T3 04
SRR EH E RS

MREAEFRE S EITGELRIKF)

HEAFTRE | Bk
BmERFHRERIT
EYERXDDTRFZRAOANILF ZZAER
RFIZIAFT ZEHUR
EZ 77V A RFBEEEUR

LPM Shower DI )L F—RERIRE
[102eV Bl ELDEBSIRINF—EF_—1—MJ JXXE]
DERIAZS

5N
HADODFHBERAFXNEE DO TLUR, #1HTD. BERDFHFHAFTEDL, HFA
DFHRAFRE(CTKIRITT [FRLVWAFRRIE] DA

CRCHERELR, [#)6hTD L]



{alif. IRTE. [1021 eV] IO ?

EXSvIJ—(\ROIBS(ICHBITD ERaITRIF—ILF—] (~
1021 eV) (. 1 9 9 3FAGASA (Teshima) (CHLDT BRI . 25(H., .
“a1—hUJKXKXE (LT S AYIBE) TTNEIES

CDIZHD 1B —EBiEEE] (X. 199 0F. 3 0F5EHaIlC,
FGhX.

Misaki,:

Study of Electromagnetic Cascade Showers with the LPM effect in

Water for the Detection of Extremely High Energy Neutrinos
(Fortschritte der Physik, 38(1990)6,413-446

Aya Ishihara MD{Pev IR} D“FER"H. AMisakiD [102"eV] #EE(EHEE(C

[‘NaDFIz]
IRE. R [Ta— MY TRSEAF EFE] ORRERZRICIG

5 Aya Ishihara. Ep(CCDERZHE



Nishimura-Kamata
function (N-K function)

NKG function

LPM effect



IC{ CO\L( AHAUD(,

199, '
? + 7(}‘7(‘& LY //
/mefiﬁﬁei Physate (Bast Gormans )

‘\'l?‘?o,s

C A Study of Eleetromagnetie Caseade Showers with the LPM
ﬁ *g ) l(_/ ~ " EffectTn $atepfor the Detection of Extremely High Energy
)

Neutrinos m 170t ~=2~kiyy o W«‘fq

An application of the matrix method to LPM showers

s —NY R

Deportment of Physics, Faculty of Scines,
Saitama University, Shimo-Okubo 265, Urawa, 338 Jagan

Summary

The matrix method given by Fojimnki and Misaki is proved to be o powerful means {or the calen-
lations of eectromagoetio exscade showens at extremely high enorgivs, The method i csmntially
smple and has wide applications for the calenlation of cascade ahowers. This method is weed for
the ealoulation of the eascade shownrs with the LP'M effect in water, for the deteethon of extremely
high energy neateines. The characteristios of LPM showors in water are extracted 1eferring to
cascade showers In the absence of the LPM effect.



~

Wz

—
Q.
o

T

Number of Electrons

-
L 1 1 I S |

0 24 48 72

Radiation Lengths —_
Fig. 2g: Transition curves of electron numbers in water under Approximation B initi-
ated by a photon of 10?*eV for various threshold energies. The letter attached to each
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e = 10%eV
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From the law of energy conservation, we obtain

Fromeuy(Byle, t = o) = 1. (12)
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Numerical values for electron number at shower maximum, Ny, . depth of shower maximum, 7', .
and full width half maximum, FWHM, in both BH and LPM showers including ionization loss
in water. Numerical values without parenthese are due to a LPM shower, while the corresponding
ones in parentheses are due to a BH shower

EyJeV 10 101 1017 1018 1018 102 102
C Nmax| 1.04-10° 831.10° 458.107 1.73.10° 5.82.10° 1.01.10° | 6.16- 109
[&/ y\\%{ (1.07-10%) (1.00-107) (9.48-107) (9.04-10%) (8.63-10° (5.26 . 109) (7.97 . 101)
Pxmex 18(rl) 24 (rl) 38 (r.L.) 78(rl)  200(rd) 369 (rl) | 1696 (r.l.)
=y R e—h (17(rL)  (19(rl)  (22(rl)) (24 (rh))  (26(r))  (29(r.L) (31 (r.L))
[MM FWHM 13 (r.l.) 16 (r.1.) 28 (r.1.) 75 (r..) 223 (r.).)  676(xl)  |2049(r.l)
/ (12(rl)) (13 (rl)) (4(rl)) (15(rl))  (U5(rl)) (16 (L)) |17 (L)

o In Table 6, the fractional dissipated energies are given for primary energies from
("W "T ﬂ 105 eV to 10* eV in a LPM shower and a BH shower, respectively. Comparing LPM
showers with BH showers, it reveals that we need much more material for the design of
a calorimeter in which the LPM showers are absorbed than assumed usually at higher
energy. At a primary energy of 102 eV, we need one hundred times as much material
for the absorption of the cascade shower in the presence of the LPM effect than in the

absence of the effect!!
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Table 5. Numerical values for electron number at shower maximum, N,
depth of shower maximum, T,,,.,, and full width half maximum, FMHM, in both
BH and LPM showers including ionization loss in water. In each row, numerical
values on upper row are due to a LPM shower, while the corresponding ones
on lower row are due to a BH shower.

1.04 x 10° 831 x10° 458x10 1.73x10° 5.82x10° 1.91x10 | 6.16 x 10

N max
1.07 x 10° 1.00 x 100 948 x 10" 9.04 x 10° 8.63 x 10" 826 x 10 |7.97 x 10"

18 (r.l.)  24(rl) 38(l) 78(rl) 200(rl) 569 (r.l) | 1696 (r.1)

Tm ax

17 (r.1)  19(.l) 22(l) 24(l) 26(l) 29(l) | 31(.l)

13 (r.1.) 16 (r.1.) 28 (r.1.) 75 (r.1.) 223 (r.l.) 676 (r.l.) | 2049 (r.l.)
FWHM

12 (r.l.) 13(r.l) 14(l) 15(.l) 15(.l) 16(.l) | 17 (1)
Reproduced from: A.Misaki, Fortschr. Phys. 38 (1990) 413-446.




Table 6

Fractional dissipnted energies of electrons in water in both LPM and BH showers, for primary
energies from 100 oV to 108 oV

Foyuer 10 eV 10 107 103# 104 10 [ 10% rba ‘
K—
0.1 12.6 17.0 27.0 31.5 124 339 1001
{11.6) (r.l) (13.6) (15.4) (17.4) (16.3) (21.8) (23.6)
5 . 0.2 14.5 0.5 31.1 2.3 154 441 1280
= {13.6) (15.6) (17.7) (18.7) (21.9) (23.9) (25.9)
0.8 16.1 215 34.4 70.8 180 510 1529
/{ (15.0) (17.3) (19.2) (21.5) (23.7) (25.8) (28.0)
0.4 17.3 232 37.6 78.9 203 582 1753
- (16.4) (18.7) (20.8) (23.1) (25.4) (27.5) (29.8)
-' 0.5 18.8 24.8 40.6 86.9 227 655 1982
(17.7) (19.9) (22.3) (24.6) (26.8) {20.2) (31.5)
| 0.6 20.1 26.5 43.8 05.4 253 734 2204
(19.0) (21.4) (23.8) (26.2) (28.6) (30.9) (33.3)
i - 0.7 21.5 28.4 473 105 281 823 2488
5 (20.4) (22.9) (25.5) (27.9) (30.4) (32.8) (35.2)
0.8 23.3 30.6 51.9 117 318 935 2866
(22.1) (24.8) (27.3) 129.9) (32.5) (35.0) (37.5)
"lk' 0.85 244 32.1 54.1 125 341 1007 3106
(23.3) 125.9) (28.6) (31.2) (33.8) (36.4) (38.9)
0.9 25.9 33.9 58,8 134 371 1102 3435
) (24.7) (27.4) (30.1) (32.9) (35.3) (38.0) 140.7)
T+ 085 279 36.3 62.8 140 418 1246 3085
(26.8) (20.4) (32.1) (34.9) (37.7) (40.3) 43,
008 | 209 38.6 68,6 163 461 1404 4848
(28.5) (31.5) (34.7) (36.9) (40.5) (42.6) (45.6)

0/ : /
T30 12,04 LA 4541 1.0

%) h/y,% RN ) BHIF %o.6 r 2

Trowmpy T



Table 6.

126 170
(11.6) (13.6)
145 195
(13.6) (15.6)
L 161 215
= (15.0) (17.3)
)L 17.3  23.2
4 (16.4) (18.7)
| 18.8 24.8
5 (17.7) (19.9)
B 201 265
D (19.0) (21.4)
Lt 215 284
(20.4) (22.9)
233 30.6
(22.1) (24.8)
244 321
(23.3)  (25.9)
259 339
(24.7) (27.4)
279 363
(26.8) (29.4)
29.9 386
(28.5) (31.5)
9FN8 D THRILF+—7%=
RKODICWHEINES

27.0
(15.4)
31.1
(17.7)
34.4
(19.2)
37.6
(20.8)
40.6
(22.3)
43.8
(23.8)
47.3
(25.5)
51.9
(27.3)
54.1
(28.6)
58.8
(30.1)
62.8
(32.1)
68.6
(34.7)

51.5
(17.4)
62.3
(19.7)
70.8
(21.5)
78.9
(23.1)
86.9
(24.6)
95.4
(26.2)
105
(27.9)
117
(29.9)
125
(31.2)
134
(32.9)
149
(34.9)
163
(36.9)

124
(19.3)
154
(21.9)
180
(23.7)
203
(25.4)
227
(26.9)
253
(28.6)
281
(30.4)
318
(32.5)
341
(33.8)
371
(35.3)
415
(37.7)
461
(40.5)

AR

339
(21.3)
441
(23.9)
510
(25.8)
582
(27.5)
655
(29.2)
734
(30.9)
823
(32.8)
935
(35.0)
1007
(36.4)
1102
(38.0)
1246
(40.3)
1404
(42.6)

1001
(23.6)
1289
(25.9)
1529
(28.0)
1753
(29.8)
1982
(31.5)
2224
(33.3)
2488
(35.2)
2866
(37.5)
3106
(38.9)
3435
(40.7)
3985
43.0

Fractional dissipated
energies of electrons in
water in both LPM and
BH showers, for primary
energies from 107> eV to
1021 eV,

LPM(4848 r.l.
BH(345.6 rl.
DRSZWNE LT D

4848
45.6

Reproduced from: A.Misaki, Fortschr. Phys. 38 (1990) 413-446.
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Abstract. Characteristics of individual clectromagnetic cascade showers in lead have
been studied taking into consideration the Landau-Pomeranchuk-Migdal effect (LPm
cffect) through Monte Carlo simulation techaiques. A total of 20 LPM showers have been
simulated assumed to be initiated by photons or clectrons of energy 10'7 eV. We find
that each of the twenty simulated showers shows multi-peak structure during its
longitudinal devclopment, unlike the smooth cascade curve obtained for showers
simulated using Bethe-Heitler cross sections. It is shown that thin detectors with a
depth of only few tens of radiation lengths, though good for observing showers without
the Lpm effect, do not provide reliable information on the real development of the LM
shower in extremely high energy regions.



4. Results snd discussion

A total of 20 Lrm showers have been simulated for a fixed value of 10V eV for E,
and 10° eV for minimum cut-off energy E,,, of these showers ten were initiated by
plotons and the other ten by electrons. The details of the simulation procedure are
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Figare 3. The sverage number N of eclectrons in photondsitiated showers of prmary
encrgy E,= 10" eV in lead as a function of depth in the steorber. The theee curves
refor 10 theee difforont values of wiel esergy &y, 19°, 10 and 10"V The full
smooth carves give the corresponding results obealned from the numencal method.
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Figure 7. Number N of electrons in a photon-initiated shower (no. 1) of primary energy

E;=10"¢V in lead as a function of depth in the absorber. The three curves refer to
three different values of cutoff energy £, 10°, 10" and 10" eV.
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A historical Introduction
to the LPM shower

A. Misaki
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Figure 3. Transition curves of mean
number of electrons in lead. Open circles
show the results with Bethe-Heitler cross-
sections (Ey/E,,;,=103%) and closed circles,
triangles and crosses show the results
including the LPM effect initiated by
photons with energies E,=10"1, 103, 107>
eV and E,=108, 1079, 1072 eV, respectively.
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Figure 5. Mean square angular spread of
electrons in lead. Marks are the same as
figure 3. < 82 > is normalized by
multiplying by the factor (E,/E.)?, where
E., is the minimum energy of observation
and E; is the scattering energy E;=21.2
MeV. The solid curve shows analytical
results under approximation A.
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Figure 6. Comparison between the
present results and the results obtained by
Konishi et al. [4]. The comparison is made
for LPM showers without ionization loss in
lead, keeping Ey/Ey, fixed and values of
E,=10", 1073, 10> eV. The crosses, closed
circles and open circles denote E,=10">,
1073, 107" eV respectively. From A.Misaki,
Phys.Rev,D,40, (1989)3086-3096
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Figure 7. Transition curves of electron
numbers in water under Approximation B
initiated by a photon of 1020 eV for various
threshold energies. The letter attached to
each curve denotes the threshold
energies: a=103 eV, b=100 eV, c=107 eV,
d=108 eV, e=10° eV. From: A.Misaki,
Fortschr. Phys. 38 (1990) 413-446
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Phys. 88 (1990) 413-446

N
107 |-
LEAD  Electron Primary
108 E0:1017
i Ivf\ ,~;ﬁ\a\\
st AT\ YA
i s i % iy
:’\J v E =10° -
104 %
S E =1012 %
. — :!"
I -~ .ﬁlﬁ;‘. " e %“":
102: x x % "‘ A & w
e w o o g !
ol o x
'x X AaP - L » x
l— e - ‘:“.- % ‘? » x 3
L iy &% Gy & a *A
Paa aa e A [

0 ' 40 ' 60 ' 120" 160" 200" 240’ 2B’ 320 360
DEPTHC(C.U. )
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A Fundamental of
the LPM showers in
water up to 10?1 eV

K.Kato, T.Tanemori, N.Takahashi, A.Misaki
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(In press, July 5-to10, Barnaul, Russia)
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Figure 1. Cascade curves for electrons by the averaged LPM showers with different
primary energies from 10" eV to 1023 eV for keeping of E;;n/Erin=10°. The average
BH shower with 107> eV is attached for readers’ reference.
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Figure 2. In two reasons, LPM effect

appear clear, (1) average picture is clearly
different from that of the BH shower(see,

Figure 1,also), (2) the real one shows
clear fluctuation compared with the

average picture.
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Figure 3. The multiple peak structure of
the LPM shower in water clearly appears
~1077 eV.
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Figure 4. The LPM shower with 108 eV.
The typical structure of the multi-peak

structure.

Number of electrons

Py

50

100150 200 250

Depth [m]

10°
10°F
10%

10"}

0
100

| Average(n=100)

E—

E,=10%V, E,y,=10"eV
Electron Primary;
Sample No. : 2 1

R St

200

400 600 800
Depth [R.L.]

Figure 5. The separated sub-showers
appear in ~10"%eV. A deformed kind of

multi-peak structure.
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Figure 6. An example of two separated
sub-showers with 1020 eV.
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Figure 7. The LPM shower with 102" eV
traverses with many multi-peak without
producing sub-shower. Notice that shower
traverse 6000 c.u. (~ 2100 meter!!).
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Topology of Muon Events
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Figure 2. Transition curves for Cherenkov light in the cases of both generated
Cherenkov lights and observed ones (A = 40 m).
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Figure 3. The lateral distribution for generated Cherenkov Lights integrated by depth.
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Figure 4. cosO distribution of the generated Cherenkov lights for the parent muon
and cascade shower electrons integrated by depth.
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Figure 5. A part of the arrival time distribution of the generated Cherenkov light.
The Cherenkov light yields due to bremsstrahlung are clearly registered. The time is
measured from the generation points for the parent muon. The time resolution is
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Table 1. The generated Cherenkov lights for three Fully Contained Events. B, N, D,
B+N+D denote the kinds of interactions, namely, bremsstrahlung, nuclear interaction,
direct production, and the total number of interactions, respectively. M (muon), E
(shower), M+E denote generated Cherenkov lights due muon, electron shower, muon
+ electron shower (generated total Cherenkov lights), respectively.

- IyEmETsee: Number of Interactions Generated Cherenkov
depth
- (m) B 1 b e !

B+ N

+D muon shower e

HFC — 4 491.8 1 0 46 47 1.23x 107 7.27x 107 8.50x 107
#FC — 390 603.8 1 3 34 38 1.51x 107 6.63x 107 8.14x 107

#FC — 401 975.6 3

1 64 68

6.92 x 107 6.05 x 107 8.69 x 106 Table 2. The dependence of
Ratio 8.15x 1071 8.33x 1071 7.07 x 1071 the ratios of observed

120 c.u. 6.68 x 107 6.03 x 107 6.44 x 10° Cherenkov lights to generated
Ratio 7.86 x 1071 8.30 x 1071 5.24 x 1071 ones in the unit length for

240 c.u. 1.74 x 107 1.35 x 107 3.85 x 10° their measurement given for
Ratio 204x10"1  148x10'  313x10t  oneexample of Fully

480 c.w. 1.51 x 107 1.33 x 107 183 % 106 Contained Events (#FC-4).

Ratio 1.78 x 1071 1.83x 1071 1.49x 1071

2.44%x 107 6.10%x 107 8.53x 107
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Figure 6. Range distributions for the incident muons with incident energies 102 eV
to 107> eV. The minimum observation energies are taken as 10° eV. Each sampling
numberis 1000.
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Hybrid calculation of LPM shower

From E;=10%° eV to 10'°eV : Exact Monte Carlo
Below 10%eV : NKG function
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