. AFHZTD
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IANE—ORINE LD IHRPLTWE, £2T, TOFETIR, FRICL > TR
5N TV R COMSSEMEROEIRESVT, ZhEROWET AV F—
TOHEA B TS L R BASRRIE OEELITTER O = 3OV ¥ — K & Kb 7z,

TFEAHRE O BELWTER 0.0 % BIEEELITER o, & DLLTET 1 GeV LA
FOEE) T RN F — DAFHRLFITxT LT, FrEASHRPUS O BELETIRE i = &V F —
rICBA L. 2O ANF AR

o T
Cexr — _ n 1
5, —co—nin (IOOMeV) (19)

VIR TEILE NS (M10)0 72751 T,id MeV BALTHE L 72 AGHF DEE) -
FNF—T, R (19) KHEN B HEe,nid

e = 0.025
n = 858x1073

ThHbo ThbbiraSHKICKIERE & EEHEEFE LI, T, = 50 MeV T
3.1% . T, = 1000 MeV T 0.5% &% %,

4.2.4.2 )—F 4 EF WERCDAIOIERERELAREE, K& (51T T
Zo0BRUHMTE S, Thbh, AFETEEN, I T AV F-%
HFEOMTFICE 2505, PRVDIINVF—2HFLTRUHBL T BHR (V-7 4
VT, AT AP T 2 722 S L TR Y 723, BFOZERUH (A7
Ar—F), LT, BEBOERICLIBTHRIETH S, 3 LD ODBEORE
AR %X 111K T,

OHTE, T V=T A VIBFRIFLT, AW, EDL ) IR F—
S L SRR L 20 2T 5, 2L T, KEIT, A A7 — FEFRHEA
BIZoWT, TRNVE—GA LASA L HEAT 5, 20K, ThOH OB TR S
NAMTOM (ZEE) L (PHTRTFI) ConTED L ) TR fio7oh %
WD, BEKOEFBABRIIOVTIR, 20ROHTHHET %,

I XX —SF BEH I SR AT TRV F 4540 (4 9)[40] 1. Hw»
IANE—ECOBRTFRLOEIERIBICNT 5, BEREDORET (V-7 1 Y7k
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F) OREEESAR 38, 43] ICFEHIC L LTV B B 9T, FEERTIC ASIRLF A3 -
TWEBTAVE-LIF L ALR LI ANVF—DRTICH B ¥ — 213, BLITHB7
HESBEIGIC L VESRIbDTH B, ZDIEDIT, BHREORF OEE) T 4 )V
F—D 50 ~ 60 % fHEICY— 2 2 BOREOIPRGHABHONDL, ST, TOF
BT AR TR ) —F A YT RT LRI LICT 5, HA, COT =56,
) —F 4 Y TRTFOIANF i %

do;

— x 281 —z)’

dz

LW BIBTIEBL 720 & 2T 2 ik, B (BB VIETRAT) OEB)T AL -
D, BRI OEE) T ANV F— 1T B (FEEEE) TH B,

WEBENT (ARH) C0LIBY-—F4 YN TFR BFEOPTELL
T 1 EAOFEZEL »ETIRIELTL 20T, BFHEFEEL LR CEBESA % &
BLDEEZOND, (FOMGNBEHENOY S EiL mc BELHEEINL, )

Fald, U —F 4 Y HFORAIEBRES L LT BFEFEELT O
EBESEF UL, pr ~ pr + dpr ORGIEBE % RO T OISR E RN

Bz

doy  4pr (_QPT)

dpr (pr)? o (pt)

CARE L 720 (pr) W EHEATIEBIEDOFHET, 280 MeV/c L) fEE v,

4.2.4.3 PDRAT—FEFRE H 275 —FEBFOIRNVF—RUBLADTH D
EFNVEVEL ETEBEICLF — 713, Cierjacks 5D p+ A - n + X JISDEER
KR (44 TH B, TOEBRIT. 585 MeV DT %, KEPOLTT VI TO 8 HIA
DETFRIERNC K T & &1, EERERT 30°, 90° B LU 150° OHMICFEET S
BHFOLANF A2 FELZDDTH 2 (K 120H#) [44], FADOFE, &
DAETHUTE Y, 30 MeV fHEZEHEL LT, BV HOZANVF—FIHEF VS
DI FNE—HIRE D, WLDTHDERELEDEL I o TS, 5 iR
HTERRTVWD LI, BOHOIZ RN F—FEOZABA AT —F L5 b
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DT, EV TV F RO IRTEBRE TR L F I L 2 b DR D
nb,

220, ZOMTR, BOFOIANE R (I AT —F&ET) KowT, &
DEHBRIINE A AR EMALTY I 2 L= a Vi T2 02 2N
5,

ITRLE—=DT ZOFHD 50 MeV PLEL XV EF—HEBTOEE , BISHwIIIC

d
27¢s o a¥z exp (—az)

dz
LV BECTEML, A AT —FBFOIINF—G5Ai L LTHER Lz, 72720,
g id, V=7 1 VI BTORLFELERT, HEEOZIVF -0, RO I
VE—HT R TH D, BRI OSMBBEY I 2V —Ya Y THWLLED
a DIEIZ 6.0 TH 5,

BN A OFH L. FLHET — % » 5 BERHEW AP E2EDN . £hz v
I2b—Ya vicln, EBICHEALENRIE. H AT = FETIERFEATS
EMEL L ST R, 0~ 0+ d0 OAETHENAAL ) ICHRIE S HHERE LT

dacas

dQ
TEINIEOGAAILE) L Lz, 72720, b &

o exp [—b(1 — cos §)]

b=6z

L), HETF O RVE — I L 7R TH S,

AT AU, SBICBRA & 91T, FEERESRT 30°, 90° BLU 150° D3
ETOLDLIE25NTVWRENDT, =& TRA L7407 EA i Eie T
X2bDLIIWIETERVA, DT0L ) IcEXE, ZOYEKERZEEY
TENTED,

2% 0, TOBEBRT, BEAIVNSVIHEDENEZIToTHL L

2
1 —cosf = 2sin? (-g—) z%—
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Eho. b BT

d0cas . b02
aq ~FP\Tg

o% 0 EHREDS VD ICRIBIT AT AGAIC R Bo [ A AT — N BT BT
P CHROBET LD SELE R ) EL - S h s | EIRT 2 &7y 257
CEBES D EAERTE B, S610, BT RV F—HASRT O 23V F—
EWIZE (0F 1) TRAVF-FREVIZE), DAOIESY &R TEHERZEIVN
KREIC B EVIEI S, IV BIRICFE LWL DTH 5,

4.2.4.4 ZEE (multiplicity) & FEFBFFLE (composition) DL HIZLT,
U 4 YIRTF LI AT — P T B3V F— L AGAPRE Sz, E
B o NS 0BRSEESNBRIMEZ b, 22T, LTI, Z0EEINT
FUB ST S A BT 08 (FEE) RUER (PiEFHTH) 2. ¥ I2b—
varvTREDIIICWYRo 7% HHAT 5o

B ERE BT LETA L OFEEHELICR T, RUHL TS 2T, ¢
bbRIBNEEREZ, —f&IC, AR TOIINF— TR T 2, EENIC
SEERFALIE, 1 AOKMECHE &M A& TORFERE LT AERS
o, EBPEETH D, Lrd, FOIRNTREFWL 25 LA BT A
VE=CRTIO LD RERLITIDEDH L, £0 L) BERT — 5 3B
HELw, 22T, COFEICIR, DTD X H I L TRELZFHFEEZ VT,
¥ PEHLEED LI F— IR R T L LT, Metropolis 5 4%7 - 724%H
HATF—FOEVFHNVOELLBY I 2 b= a yOFEF [45) 285K

(nN) = ac? +b (20)

TELo 727U, T, 1Z MeV B TRLZAFRTOEH LA NF—T, ¢ i

= o8 (753257
¢ =8\ T0Mev

TH b, 3 (20) DRHIE, HITEEEZT TIE L, ORI THEN S IHMHELD
EF VAL MAEORETEEL, TORRD, Cierjacks AT o72 585 MeV T
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Dp+C—n+X FKISOEBFEE [44] O, FEITHIH (0 =130°) ODEVZANF—
DERH (~ 50 MeV Lk ) oA FEET 5 &) el (K12, 22, |
93, RO 24)o T,oid MeV HALTHE L 7 AGHRLF OEE) L AV F — T, HAHIC
HEFORETOEEN Y I 2 b=V a VICHW/ AR o,b 13

a = 0.62

b = 10 (@)

Thb, FHLEEEDOEIZT, = 10 MeV T 1.0 . T, = 200 MeV T 2.0\ T, =
1000 MeV T 3.5 B2 L 72 5 (M 13DFEH) o Metropolis & DFRIL [45] B I NT
VBRI, [ 1 BOIEEEREL ) TR SN FHOI AT —FETH | £LT
RENTVAYS, BHH T A2 A VF—FEIHELI A TR, /2.0 7
VI A, S0, U URERBE LY Iab—Ya VOBRTH) ., ZRdDD
VIR EAERR L L2 DIREATWARVWDT, SSTHWEYEEELE
BirlBd s 3LV, —oOBLRELTTNVI=ZT A 8, V74D
(il SHME L 7=l (K 1308R) L5 & S oFETHWZEIX. 200 MeV
T 20 % BEASICoTWA,

BEEOWSE LI, FEEOFHEO T I N F—EFMEE BTz ERIC
BET ARTFORIBEHETH 5, T2, BLORISIIHT 2EEEE, M L%
VE—DOBFFAE LB ETH—ETIER V. 2%, FUMENZEEIZ, F
BOETHLYIZOLS DI THD, COYIaL—YaryTik, TOVLELRDL
I LT ATz S TELTVYADIRIEHMHELCH A9 0. L7 1 DO
TR SRS L L. EHSEELS. 20 1 BFEBRVRY ((ny) —1) 7%
BTV VAR TO L & Lz, Bl & h 3 1 HOBFE, KRAlHTO
HEMTEROREBEIELEDL2D, 20% 2 ) =T 4 VKT, 5D 80 % 2 A
F—FETFELTRESE, E2HTFH oI, ETHATF—-FEF L L THES
',

T REFIE  FEHMEELOBR TR SN AT DI B D, BT AV F— (
~ 50 MeV B L) bt T L BT OEEIR. AFKFIHRFTHLD. BT TH
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BPIC L o TRE TV, EERF — ¥ [44, 46, 47, 48] ZFTH B & AFHTF
Y ORI T AR S R | 2% o R ONFHBUH S N AHEROL
(0% 9, FHETFAAG LA B S A PET L BT L DL, & 5Wid#ic,
BFAAS LA B S ABT LT L 0k) &, EDERTS . A
FOILINE-IZEST 1.6 ~ 2.0 EEEICZ>TWS, £CT, ¥YIab—vav
Tk, D% 1.8 T—EL LTREAE L7

4.2.4.5 ZRBIE

IXNEF—nf ERERIE, BEPHIREICS 2B L OBTORETH
%o BIFMAERICINE, MBERBABTFOIANT—GAIE, vy 7 AV
VAR b DER B, DF ), BEMORBHOBEIIHILNY 51T XA=5 %
E, £T5&, E~E+dE DIFNVF=RFFONFHHM S N SHEREE L

do., E ( E)
—— x —exp | —

LW TRINDS, AKES, E., & 10~20MeV EFEXHLNTWAY, &
Z Tt Cierjacks S DPEME [44] ZEHRTES L HIT 1.5 MeV LW HEHRM L 7
SOfEIR, BTROERIK T b Lkv, L L., EERIEDKTBE LA
Ar—F EDERFEo%) L, WEErHERTL0E, COTALVF-T
Hotro TNDLIREVIINF—ORTE, FLALKRFDOEHRIIHFS LW
DT, T, ThEEBERLEZWT LT Lz, B3N BHTF0mTDOHEC
3. BEBOs -0 VR VY VOREE ST, PHETIERTROHE LSS
%bho TI T, BT ORMHERL PEFOFGE LT,

Ao BRBRETRET ARTOASM L. BRIMORIBOHILARTELH
EL7

4.2.46 IZXINX—RUEHENRE DEosikErsivuyzfrlb—%
& oT, L DOBIBTRET AHFOIANT— ERBAZRE L, HE)=IT
IANVE-LEEDPORDI, BEOTINF—FVEHEIRFIROL HITL
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TEHL. 1. HEHOIANVF— LEHEL? S, BB FIC525Z 0T
XAEEIANVE—R KDL, 2LT, CORRBIAINVEF—EBR VI, B
B FOIINVE—LEREY, EVFAMOTV 2RV —F TRET Do KOHKT
R RAET BB, TOME, RIRENZIANVF—EROT, TRLEBI%
WEICLANE—RPEDD, SOLHICLT, FAONLEEIET S ETH
FERE S, BRCIANF-PRELHEICE, £ THTFOREEITS
Yo7z,

4.2.5 EEHEK

BFliconTid, BEBLC LI ANVF-ORPEERE L, Y32V
VICHW TR L TRV F—- BRI

71 ~v2
R= a(B) —a(®)
Co C2

1
IE " .li: &
Tp = C2<—) —04(—)
(55} (5]

(7272 L\ RiE g/em? B TR LBT ORE, T,k MeV B TR L 72551 0ES)
IINF—THB) T\ - c1, 2 €3, 08,71, 72,7313

g = 98 , ym = 1.733
c;c = 1000 , v = 2.658
3 0.3514 , v3 = 1.328
cs = 1.4676

THbo

BEIC L o T SN TOTREBUTO L ) ICREL 720 TIHRANC, #L
WA & o T H TR 2 o, REL =3V F—0BRAP» SREL KO 20 R
By D HETROAPRVHEICR, REONECHFAIEEFoTLE) T 5,
BOBPETIE, BFEEHBTRONES THETE L Lz, HEROIANF -
ik, RELERfTRLOZE, LHER LT,
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4.3 EE#ER

FOBTHESIZEI B EFNEAV, EVFANOERL L 5T, PlEFOBIRKR
EHRTOERLEE L, 22 TR, SHEOFIHIIOWTRR, £DFERERT

4.3.1 Et¥EFE

HEOFIEEUTIRERS, 3. K&L Y7 (=0 g+ cm™?) (&, ASHM
(6=0) LHEB)THINVF— (T,) 2EOLPETEAFHEED, £L T, ZORET
28| X TR T L OFHEBRIITL, HOEDEFIVEM Y, EXT AN
O o Ty Iab—va v &fT). ABHPHTRU, KREH ORLERE THRAE
L7 TORT %, #0oDRFO/OIANT—0HHBHELUTICR 50, 5
Wik, TS ORTHETHLBRROESICEET 5 $ TEIT 5, FIEOEHTT,
FTFD5% 58D 5 NI KRADERS @R T 28I, € ONF O] (T 1),
IANE—RUASHIAD S DAEDThETSET 5, COL LT, TALh
DO AREFT R F— 233 L 108 FOhF% AST LT, HFRFIES TOREFO T
NE— LAEOSH KD, 1412, EVFHIVUY I ab—Ya VITLLERE
DT RFN b DERT, FRFR, 100 MeV. 200 MeV. 300 MeV., 400 MeV
DOHRMETFS, KA Y 712 100 HAF L ZHEORTH 5, LAV F—FEIZ 20
MeV & L72o BiCid, BT T KBRBFOHBSRL T %o

4.3.2 HEtEER

4.3.2.1 HPHEFOREEOATDORE EAFHI R F—IXT BEKFE X151,
FEEFIKETHIEL T TR, AT ANVF—FITRLIZdDTH 5, Hitlh
i, KR v 7 L AOHETFSAS LA, ST SRS TR WS
NAFEERFEL TWD, FIXIE, T, = 150 MeV DRI TIE, H#hDEL 750 g-cm™?
DL &, HHEHOM (RFEER) 1 1072 TH D, Thid, KR v 7 IGER) =RV F—
150 MeV OHEFHS 1000 BALSH L7284, KADERS 750 g+ cm™? Tk, FH 1
BOPBFITRFETHEV) T EXBRL TV A,

K 15F. EOAFIAINF—TH, ~400 g-cm™2 DRI WX 5 &, FiEF

31



2. KEDES EEDIC, TIZ—ENEETIHREEENICEEL TV T L ERL
TWb, &2T. B FEFOFHRER o 2EAT S5, RADIKRS 21 ~ 2
DX T, PHEFDOIEEE 1(2) 2°

I(z2) = I(z) exp (‘A_z>

TEINLES, ZOXETOEHRERIZ

Z9 — 21
Aot R — 22
T In(z) —In (1) (22)

Eeb,

CNEIIERT DL, KEDEE 700 g - cm? L TORFTH % PR
R 16D & D127 2D 16121 2; = 600 g-cm™2,2; = 776 g - cm™2 DHPE L
72, =700 g - cm™2, 2, = 776 g - cm™2 DBED Ny PRENTVE, KAy T
AGFL 72 - 0B BT 3OV ¥ — 2% 250 MeV LA EDHE, KADES 700 g+ cm™?
W (2% 0, FERERFTOBEMEL ) T, PHEFOREARORS I LTI
—EDEIE.

Matt © 110 g - cm™?

TREL TN 2 EPFDRP Db,

B 171k, KEADEEX 100 g- cm™? T &2, PUT-ORFEREAHF T AV F -0
B L GRLEDDTH D, EDRE T, ~ 250 MeV BLED T F )V F—5/IE T
. ABTZ AV F IS0 T BBEDEBQ LR, TH D, ThiE, TRIVF—IZ
w4 A YEMEREOZLEW A2k LB LTS (K 7). BllmTopE
FEREEAST ROV F — LB T B D, FEEMEELD & 0N T OF 5D
IANF—LITHEMLTWEILERTHIDTH S,

4.3.2.2 ERIETOREFOIRXNLF-INRT MV FIEHITR L7EEERIE, =4
NE—FEE 20 MeV & L, #hPLEOEB 3V ¥ — 2 FFohiFIHRERICS
WTETRIBENZ L LTHELEZLDTH S, L L, MESFOREZIRICIET
FOVE—EEEMD D HDOT, EROBIT -5 » 6. KAM v IS LohHET
DEZEHRT I, BHNTCOFETFOIRINVF—ART P VBREEL D,
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AGFHEET- BB T 3 OV — 2% 150, 200, 300, 500, 700 B & T 900 MeV D&
D, KEDEE 776 g - cm=? TOHRETF-OEB) T F U F—ZARY V&R 18 1273
Fo TRNVE-ZARZ P VOFIE, BEZAVF 25 AHFHIAVF—D 3 5D 2
BEITOIINVF-FHRTIE, 3T

eXp(_16;&eV)
THLLINTVYS (72751, T, ¥ MeV BAL TR L 72BA TOPIET OER T
ANVFE—TH D), OWTIE. BHHEHMHE»ONEFGEEL LN L, T2,
AFFT RN F— £121ZE DEB AV F— DR SVE— 2 Ph b, TOE—Z I,
BMEREL DM F ST T, BEALIANVF -2 RbPT BN E CEHL TS
BFIHIBEL TV 5,

IRANVE=ZRY P VORI, KEDFESZ L L-oTHE Y RESEML TR
Vo Bl LT, 1912, EB) T RV EF— 500 MeV OHETAIKREL v 7 ITAS L
FBAD, 100g-cm™2 5 1100 g-cm™? FTO, 100 g cm™ JT& DKFADRS
TOHFHFDOIRINVF—-ZART FIVERT,

KEDEES 776 g - cm™2 DEPHETHOTANF—ARY b VH, ASHHETO
KEAF Y T COEBIZANF—ICEoTEDLIREILL TR D H %K 20 1278
BMEELD S 0FS ( E—2 ) dNRE—E R 0t LT, FEEEREE D 5 OF 5
A HEF O F L F-LIZEML T 2 Edbi b,

4.3.2.3 FHFOXFHTOEEICHT ZHMEELL SOFS 2T, BIEITR
LB S CORBTFOLRNF— A2 M UE S LI, PHEFOREF TOERHIC
BT B EMEHELD 5 DFSITOVTHRARTA L 9, K 21T, KRDHES 776 g-cm™2
BT BEFERY . HHEELY > 0F 54 L IEHEEELD b DF 554 L 5T TR
T, WHHELDY O OF5SE., BHETORETFOIRNVF—-ARS PV (1K20) D
E— 2 837500 2 5 ROBFEETH Y . FEEHE > O OF 501, ¥ -7 2K
ViR OFGH HLROIZEDTH B, K 21 OB, 4. 1.1 THR~7ZHL 72
EFM L BRMEY T, BWESELOR L ZR L TENICRO 26 DT, VT 7
MayIalb—va vl o TROLBERE» S 0F545 L, L{—BL T,
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BT RS ROV E— 2% 150 MeV AT ORI T, BMERE > & 0EF57 L I
BUMEBLE A & BG5S EH—FHL TV D, DT ERS, BRI IV F—FETHE,
- D REH DIEHE TS ARHEEEL D D DFSPREVT LD D 5,

4.4 EREREIEER
4.4.1 FEEEEELOET NV

K hs, MEF L RERETREOBEDOY I 2 b—Yar7urs s refib L
CHCEML AR, TryFavaTa R L— Y DR OERT -5 £ TE 572
FHRECHBETE2LOTRFNERL 2V, LW)ETHE, Lo L,
IO BT BT OFEHLEE O LIV F R L T, BRIV F T
FEEO LD CHECKNFOSEE Y EBT — 5 2T P ORET 5 C L IIHET
Hote L) DX, BADVESEY ICBWT, B ANV —BTIRFHEEZRTE
BN BT OTHSERED T AN F KR ERTERT — & PHEICFLVES
TH5b,

72 TEA I, TTICE 428 IRz X 9 1T, Metropolis b DB H X7 —F
DY Ial—a VEHE 45 TROLALIINVF~KERRELWEREL, £
BREDORLER L -IFEMRELDY I 2 b—Ya Y &fTolz, LT, FEHEZ/N
5 A — %2 L7255 RS, Cierjacks 5D 585 MeV TD p+C — n + XFIENDHE
B (4] LEET B LD CEEEE BT, A, BRI, SHIZEREOE
25600 MeV T 3 & 7% AIEMBEIOTF VERA Lz, K22, K23, KUK 24
. EHEEEE 1 A5 6 F TRLEEFHERRE% . Clerjacks b DERRFAR &
WL CORT . B4 DS DFHETERA LRI (K (21) 2HV5S &, 600 MeV T
DEHLEREE 3 L\ I {EIZ7 B A5, Metoropolis & DEHEFE R O DHEEEIT 4
Y725 (7272 L. Metropolis 5. KEBICHT AEHIIL TWiw), KB ¥
S ERE L LT Metropolis b DFIEMERD L DHEEMERALZHETL . DT
AT RER, BREBBEBR S LI L o T, EERERT 30° [t sh oo
FE B TR (I © X B A%, RABHELOT — 4 LD L, 2RV F—DF
WHTFOEBREL Y Z 2 L9110k 5 (K1208#) RYZAVE—id, v 7
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A NOEEIEAENCEELETHHDT, F4E, BT ANVF -2 F LT
AEHETCXLLEEI %, COLIVF-CTOHELIE L2, FEEOLEI L -
T. HRFOREHOEEOHEERNENL LWEDL L P ERNL 20T, FE
CEEEAELZTYIab—Ya Y %fTolz, Metropolis b DEHEKERAD b DHEE
fli% AV 7= 35E 0B, 500 MeV T 6.5 % TH 272

X510, FADEFINT, ZRANVF—DERWHDOERT — 7 BEOMREHHTE
A ERT0. K252, 60.7 MeV T Subramanian © DHEERIER [49] & DILEL
%Rt o 585 MeV COEEBERL BT 5 & ) oL EF NS, £ O—Hrfn T
FNVF—DEEBRF— 5 b LHEHLTWAI LM 2505 b0 b, (o T, HAD
EVFHMOT 2R L—F 160 ~ 600 MeV DI R NVF—DFFIHCTOMEIEHZ R
HELTWBEEEZEZTIVWTHA ),

4.4.2 Debrunner >DEtE & D&Y

BADYI2V—Ya VT BETBERIFELIETRLZ, — . HADHLHR
) C. Debrunner 5 ZHFMHEFORGEH TOMERDFEERIZT 2 KL TER
F LTV 2\, Debrunner 543 L T 5 EHEAER (Sensitivity) [17, 14, 22] &
IANF—ARY bV ERBEBFOBIERE L 2 #T &b T, BRRTORETO
IANE—ROVWTHGLbDTHD, £ T, F4ld Hatton OFHEFE=S
DOHZYE [33) % H\ T Debrunner & @ Sensitivity [CHHYST 2 &%, HIVLICE
LCdhiz, ZDREREH26ITRT, OFEHERIE. bb5A. BllmTORET
DIINVF—=ARI MVEEGAELDTH b,

X 2642, FA DEHERER L Debrunner 5 DFHEMRERT, [ HIIR L7 De-
brunner S DEEFEREIT, UTOI I LTEBL /2D DTH 5B, Debrunner H7¥
1083 fEICHEFE L7z IGY BHMFEZ #1125 5 Sensitivity [14] 13HEXE T3 7z
Vi, £C, IGY BpHTE= % (1.9 m?) ICX3$ 5 Sensitivity & LC, Chupp o
DEIL 17 PE 2 #BHL . 1 m?> BRI 5 Sensitivity KRBT 5, 5D
B, KEDEE 740 g- cm™2 TOEBR DT, &5 776 g+ cm™? DIEICHE
T 5, WEITIE, 4.3218 TR 2 BAN T O RIERE 7z, NM64
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RAETE=4 (621 m?) KX 5 Sensitivity IOV Tid, FdC [22] KHIED R
KNTVBEDT, KADEL 776 g-cm~? TOMEIHHIF L. 1 m? RIS T 2
Sensitivity ICHET 5, M261cFhZFh— SR LB TR T, | Mo 5H L 5%
X 912, Debrunner 5® IGY F & NM64 FIORRERIZHT B Sensitivity DFHHEAG
BIC 3 FEDD B, R OIE, NMed RHOPBTFE=F DIZHIHFIGY B LD b
KHBIERATEL Y [33] DIT, RS DFERITHICL > TV 2o

%2 THA 2. Debrunner 0 NM64 Btk TE =& 1§ HEIHMART
4 DEERBEOLINF - OB CEBICIERILL THBELTASZ LT 5 (K
26D B0 300 MeV BLEDFEIRTIX, TH O 3V F IR —HL TR 225,
300 MeV DLF CidBARE 2R Al %78 LTV % (Debrunner & OFFEFERIE, NM64 1
b IGY B A0 A NF—EKERERL TV EOT, ZOMEE, HxEDOL
BICBWTIRILETHB), 2O LI, RICDIRMLZ &L )12 Debrunner & DF}
B IEMESEESTEL (D ARSATWERWE L TH D, Z OFEIX, KREEHH
FREBROBRICERLMEZ D726,

5 KABEPMEFOIRILE—INYNILERMEFRERFZ
(X9 B EEIR

TOETIE, BIBTRL1991 4 6 B 4 HOKBE T L7 k) dih1 Ofidl
F—% (K 5) [11, 12] DOV TS, KB 7 L7 Ryt & BT AR I
BRI IR RE L2 E WIRED b &1, BIEOKRE T OHEKRR T
DIEOFEGE R BAL T, METERE L I 2 —F VEEFEOK 4 OBNT —
7 SRLICKBEFEFOIRANF-ARY P IVERD, ThoPET—HTEHT
LhTRT. T2, 1982 4 6 H 3 HIC Jungfraujoch TEEII W77 —% [17] 95 b\
FLHETIRZRALIANE—ARS P ADBRDOONEZ L ERT,

5.1 1991 f 6 B 4 BHOEERA N2 b OEM

XEEch M FDREREZ 1991 4 6 H 3 HOKE 7 L 7K GRO (Compton
) 1T & BB (X 3)[35] W& BRIV ¥ —yfat 03:41:16 UT (ZfE 18 EANT
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§ BSIICPED NIz 2 ERTR LTV B, [ EBUCKRE Ty L 7zRedlid, o
L0 AT HERE OfEIBIER (8 47 20 ) 2 RITH 245, & TIRAERE L, #3RT
OBRIREL) (M5 THRBI L7z, BETEEL 2V E DOV THERETET 2o
| %72, B30I 80 GHz OAREROBHI T | i & ARRNICFREOZ € -2
DARBND (F4)[36]e DT EiE, T OBHNTAB TR RNV F—IIHEIFS o7
L ERET B, 22T, FHETFORED 4L FRCHECRMIETS - 72 LAKE
LT, B4 DBHIT — 5 » O KRB THRE LZPHTFOIINVF -7 PV ERD
%o CDIRER. KB FERE DR OBENNAS 03:46 UT ~ 03:49 UT IZEFL
TWAHIEDPLIRULEDDTDH 5,

ST, SCCRIEL 2501, 03:57:30 UT FTHEBEL CWaHRI 2 —F V&
e (11, 12] REBFFHTFE=Y 37 OF =525, 0 L) REVEHIETOKRE
T ORI & - THIETRI LI TH D, BT T, COREDD LIT, F
B BT CIR 5 17z 2 DOMN RIS (PTG L I 2 —F VEEE) I
L BEHF - 25, WNACKBER®TFOIANVEF-ZARY PV ERD, ZNROH
REHET BT LI LRRT

KEBHFMFOL XN F—ANRT bV FETOREHFETFOBRNT —5 £ 20
BNTAER 2 48 LURSITRT . RAOTDO 2 FISBHIRA £ B S 17z PiET
O AN ThH b, FHEFOK AN 3. Z DX TOFEED b ERMETIC L AET
WA LF 072 b 0T, T RAEHT i O R OHEER B BT
WD THb,

K& v 7 COKBFUETO7 I v 7 A J,(T,) LERS R FRT- O AN
Lo, BTOL ) 2RSS 5, METHELZ, ARy TICER) =+ b
F— T, MeV DHFHUFHAG LIZBHEDORKADRE 2 g-cm™? TOHFHEFOI ARV
F—RARY bV (REFRPET 1 B4 ) ICEBMEL 2 b D) & g(T;, Ty 2) & L B2
BT T, MeV OB 3 V¥ — 2RO AT I3 2 BB OBRIERIR L ¢ (T))
£ % & KA v 7 L EORETFSEAS LA, ERDRADRE 2 g cm™
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3% 4. 1991 4E 6 B 4 HOKBHMETF A XY b (k. 2=T776 g - cm™?)

KT T G (A=l w1 5718

(N) = 4570 (1min.) ™!

time AN AT, (T,) f Jn

UT (1min.)™" MeV MeV MeV™" . m™2
03:45:30-03:46:30 80.4  295.2-237.0 260.9 364 x107°  3.79x10°
03:46:30-03:47:30  107.7  237.0-195.7 213.1 262 x107%  9.96x10°
03:47:30-03:48:30 187.8  195.7-165.0 178.2 182 x10®  3.36x10*
03:48:30-03:49:30  119.4  165.0-141.4 151.7 113 x107%  4.49x10*

Iz —7% YEEE (A=36 m®. 3 OE)
(N) = 3.15 x 10° (3min.) ™"

time AN AT, (Tn) f I

UT (3min.) ™" MeV MeV MeV~! - m~2
03:45:30-03:48:30  3925.3  295.2-165.0 201.2 136 x107®  6.14x10°
03:48:30-03:51:30  4928.5  165.0-107.8 126.8 34.7 x107°  6.89x10*
03:51:30-03:54:30  5004.0  107.8- 76.7 88.0 6.7 x10™®  6.67x10°
03:54:30-03:57:30  5580.8  76.7-57.7 65.0  0.63x107°  1.29x107

@ 3 B BAITETRE (1 m?) OBIEEE TR S LAREE £ 13

f(Tn2) = |

Tin

Tn
9 (T, Tny 2) € (T,) T,

(23)

Yir by 725U Ty SRIBEBOIANT—ETH S, 1o T, Ty ~T; MeV O
IRV E—HEHOAEFETIREAL v FICAE L2 L &I, KADHESE z2g-cm™?
e HTEFE A m? DERJIZEE THRE I AT O/ AN &

&, HITK (24) 225

AN =

T;
A/Tl F (T, 2) Ju (1) dTs

~ Af((Th)) Jn ((T0)) AT,
Y b BT -5 2o RAE My T TCOKERHFOTI v 7 R J, #HBT AT

LY hblfThrb, BT, 20 REEFIREE T,
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% 5. 1991 £ 6 A 4 HOKBRHHET A X+ (G, 2=776 g - cm™?)

KB E2 e
(Tn) Jn w I,
MeV MeV~!.m™? MeV~!.gr1

260.9  3.79x10%  0.494  1.73x10%
213.1  9.96x10°>  0.454  4.94x10%
178.2  3.36x10*  0.419  1.80x10%
151.7  4.49x10*  0.387  2.61x10%

Ia—F UEEEE
(Ty) - w I,
MeV MeV~!.m™? MeV™!.gr!

201.2  6.14x10°  0.443  3.12x10%
126.8  6.89x10*  0.352  4.40x10%
88.0  6.67x10° 0.282  5.32x10%
65.0 1.29x107 0227  1.28x10%

F PRI ST OB & OB (03:41:00 UT) & DZEP L Kl
BRI OFATEI 25 L. KR vy 7 TOEB T AV F— T, 2KD 5, Bz T,
03:47:30 UT (B S n7- KRS HEFid, AR E D b 300 BN THIEKICEE L
TET B, COREME L KIEHERM OESE L. B0OBE o RUHHEFORIEEE

My
L = 1.496x 10" m

c = 2998 x 10®  m-s™!

m, = 939.6 MeV/c?

»bH
_ _Lfe _
b= Lfic+390 0.5613
1
ol iy 1.2083
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Lirh, HEFOEB I ANT-T, &
T. = (y—1)m,c?®=195.7MeV
Y b, $Eo T, 03:47:30 UT 225 03:48:30 UT DRICEM S nizdik+o T 2l

F—@FIE 165.0 MeV L1 105.7 MeV AT &2 0, COREO LIV F—IE AT,
B+

AT, = 195.7—165.0
= 30.7 MeV

L% %o
ZORMOFETOFYIINE— (T,) E, ZTAVF—ARZ P VE T, L

RELTEAMITT S L

T
‘T oTdT,

(Tn> - = T
T~ VT,
T :
T r-2
- (z)
_I'-1 T, .
T T2 (Tl)r‘l '
T,

Y Bhb. 165.0 MeV 5 195.7 MeV DI RV F—HFHTOFETOFH T A
V¥E—(T,) X . T=5&T5bL

(165.0 3
_ 4 195.7)
(T.) = 3><1 (165‘0 -+ 165.0
195.7
= 178.2 MeV

Lihe [bhAK T=3 LELTEHETSLL (T,) =179.0MeV &%) =7 &

LCEET 5L (T,) = 1773 MeV &%, |
BUIEEE ORIBHERE f 3, IOETHE LB S ToPEFO AV F -2
Ry P VEEBETRLABHEBEORBIIE L 25, K (23) o THET 5,
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03:47:30 UT 2% 03:48:30 UT (AR itk FSass Tl & iz ik AN
= 187.8 B 5. K (25) KK &L o T BT HKRAL v 7 TOKEFEFDT T v 7 A
J.xBHT AL

187.8 y 1 « 1
307 1 182x107®
= 3.36 x 10* MeV™! - m™?

J, =

Y b, DDLU TEHELIEREBERUIRLIZDBDTH %,

# 50 I, 1&. Chupp b [17) DIILDERKICHE - T HWIERKRE L v 7 TOKEH
MTDTTy 2R J, POERLIZKBETORETRETH D, KB TOMRENE
Hiz &7z o Tk, BUTFIRED O BT T RIS ICEIE T 2 (E 35X
HeR) w 2 BT 5, BET RV — T, MeV OHFHEFOE SR FEE v &

L
w = exp (—ﬂcvfr)

exp | - Lm,c
\/Tn (T, +2m,c?)r

Lhd, L, 7 3HFHEFOHEGT

T=2880.15

Tdh b, FHEET R LF— 178.2 MeV OHFHEFITXF L T

1.496 x 10! x 939.6

w = exp|—
J178.2(178.2 + 2 x 939.6) x 889.1 x 2.998 x 10°
= 0.419

b,
WERE D v 7 TOHETE dS m? 2 KE2 O RAGYEAE dQsr L THEL J,
LI, LOBRIE, COEEXFRVER w ¥ VT

JodS = wl,dQ)

LREIND, 60T, KRB OER L m 2HV5 L

_ds

dQ_ﬁ
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L aho, J, & I, L ORI, BRI
LR

w

I, (26)

Y ho BEo Ty KB T2REE CHI S /- EENE 178.2 MeV OHETO
K ToOBEBEX, 3% (26) &b
. 336 x 10* x (1496 x 10"’
" 0.419
Lieh, RE5OMOFEBRERERTH 5,

B 2710, Bo N KBEHUETFORRL vy 7 TOT Ty 7 XA KRG TOBEER
T F—F APV TV ABER T O RV ¥ —H R R T, HHRIHREE
AR LTS, e, FRMET ORI RT v Vit TYw b < LKE
L/(V) & L7z

TRNFE—ZARS P VKBNS LREL TR 2 BEC L 5HTEIDEIT)
L. Kb FEeEIcT LT

=1.80 x 10> MeV~! - sr™!

19.22 5 Tn —4.36+1.73 1 "
Jn = 4147556 x 10° x (100MeV> MeV™" -m
_ vess 28 g -4.80£1.73 R
I, = 29475453 x10% x T00MeV MeV™" :sr
=4 VERFIIK L THE
B +0.92 s L —-6.85£0.46 1 _
J, = 4.6175%5 % 10° x 100M eV MeV™ - m
[
I, = 347158 x10% x - J%ﬂ%Marhy*
noT T 0ss 100MeV

&b,

DL, BEGEOBRNFTTELNL 2 OOMMY BRI (PHTHEF L
32— VELEEE) 1K B (11, 12] B 6 T ORI & R TEVE
FIETH o7z LKEL . T4 OF LVEHESER L EH L TREHHEFO TRV F—
ART M VERD D L, MEDKERGREBHT—ET A 25095 (X127), 2
T, KBHFHFETILT DAL VY T 72— A TEIANVF —f & FRHES
N7z &) BIRDK Y LoD TH B,
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3% 6. 1982 45 6 A 3 HOKB T A X b (Jungfraujoch, z=740 g - cm™?)

IGY BIfEFE= 4 (A=1.9 m%, 2 73H)
(N) = 1.76 x 10* (2min.)”’
time AN AT, (T,) f In
UT (2min.)™" MeV MeV MeV~! . m™2
11:44:00-11:46:00 739 1145.0-445.8 572.5 495 x107®  1.12x10°
11:46:00-11:48:00 753 445.8-263.4 3175 377 x107%  5.76x10°
11:48:00-11:50:00 660 963.4-179.3 208.4 219 x10®  1.89x10*

11:50:00-11:52:00 541 179.3-131.6 149.5 90.6x107%  6.59x10*
11:52:00-11:54:00 321 131.6-101.4 113.3 28.5x107%  1.96x10°
11:54:00-11:56:00 536 101.4- 80.9 89.2  9.1x10™¢  1.51x10°
11:56:00-11:58:00 224 80.9- 66.1 72.3  2.0x107%  4.00x10°

—75. Debrunner &DEHEMELME £, 03:57:30 UT £ THEEL TWAHKRI 2 —
+ VELEEE (11, 12) REFRHTE= S [37) OF — 5 IHPATRE 22, TN
DRT 1L YR L FIBHCESG N TV 2L T2 & ~ 60 MeV 1272 ) | Debrunner 5 OFF
B(H2w)ICLBE, TOLIBEIANF-HFRRAPEMEEL AL
ETHbD, o TINLDHTFIFAVIINY T T2 —=ADBTT FT 27 VIED
NIZLEXEDE RV, TDEHITEZLTI19824 6 A 3 HOFHIZHIRL 0
2%, Chupp H5IC& o T[T ARERTWEHDTH %,

5.2 1982 ff 6 B 3 H® Jungfraujoch 1 N>~ OfEH

1982 4E 6 H 3 H® Jungfranjoch 4 X MxF LT, 4 DI ERR % HA
FTHIE, Chupp & [17] BEERL TS L ) %, BT OFERRNEERK LD
D kDR TR, YR ERARTEHVRMIETH o7z W HET, 1991
£ 6 H4 HOKB7VTHREERAL L )BT ANVF—ARYZ P IVIT X o THHT
fe& 7% % (27)0 Jungfraujoch NEHIT — % & Z DEHTHFERERK 68 L UR TITR
LTBLe BB, BIANF OB, Chupp 5 DX [17] DR 1 25
11:43:00 UT & L7z, SHEOFIHIA L&A L TH %, H27ic, FHh7zKE
BFDIFNVE—-ARY PV EKETOREL ., RETOBRFER L —HICL TR
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71982 45 6 B 3 HOKBHHEF A X~ b (Jungfraujoch, z=740 g cm™?)

IGY Bl =%

(T,) Jn w I,
MeV MeV~!.m™? MeV~!.srt
572.5  1.12x10°  0.641  3.93x10%
317.5  5.76x10>°  0.532  2.44x10%*
208.4  1.89x10*  0.450  9.45x10%°
1495  6.59x10*  0.384  3.86x10%
113.3  1.96x10® 0.330  1.34x10%®
89.2  1.51x10° 0284 1.20x10%
72.3  4.00x10°  0.264  3.41x10%

LTHB<,
Jungfraujoch £ X ¥ } OFFFFERICOV T, TANF =AY MVASRHEE
BEREL TR 2 FHECLLZ2HTROEITH &

MeV~!.m™2
)-4.0&0.14

Jn — 4'564-8.73 X 105 x (_TL_-)-3-65:*:0.14
—0.63 100MeV
3.25F9:52 5 10% x (

I, MeV~!.sr7!

T00MeV
Liz b,

[coA4xy Mz, B2 ob5b &), TAVF-OFVFIRTANRS b
VA URE S % BEMICH B, RLIC, TANVF—DENFD 4 JTHTEIDEAT
VR

J = 6.667122 x 10° x [—="— o eV . m-?

T TT-L08 100MeV

I = 491709 5108 x (—" _ VIR

n = %J0-076 100MeV

), IALVF—-DOFVED 3 HTIX

J = 1451060 105« (2 TR eV m?

no T 2o 100MeV m
B 1038 ’8 . —3.13+0.26 ; . ;)

I, = 0937557 x 10 x T00MeV MeV™" - sr
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Lhh. HBAKEIANVEHTARY P VDL % DALY B, |

2D L 312 Jungfraujoch 4 XY M2V Th  KEHHEF ORGH DR
LCHADH LWEFEERES VA LT o T, 4 MEPHETIRLICFET D
PV EELSHEREY L2 Th, SRALPFERCREE LW IERDTHEL 2 %
NDTH5bo

B &

FEFGEIC BTz 0 . AAIESeE ., MR, B4 BT THE R LS
VAT LA ERBHV LI T, I, B TORBH TR EXZZ T
& 72 BISECE., BARRILK, IIARERM, KEHETFEBRNS V-7 0Ftk R’
RS FHEG AT RSB OB OBRIRH V- L9, JEHITIE, F
T DRI EF VIOV TE L CWieBnZ L2 E#HwLET,
BATHEERICE LTE LB IH 7Y, INTRIEGE S &S L ORI 218
FhWrFET L bRBE2 LT, BRI, AEERFERG RSN
2T (RILATE) O EWS4800/220 R HH & TW/272 & 3 L7ze BHEMROMEREH
WY 5NTWAHFLIREH W LET,
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do do
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OBSERVATION OF SOLAR NEUTRONS AS'SOCIATED WITH THE LARGE FLARE ON 1991 JUNE 4
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ABSTRACT

Evidence for neutrons coming from the Sun associated with a large flare at 03:37 UT on 1991 June 4 is
reported. The event was recorded by a neutron telescope, and also by a muon telescope, located at Mount
Norikura Cosmic Ray Laboratory (2770 m). The statistical significance of the signal recorded by the neutron
telescope is 4.4 ¢ for neutron kinetic energies between 50 and 360 MeV in the time interval 03:46-03:49 UT.
For the muon telescope the statistical significance of the signal is 4.9 ¢ in the time interval 03:47-03:56 UT.

Subject headings: Sun: flares — Sun: particle emission — Sun: X-rays, gamma rays

1. INTRODUCTION

The study of the solar particle acceleration mechanism at
high energies is an important subject. It has been known for
some time that solar neutrons convey fruitful information
about the solar particle acceleration mechanism. Solar neu-
trons are not deflected by the solar magnetic field, or by the
interplanetary magnetic field, and consequently their times of
flight from Sun to Earth are directly determined by their ener-
gies. However, the detection of solar neutrons is very difficult,
and only one reliable report has been made to date (Chupp et
al. 1987). We have constructed a new detector to observe solar
neutrons more effectively, and since 1990 October 17 we have
operated it at the Mount Norikura Cosmic Ray Laboratory
(CRL) of Institute for Cosmic Ray Research, the University of
Tokyo.

On 1991 June 1, an active sunspot appeared at N25 E90
on the Sun (NOAA region 6659). The commencement of an
enormous bright flare was observed at 03:37 UT on 1991
June 4 (K. Yamaguchi, M. Irie, & M. Miyashita 1991, private
communication®; Sakurai et al. 1992). The flare was classified
as 3 B and the location was at N31 E70 of the solar surface. We
have searched for a neutron burst associated with this flare
using the new solar neutron telescope referred to above and
also with a cosmic-ray muon telescope located at Mount Nor-
ikura CRL. The first data analysis for these two detectors is
reported here.®

2. DETECTION METHOD

We briefly describe here the characteristics of our detectors.
The solar neutron telescope consists of 10 blocks of scintillator
(see Fig. 1) and several lead plates which are used to place
kinetic energies T, of incoming particles into three bands (50—
360 MeV, 280-500 MeV, and >390 MeV). The horizontal
scintillator just above the 10 vertical scintillators distinguishes

1 Solar-Terrestrial Environment Laboratory, Nagoya University, Nagoya
464-01, Japan.

2 Institute for Cosmic Ray Research, University of Tokyo, Tanashi, Tokyo
188, Japan.

3 Physical Science Lab., College of Industrial Technology, Nihon Uni-
versity, Narashino, Chiba 275, Japan.

4 National Astronomical Observatory, Mitaka, Tokyo 181, Japan.

3 First information of the large solar flare was provided by them. The flare
was observed by a 14 cm aperture He monochromatic heliograph of the
National Astronomical Observatory.

6 The authors received news that the Riken group has also found the excess
by the neutron monitor (NM) at the same time.
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neutral particles (neutrons) from charged particles (mainly
muons, protons and electrons). Incident neutrons undergo col-
lisions in the vertical scintillators and are converted to protons
by nuclear reactions. Those protons which deposit an energy
larger than 50 MeV in a scintillator are used to trigger the
recording electronics. In order to reduce the background from
neutrons induced by nuclear cascades of high-energy galactic
cosmic rays, only those events which enter the detector with a
half opening angle less than 22° are accepted. The registration
of events is made every 30s.

The cosmic-ray muon telescope was constructed in 1968 in
order to study the time variation of galactic cosmic rays. It
consists of two 36 m? layers of scintillators. The upper layer
and lower layers are separated by a distance of 1.73 m. The
trigger requires a particle to pass through either the upper (U)
or lower (L) layer, or both (V) layers. The event rate is recorded
every 10 s. Details of this detector including corrections for
barometric pressure were given elsewhere (Nagashima et al.
1989).

The detection efficiencies of the neutron and muon tele-
scopes € are 0.15 and 0.09 for 100 MeV neutrons, and 0.17 and
0.09 for 300 MeV neutrons, respectively. The attenuation of
solar neutrons for 776 g cm ™~ ? in the atmosphere was calcu-
lated using a Monte Carlo method. Attentuation values (att) of
52 x 1073, 74 x 1074, and 2.8 x 10~ 3 for neutrons incident
at the top of the atmosphere with energies T, = 80, 150 and 300
MeV, respectively, were obtained. The Monte Carlo generator
incorporates the observed cross-sections of elastic interactions
at T, = 96 MeV, 136 MeV, and 350 MeV (Salmon 1960; van
Zyl et al. 1956; Ashmore et al. 1958) and the inelastic cross
sections of neutron-carbon interactions (nC — pX or pC — nX)
at T, = 56, 585, 647, and 800 MeV (McNaughton et al. 1975;
Cierjacks et al. 1987; Cassapakis et al. 1976). The details of the
calculation have been published elsewhere (Shibata et al. 1991;
see also Shibata 1992).

Mount Norikura Cosmic-Ray Laboratory has an elevation
of 2770 m above sea level. The geographical latitude is 36710 N
and the longitude is 137255 E. The zenith angle of the Sun at
03:37 UT on June 4 is 1879 and the solar neutron telescope
was set at a zenith angle of 15° on this day.

3. RESULTS

A 4.4 ¢ excess of events was recorded in the lowest energy
band (T, = 50-360 MeV) of the solar neutron telescope in the
time interval 03:46:00 to 03:49:00 UT of 1991 June 4. The
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FiG. 1.—The schematic view of the solar neutron telescope (side view). The
telescope was inclined to the direction of the Sun by 15°. The plane area of the
detector is 1.0 m? and protected by the lead plates (Pb) to eliminate the
gamma-ray and muon backgrounds from the side of the detector. The anti-
counter (A) is used to reject the muons and gamma rays, coming from the side
of the detector and top scintillators. (P) and (G) are used to identify the proton
events and gamma rays. The central scintillator blocks are optically separated
into 10 units.

time profile of these events after barometric correction is given

in Figure 2. The probability that this 4.4 ¢ excess was caused .

by a statistical fluctuation in the time interval between 03:37
and 03:49 is <2.2 x 107>, The most significant excess was
seen for 3 minutes between 03:46:00 and 03:49:00. This is
shown by a hatched square on Figure 3 (right). The events
plotted here are for 12 hours starting 06:00 local time or 22:00
UT. In the time interval 03:46:00 to 03:49:00, excess events
were also observed in the two higher energy bands. The sta-
tistical significances were 2.7 ¢ for T, = 280-500 MeV and 1.5
o for T, > 390 MeV respectively.

The cosmic-ray muon telescope located Mount Norikura
also recorded a profile of the burst. As shown in Fig. 2, the
vertical channel (V) does not show any significant excess in this
time, while the U + L channel clearly shows an enhancement
of the events.

In Figure 2 the counting rate of the U + L channel is shown
in comparison to the running average of the vertical channel.
We have assumed that the level drawn in the dashed line in
Figure 2 corresponds to the background for the time interval
of the excess, and we subtracted this background from each
excess point between 03:45:00 and 04:00:00. The most signifi-
cant statistical excess occurred for 9 minutes between 03:47:00
and 03:56:00 and the result is found to be 4.9 ¢ as shown in the
hatched square of Figure 3 (left).

4. DISCUSSIONS

~ The excess observed in the U + L channel may be inter-
preted as being caused by a large number of neutrons entering
the upper (U) layer of scintillator and converting to protons via
nuclear charge exchange and then being registered in the lower
scintillator. Only those neutrons which convert near the top of
the upper scintillator (the thickness is 5 cm) can satisfy for the
V triggering condition. The conversion probability for this
process is estimated by us to be ~5%. The null observation of
excess events in the V channel is understood as being due to
this low probability and also a geometrically smaller accep-
tance for inclined solar neutrons.

Excess

T 1 T T T
o June 4th, 1991 3 min/div
= 3:46 —

|

4 I~ Neutrom
telescope

3:37

2 |- Muon
telescope

Universal Time (hour)

FiG. 2—The excesses of the events (o) observed by the solar neutron tele-
scope (top), muon telescope U + L channel (middle), and V channel (bottom)
have been plotted as a function of the observation time (UT). The vertical axis
represents the quantity of ¢ = (N — (N))/(CN))"/* and horizontal scale is
divided every 3 minutes per step. {(N) for neutron telescope is estimated as
(N> = 1.37 x 10*/3 minutes. A 4.4 o excess can be seen at 03:46:00-03:49:00
UT. In the U + L channel 3.3 ¢ excesses can be seen after 03:37 UT, while no
excess was observed for the vertical channel. The dashed line is regarded as the
background level and used for the estimation of the excess. The background
level of the solar neutron telescope is obtained by taking running average
between 01:30 and 03:30. The mean counting rates for U + L and V are
estimated as (N, > =3.15 x 10%/3 minutes and (Ny) =197 x 10%/3
minutes, respectively.

The difference of the time profiles obtained with the neutron
telescope and the muon telescope can be interpreted in terms of
the different energies to which they are sensitive. The neutron
telescope is, as mentioned above, sensitive to a restricted
energy band of neutrons only, which means that the range of
the velocities is also restricted. The muon telescope is, however,
sensitive to a wide range of energies (greater than 5 MeV) and a
correspondingly wide range of velocities.

Estimations of the average neutron fluxes at the Sun
obtained by the two detectors agree well within systematic and
statistical errors. The flux of solar neutrons at the top of the
atmosphere J, has been obtained as follows: AN, the number
of excess counts per m? in the energy bin AT,, was divided by
the detection efficiency € and attenuation in the atmosphere

(att),
AN 1 1
Jy={—=Ix|-)x|—].
AT, € att
The intensities at the Sun I, and at Earth J, are related by
the equation

J 1,dS
Ings =1 dQ =",
wd l.d ?
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FiG. 3.—The excess of the events () observed by the cosmic-ray muon telescope (left) and by the neutron telescope (right) in the time interval between 21:00 of
June 3 10 09:00 UT of June 4. Nine minutes value is plotted for the muon telescope, while 3 minutes values is plotted for the neutron telescope. The hatched block
corresponds to between 03:47:00 and 03:56:00 for the muon telescope and 03:46:00 and 03:49:00 for the neutron telescope.

where L denotes the distance between Earth and the Sun, dS is
the detector area at Earth, and w is the survival probability of
solar neutrons.

The spectra have been obtained by applying a least-squares
fitting program which takes account of the statistical errors
in AN in both detectors. Here we show a typical calculation.
For the neutrons observed by the neutron telescope in the
energy band between 165 and 196 MeV, AN was 188 events
and (e x att) was 0.165 x 1.0 x 1073, Then J, becomes
(3.68 + 1.30) x 10* MeV ™! m 2. Since w is 0419 and L =
1.5 x 10! m, I (T, = 178 MeV) becomes (1.97 + 0.70) x 10?7
neutrons MeV ! sr™!

The results are

. —-54%2.1
I,=(33%77) x 10?8 x (—Tﬂ———)

100 MeV

neutrons MeV ! sr !

for the neutron telescope and

T ~7.5£1.0
I,=(43+12) x 10?8 x ( 2 )

100 MeV

neutrons MeV ! sr !

for the muon telescope. These fluxes (at 100 MeV) are approx-
imately the same as those for the Jungfraujoch event

28 T -56t1.4
I,, = (35 + 08) x 10%% x (m)

neutrons MeV ™! sp !

(Chupp et al. 1987). However, beyond 300 MeV the Jungfrau-
joch event is harder than Norikura event. The flux for the
neutron telescope was obtained using one minute time inter-
vals between 03:45:30 and 03:49:30, as shown in Figure 4,
and for the muon telescope between 03:45:30 and 03:57:30
UT.

It is worthwhile to mention that our data at the intermediate
energy (T, = 280 — 500 MeV) indicate a 2.7 ¢ excess between
03:46:00 and 03:49:00. Solar neutrons with a kinetic energy of
280 MeV arrive at Earth with a 5 minute time delay relative to
light, which implies that these neutrons were emitted at
03:41:00 UT, the brightest duration of the solar flare by Ha

observation. This time coincides with the detection of a
gamma-ray burst in the time interval between 03:41:00 and
03:41:15 by the GRO satellite (Gehrels & Knitter 1991; Ryan
1991; Schwartz et al. 1992). High-energy neutrons are produc-
ed at the same time as the gamma-ray burst impulsively. It is
interesting to note that the data obtained by Nobeyama Radio
Observatory using an 80 GHz antenna show a very similar
time profile as the gamma-ray data (Nakajima et al. 1991).

We have been informed of further data which indicate that
this burst involved neutrons and not protons. The neutron
monitors located at Jungfraujoch (Fliickiger 1991) and Hobart,
Tasmania (Humble 1991), show no enhancement. If the burst
had been caused by protons incident on Earth, then, due to the
interplanetary field, they should have been observed on the
night side of Earth. Further evidence was also obtained by the
GOES satellite. This measures proton fluxes at various ener-
gies. The data from GOES indicate that an increase of energetic

4 03:.41UT -

| 1 |
3:40
Universal

3:20 4:00
Time

FiG. 4—One minute value of the excess of the events observed by the
neutron telescope.
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solar particles (T = 60 MeV) was recorded ~ 10 hr after the
neutron burst but no increase of charged particles was
observed at the time 03:37 UT (GOES Group 19917). We con-
clude therefore that the present observation of an excess
associated with a large flare was due to solar neutrons and not
to solar protons. Further details of the event will be published
at a later date.

7 The authors also received valuable data of Space Environment Labor-
atory Data Acquisition and Display System via World Data Center C2 located
at Kyoto University.

The authors thank Mount Norikura Cosmic Ray Labor-
atory of the Institute for Cosmic Ray Research, the University
of Tokyo, for providing us with experimental facilities. They
thank the Space Environment Service Center of NOAA’s
Space Environment Laboratory and Hiraiso Space Environ-
ment Service Center for providing us with valuable data. We
would like to acknowledge E. L. Chupp, H. Debrunner, and E.
Fliickiger for useful discussions on the attenuation of solar
neutrons. The authors acknowledge P. C. M. Yock of Auck-
land university for valuable comments and Mrs. Satake and
Mrs. Demura for preparing the manuscript.
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We searched for ultrahigh-energy y rays emitted by Supernova 1987A with a new cosmic-ray facility
installed at the Black Birch Range in New Zealand. The observations from 13 October to 3 December
1987 suggest no clear clustering of events around the direction of the supernova. We conclude that an
upper limit on the flux of y rays of energies greater than 100 TeV is 1.1x10 ™2 cm =25~} (95% confi-
dence limit) for a differential spectral index a =2.0 and source distance d =50 kpc. This value gives an
upper bound on the y-ray luminosity of the supernova of 5.5%10%* erg s ™! for 10'*-10'7 eV.

PACS numbers: 97.60.Bw, 95.85.Qx

The supernova 1987A in the Large Magellanic Cloud
(LMC) has provided the first opportunity to study the
emission of particles and electromagnetic radiation of
various wavelengths from a young supernova. The detec-
tion of neutrino bursts by the Kamiokande II and IMB
(Irvine-Michigan-Brookhaven) detectors "2 suggested the
formation of a neutron star at the center of the expand-
ing ejecta.’ A rapidly rotating, magnetized neutron star
may be a powerful source of ultrahigh-energy (UHE)
cosmic rays. Sato,* Berezinsky and Prilutsky,’ and
Shapiro and Silberberg® have pointed out that high-
energy y rays and neutrinos may be produced from the
decay of pions generated by the collisions of hadrons ac-
celerated by the neutron star with supernova ejecta. The
detection of these UHE y rays should provide important
knowledge about the origin of cosmic rays and their ac-
celeration mechanism. The flux of y rays should in-
crease with time as the column density of the expanding
shell decreases, until it reaches some optimal value. The
same mechanism will produce high-energy neutrinos,
which can be detected in underground detectors from the
observations of neutrino-induced upward-going muons.’
The Kamiokande II group observed no such muons from

the direction of the supernova in the six months follow-
ing the explosion and placed a limit on the neutrino
luminosity of 1.6x10*' erg s™! for a spectral index
a=2.1, a cutoff energy 10'° eV, and the distance to
LMC 50 kpc.® The upper limit on UHE y-ray flux® de-
duced from this result is 110 ' cm ~25~!, Direct ob-
servations of y rays should provide a more sensitive mea-
surement of the cosmic-ray luminosity of the supernova.
y rays emerge in a later stage,'%!! with the maximum in-
tensity occurring about a half to one year after the su-
pernova explosion,'?"!* and the observation of y rays in
this time period is the motivation of the present experi-
ment. 1

Photon-photon collisions with the cosmic microwave
background radiation of 2.7 K reduce the UHE y-ray
flux as it traverses the distance from LMC to the
Earth.'S The absorption of y rays becomes effective at
energies higher than about 200 TeV and reaches its max-
imum value at 2500 TeV. Thus the detection sensitivity

" for y rays of energy less than 200 TeV is important in

this work.'” We designed two types of detectors to ob-
serve these y rays. One is a surface air-shower array
with close spacing and good angular resolution for the

1110 © 1988 The American Physical Society
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FIG. 1. The arrangement of detectors on the Black Birch
Range. Circles with crosses and circles with plusses, two
groups of 0.5-m? detectors; squares, 1-m? detectors; open cir-
cles, mirrors.

100-TeV region and the other is a mirror system to
detect atmospheric Cerenkov light for the 1-TeV region.
Contemporal observation of the two energy regions may
provide useful information on the energy spectrum and
the emission mechanism of UHE y rays. This Letter is a
report on the first result of the array system. The mirror
system and the results gained with it will be reported in a
separate paper.

The instruments are installed at the Black Birch

Range in New Zealand (1640 m above sea level,

41°45'S, 173°47'E). The array consists of 76 scintilla-
tion detectors. Square-plate scintillators are housed in
pyramidal enclosures. Forty-five of the scintillators are
of 0.5 m? in area and 5 cm in thickness. They are
viewed from below by fast 2-in. photomultipliers (Ha-
mamatsu Photonics model H1949) from a distance of 50
cm. A lead sheet of 5 mm thickness is placed on each of
these scintillators to convert y rays in air showers to elec-
tron pairs. The other 31 scintillators are 1X1 m2x10
cm and viewed from above, at a distance of 103 cm, by
5-in. photomultipliers (Hamamatsu Photonics model
R877). These are used for particle-density measure-
ments. The detector arrangement is shown in Fig. 1.
The signal of each 0.5-m? detector is used for measure-
ment of particle density by use of an analog-to-digital
converter and the time of the passage of the shower front
with a time-to-digital converter of 125-ps resolution.
The timing signal is available for those detectors for
which the output is larger than 0.3 times the single
minimum-ionizing particle signal. Measurement of the
relative delay times of the 0.5-m? detectors and the
recording electronics is carried out with cosmic-ray
muons selected by a 20%20-cm? scintillation detector.
The measured timing resolution is 1.2 ns (1 standard de-
viation). The signal of each 1-m? detector is recorded
with an analog-to-digital converter only.

The recording system is triggered by any fourfold
coincidence of the 0.5-m? detectors within a 150-ns time

1014». -
{1072
=
(=}
©
& 107 107
a ~~
o Tw
g {107 &
g 1012 \S,
2 jios o
)O(. [ “~
L 1 O" w
{107'®
1010 .10—17
10‘14 10.15 10‘16
E, (eV)

FIG. 2. Effective exposure of the array vs y-ray energy
(solid line, left scale), and differential y-ray flux (dashed line,
right scale), which is normalized to our upper limit written in
the text. a=2.0 and d =50 kpc are assumed.

interval. The discrimination level for each detector for a
trigger is 1.8 times the single-particle level. A computer
(NEC PC-9801VX) under MS-DOS operating system is
used to transfer data from modules through a CAMAC
dataway. Data are stored on write-once optical disks of
800-megabyte capacity.

The observations started on 13 October 1987 and
3.88x10° events were accumulated by 3 December
1987. The effective running time for this period is 34.6
days. The trigger rate is about 1 Hz. The effective ex-
posure (defined as the product of effective area and
time) was calculated by detailed Monte Carlo simula-
tions'® for y rays from the direction of the supernova and
is shown in Fig. 2 for one day of observation. y rays
with energies above about 40 TeV will be recorded.

The arrival direction of each air shower is computed
by our determining the shower front from the timing sig-
nal in the 0.5-m? detectors. In this procedure, the
shower-front structure is approximated as a plane. A
weighted mean is taken in the fit so that detectors with
larger signals are given more significance. The angular
resolution is estimated as follows. The 0.5-m? detectors
are divided into two groups as is shown in Fig. 1. Each
group of detectors is used to reconstruct each arrival
direction. We define y, a measure of the angular accu-
racy, as the space angle between these two directions and
determine w as a function of X, the sum of analog-to-
digital converter values of the 0.5-m? detectors. (One
minimum ionizing particle contributes about 100 to X).
Figure 3 shows the distribution of w as a function of Z.
The three curves in the figure are contours within which
20%, 50%, and 80% of events are contained. The angu-
lar resolution, which is defined as the radius of a circle
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FIG. 3. The distribution of y as a function of Z. Three
curves which contain 20%, 50%, and 80% of events are shown.

within which 50% of events fall, is estimated as
AB= % iy, where ¥ is the median value of w. (A factor
1/v/2 comes from the subtraction of two directions and
another 1/+/2 comes from statistics). A6 is well ex-
pressed as

A9=0.9°(x/10%) ~080,

The peak value of the T spectrum is about 3x10%. We
discard events with £ <2x10% (9.5% of total events) as
they have large errors in their directions.

Figure 4 represents a right-ascension scan of events
near the declination of the supernova. We define the an-
gular window as a circle of radius 1.73° centered at de-
clination —69.3° and right ascension 84.0°+1.73°j/4,
where j are integers to specify data sets from various
directions. The radius of the circles, 1.73°, is chosen to
maximize the ratio Ns//Np, where N is the number of
signals and Njg is the number of background showers,
and to contain 53% of signals from the source. No clear
excess appears.

An upper limit on the flux of UHE y rays is obtained
with the maximum-likelihood method. Ten nonoverlap-
ping data sets near the supernova (j=—20,—16, -,
—4.,4,--+,20) are taken to estimate the number of back-
ground cosmic-ray showers.!” This procedure is rela-
tively insensitive to the nonuniformity of observation
time in right ascension. The 95% confidence-level
upper-limit result for Ng is 49 events. The effective ex-
posure is 2.54x10'3 ¢cm? s for the y rays above 40 TeV
from the supernova calculated from the spectrum with
the assumption of a spectral index a =2.0 and complete
absorption by the microwave background radiation (see
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FIG. 4. Right-ascension scan of events near the declination
of the supernova. Each point represents the number of events
within the angular-resolution angle of 1.73° and separated by
1 of the resolution angle in right ascension.

Fig. 2). These values give the upper limit on the integral
flux of UHE 7 rays above 100 TeV as 1.1x10 7! ¢m ~2
s 7! (95% confidence limit). The UHE y-ray luminosity
of the supernova is given by

L(E,=10"-10"7¢eV)
=5.5x10%[d/ (50 kpc)] > ergs !,

where d is the distance to LMC.

The intensity of UHE 7 rays observed at Earth may,
with various models, be related to a presumed proton
flux at the source. The expected event number for our
total exposure is tabulated in Table I. Yamada et al.'?
calculated the y-ray flux assuming 10'7-eV monoener-
getic proton injection of a total power (L,) of 10*! erg
s ! and complete absorption by the background radia-
tion, taking the source distance (d) as 56 kpc. The ex-
pected event number is derived from the y-ray spectrum
at a shell thickness 76.3 g cm ~2 (where the UHE y-ray
flux reaches its maximum value) and is normalized at
d =50 kpc. Gaisser, Harding, and Stanev'* assumed an
E ~%dE proton spectrum with a cutoff at 10! eV and
L,(=10° eV) =10% erg s ™! at d =50 kpc. The y-ray
spectrum can be regenerated by electron inverse Comp-
ton scattering on the background radiation if the average

TABLE I. Expected number of events and upper limits on
cosmic-ray luminosity (L,) of Supernova 1987A based on
some models. See text for detail.

Expected Upper limit

Model events L, (ergs™")
Yamada et al.? 526 1.4x10%
Gaisser et al.® (cascading) 358 2.6x10%
(no cascading) . 173 5.3x10%

2Reference 13.
bReference 14.
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intervening field is <10 7' G,% and so two event num-

- bers, with and without this cascading effect, are comput-
ed. We can place upper limits on L, for these models as
shown in Table I.

In conclusion, we have placed an upper limit on the
UHE y-ray luminosity of Supernova 1987A at 5.5x103%®
erg s ! above 100 TeV and this corresponds to the
cosmic-ray luminosity of 2.6x10%°-1.4x10% erg s ™!
depending upon various models. This result places a re-
striction on models which assume a very active process in
Supernova 1987A as a source of UHE cosmic rays,*2!'22
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Very-high-energy y rays emitted by the supernova 1987A were searched for at the Black Birch Range
in New Zealand during December 1987 and January 1988. Data obtained in 42 hours of observation
time give an upper bound on the flux at the 95% confidence level of 6.1x10 “12e¢m 257! for y rays with
energies above 3 TeV. Data obtained on 14 and 15 January are found to have excess counts, above the
background level, corresponding to a flux of (1.9£0.5)x107"" ¢cm ™25~ and a total energy of ~ 104

ergs.

PACS numbers: 97.60.Bw, 95.85.Qx

A number of observations of supernova 1987A in the
Large Magellanic Cloud (LMC) are underway. It may
be possible to detect signals of energetic processes taking
place in the supernova. Particles accelerated to high en-
ergies by a rapidly rotating neutron star are expected to
produce energetic y rays.! High-energy particles may
also be generated by a shock mechanism when the super-
nova ejecta collide with circumstellar matter.?

A collaboration of Japan, Australia, and New Zealand
(JANZOS) started in late 1987 to monitor PeV and
TeV y-ray emission by SN 1987A at the Black Birch
Range in New Zealand at latitude 41.8° S and altitude
1640 m. The PeV observations (> 100 TeV) did not
show a signal from the supernova for the first 1.5
month’s data.® The present paper describes results ob-
tained in the TeV region in December 1987 and January
1988 by detecting Cerenkov light emitted by showers of
particles produced by y rays when they strike the upper
atmosphere. The total viewing time reported here is 42
hours.

The apparatus is an array of three spherical aluminum
mirrors. Each mirror, of 2-m aperture and of 2-m focal

length, is at the vertex on an 80-m triangle. The super-
nova is observed, at an almost constant value of zenith
angle, through its meridian passage in the “drift scan
mode” with fixed mirrors.* Ten fast phototubes
(Hamamatsu H1531) with high-gain first dynodes of
GaAs, arranged in the focal plane of each mirror, view a
strip of sky along the path of SN 1987A. Each photo-
tube sees an area of sky 2.3°Xx2.3°. Absolute gains,
measured by single photoelectron response, are set at
2x10°. A trigger is produced when any one of the ten
sets of three phototubes, seeing the same direction in the
sky and mounted in three different mirrors, has coin-
cident signals. The total trigger rate from all ten sets is
about 4 Hz.

The output of each phototube is fed into analog-to-
digital (ADC) and time-to-digital (TDC) converters.
The ADC outputs are used to estimate the energies of y
rays and cosmic rays. The median energy for detectable
y rays is estimated by Monte Carlo simulations® to be 3
TeV. The effective detection area of the apparatus can
be calculated from the cosmic-ray background frequency
and is estimated to be 3% 108 cm?. The overall accuracy
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of the timing signals is measured with a pulsed laser sys-
tem and found to be better than 1 ns. The timing signals
in the three mirrors are used to infer the arrival direction
of a cosmic ray or y ray by determining the front of the
Cerenkov light disk.® The angular resolution is es-
timated by simulations®’ to be about 0.5° (FWHM).
The resolution depends on the diffuseness of the front of
the light disk. By examining events in which neighbor-
ing phototubes [at neighboring right ascensions (RA’s)]
in a mirror are struck, we find an effective diffuseness of
3.2 ns (FWHM). For these events in which there are
multiple hits in a mirror we use the earliest TDC value
to reconstruct the shower direction, and we assume the
resulting angular resolution is about 0.5° in the direction
of RA and 1.0° in declination.

In order to compensate for the effect of variable back-
ground illumination caused by stars, a light-emitting
diode (LED) controlled by a negative feedback circuit
with a time constant ~3 s’ illuminates each phototube
to keep the dc current constant (~40 pA, larger than 30
uA corresponding to the brightest region of the LMC).
The anode current and the counting rate of every photo-
tube is monitored and recorded. The variation of dc
current of the phototubes was measured, with the LED
feedback system disabled, when the star 8 Car transited
the field of view of the telescope to infer the overall gain
of the apparatus and to calibrate the pointing attitude of
each mirror with an accuracy of about 0.3° in hour an-
gle. ’

The directions of the triggered events accumulated
over half an hour are plotted in Fig. 1 as a function of
zenith angle and azimuth, a coordinate system fixed to
the Earth. The path of SN 1987A is indicated by the
solid curve. The concentration of events around the path
of the supernova implies that almost all triggers are
caused by high-energy cosmic rays. In our analysis we
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FIG. 1. The incident directions of the triggered events are
reconstructed from the timing data and are plotted as a func-
tion of zenith angle and azimuth, a coordinate system fixed to
the earth. The solid curve designates the path of SN 1987A.

use data within 3 0.5° of the declination of SN 1987A
and the contamination of chance coincidences due to
background light is about 0.1%. The distribution of
events as a function of ¢, f1(¢), where ¢ denotes hour
angle, is proportional to the directional response of the
system. The response of the system may also vary with
time because of changing sky conditions. This is moni-
tored by f2(1), the trigger rate at time r. These direc-
tional and time variations are inferred from all the data
including the off-source data, 40-50 times more abun-
dant than the on-source after the timing analysis. The
product of £ and f is defined as the expected number of
counts as a function of ¢ and ¢, being the average num-
ber of cosmic-ray background events corrected for the
angular response of the system and time-dependent sky
conditions. The great number of off-source events, about
4x10* per night, determines the level of cosmic-ray
background events to an accuracy better than 1%.

The ratio of observed to expected events is examined
to search for any excess beyond the uniform distribution
of the off-source background of cosmic rays. The total
number of events used for the analysis is about 560000.
Figure 2 shows the distribution of observed events in the
declination strip —69.3° £0.5° as a function of RA
with all the observations of 42 hours included. The
smooth curve indicates the expected events. The bin
width is 1.5° in RA, successively shifted by 0.5° in an
overlap of 1.0° with the neighboring bins. There exists -
no significant excess in the direction of SN 1987A (84.0°
in RA). The bin width of 1.5° in RA corresponds to
about 0.5° in the actual angular spread. This is, approx-
imately, the angular resolution of the system. To deter-
mine an upper bound on the y-ray flux we include events
within 4.5° in RA. This yields an upper bound on the
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FIG. 2. The observed counts during the total 42 hours are
plotted as a function of RA in the declination strip
—69.3° +0.5°. The smooth curve indicates the expected one,
i.., the average level of cosmic-ray background. The bin width
is 1.5° in RA, successively shifted by 0.5° in an overlap of 1.0°
with the neighboring bins.
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FIG. 3. The excess during each night of observation is plot-
ted as a function of days after the supernova explosion. The
vertical axis is the ratio of the observed to expected counts.

y-ray flux, at the 95% confidence level, of 6.1x10 ™!

cm ™2 5! for energies greater than 3 TeV during the
period December 1987 to January 1988, whereas an
upper limit of 2.3%10 ™' cm 72 s 7! for energies greater
than 1 TeV was reported by Raubenheimer et al. for No-
vember 1987.° Our limit on the y-ray luminosity above
3 TeV for December 1987 and January 1988 is 8.4x10%7
ergs s 1. This assumes an E ~? y-ray spectrum with a
cutoff at 10'7 eV and a distance to SN 1987A of 50 kpc.

The excess during each night of observation is plotted

in Fig. 3 as a function of post supernova days. The verti--

cal axis is the ratio of observed to expected events in a
1.5° RA band centered at the direction of SN 1987A.
The data of 14 and 15 January are found to have 2.2¢
and 3.30 excesses, respectively. The ratio is plotted
against RA in Fig. 4 for the combined data of the two
nights of observation, showing an excess of 3.9¢ follow-
ing the method of Li and Ma.'® The data in each night
are also inserted in the figure. In the supernova bin the
observed number of events is 767 while 663.3+3.9
events are expected from cosmic-ray background. The
number of off-source events is 28 800.

The distribution of deviations from the expected con-
stant background level is found to fit well with the nor-
mal error function. The consecutive excesses in January
suggest that a burst of y-ray emission may have oc-
curred. We calculated by Monte Carlo simulations the
chance probability of the data producing an apparent
burst with a statistical significance of 3.9¢ and lasting
for one or more days. The chance probability was found
to be 1.6x10 73, Consequently, we do not exclude the
possibility that the observed excess was a statistical
effect. We hope that more elaborate high-energy obser-
vations may be made of this interesting object in the fu-
ture.

If a burst of very-high-energy y rays was emitted by
the supernova then the flux and energy of emission may
be calculated as follows. The data for 14 and 15 Janu-

ary correspond to a flux of (1.9£0.5)x10 ! cm ~25 ™!
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FIG. 4. The ratio of observed to expected counts is plotted
as a function of right ascension for the combined data sets of
14 and 15 January. The bin width is 1.5° in right ascension
overlapping 1.0° with neighboring bins. The SN 1987A is at
84.0° in RA as indicated by an arrow. The separate data of
each night are inserted in the figure.

for E,= 3 TeV. This implies a luminosity of

(8.7£2.2) x10%7[1 +1In(E s /10'# €V)/3.5] ergs s !

assuming an E ~? differential y-ray spectrum and in-
tegrating between 3 TeV and cutoff energy Emax. If we
assume a duration of 2-3 days for the excess then the to-
tal energy emitted in TeV y rays is

(1.9 £ 1.1)x 1041 +1In(E par/10'# €V)/3.5] ergs .

An interesting feature of the present result is that the
observed time of the excess coincides closely with the
central time of the 20-day x-ray flare detected by the
Ginga satellite.!! The total energy in x-ray emission is
reported to be ~10* ergs, comparable to the value
which the present excess suggests.
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ABSTRACT

The supernova SN 1987A has been observed with the JANZOS cosmic-ray facility at the Black Birch
Range in New Zealand since 1987 October. From 1988 May to July, observations were carried out using the
Cerenkov telescope at a zenith angle of 68°. By working at large zenith angles, the effective detection area and
energy threshold are both increased. From 39 hr of observation, an upper bound of 5.7 x 10" cm~2 57! on
the flux of gamma rays with energies >75 TeV is obtained at the 95% confidence level. This flux limit corre-

sponds to the gamma ray luminosity of 1037 ergs s

-1

Subject headings: gamma rays: general — stars: supernovae

I. INTRODUCTION

The supernova SN 1987A in the Large Magellanic Cloud
provides a unique opportunity for various studies. A rapidly
rotating magnetic neutron star may accelerate particles to high
energies, and these may interact with supernova ejecta to
produce high-energy gamma rays (Sato 1977; Berenzinski and
Prilutsky 1978; Shapiro and Silberberg 1979; Gaisser,
Harding, and Stanev 1987; Berenzinski and Ginzburg 1987;
Yamada et al. 1988). High-energy particles may also be gener-
ated by a shock mechanism when supernova ejecta collide with
circumstellar clouds (Honda, Sato, and Terasawa 1989). Mea-
surements of high-energy gamma rays produced by SN 1987A
are thus used to deduce properties of a young supernova
remnant and a newly born neutron star.

The JANZOS cosmic-ray facility at Black Birch in New
Zealand has been used to monitor the flux of high-energy
gamma rays produced by SN 1987A since 1987 October (Bond
et al. 1988a, b). Observations made with a scintillation detector
array from 1987 October to December yielded an upper limit
on the steady flux of gamma rays with energies > 100 TeV of
1.1 x 107 '2cm ™2 s~ ! at the 95% confidence level, and obser-
vations made with a Cerenkov telescope in 1987 December
and 1988 January yielded an upper limit on the steady flux of
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gamma rays with energies >3 TeV of 6.1 x 1072 cm ™2 s~ L.
Evidence for the detection of a burst of gamma rays with ener-
gies >3 TeV was obtained on 1988 January 14 and 15 at a
time when the Ginga satellite (Tanaka 1988) recorded a
maximum of X-ray emission.

In this Letter, results obtained using the Cerenkov telescope
between 1988 May and July are reported. For these observa-
tions, the zenith angle of the supernova was large, and this
resulted in both the effective detection area of the telescope and
its energy threshold being increased. As a consequence, a sig-
nificant upper bound on the gamma-ray flux was obtained.

II. EXPERIMENTS

The JANZOS Cerenkov Telescope consists of three mirrors
of 2 m diameter and 2 m focal length, each arranged at the
vertex of an 80 m triangle. The elevation angles of the mirrors
are variable, but their azimuths are fixed at the meridian and
they record meridian passages of objects only. Ten fast 2"
phototubes (Hamamatsu H1531) with high-gain GaAs first
dynodes are arranged at the focal plane of each mirror and
view a strip of sky along the path of an object. Each phototube
sees an area of sky 2°3 x 223, and their outputs are fed into
analog-to-digital (ADC) and time-to-digital converters (TDC).
The ADC and TDC information is used to determine the ener-
gies and arrival directions of gamma rays and cosmic rays,
respectively, as described previously (Bond et al. 1988b). The
angular resolution is estimated by simulations (Gibson et al.
1982; Gupta et al. 1982) to be about 0°5 (FWHM). In order to
compensate for the effect of variable background illumination
caused by stars, a servocontrolled system of light-emitting
diodes was used to keep the DC currents of the phototubes at
the constant value used previously (i.e., ~40 pA; Bond et al.
1988b).

We can observe SN 1987A during two 3 month periods each
year. In November—January it crosses the meridian nightly at a
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zenith angle of approximately 28°, and in May-July it crosses
nightly at zenith angle of approximately 68°. In 1988 May-July
we observed SN 1987A for 39 hr, and ~ 50,000 events were
recorded around the SN 1987A region (Ax ~ 50°. Ad ~ 3°).

As indicated by Sommers and Elbert (1987), Cerenkov
observations at large zenith angles enjoy the advantage of a
very large detection area. Inclined showers with large zenith
angles require the Cerenkov light produced in the upper atmo-
sphere to travel a relatively large distance, and the angular
spread of the Cerenkov light (~ 1°) produces a relatively large
light pool. However, it is inevitable that the light intensity is
reduced and the energy threshold of the telescope is increased.

HI. RESULTS

The method of analysis used here is the same as that used
previously (Bond ez al. 1988b). The directional response of the
telescope is determined from the observed angular distribution
of events, f;(¢), where ¢ denotes hour angle. The response of
the telescope may also vary with time because of changing sky
conditions. This is monitored by the trigger rate, f5(t). The
product f,(¢) x f(f) determines the expected detection effi-
ciency at ¢ and time t. The integral of the product f; x f; at a
constant value of right ascension yields the expected number of
background cosmic rays as a function of right ascension.

The ratio of observed-to-expected event numbers in each
right ascension bin is examined to search for any excess over

the cosmic-ray background. In Figure 1 the histogram shows |

the distribution of observed events in the declination strip
—69°3 + 0°5 as a function of right ascension. The smooth
curve indicates the expected number of events as defined
above. There exists no significant excess at the position of SN
1987A (84° in right ascension). The observed and expected
numbers of events in a 4°5 right ascension bin centered on the
SN 1987A direction are 1213 and 1232.9, respectively. Using
the same statistical analysis as that described previously (Bond
et al. 1988b), we obtain an upper limit of 58 for the number of
gamma rays with 95% confidence.

In order to deduce an upper bound on the gamma-ray flux,
we estimated the effective detection area of the telescope and
the median energy of detectable gamma-ray showers. The
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FI1G. 1.—The events observed from 1988 May to July at large zenith angles
using the Cerenkov method are presented as a function of right ascension.
Only events in the declination strip —69°3 + 025 are included. The bin width
is 1°5 in RA. The smooth curve indicates the expected one. There is no signifi-
cant excess around SN 1987A (right ascension 84°). The median energy of
detectable showers is 75 TeV.
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FiG. 2.—The effective area and the median energy of detectable showers for
various zenith angles are shown by solid line and broken line, respectively.
They are estimated by the method of Sommers and Elbert (1987). The effective
area and the median encrgy in the present experiment are estimated to be
7.2 x 10° m? and 75 TeV, respectively.

angular distribution of Cerenkov light depends not only on the
Cerenkov angle in air but also on the effect of multiple scat-
tering of shower particles. The angular spread of erenkov
light (half-angle) may be assumed to be roughly 1°, and the
lateral distribution of photons may be assumed to be flat fol-
lowing the simulation of Hillas and Patterson (1987). The effec-
tive area and the median energy of detectable showers were
calculated as a function of zenith angle following the approx-
imation of Sommers and Elbert, but including the effect of the
attenuation of Cerenkov light in the atmosphere. The depth of
the maximum development of showers initiated by gamma
rays was taken to be X,, ~36 g cm ™2 In(E/74 MeV) (Greisen
1956). Tt was assumed that the absorption of Cerenkov light is
caused mainly by Rayleigh scattering for which the mean free
path in air is 2974 g cm 2. The photometric extinction coeffi-
cients for blue light and UV light at Black'Birch are ~0.3 and
~0.5 mag per atmosphere, respectively (Forbes 1989). Figure 2
shows the calculated values of the effective area and the
median energy of detectable gamma rays as a function of sec 6,
where @ is the zenith angle. Since the average zenith angle is 68°
in our case, the path length of the Cerenkov light from shower
maximum to observation point is about 27 km. The effective
area and the median energy for primary gamma rays are given
as 7.2 x 10° cm? and 75 TeV, respectively, in good agreement
with the detailed calculations of Sommers and Elbert.

IV. CONCLUSIONS

There is no significant excess in the right ascension distribu-
tion in the observations from 1988 May to July at large zenith
angles, and we obtain an upper bound on the gamma-ray flux
from SN 1987A of 5.7 x 1071* cm~2 s™! for energies greater
than 75 TeV at the 95% confidence level. By assuming a
power-law energy spectrum with a differential index of 2.0 and
a cutoff at 10'7 €V, an upper bound for the gamma-ray lumi-
nosity of approximately 1037 ergs s~ ' is obtained.

In Figure 3 this result (designated by “J57) is shown in
comparison with several other results. The uncertainty in the
estimation of the median energy and the effective area changes
the upper limit of the flux along the slanting bar in the figure.
«J2” and “J3” are the previous TeV results (Bond et al.
1988b), corresponding to the upper limit for DC signals
obtained by the observations during 1987 December and 1988
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F1G. 3.—The present result designated by “J5” is shown in comparison
with several other results. The uncertainty in the estimation of the median
energy and the effective area changes the upper limit of the flux along the
slanting bar. “J2” and “J3” are our previous TeV results obtained by the
observations during 1987 December and 1988 January. The 100 TeV result
‘obtained by the JANZOS scintillation detector array is indicated by “J1.”
“J4” represents an updated result. Other observations are shown by “A”
(Ciampa et al. 1988), “ P~ (Raubenheimer et al. 1988), “D” (Chadwick et al.
1988), and “ S (Gaisser et al. 1989).
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January and the burst of 1988 January 14-15, respectively. The
result obtained by the JANZOS scintillation detector array
(Bond et al. 1988a) is indicated by “J1” and an updated result
obtained with this detector is indicated by “J4” (flux limit of
40 x 1073 ecm™2 s7! at the 95% confidence level obtained
from the observations during 1987 December 13 and 1989
January 9, 13 months). Other results are shown as “A”
(Adelaide group, Ciampa et al. 1988; period approximately
1987 February to August, 185 days), “P” (Potchefstroom,
Raubenheimer et al. 1988; 1987 November, 3 hr), “D” 3 ¢
upper limit obtained by Durham group, Chadwick et al. 1988;
approximately 1988 January to February, 36 hr; they carried
out several other observations of SN 1987A), and “S” (SPASE,
Gaisser et al. 1989; approximately 1988 January to February,
449 hr). The present work places the most restrictive upper
bound on the flux of high-energy gamma rays from SN 1987A.
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Accurate measurements of the total number of muons in an air shower are important for the discrimination of showers produced
by astronomical gamma rays from those produced by protons. In order to perform this discrimination, muon detectors with a total
area of about 400 m> have been constructed in the Ohya stone mine. At ground level, scintillation detectors have been distributed for
determining the total number of electrons in the air shower. The arrival direction of the air shower determined by usual timing
information was examined using independent data on the arrival direction determined by muons in the shower. The angular
resolution thus obtained at the shower maximum is 1.7° in the south—north plane and 2° in the east-west plane. The difference of

the resolution is due to the asymmetric arrangement of scintillation detectors.

1. Introduction

An air shower array with large muon detectors has
been constructed at Ohya (Utsunomiya City, Tochigi
Pref.), about 100 km north of Tokyo (36.58° N, 139.83°
E). The elevation of the site is 149 m above sea level.
The purposes of the experiment are as follows:

a) observations of gamma rays in the energy region
around 10'¢ eV;

b) estimations of the primary cosmic ray composition
in the energy range from 10'® to 107 eV.

At Ohya, there is a huge underground space that was
produced during the quarrying of Ohya stone. The
space has an area of roughly 1 km? The underground
space of the present experiment is at a depth of about
33 m, and muons with energies over about 14 GeV can
penetrate to this depth. Using this experimental ap-
paratus, data has been accumulated since January 1986.

As a method of selection for astronomical gamma
rays, we should examine whether air showers with ex-
tremely small muon size come from a special source or
not. If there are any showers from the direction of a
special source, we can estimate, using a huge muon
detector, whether they are gamma rays or other par-
ticles [2].

The accurate measurement of the arrival direction of

the shower is very important for gamma-ray astronomy,
because the signal-to-noise ratio is improved as the
inverse square of the angular resolution.

The accuracy of the arrival direction is usually esti-
mated by comparing two arrival directions determined
by independent timing information. Usually each arrival
direction is calculated independently by dividing scintil-
lation detectors into two groups, those with an “even”
label number and those with an “odd” label number [1].
However, this method has several problems, viz. in the
case that the shower core hits the outside of the detector
area, it is not always considered to reflect a correct
estimation of the true arrival direction due to the curva-
ture of the shower front.

In order to overcome these defects, we have investi-
gated the angular resolution of the Ohya detectors using
the directional data of the high-energy muons. The
muons observed in the present experiment have com-
parably high energies. Therefore they are created at the
first and second interactions and then they carry infor-
mation of the composition of the primary cosmic rays
in an energy region that differs from other experiments.

The number of electrons N,, age parameter s, and
center of the air shower were determined using the
electron densities and arrival times of the electron com-
ponents. The number of muons N, was determined by

0168-9002 /90 /%03.50 © 1990 - Elsevier Science Publishers B.V. (North-Holland)
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fitting muon densities measured by muon detectors to
the expected curve of the lateral distribution. N, and N,
are called the electron size and muon size, respectively.
The age parameter s represents the age of a shower and
increases as it develops; s=0 at the starting point,
s =1 at the maximum, and s > 1 in the declining stage

of a shower. The primary cosmic ray composition can
be estimated by comparing the correlation between the
muon size and the electron size obtained by the experi-
ment with that of a Monte Carlo simulation.

In this article, we present the details of the arrange-
ment of the Ohya experiment in section 2. The experi-
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Fig. 1. (a) Schematic view of the Ohya air shower array. MH1 and MH2 show the measurement hut at ground level and the one

underground. (b) Arrangements of scintillation detectors and muon detectors. The scintillation detectors shown by the closed circles

and the open circles have 0.25 m? area each, and those shown by double circles have 0.5 m? area each. The scintillation detectors

shown by the filled circles are used for triggering. Each of the ten muon detectors (rectangles) has a 38.4 m? area. The muon detector
M1 has a structure with six layers, the other detectors are made with a single layer of proportional counters.
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mental results on the angular resolution of the arrival
direction of the air shower are given in section 3.
(Hereafter, by “the arrival direction” is meant the arrival
direction of the air shower). In section 4, we discuss the
angular resolution of the array, comparing it with ex-
pectations.

2. Experimental arrangements
2.1. Scintillation detectors

An overview of the Ohya detector is shown in fig. 1a.
In a region of about 60 m in the east—west direction and
about 160 m in the north—south direction, 42 scintilla-
tion detectors (38 of 0.25 m? area and 4 of 0.5 m? area)
are distributed with a spacing of about 15 m. They are
used to measure not only the densities but also the
arrival times of the particles involved in the air shower.
The positions of the scintillation detectors are shown by
circles in fig. 1b.

Each of the scintillation detectors is housed in a
pyramidal steel box. The inside of the box is painted
white. Above each of the scintillation detectors, a fast
photomultiplier (H1161 of Hamamatsu Photonics) of 2
in. diameter was installed. A typical value of the transit
time for the photomultiplier tube is about 1.1 ns and
that of the rise time is 2.6 ns. In order to improve the
detection efficiency of air showers initiated by gamma
rays, we put a steel plate with a thickness of 2 cm on the
scintillator box [3].

The block diagram of the circuit for the data taking
is shown in fig. 2. For the transmission of the signal
from each scintillation detector to the electronics hut,
we used a coaxial cable with an impedance of 91 Q.
Then, an impedance converter from 91 to 50 £ was
used in the electronics hut.

Scintillation

Proportional
Counters(672)

CAMAC BUS

Fig. 2. The circuit block diagram for the operation of the
apparatus.
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Fig. 3. Time resolution of the photomultiplier H1161 presented
as a function of the input pulse height.

The time resolution of the photomultiplier was mea-
sured by using signals with a pulse height varying from
a single to 30 particles, as shown in fig. 3. The time
jitter is about 3 ns for a single particle and is gradually
improved with the number of particles, amounting to
about 0.9 ns at about 30 particles.

If we examine the above measured time resolution
by considering air showers with an electron size of
3 X 10°, the mean distance from the air shower core
corresponds to about 20 m for about 30 particles going
through the scintillation detector (0.25 m?), and about
120 m for a single particle. Thus, the above measured
time resolution will make an error in the arrival direc-
tion and, taking into account the front structure of the
air shower, it corresponds to about 1° for the time
resolution of 0.9 ns and about 0.4° for that of 3 ns,
respectively.

The triggering of the apparatus was made, when the
number of fired scintillation detectors was more than 6
out of 20 (shown as the closed circles in fig. 1b). The
resulting trigger rate is about 80 h™*.

If the above triggering condition was satisfied, pulse
heights and arrival times of all scintillation detectors
were recorded on disk through a CAMAC system. Also,
information of the muon detector is recorded simulta-
neously.

We used 11-bit LeCroy model 2249W ADCs (ana-
log-to-digital converter) for the measurement of pulse
heights, and LeCroy model 2228A TDCs (time-to-dig-
ital converter) for the measurement of the arrival time.
The typical high voltage supplied to the photomulti-
pliers is 1.3 kV, and the mean pulse height of an output
signal produced by a single particle corresponds to
about 3 mV. The accessible region for recording of the
pulse heights ranges from a single particle to about 1000
particles for each detector with an area of 0.25 m?,

The shift of the pedestal value of the ADC, and the
peak value and the pulse height distribution for single
particles are examined every month for each scintilla-
tion detector and those measured values are used for the
correction of the measurement of the pulse height. A
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correlation between input and output of the TDC is
examined every three months, and this data is taken
into account in the calculation of the arrival time.

The electron size of each shower is determined using
information measured with scintillation detectors. The
particle density in each scintillation detector is esti-
mated dividing the measured pulse height by the mean
pulse height of a minimum ionizing particle. The arrival
direction is calculated for showers in which the number
of the fired detectors is greater than seven, and which
the center of the air shower is located within 40 m from
the center of the array. The shower front is approxi-
mated by a plane, and the arrival times of the electrons
are fitted to the shower front for determination of the
arrival direction. The electron size, core position and
age parameter were determined using the arrival direc-
tion thus derived.

By a Monte Carlo simulation, we calculated the
detection efficiency under the following two conditions:
1) The number of particles measured by any one scintil-

lation detector located within 40 m from the center

of the array must be more than 10.

2) The particles must hit more than seven detectors
located within 40 m from the center of the array.
The dependence of detection efficiency on the electron

size was calculated, and shown in fig. 4.

The particle density p.(R), observed by each scintil-
lation detector, is fitted to the following lateral distribu-
tion function [4], and an age parameter s, electron size
N, and core position are determined.

p(R) = C(s)[ No/RL(R/R) 2 (1 + R/R,,)
[m~2],

where R, is 80 m. The R is the distance from the axis
and C(s) is given by:

C(s) =0.366 s2(2.07 — 5)°,

s—4.5
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Fig. 4. Detection efficiency of air showers calculated by a
Monte Carlo simulation. Selection rules applied in the present
estimation are: (1) more than 10 particles in any scintillation
detector distributed in a circle with a radius of 40 m from the
center of the array, (2) more than one particle in any seven of
all scintillation detectors.
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Fig. 5. Integral spectrum of the electron size of the air showers

with zenith angle less than 25°. However, the position of the

shower core was limited to an area of 14400 m? in the central
region. The operation time is 8.3 10 s.

where B is 5/4. The integral spectrum of the electron
size was calculated using only showers with cores located
within 14400 m? surrounding the center of the array
and with zenith angles up to 25°, and shown in fig. 5.
The operation time is 8.3 X 107 s.

2.2. Muon detectors

At Ohya, there is a huge underground space that
extends about 100 m in the east—west and also in the
north—south direction, just below the array of scintilla-
tion detectors. This space was made by quarrying out
Ohya stone, and the distance between the ground and
the ceiling of the room is about 33 m. In the under-
ground space, ten muon detectors, composed of propor-
tional counters, are installed. They are shown by the
squares M1-M10 in fig. 1b. If we take about 15° as the
average zenith angle of air showers observed at ground
level, the mean thickness of the rock passed through by
muons is about 6200 g/cm?. In order to penetrate the
rock, the muons must have an energy greater than 14
GeV at ground level. This threshold energy is in good
agreement with that estimated from the muon intensity
(~6x107%/cm? s sr) observed by the muon detector
M1 shown in fig. 6 [5].

The mean production height of muons observed in
the present experiment is relatively higher than in other
experiments, because the threshold energy in the pre-
sent experiment is relatively higher than in other mea-
surements (~ 1 GeV). Therefore, it is good to do re-
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Muon_Detector M1

[51  Proportional Counter
Lead(5cm)
Fig. 6. The muon detector M1 is made of three layers with
16 m? area each, and of another series of three layers with 38.4
m? area each. The arrival directions of muons are measured as
the projection to the X, Z- and Y, Z-planes by using each of
the three levels. Lead blocks with a thickness of 5 cm are put
on the middle level.

search into the composition of the primary cosmic rays
using this experiment, because muons observed in the
present experiment are created in the first and second
interactions and then they carry much information on
the composition.

Each muon detector has an area of 38.4 m?, and the
total area of all muon detectors is about 400 m’. Each
detector except M1 consists of one layer of 48 propor-
tional counters of dimensions 10 cm X 10 cm X 8 m.

The detector M1 is located under the center of the
surface array and has three levels, each consisting of
two layers of proportional counters. Each level contains
one layer for the measurement of the projected angle
6,(y) in the Y, Z-plane, constructed of 48 proportional
counters with the above mentioned dimensions, and the
area of each layer is 38.4 m’. The other layer in each
level is for the measurement of the projected angle
6,(x) in the X, Z-plane, constructed of 32 proportional
counters with dimensions 10 cm X 10 cm X 5 m. Each
of these layers has an area of about 16 m’. The spacing
between each level is 2.5 m, and a muon track is
identified in each of the three levels. In order to absorb
soft components such as knock-on electrons produced
in the rock, lead blocks with a thickness of 5 cm were
installed on the middle level. When the muons go
through all six layers, the total acceptance of the detec-
tor M1 becomes about 6 m? sr.
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Fig. 7. Zenith angle distribution of air showers measured by
the detector M1, for air showers triggered at ground level
(shown in the histogram). The solid line is the function
exp[ — 1033(sec 8 —1)/90], where @ is the zenith angle.

Each proportional counter is composed of a square
steel pipe, and a mixture of argon and methane has
been filled under 1 atm. The supplied high voltage is 2.9
kV for the counters with the length of 8 m, and 2.4 kV
for those of 5 m. The output signal of the counter is
amplified and discriminated, and the resultant signal is
transferred to the input-buffer circuit located in the
underground central hut and then latched. The latched
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Number of proportional counters

Fig. 8. The number of particles observed by proportional

counters was measured for each muon detector and for each

air shower; distributions of that number are shown for the

muon detectors M1 and M4. The arrow in the figure shows the
mean number of counts.
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information is sent to the surface electronics hut through
a 100 m cable from the underground CAMAC system,
and recorded on the disk of the surface computer.

The zenith angle distribution of air showers mea-
sured using the muon detector is shown in fig. 7. Here
the showers are triggered by scintillation detectors and
the mean muon size is about 1500. The solid line shown
in the figure is described by the following equation:

f(8) o« exp[—1033(sec 6 —1)/90],

where 8 is the zenith angle.

We measured the number of fired counters in each
muon detector, and their distributions are shown in fig.
8. The mean number of fired counters is about 2.5 for
the detector M1, which is located in the center of the
array, and about 1.5 for the detector M4, which is about
60 m distant from the center.

The muon size is calculated taking into account the
muon densities observed in each muon detector, the
lateral distribution function of the muon densities, the
position of the shower core and the zenith angle de-
termined at ground level. In the present analysis, the
following function estimated by a Monte Carlo simula-
tion was taken as the lateral distribution of the muon
density p,(R):

p,(R) = C(R/Re)*™(1+ R/RY)™**
[m~2].

We take Ry =250 m and R;=100 m, and R is the
distance between each muon detector and the air shower
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Fig. 9. Integral spectrum of the muon size measured by using
five muon detectors (M1-MS5). The operation time is
8.3x10"s.

core. The muon size was calculated using the above
function, and the integral spectrum of the muon size is
shown in fig. 9, which corresponds to the operation time
of 8.3 107 s.

2.3. Data recording

When the triggering conditions were satisfied by
scintillation detectors at ground level, the real time and
information of TDCs and ADCs are read out through
the CAMAC system by a computer (NOVA-3). The
computer then searches the underground CAMAC sys-
tem, and information latched in the input-buffer circuit
are read out. All information is stored on the disk.
When the disk is filled, it is transferred to magnetic
tape, and data analysis is performed using the high-speed
computer (FACOM-M780) of the Institute for Nuclear
Study, University of Tokyo.

The condition of the operation at Ohya, which is
installed about 100 km away from Tokyo, is monitored
by a telephone line from the Institute for Cosmic Ray
Research, Tokyo.

In observations of astronomical gamma rays, it is
necessary to operate a highly accurate clock. This is
even more important for the observation of a source
such as Hercules X-1, a pulsar which is rotating with
high speed (rotation period ~ 1.2 s). For this purpose,
we use a very accurate clock (ECHO AQ-1000E23)
corrected by a standard signal emitted by the radio
short wave (JJY-clock signal) every one minute. The
stability of the crystal oscillator of 1 MHz is +1077/y
and therefore the accuracy of the clock is about 1 ms or
less.

3. Experimental results

3.1. The influence of the soft component produced in the
rock on the muon detector

The muon detector M1 has six layers of proportional
counters. However, each of the other detectors(M2-
M10) is composed of only one layer. We examined the
influence of soft components on the measurement of the
number of muons, where soft components such as
knock-on electrons are produced in the rock above the
underground room.

In order to examine this effect, we compare the
number of fired counters in each of the three levels. In
the present measurement, only muons with energies
over about 160 MeV could be observed by the detector
M1, because the muons must go through lead blocks
with a thickness of 5 cm on the middle layer. We take
N1, N2 and N3 as the number of fired counters in the
top, middle and bottom level respectively, and compare
them with each other. The results are shown in fig. 10,
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Fig. 10. The number of counts was measured in each of the

three levels of the muon detector M1, and compared with each

other. N1, N2 and N3 corresponds to the number measured in

the top, middle, and bottom level, respectively. Distributions

presented by (a) and (b) were measured in each of the three

layers constructed using pi'oponional counters with a length of
5 and 8 m, respectively.

where the abscissa indicates the ratio of (N2 — N3)/N2
and (N1 — N2)/N2 respectively, and analyzed indepen-
dently in each of the three levels. The standard devia-
tion of the distribution is about 20%. '

Comparing the middle and the top layers, we can see
that about 6-7% of the total events should suffer the
influence of soft components and low-energy muons
(< 160 MeV). A similar result was obtained in each of
the three levels. On the average, the number of fired
counters in the top level is about 5% higher than in the
middle level. And also, comparing between the middle
and the bottom layer, the average number of fired
counters in the bottom is about 1.6% higher than in the
middle. This probably results from inclined showers, in
which soft components can arrive directly in the bottom
level from the side without going through the middle
level.

From the above examination, the mean number of
counters considered as due to the influence of -soft
components was estimated to be about 5%. Therefore,
in the data analysis we decreased the muon density to
95% of the measurement.

3.2. The angular resolution of the arrival direction

The arrival direction of the air shower was de-
termined by two methods, i.e. by the arrival times of
electrons (6.) and by muons (6,). We compared these
two arrival directions with each other.

YZ

Inll

Fig. 11. Two examples of showers detected by the detector M1. Observed particles are presented by closed squares (®). The solid and

the dashed lines show the arrival directions determined by muons and that determined by timing data at ground level, respectively.

(a) An air shower with electron size 1.6 X 103, age parameter 1.6, and muon size 566. The arrival directions determined by muons are

6,(x)=—5.8° and 6,(y) =—2.3°, and the arrival directions determined at ground level are 0.(x)=—11.8° and 6.(y)=—0.67°,

where the angle is measured with respect to the vertical. (b) An air shower with electron size 1.2 X 10°, age parameter 1.6, and muon

size 1290. The arrival directions determined by muons are 6,(x) = —14.7° and §,(y) = —5.8°, and the arrival directions determined
at ground level are 8,(x) = —13.7° and 68.(y) = —7.1°.
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The arrival direction of muons was measured using
the detector M1, and two examples of the observed
events are shown in fig. 11. Although there is some
small disturbance caused by the soft components, the
true arrival direction of the muon can be determined.

In order to estimate the angular resolution of the
arrival direction, the following selection conditions were
applied to showers observed at ground level:

a) the electron size is > 10,

b) the angular accuracy of the arrival direction de-
termined by arrival times is less than 1.5°,

c) the zenith angle of the shower is less than 30°,

d) the distance between the shower core and the center

of the arrangement at ground level is less than 30 m.
Also the following selection condition was applied to
the measurement underground:

e) the muon size is > 300. :

At ground level, the arrival direction of an air shower
was determined using arrival times measured by scintil-
lation detectors. The accuracy of the arrival direction
was determined as the least-squares error, in fitting
arrival times to the shower front. The formulae used in
the calculation are given in the appendix. The difference
of the arrival directions determined with and without
taking into account the average shower front curvature,
will be examined elsewhere.

The arrival direction of muons has been determined
by fitting the positions of fired counters in all three
layers to a straight line. The error of the muon arrival
direction was calculated by a least-squares fit to the
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positions of the fired counters that we considered to be
a muon in each three layers, and in the present analysis
we used events with an error less than 2.5°. This limit is
given by the geometry of the muon detector.

The arrival direction is given in the projection, i.e.
6.(x) and 8.(x) in the X, Z-plane, and 6.(y) and 6.(y)
in the Y, Z-plane, respectively (where we take the Z-axis
in the vertical).

3.2.1. The angular resolution of the arrival direction de-
termined by muons

The arrival direction of the muon can be determined
by connecting the fired counters of the muon detector
M1. Since the three levels are separated by 2.5 m and
the proportional counter has the cross section of 10
cm X 10 cm, the muon detector has an angular resolu-
tion of 1.1°, for muons going through vertically.

In order to estimate the angular resolution of the
arrival direction determined by muons, we chose air
showers with two muons in the detector M1. For these
showers, the angular deviation Aﬂu between the mean
arrival direction of two muons and the arrival direction
of each muon was calculated. Their distributions are
shown in fig. 12 in the form of the projection. The
standard deviation is about the same for the above two
distributions, and is about 1.5°.

Considering the above results, the angular resolution
for a single muon amounts to about 2.1°. Since the
muon detector has an angular resolution of 1.1°, the
above comparably large value comes from the scattering

of E!.ents
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Fig. 12. In case of two muons going through the detector M1, the angular differences (A8,) between the mean arrival direction and
each arrival direction were calculated. The measured distributions are presented in the projections on the X, Z-plane and the
Y, Z-plane, respectively.
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of the muon in the rock. We will discuss this point in
section 4.

3.2.2. The estimation of the angular resolution of the
arrival direction determined by electron components

The arrival times were measured by the scintillation
detectors located at ground level, and the arrival direc-
tion was calculated approximating the shower front by
a plane. We are not much concerned about the angular
deviation of the arrival direction due to the above
approximation, because only air showers with cores
within 40 m of the center of the array are selected in the
present analysis.

The angular resolution of the arrival direction was
expressed by the least-squares error obtained in fitting
to the electron arrival times. The distribution of the
error is shown in fig. 13 for the age parameter between
0.8 and 1.0. The standard deviation is about 2°, and in
the projection it is 1.9° for the X, Z-plane and 0.9° for
the Y, Z-plane, respectively. This difference between
two projections may come from the asymmetry of the
alignment of the detectors located at ground level.

For the air showers obtained in the present trigger
condition, the value of the age parameter varies, with a
peak at a value of 1.3. Therefore, we analyzed air
showers in the following three regions of the age param-
eter; 0.8-1.0, 1.2-1.4, and 1.5-1.7. In each region, we
calculated the angular deviation Af between two arrival
directions determined at ground level and underground.
The angular deviation was calculated in the projection
as follows, A0, =0.(x)—§,(x), and Af,=6.(y)—
8,(»), and measured the dispersion, o, and g, of A6,

Number of | Events
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A0 -5 o 5 10
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2000F
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Fig. 13. Distribution of the error in the arrival direction
determined at ground level. The error was calculated by fitting
arrival times to the shower front, using the least-squares
method.

and Af, respectively. The distributions thus obtained
are shown in fig. 14 for age parameters of 0.8-1.0.
However, the number of muons measured in the detec-
tor M1 was limited to be less than five for each shower
to allow a clear estimation of the muon direction.
Taking into account the angular accuracy of the
muon arrival direction, we éstimated the error, o,(x)
and o.(y), of the arrival direction, 6,(x) and 6.(y),
determined by electron arrival times. The measured
errors are shown in fig. 15 as a function of the age

Number |of Events
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1
-10 -5 (0 5° 10
a0y

Fig. 14. Distribution of angular differences between two arrival directions, one determined underground, and the other at ground
level. The age parameters analyzed here have a value of 0.8-1.0. The measured distributions are presented in the projections on the
X, Z-plane and the Y, Z-plane, respectively.
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parameter. The errors are given by:

o.(x) =0} —a,(x)?,
0.(») = ol —a.(»)’.

However, in the present analysis we have taken +2° in
the X, Z-plane and +1.9° in the Y, Z-plane as an
angular accuracy of muons, taking into account the
distribution of the number of muons measured in each
three layers.

Taking into account the above muon accuracy in-
cluding the scattering in the rock, the angular resolution
of the arrival direction determined at ground level is
+2° for 6.(x) and +1.7° for 6.(y), at the shower
maximum. Also, it increases with the age parameter and
amounts to about +3° at about 1.5. As can be seen in
fig. 15, the error estimated in the X, Z-plane is larger
than that estimated in the Y, Z-plane. This difference
could come from the arrangement of scintillation detec-
tors located at ground level. In fig. 15, the angular
resolutions determined with arrival times are also pre-
sented. .

If we observe air showers produced by gamma rays
with energies from 10'° to 10'¢ eV, the age parameter is
considered to be distributed with a mean value of more
than 1.3 at sea level. For such showers, the angular
resolution of the arrival direction is considered to be-
come about +2.5°, if it is determined using the arrival
times.

Moreover, we estimated the angular accuracy vary-
ing the distance between the shower core and the muon
detector M1. However, we could not recognize any
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Fig. 15. Dependence of the angular accuracy estimated from

the arrival direction determined by muons, on the age parame-

ter. The resolution denoted by MUXZ corresponds to the

X, Z-plane and that by MUYZ to the Y, Z-plane. The angular

resolutions of the arrival direction determined with arrival
times are also presented as ATXZ and ATYZ.
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Fig. 16. Distribution of the angular difference between two

arrival directions, one determined at ground level and the other

underground. Distribution (a) was measured in the X, Z-plane,

and (b) in the Y, Z-plane. Histograms shown by 1 and 2 were

measured with a zenith angle ranging from 0° to 5°, and from
0° to 15°, respectively.

variation in the angular accuracy of the arrival direc-
tion.

As another estimation of the angular accuracy of the
arrival direction, we divided air showers according to
their zenith angle. As a result, the angular error in-
creases gradually with the zenith angle, with a some-
what similar behaviour to that obtained with increasing
the age parameter. As an example, we show two distri-
butions of the error of the arrival direction measured in
two regions of the zenith angle: <5° and <15° in fig.
16. For the distribution with the zenith angle <5°, the
standard deviation corresponds to 3° in the X, Z-plane
and 2.8° in the Y, Z-plane, respectively, and with the
zenith angle <15° it amounts to 5° and 3°, respec-
tively.

3.2.3. The plot of the electron size vs the muon size

We can estimate the primary cosmic ray composition
by considering the correlation between the electron size
and the muon size. In the observation of the super-
high-energy gamma rays which has become recently a
current major topic in cosmic ray study, we must choose
air showers with an extremely small muon size. Accord-
ing to a Monte Carlo simulation, the mean muon size of
air showers produced by gamma rays is expected to be
about a fifteenth of those produced by protons [6].

In order to carry out this comparison, it is necessary
to determine the two sizes with good accuracy. By a
Monte Carlo simulation, we estimated the accuracy of
the muon size measured by the present muon detectors.
The results are shown in fig. 17a, which were calculated
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Fig. 17. (a) Measurement error in the muon size calculated by a Monte Cario simulation. Circles were determined by five muon

detectors (M1-MS5), and squares were determined by all muon detectors. O and O: assumed primary cosmic ray composition totally

consisting of protons, and ® and W: assumed primary cosmic ray composition totally consisting of iron. (b) Measurement error in the

muon size estimated in the Ohya experiment. The closed circles correspond to the muon detectors with an area of 400 m?, and the
open circles to that with an area of 200 m?,

for five muon detectors (M1-MS5) and for ten muon
detectors (M1-M10). Those are compared with the er-
ror of the muon size estimated by the measurement as
shown in fig. 17b.

The muon size and the electron size were measured
for each air shower, and plotted in fig. 18. We can
estimate a primary cosmic ray composition using the
measured correlation between the two sizes. As an ex-
ample, we assume that protons and iron nuclei are the
primary cosmic rays which come into the top of the
atmosphere and interact with air nuclei, and calculated
the correlation between the electron size and the muon
size by a Monte Carlo simulation. The results are shown
in fig. 19. In the calculation, we have taken into account
the exponent of the energy spectrum and accuracies of
the measurement of the two sizes. We set the value of
the exponent to 2.7 which corresponds to the exponent
of the differential energy spectrum of primary cosmic
rays. As the error in the measurement of the size, we
have taken 30% for electrons, independently of the size,
and 84 -39 1n E [%] for muons, where E stands for
the primary energy in units of GeV /nucleus.

In the Monte Carlo simulation, we used the scaling
interaction model for a nucleon-nucleon interaction
and the wounded-nucleon model for a nucleus-nucleus
interaction. The mechanism of nuclear fragmentation is
formulated according to experimental values of the
fragmentation parameters at low energy, and we as-
sumed a primary cosmic ray composition of iron, very
heavy, heavy, middle, light, and « nuclei and protons.
Also we assumed an increase of the inelastic cross
section with energy, o, (p-air) = 294( E,/ TeV)®® mb,

where E, is the primary energy, and a multiplicity of
1.32+0.66 In S+ 0.177 In* S, where S stands for the
center-of-mass energy in units of GeV>.

1
10 10° 10’
Electron Size
Fig. 18. Measured correlation between the electron size and the
muon size in the operation time of about three years. However,
in a part of the data the muon size was calculated using five
muon detectors (M1-MS5).
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Fig. 19. Correlations between electron size and muon size calculated by a Monte Carlo simulation. Protons and iron were assumed
respectively as primary cosmic rays, and air showers were assumed to be observed by the present array.

For electron sizes from 0.7 X 10° to 107, we compare
the measured distribution of the muon size with calcu-
lated ones, which are presented in fig. 20. If we assume
only protons or only iron nuclei as the primary cosmic
ray composition, the measured distribution and the
mean number of muons cannot be explained well. Thus,
we must adopt a primary cosmic ray composition with
mixing from protons to iron. A more detailed analysis
will be carried out in the future with increased statistics.
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Fig. 20. Muon size distribution measured at an electron size
ranging from 7 X 10° to 10°. The solid line represents a Monte
Carlo simulation for protons, the dashed line represents a
Monte Carlo simulation for iron.

The measured electron sizes cover the region 10°-10’
in the Ohya experiment, and this measurement region
includes the energy region of changing spectral slope
between 10'° and 10'° eV, which is sometimes called the
“knee”. Thus, we can investigate a primary cosmic ray
composition around the “knee”.

4. Discussion

In the present experiment, the angular accuracy of
the arrival direction determined at ground level was
examined using the arrival direction determined by
muons. Here we calculated the expected accuracy of the
arrival direction determined by muons. High-energy
muons measured in the Ohya experiment are produced
in the upper atmosphere and come into the muon
detector after going through rock with a thickness of
about 33 m. In order to penetrate the detector M1 with
six layers, it is necessary to have a muon energy of more
than 0.16 GeV after going through the rock. The follow-
ing processes which make an angular deviation between
the direction of the air shower and that of muons were
taken into account:

a) Transverse momentum in the production of
muons: the angular deviation corresponds to about
0.72° for muons with an energy of about 15.8 GeV at
an atmospheric depth of about 100 g/cm’,

b) Multiple scattering in the atmosphere: the angu-
lar deviation for Coulomb scattering is about 0.4° for
an effective muon energy of about 14.9 GeV taking 36
g/cm? for the radiation length of the atmosphere.

¢) Multiple scattering in the rock: the angular devia-
tion for this process is about 2.4° taking 1.8 for the
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density and 26.7 g/cm? for the radiation length of Ohya
stone.

d) Measurement error in the arrival direction on the
muon detector: the angular accuracy is about 1.1° con-
sidering that the cross section of the proportional coun-
ter is 10 cm X 10 cm and the spacing between each two
layers is 2.5 m.

Taking into account the above four processes, the
angular deviation for a single muon amounts to about
2.1° for projection in the X, Z-plane and Y, Z-plane.
The expected deviation is in good agreement with the
one estimated from the distribution shown in fig. 12.

As the number of muons going through the detector
M1 increases, the angular accuracy in the arrival direc-
tion determined by muons should improve. However, in
this case it is difficult to determine exactly the arrival
direction of muons, because of the fairly large cross
section of the proportional counter (10 cm X 10 cm),
and because of many combinations imitating muons.
Therefore, we have limited the number of muons in the
detector to less than five.

If we require at least ten scintillation detectors to be
fired, the accuracy in the arrival direction determined at
ground level should be improved to about 1.5°, and if
we arrange the scintillation detectors symmetrically
around the center of the array, the accuracy in the
arrival direction should also be improved. If we choose
muons with higher energy than in the case at present
using a magnet spectrometer [7], the angular accuracy in
the arrival direction determined by muons should also
be improved. If we insert these improvements, we can
make a more accurate estimation of the angular resolu-
tion.

5. Conclusion

The arrival directions of air showers are usually
estimated by dividing the scintillation detectors into
two groups according to the “even” number and the
“odd” number. In this method, the arrival directions is
calculated by using arrival times in each group, and the
two derived arrival directions are compared. However,
in the present experiment we have estimated the angular
accuracy in the arrival direction determined at ground
level by comparing it with the arrival direction de-
termined by high-energy muons.

If we observe air showers at the shower maximum,
the angular error of the arrival direction amounts to
about 2° and it increases with the age parameter to
about 3° at an age parameter of about 1.5.

Because of the measured dependence between the
angular accuracy and the age parameter, it is desirable
to take a window with a half angle of about 3° in the
measurement of astronomical gamma rays in the energy
range between 10" and 10'° eV at sea level.

If soft components such as knock-on electrons are
produced in the rock, this may disturb the measurement
of the muon density in the detector. However, we con-
clude it is no problem from the comparison of the
number of observed particles in each of the three levels.

The size spectrum and the zenith angle distribution
measured in the present experiment are also in good
agreement with the expectations. Thus, the experimental
arrangements constructed at Ohya are expected to play
an important role in the observation of-astronomical
gamma rays and primary cosmic ray composition. The
results will soon be published elsewhere.
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Appendix
Calculation of the arrival direction of an air shower

In the present analysis, the arrival direction of an air
shower is determined assuming that the shower front
can be approximated by a plane. The method applied in
the analysis is the following:

z=ax+by+ec,

where we take a coordinate system on the ground; x is
east—west, y is north—south and z is vertical. The
zenith angle 8 and the azimuth angle ¢ are presented as
follows:

-1,2

)1/2, cos 8= (1+a’>+b?) ,

tan 8 = (a’+ b*

-1/2

sin¢=a(az+b2)*1/2, cos ¢ = b(a’+b?) ,

where ¢ is a constant related with the origin of the
timing measurement. If we take (x,, y,, z;) as the coor-
dinate of the ith scintillation detector, the effective
distance between each detector and the shower front is
presented by:

L= (ax;+ by, +c—z)(1 +a*+ b2)~1/2.
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If we take 1, as the distance given by timing information
after correction for the time delay in the cable and the
timing coefficient of the TDC, the sum of the squares of
the differences between ¢, and /; is given by ¥(¢; — 1,)%.
Using this sum, we derive the coefficients a, b and ¢ by
the least-squares method. If we introduce a new variable

u;=at, +z, where a=y1+a’+b?, and using the
iteration method, the coefficients a, b and ¢ are de-
termined by:

a Y xu;
bl=C Z)’i“.' >
¢ Yy
where C is the covariant matrix as given by
Yxi Xx Xx
C=|Xxy YLy Y
PIES )7 N

N denotes the number of detectors used in the analysis.
The errors g, o, and o, of the coefficients a, b and ¢
are:

o’ =X(u;— ax,-—byi—c)z/(N~— 3),

2 _ 2
o; =C0°,
2 _ 2
o, = Cy0°,

_ 2
o = Cy0°.
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ABSTRACT

Extensive air showers coming from the Cygnus X-3 region are analyzed using the van der Klis & Bonnet-
Bidaud ephemeris. A 4.7 ¢ excess has been observed in the phase bin 0.25-0.3. The maximum excess is seen
when a muon cut is applied to the showers, which indicates a slightly muon poor property. The flux is esti-
mated to be (2.7 + 0.5) x 10~ '* cm ™2 s~ ! for the showers N, > 2 x 10°. DC excesses are observed at the time

of the radio burst of Cygnus X-3 in 1989 June.

" Subject headings: cosmic rays: general — gamma rays: bursts — X-rays: binaries

1. INTRODUCTION

A number of observations of the low-mass X-ray binary
system Cygnus X-3 have been made, and recent progress
reports on the evidence for emission of TeV and PeV y-rays
from this object can be found elsewhere (Protheroe 1987;
Weekes 1988; Fegan 1990). Among them, the results given by
the Kiel experiment include the surprising fact that the number
of muons involved in the showers induced by (what are
believed to be) photons is not as small as expected (Samorski &
Stamm 1983). A similar phenomenon has been seen in showers
coming from Herculis X-1 (Dingus et al. 1988). This fact, if it is
true, is contrary to expectation and also to Monte Carlo results
(Okada & Muraki, 1987; Halzen et al. 1990).

Moreover, other experimental results reveal very interesting
features of this object: the SAS 2 satellite experiment detected a
clear excess of y-rays from Cygnus X-3 at energies greater than
3.5 x 107 eV (Lamb et al. 1982), while the COS-B experiment
showed no effect (Bennett et al. 1977). Also in the PeV region a
contradiction exists between experimental results. The Akeno
group (Kifune et al. 1986) showed a 2.9 ¢ effect when a muon
cut was applied to the data, contrary to the Kiel experimental
result. This was the motivation to start the Ohya air shower
experiment; in order to study Cygnus X-3 in a place where
large-area muon chambers can be easily installed.

At Ohya, there is a huge underground room that was made
during the quarrying of Ohya stone (green tuff). The room
spreads over an area of ~1 km?. The underground room used
for present experiment is located at a depth of ~33 m below
the surface, and muons with energies greater than 14 GeV can
penetrate this overburden. The geometrical latitude is 36759 N,
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and longitude 139?84 E (which is ~100 km north of Tokyo
near Nikko National Park), and the elevation is 149 m above
sea level. The detector has operated almost constantly since
1986 January.

In this paper we report the experimental results obtained in
4 years operation with use of this detector of ultra-high-energy
showers coming from the direction of Cygnus X-3. After giving
a brief description of our detector in § 2, the data reduction
process is explained in § 3. The results of phase analysis and a
search for a sporadic emission of ultra—high-energy photons
from Cygnus X-3 is reported in § 4. Discussions and summary
are given in § 5 and § 6. The experiment has been described in
detail elsewhere (Mitsui et al. 1990).

2. EXPERIMENTAL ARRANGEMENTS

Ultra-high-energy gamma rays enter the atmosphere and
create electromagnetic cascade showers which are detected by
the surface detectors. The direction of the gamma rays can
be determined by fitting the shower front to the plane,
Z = ax + by + ¢. Monte Carlo calculations indicate that the
number of muons involved in showers induced by photons is
smaller than that of incident proton-initiated showers. Thus a
muon chamber is important for detecting cosmic gamma rays.

The number of electrons involved in a shower, the shower
size (N,), is obtained from a fit of the NKG lateral distribution
function to the experimental data. The total number of muons,
the muon size (N,), is given by fitting an empirical function
obtained by a Monte Carlo simulation to the data (Mitsui et
al. 1990). In order to avoid the effects of fluctuations in the
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F1G. 1.—The layout of the Ohya experiment. The scintillators marked by
filled circles (@) are used for triggering the array, and the scintillators marked
by concentric circles (®) are used only for pulse height measurement. Open
rectangles (0OJ) represents the muon chambers.

muon number, we have a huge muon chamber system with an
area of 400 m?>.

The first 24 scintillation detectors were installed in the Ohya
region in 1986 January, after 8 months trial operation at the
campus of the Institute for Cosmic Ray Research, University of
Tokyo (35274 N, 139°54 E, 59 m above sea level). Then a
three-layer muon chamber (M1) with each layer of area 38.4
m? was constructed in 1986 March. One layer consists of x
chambers and perpendicular y chambers. The two layers are
separated by a distance of 2.5 m. The central muon chamber
(M1) can determine the direction of the incoming muons with
an accuracy of 1°. We must take into account an additional 1°
due to the multiple Coulomb scattering of the muons.

The incoming direction of the showers measured by the
surface electron detector has been compared with the result
measured by the muon directional information obtained by the
MI detector. The typical result (1 ) was | 0% — 62| < 1°7 (for
N-S plane) and | 64 — 62| < 2°0 (for E-W plane).

From 1986 September, an additional four muon stations
(M2-M5) have been installed underground. Each station con-
sists of 48 proportional counters with dimensions of 10
cm x 10 cm x 8 m. Including a supplementary 16 m? small
muon chamber, the total area of muon chamber was 208 m?2.
We have also installed an additional eight scintillation
counters with dimensions of 50 c¢cm x 50 c¢cm. Until 1988
December, the total number of scintillators was 32.

In 1988 December, five additional muon stations were
installed to make the total area of muon chambers (M1-M10)
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400 m?. Eight new scintillation counters have also been added.
The muon stations M2-M10 consist of one layer of pro-
portional counters. The effect of the electromagnetic showers
induced by muons in the rock does not cause a serious
problem in obtaining the number of muons, since we have 10
muon stations. The experimental layout is given in Figure 1,
and details are summarized in Table 1. In Figure 2 a schematic
view of the Ohya experiment is shown. *

The surface electron detector consists of a 0.25 m? scintil-
lator and a 2" photomultiplier. The H1161 (Hamamatsu) pho-
tomultipliers used have a rise time of 2.6 ns and a transit time
of 1.1 ns. The angular resolution of the shower detected by the
surface array system can be expressed by the y2-value associ-
ated with the fitting of the shower front to the plane approx-
imation (for details, see Mitsui et al. 1990). The value turns out
to be ~1°2, and this is consistent with the independent mea-
surement obtained by the muon chamber (< 1°7). The result is
shown in Figure 3. The photomultiplier can record pulse
heights from a single particle (typically ~3 mV) to 1000 par-
ticles (~3 V).

The signals from the scintillator have been sent to ADCs and
TDCs passing through delay cables with 100 ns transmission
time for ADCs and 300 ns for TDCs. The conversion factor of
the TDCs and the pedestal value of the ADCs are checked
every 3 months and 1 month, respectively, and the correction
has been used for the data analysis. The mean deviation of the
TDC conversion factor was 0.22% for a year.

The underground muon station can record the fired chan-
nels of the event and send their on/off signal to the surface
computer via a 100 m CAMAC bus line, following the trigger
signal of the surface shower array, which arrives underground
after a 500 ns delay.

The trigger pulse is created whenever six or more central
photomultipliers are fired (they are marked by filled circles in
Fig. 1). The typical trigger rate for the duration of 1986
January-September was ~20 hr~!, and for the duration of
1986 September—1990 February is ~ 100 hr !, The fluctuation
of the trigger rate per day was less than a few percent. From
1989 March to July the system has been operated under the
condition “any 7” or more. At that time the trigger rate
decreased to ~ 70 hr~*. With the exception of 1987 February,
our detector has taken data regularly and stably. In this paper,
the results of the data analysis for 1247 days operation will be
presented. The corresponding net running time was 1154.65
days. ’

3. DATA REDUCTION

In this section, detailed processes of the data analysis will be
explained. The events which satisfy the following condition
have been selected: the number of fired Time Digital Con-

TABLE 1
SUMMARY OF THE RUNNING CONDITIONS OF OHYA EXPERIMENT

Area of Muon Number of Effective

Chambers Scintillators Area

Observation Time (m?) (channels) (m?)
1985 Apr-Dec ........... none 24 ~ 2000
1986 Jan-Feb none 24 ~9000
1986 Mar-Aug .. 38.4 24 ~ 9000
1986 Sep—-1988 Nov ..... 208 32 ~ 10000
1988 Dec-1990 Dec ..... 400 42 ~ 10000
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FiG. 2.—A schematic view of the Ohya experiment. The muon chambers are located 33 m underground.

verters (TDC) must be greater than or equal to eight. By this
filtering process, only ~9% of the raw data were lost.

All shower arrival times (converted from the TDC values)
are fitted to the plane, Z = ax + by + ¢, and the values aq, b,
and c are determined. Using these a, b, and ¢, the first approx-
imation to the plane, Z, = ax + by + ¢, is defined. The devi-
ations of all the data points (Z,) from this plane,|Z; — Z, |, and
the standard deviation (o) (the reduced y? of the fit calculated)
are calculated. If the deviation | Z;, — Z, | exceeds 3 ¢ the point
will be rejected from the next step of the data analysis. Again
the selected data points (Z;) have been examined to the project-
ed plane of the inclined showers, and the deviations
| Z, — Z, | are calculated, where o« means (1 + a? + b%)"/? and
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Angular Resolution

FiG. 3.—The angular resolution of the Ohya detector determined by the
surface scintillation counters.

the zenith angle is 6 = arctan (a* + b*)'/%. Again, any data
point which has a deviation exceeding 3 ¢ is removed from the
data analysis to obtain the shower direction. We have checked
that the above process iterated 3 times is enough to fix the
shower plane. Finally the data which satisfy the following four
conditions are selected for the next step of the data analysis: (1)
data with the zenith angle less than 0.45 radians (or <25°),(2)
the number of the fired TDCs greater than > 8, (3) at least four
of the ADCs must record the pulse height greater than 1.25
particles and (4) shower size N, must.be larger than 2 x 10%
The rate of events passing through above the criterion turns
out to be ~35% of all triggered events. Condition 2 selects
good events with high angular resolution, and conditions 3 and
4 reject small showers. ’

The data selected in this way is then analyzed to find the
shower core by moving a trial shower center in 5 m steps and
searching for the minimum y? point of the Nishimura-Kamata-
Greisen function. The shower size (N,) has been moved every
20% step of the most probable value of N, and the age param-
eter (s) has been changed in 0.1 steps, searching the minimum
x? region from s = 0.3 (young) to 1.8 (old). We have searched
for the shower center in the region of +30 m of the value
obtained by the first reduction process. This second process
takes the most CPU time and the data analysis takes 0.23 s per
event using a FACOM M780.

In the next step the data are separated according to their
declination to allow point source searches for example
(40.9 + 6)° (Cygnus X-3) and (35.4 + 6)° (Herculis X-1). The
phase analysis has been made with use of these reduced data
sets. The data are checked by changing the condition of (1) the
electron size (N,), and (2) the muon rate involved in the
showers R, = N,/(N,>. Furthermore (3) the window of the
right ascension (R.A.) and declination (d) has been selected. In
this paper, the results using a window size 8° (R.A.) x 6°(9) are
reported. In case of phase analysis, we have used the events
with more than eight useful timing detectors triggered and with
the reduced 2 of the data points less than 4.0.

In Figure 4 the N, — N, diagram has been presented. The
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respectively.

average N, is given by the equation (N, = 0.14(N,>%"8. The
total number of muons has been obtained by fitting the empiri-
cal curve, p,(R) = C(R/250 m)~%73(1 + R/100 m)~**[m~?],
to the data. Our Monte Carlo calculation indicates that the
errors associated with the determination of N, is ~ +30% for
N, =~ 10% (Mitsui et al. 1990). The phase analysis has been
made using lower half of the data (R < 1.0) or less muon events
(R, < 0.5). The dashed line in Figure 4 represents R, ~ 0.5.

4. EXPERIMENTAL RESULTS

4.1. DC Excess

The event distribution from the declination belt
6 = (40.9 + 3)° is shown first in Figure 5 as a function of the
right ascension (R.A.). No DC excess is seen at the position
corresponding to Cygnus X-3 (308°0, 40°9). Only days with a
full 24 hr operation are used. The plot has been obtained when
a muon cut is applied, i.e., R, < 1.0, together with the selection
condition N, > 2 x 10°,

4.2. Phase Analysis

Cyg X-3 is a binary system and its orbital phase has been
investigated by X-ray astronomers and found to be 4.8 hr. The
present authors have examined the data under the condition of
R, <10and N, > 1 x 10° with the ephemeris of van der Klis
& Bonnet-Bidaud (1981) (P, = 091996830, P = 1.18 x 107°),
The resulting light curve is shown in Figure 6. A 4.7 g excess
can be seen at phase 0.3. The phase distributions have been
given in Figure 7 as a function of the muon cut parameter R,,.

The highest peak is seen at phase 0.3 down to the muon cut
parameter R, < 0.2,

As shown in Figure 8, the maximum statistical significance is
obtained with a muon cut parameter R, < 1.0. Figure 9 rep-
resents the phase distribution which has been obtained using
the data R, > 1.0 and N, > 1 x 10°. There is no peak greater
than 1.5 ¢ in the plot. The examination of the data has been

events

2000 + p

1000 | J

&= (409 £3)°
R, <10
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' 1 1 1 " 1 " ! " | s
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F1G. 5.—The right ascension distribution of the events in the declination
region & = (40°9 1 3°) is presented. No DC excess was seen at the bin of
Cygnus X-3. Only events with the size N, > 2 x 10° and muon cut parameter
R, < 1.0 are selected.
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FiG. 6.—The showers with size N, > 1 x 10% and R, < 1.0 from the direc-
tion of Cygnus X-3 in the window 6°(3) x 8°(R.A.) are plotted by phase, using
the van der Klis & Bonnet-Bidaud ephemeris. A 4.7 ¢ peak is seen at the phase
0.3. The dashed line indicates the background expected for the overall observa-
tion time.
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F1G. 7.—The 4.8 hr modulation has been investigated as a function of the
muon cutoff parameter R,. The 1981 van der Klis & Bonnet-Bidaud ephemeris
was used to plot the showers with size N, > 1 x 10° from the direction of
Cygnus X-3 in the window 6°(3) x 8°(R.A.). The solid line, dashed line, thick
solid line, line with circles, and short-dashed line correspond to the muon cut
parameter R, < 5, <1, <0.5, <0.33, <0.2, respectively.
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F1G. 8.—The statistical significance of the excess in the phase bin 0.25-0.30
to the data with N, > 1 x 10% is plotted as a function of muon cut parameter -
R,. The 1981 van der Klis & Bonnet-Bidaud ephemeris was used with P =
L 18 x 107 °. No cut implies that muon cut was not applied to the data.

extended using the recent parabolic ephemeris of van der Klis
& Bonnet-Bidaud (1989). As shown in Figure 10, the highest
peak at phase 0.275 which was obtained with the ephemeris of
van der Klis & Bonnet-Bidaud (1981) has spread to the next
bin, and a 3.7 ¢ excess is seen in the 0.275-0.350 phase bin.
Figure 11 shows the phase distribution resulting from an
examination using the cubic ephemeris of van der Klis &
Bonnet-Bidaud (1989) (P =218 x 107° and P = —438
x 10713 d~1), The statistical significance of the excess was
slightly enhanced in the 0.325-0.425 phase bin; it was 3.9 ¢.

The authors have examined the data under the condition
R,<10and N,> 1 x 10° by changmg the period derivative,
P from P = 090 x 107° to 3.25 x 10~ with a fixed period of
Py =0%1996830. The highest statistical significance was
obtained by using a period derivative P = (1.33 + 0.01)
x 107° and was 5.7 ¢ at a phase orbital of 0.2125. The
resulting orbital phase plot is shown in Figure 12. The period
derivative P derived by our analysis indicates a higher value
than the one recently published by van der Klis & Bonnet-
Bidaud (1989) (P = 0.904 x 10~%).

Figure 13 shows the same phase analysis result but for the
off-source data. The data in the region of right ascension
30220-31420 are removed from the off-source phase analysis.
There is no peak greater than 1.8 in the phase plot. The

events
50 | 4
L " L L L L ) L "
0.5 10
Phase

F1G. 9.—The 4.8 hr phase distribution of the showers with size N, > 1
x 10* and R, > 1.0 from the direction of Cygnus X-3 in the window
6°(8) x 8°(R. A) No clear peak is seen larger than 1.5 ¢. The 1981 van der Khs
& Bonnet-Bidaud ephemeris with Py = 091996830 and P = 1.18 x 10~°
used.
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FiG. 10.—The 4.8 hr phase distribution examined by the 1989 parabolic
ephemeris of van der Klis and Bonnet-Bidaud with P, = 019968354 and
P =0904 x 107°. The dashed line shows the observing efficiency expected
from the running conditions. The analysis was made of the data with size
N, > 1 x 10° from the direction of Cygnus X-3 in the window 6°(8) x 8°(R.A.).
A 3.7 o excess is seen in the 0.275-0.350 phase bin.

excess of the events in the 0.25-0.30 phase bin has been exam-
ined in all data sets for off-source regions along the source
declination band 6 = (40.9 + 3)°. As shown in Figure 14, the
maximum excess can be seen at the on-source region with the
ephemeris of van der Klis & Bonnet-Bidaud (1981).

4.3. Transient Emission Associated
with Radio Burst
High-energy showers have been observed associated with
the radio burst of 1985 October (Alexeenko et al. 1987). The
delay of the ultra-high-energy events was explained by Bere-
zinsky (1988) as a characteristic of the hot plasma of the accre-
tion disk. On 1989 June 2 a strong radio burst was observed
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FiG. 11.—The 4.8 hr phase distribution obtained using the 1989 cubic
ephemeris of van der Klis & Bonnet-Bidaud with P, = 0919968196, P = 2.18
x 107° and £ = —4.38 x 107'* d~". The dashed line shows the observing
efficiency expected from the running condmons The data analysis was made of
the showers with N, > 1 x 10°, R, < 1.0 in the window of 6°(d) x 8°(R.A). A
3.9 o excess was seen in the 0.325-0.425 phase bin.
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FIG. 12—The highest statistical significance 5.7 ¢ was obtained for the
showers with size N, > 1 x 10° and R, < 1.0 in the window 6°(3) x 8°(R.A.)
from the direction of Cygnus X-3 using P = 091996830 and P = 1.33 x 107°.
The dashed line shows the observing efﬁcnency expected from the running
conditions. The deviation of each bin from the dashed line (without including
the highest bin of 0.20-0.225) can be fitted very well to the Gaussian distribu-
tion and the value of the reduced x* turns out to be 0.54 for 21 degrees of
freedom.
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FiG. 13.—Phase analysis of off-source events with § = (40°9 + 3°), (RA. =

(0°0-302°0 or 314°0-360°0), N, > 1 x 10° and R, < 1.0. No peak larger than
1.8 o is seen. The mean value (2776 events) is shown by the dashed line.
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FiG. 14.—The excess of the events at the bin of the phase 0.25-0.3 for the 1981 van der Klis & Bonner-Bidaud ephemeris has been examined in all data sets for
off-source region along the source declination band (6 = 40°9 + 3°). The data analysis was made of the showers with N, > 1 x 10° and R, < 1.0. The R.A. was
stepped every 8°. The maximum excess can be seen at the on-source region ( filled circle; o).

from Cygnus X-3 which continued for almost 2 weeks, and a
second burst was observed on July 20, which also continued
for nearly 2 weeks (Walter et al. 1989). We have investigated
the transient emission of the ultra-high-energy photons at this
time, and we have observed two candidate times: around 19
UT of May 27 and June 16. The statistical significances were
4.7 ¢ and 3.4 g, respectively for the 4.8 hr observation on these
days. The events were slightly muonless. The fluctuation prob-
ability that such daily excesses occur within the duration of
radio burst (30 days) is 2 x 107'° (6.3 ¢). It is interesting to
know that the Utah-Michigan group report they have found
significant rate enhancements before 1989 June 2: May 31.6
(2.7 o for 2.4 h duration) and May 28.42 (3.0 ¢ for 14.4 minutes
duration) (Ciampa et al. 1990).
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5. RESULTS AND DISCUSSIONS

In order to demonstrate that the 0.275 phase excess is not
due to sidereal time effects (091994539) or antisidereal time
effects (092005491), the period P, has been moved from
091994500 to 092005600 in 0000002 steps and the x? distribu-
tion obtained to the uniform distribution on the phase plot. In
between 09199474 and 0920040, our data has suffered no side-
real time effect or antisidereal time effect, as expected for long
(4 yr) data sets.

The results of phase analyses of individual years is shown in
Figure 15. It is interesting to note that the highest peak is seen
at 0.3 in the years 1986 and 1987, but in the year of 1987 and
1988, the peak has been observed also at 0.8. We have exam-
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FiG. 15.—The phase plot for each year is shown for the ephemeris of 1981 van der Klis & Bonnet-Bidaud (1981) with R, <10 and N, > 1 x 10°. The dashed
lines indicate the observing efficiency expected from the running conditions. The showers from the direction of Cygnus X-3 in thc window + 3°(9) X +6°(R.A.) were

selected.
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ined whether such an effect of the phase plot may be due to
simple observation effect using the Monte Carlo method,
taking account of the zenith angle distribution of the showers
and the observation time of each day. Since the 4.8 hr period-
icity is nearly one-fifth of a solar day, there is a possibility that
such an effect may arise from such a simple observation effect.
The observing efficiency overall, and for each year, is shown in
Figures 6 and 15 by a dashed line.

In order to obtain the overall flux of the high-energy
photons from Cygnus X-3, events, cores contained within a
radius r < 30 m from the center of the array have been selected.
The observation time has been estimated by the Monte Carlo
method, taking account of the zenith angle distribution of the
showers coming from the phase between 0.25-0.30 and the
dead time of the detector. The average background (60.0
events) has been subtracted from the number of events at the
bin of 0.25-0.30 and the number of excess events (37) obtained.
The flux has been obtained by dividing the number of events
by the observation time (1154965 = 9.98 x 107 s) and the area
[m x (30 m)? = 2.83 x 107 cm?]. Here the detection efficiency
of Cygnus X-3 per day is estimated as 18%. The restriction
r < 30 m reduces the number of showers by ~46%, and the
event rate of showers with N, > 2 x 10° is ~80% of the event
rate of showers with N, > 1 x 10%.

The time-averaged flux, obtained from consideration of all
these efficiencies, is (2.7 +0.5) x 107'* ¢cm~2 s~ ! for the
showers N, > 2 x 10%, corresponding to a primary photon
energy

E, ~ 1000 TeV [2.7 x 107'% = 37 x 046 x 0.80
x (9.98 x 107 x 0.18 x 2.83 x 107)"1].

In order to avoid the uncertainties of effective area and effec-
tive energy threshold of the array, Protheroe (1987) has pro-
posed using the equation

F(>E) = a,a0Q5 (> E)(N — B) + /N1/B,

where I implies the integral flux of cosmic rays and for our
experiment Icg = (5.2 + 1.5) x 107 cm™2s 'sr™ ! for N, >
2 x 10%. Here €, is the solid angle of the source acceptance, ag,
is the probability to see y-rays outside of Q, and a, is the
detector efficiency for y-rays. Our estimate, based on the data
of Figure 3, is ag = 1.5, and the detector efficiency a, is calcu-
lated as (0.74 + 0.08) using the data of Fig. 7. In this way, we
have obtained a value of F.(E > 1000 TeV)= (49 + 1.7)
x 107 **cm ™25 ! for the showers N, > 2 x 10°, which agrees
with the previous value (2.7 + 0.5) x 107 !'% ¢cm ™% s~ ! within
experimental errors. These results coincide well with the early

observations of Cygnus X-3 by Lloyd-Evans et al. (1983) and
suggest no decrease of the flux year after year (Bhat et al. 1986).

6. SUMMARY

Investigation of ultra—high-energy photons from Cygnus
X-3 has been made with use of the Ohya PeV air shower array
from 1986 January to 1990 February. The results are sum-
marized as follows:

1. A 4.7 o-excess has been found at the phase bin 0.25-0.3
when the van der Klis & Bonnet-Bidaud ephemeris is used for
the phase analysis. Observations of an excess at this phase have
already been reported by many authors (Samorski & Stamm
1983; Nespor et al. 1979; Lloyd-Evans et al. 1983). These
reports were made based on different ephemerides, but the
resulting phases were actually not very different between 1974
and 1982 (for details, see Protheroe 1987).

2. The same phase analyses have been made for off-source
regions in the declination band § = (40°9 1 3°), and the phase
bin 0.25-0.3 examined. The most prominent point is seen at the
region of Cygnus X-3, R A. = (308° + 4°).

3. The flux of the gamma rays from Cygnus X-3 has been
estimated to be (2.7 + 0.5) x 10~ '* cm ™2 s ™! for showers with
N,>2 x 10%

4. The results of the Ohya air shower detector with 400 m?
muon chamber on Cygnus X-3 indicate that the showers
coming from the region of Cygnus X-3 are slightly muon poor.

5. The Ohya air shower array has observed DC daily
excesses in the duration of the radio burst in 1989 June. The
probability of such an observation arising from statistical fluc-
tuations is very small; less than 2 x 107*° (6.3 o). Observa-
tions of Cygnus X-3 with larger muon detectors (say > 10,000
m?) and larger surface arrays will bring us very interesting
results in the future.
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