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Abstract

Long-lived fission products (LLFP) are radioactive materials, which are produced at nuclear power plants. Since
dumping LLFPs is still difficult, one alternative and better way is to transform LLFP into other species which
are short lived or stable. Such nuclear transmutation leads to reduce the cost to process high level radioactive
wastes and to utilize resources such as platinum group metals and rare metals. The nuclear transmutation of
LLFP into the short-lived or stable nuclei is proposed to be a useful method of processing LLEFP. To establish the
reaction path for the transmutation from LLFP into short-lived or stable nuclei, accumulation of the basic data for
nuclear reaction relevant to LLFP has been call for. In particular, LLFPs such as '97Pd, %3Zr, 135Cs, 7Se, which
have specially long life, are important, and thus their relevant reaction cross section should be experimentally
determined. In this work, the Coulomb breakup reaction experiment of ?3:94Zr was performed. In this experiment
we aim to get the photo-absorption cross section(vy, n), which is one of the essential data for transmutation. Photo
absorption cross section is very important since neutron capture cross section(n,y) can be evaluated through the
principle of detailed balance.

Excited states with photo-absorption reactions appear at high excitation energies as giant resonance. These
transitions correspond to electric dipole excitation (E1), which is called Giant Dipole Resonance (GDR). It is
found in most stable nuclei and interpreted as the oscillation between proton fluid and neutron fluid. In addition
to GDR, Pigmy Dipole Resonance (PDR) has drawn much attention recently. Since PDR is interpreted as the
oscillation between neutron skin and core, the measurement of intensity for PDR may provide some information
about neutron skin, and may put some constraints on the equation of state for the nuclear matter. Since PDR
should appear at lower energy region than GDR and the Coulomb breakup is more sensitive at low energy region
than real photon absorption experiment, Coulomb breakup is a useful experimental tool to observe the PDR for
unstable nuclei.

The experiment in this work was performed at the RI beam factory in Nishina Center at RIKEN. The separation
and identification of ?3:%4Zr are done with the in-flight RI beam separator BigRIPS. The charged fragments after
the reaction are detected with ZeroDegree Spectrometer. The ?3:%4Zr beams impinged on lead or carbon target
at about 200 MeV /nucleon.

In the analysis of the experimental data, particle identification for the incident beams and charge fragments
were performed with the time of flight (TOF), magnetic rigidity (Bp) and energy loss (AF) of the particles. With
this analysis, one neuron removal cross section ooy (1n) and oceu(2n) for the Coulomb breakup of %3:94Zr are
obtained. They are found to be oo (1n) = 295 £ 27(stat) & 45(sys) mb, ocouw(2n) = 61 + 18 & 27 mb for %Zr
and ocou(1n) = 320 & 24 + 51 mb, ocow(2n) = 51 £ 16 & 28 mb for *Zr. We compared these results for %Zr
with the previous work by B. L. Berman. It shows that two results for ocou(2n) are within the experimental
uncertainties, while ocou(1n) from this work is larger than that from the previous work by 93 mb. This may
suggest an enhancement of the E1 strength at lower excitation energies on top of the GDR. Candidates for such
structure are PDR and isoscalar GQR (Giant Quadrupole Resonance). We discuss the contribution of these

possible resonances to the Coulomb breakup cross section.
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_ E, 2.1.2
dE, E, Oy (Ez) ( )
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000000 r=15m00000000000000000000 51,=8.2 MeV, S3,=15.0 MeV, Sz, =25.6
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0000 0ocou(1n)=227+ 14 mb, o0cow(2n)=58+ 5mb 000 0000000000000%Zr0000000
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E,=FE,+Es+ ZEW (2.2.3)
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OCoul = 0pb — L'oc (2.3.1)

0000000000000 00000000000r 0000000 R™Zr) 00000000
R(*%Pb),R(}?C)00000OODO

_— R(*3947r) + R(208PD) B A(93’94Zr)1/3 +A(208Pb)1/3 13 (2.3.2)
min — R(93794Z1">+R(12C> - A(93,94Zr)1/3+A(12C)1/3 — 1. LO.

R(QOSPb) A(QOSPb) 1/3
= =2. 2.3.
R(lzc) A(120)1/3 59 ( 3 3)
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0000000000000 00000000000O0T ' 4, I'min 0000

= Fmaac + Fmin — 9206

5 (2.3.4)

(2.3.5)

O000D00000000000000T 0 Ty, Ty 00000000000000000000DOO00D0O0
K. Yoshida et al, 0000000 [19)000Be, *C, °C, 3! Ne0 D0 0DD000000000000DO0OO
0000 lNoooo0o0O000O023.1000000000000000 §,0000000lM0000000000
0000000O0ooooroS,000000000000000000000000

I = (2.30 +0.41)e~ %" + (2.43 £ 0.21) (2.3.6)
00000000000000000000000000000000 Lyin—Tmee 1000000

: \ I I I I I 150 . ”ée ¥
2Ne @ e O ]
BMg a 3INe O |
BMg v Mg(s) A
95 & Me(p) V

L. 3} o —_ Hsi o
\\\ \A‘\“‘——‘___
25t -
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15F ]
005 1T 15 2 25 3 35 4

S, (MeV)
0231 K. Yoshidaetal 100O0000000000000000000000 T[19]

o000ooorooooooooo0o0oooO00 sO00pO00O0OOO0OO0DOOOOODOOOODODOO

[y =3.12¢ 5 4297 (2.3.7
T, = 2.46e~ 251 4 2.58 (2.3.8)

00D00000000000000000000000000 5,0 0-27MeVO0000000000D0O000OO
0000000 %Zr00000 S1,=82MeVO®Zr000000000D0000D0O0 S,=6.7MeVO0O00O
00000 (23.7),(23.8)0 %% 00000000000000000O0 (2.3.7),(238) 00000005, 0
00000000000000 Dypin 0 The, 00000000000000000 T D0000DODOOO0O00OOO
0000000000000000000

232 00OO0O0O0OODOODOODOO opy, ocOOO

0 (23.1)0000000000O00O0O0O0O opy, cc0000D0ODOOOOO N,OOODODOOOODOODOOOO N,
0000000000000 00000000000000000D0O000000000O (empty) DO0ODO

N, N, 1 1
Opb,c = <T> - (T> X —— X = (2.3.9)
Nb Pb,C Nb empty ndx €
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0000000000 RIDODOODODO (RIBF)OOODOOOODOO (BigRIPS) OO ZeroDegree
Spectrometer (ZDS) 000000000 3.01 0000000 200000000 2¥U0 BeOOODODODOO
00000000000 %%y 0000 BigRIPSOUODDOODODODOOOODOOBIgRIPSOOO0000DODOOO F8
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BigRIPS O ZDSOODOOOO0OODOD achromatic00 00000000000 0000000000O0OOO0
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000000000000000000000000000F1,F5,F9, F10OOOODOOOOOF2,F3, F7, F8, F11
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000000000000 000000000000000000000000000000000000000

BigRIPS

0 3.0.1 BigRIPSO ZeroDegree Spectrometer 0 000 [2000000 SRCOODOOOO #%U0000 FOO
0000000000000000000000000000 BigRIPSOOOO0DO000000O00BigRIPSO
0000000000 FOUOO0OODO00D0000o00o0o0oo0oo0ooooo0oOoO ZeroDegree Spectrometer
0o0o0ooo
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OD00D000 345MeVODOOODOOODOOOFOODOO BedDO (1mm)0000000000000O000
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311 000000000 (BigRIPS)[21]
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0000000000000 BpOO F1O00OOOOOO0OO0OO0OO0O0O0O0O0D00000000000000 AEDODODO
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A/ZO000000ODOODOD BpOOOOOODOODODDDOOOODODOOO0O00000DOODODO Z0OODOOOOO
O000D000000000000000000000000 A/Z,Z000000000000000000O000
O0FIO00D0000 #1.0mmO00000000000000000 AP/P=0.047% 000000000 %9%Zr
00000000000 0000%YMZr0000000000000000D00000O0D0DO0000

000000 (F2-F7) 0000000000000 0D000O0D00D0D00D00000000000d0Fs, F7O
O0000000000000000000000 (TOF)0O0 F7000000000 (IC)D0000000O AE
00000000000000000D0000000000

BigRIPSOOO0O000OODOODOO00O0O0OOODOOO0OOOODODDOOOOOODODOOOO 3.1.100000000
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0DIOF100000D000000D000000D0OD1O BpyOO*¥MZr 000000000000 O0DO F1O0OO
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0000000000000 0000F1000000000D0D000000 x000000000200000000
00000000000 000000D00000000000000F1000000000000000000000
F200 %7y 0 s 00000000000000000000000F10000000000000000000
00O0DDD0D *Zr000000000000000 200MeVODODODOD F5000000000000000
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F1 L:-1.00 O R:1.00 00 2mm0O00 2.44 mrad -
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F3 - - D0000000000000PPACL,2
F5 L:-30.0 O R:30.0 00 3.5mmO00 2.8 mrad PPAC1,2
F7 L:-4.00 O R:4.00 - 0000000000000 gPPACTL20IC
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0 3.1.2 BigRIPSOOUDOOOOOOOOO BpoOOO

00 Bpo (Tm)
D1 (FO-F10) |  6.2643
D2 (FL-F20) | 5.9438
D3 (F3—F4 O ) 5.9169
D4 (FAF50) || 5.9172
D5 (F5-F60) | 5.2549
D6 (F6-FrO) 5.2550
44000
40000
36000
g 32000
< 28000
a
§ 24000
5 20000
T 16000
> 12000
8000
4000
- 960 300 200 100 0 100
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0 3.1.1 LISE++ 00000 F1O0 9%z, 929y %% Nb0000000000000000000F10
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FRO0O0D0000000D0D0D0000000000000D000D00DOZeroDegree Spectrometer(ZDS)
O00000ZDS 00 O”Large acceptance mode”, ”High resolution mode”, ”Dispersive spectrometer mode”0 3
go0o0ooU0oooU0o0oooU0ooU00ooOoO0U0DOoU00OO0U0DOOUUOO0OOUOOOOO 32100000000
0 0 ”Large acceptance mode” 0 0000000000

0321 zZDSOOOOOUOOOOOOOOUOOOODODOODOOOOOOOOOOOOOO

Large acceptance mode | High resolution mode | Dispersive spectrometer mode
ooooooooog (%) 6 6 4
000000000 (00) (mrad) 90 40 40
000000000 (00) (mrad) 60 60 60
000000 (Tm) 7.3 9.0 9.0
00000 (em/%) 2.24 2.12 4.13
ooooooo 1240 2120 4130
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FOIZEE M
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AlB Al B
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0321 F§F9, F11O0O00OOD0O0OOQOOOOUOO0UUOODOOOODDOOOUD 2000 «O0OF8OOOOO
000 139 mmO0000000000FI0000O000FI100000000 871 mm 000 TKE (Total
Kinetic Energy) 0000000 z,a 0000

J00000000000000000oodoog Fs-F11 000 TOFOFIl 00000000000 AEOO
000000 BpOOOODODDOODODOOO BpOFS-FIOUODODDOOOOD D700000O0DOOO0 BpyOO
00000000 (PPAC)00DO0D0O0O F9, F110000 2000 «0000000O0O0OFS, F9,F11 0000
000000000 321000000000000000000 2000 «00F8O0000D0DODOO 159 mmO0O
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0000000000 “Zr00000000000000000 BppOOO —3% 000000000000
00ZDSOOUOOODOO0O0O000+43 % 0000000000000 *Zr0 BpO 3% 00000000000
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33 0000

000000003 mmO000000000000000000000000000 %9%Zr000000000
0000000 3310000000000000000000000000000000O00O0OOO0OoOOoOQ
00000000000000000000000000000000000

0331 00000000O0O0O MZ:00000000000000

ugd aoo 0000000000000 (MeV/u)
(mg/cm?) 937y 947y
Pb 1019.2 186.2 180.6
C 606.5 189.2 183.5
empty - 208.7 203.3

0000000 D7,D8O0000O0DNON Bpy0ODO 3.3.20000000 ZDSOO00"0%”,”—-3%"00%Zr0
000000000000 000000 BppOUOO 3% 000000000

0332 0000000 D7 D8O BpoOOO

| 00 [ zDpsoo || Bpo(D7)(Tm) | Bpo(D8)(Tm) |

Pb 0% 4.3740 4.3693
-3 % 4.2442 4.2406

C 0% 4.4657 4.4624
-3 % 4.3342 4.3314

empty 0% 5.0640 5.0621
-3 % 4.9137 4.9121
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O0D0DO0F3-FrO0F8F11 000000000 46.98m0O 3648 mO0000000000000 (PMT)ODDOO
oooooo0o0o0ooo0o0ooooOo00oooO0o0oooOOoOoooOoOOO0 PMTOOOOOOOODOO TOFOO
000341 00000000000000000C00000GC000O00OC
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0341 00000O0O0OO0DOO0OOOOOOOOD

000 |00 (mm) | 0000 (mm?) |

F3 0.2 120 x 100
F7 0.2 120 x 100
F8 0.1 120 x 100
F11 0.2 120 x 100

342 0DO0OODOOOO (IC)
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goooooOoOoOoO0olo00000000000 X, YOOOOOOOO 10000000000 240 mmO0O0O
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FSOOOODOODODO 2000000 100 PPACODODODOOX,YOUOUOUOOD 600O0000O0OF9, F11 00 200
O Double-PPACOOO0OOOX,YOOOOODO 40000O0OO0OOO0OOOFRS, F9, F11O00O0OOODO0OOOOOOO
ooo
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goobooooooooboooobooobobooooboooboOobOooOOoboOoobOobOobDOobOoOobooOoDOoDO
0000000000000 00O00O0DO00O00O000D0O0O0O0OD 35.1,35200000 3510 (a) Beam OO
O000((M)F1100000(c)y00000000000Beam OO0OD0OO0OF110000000DO0O F7,F110000
000000000000 o0O0 PMTOOOODOODOUDOOyODOODOOOyD0OO0O0O (DALI2) 0000 Nal(T1)
coooooooooooobooboooooono

O000O00OBeam 00000 DSB+ (BeamxFllx~) DO00O0O0 2000000000000DSB O
Beaem 000 0O00O0O0OO0O0OOOOOODOODOODOOOOOOODODOOOODODO /10000000 3520
DSB+ (Beam xFll x~)00000000000000000000 000000000 O0O0OPLOOOO ZDS
000 Bpp=0%00000000000000000000Beam D00 00O00OO0OO0OODOOODOODOO
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] Delay
Line(X)
4mm
dmm
AQ
Cathode(X)

Anode

Cathode(Y)
40 strips

strip width=2.40mm,

space=0.15mm

Particle

Delay
Line(Y)

0341 100 PPACO 3000000000001 000000000D000 X, YOOUOUDOOD 10O
00000000 240 mmOd00 015 mmO00000000000O0O0O0O0O0O0OOO delay-lined00000O
O00O0Odelay-line0 0000 2000000000000000000000O0DOOOODOO [24)0

(a)

F7Pla PMT L

F7Pla PMT R

(c)

0 3.5.1

DALI2 Crystal 1

DALI2 Crystal 2

DALI2 Crystal

F11Pla PMT L

F11Pla PMTR

.
[

y trig.

D—Fll trig.

(a) Bam OOOOO(b) F11OOOODO(¢)y0D0OODOO0O0OOBeam OO OO0OF11 0000000

00 F7,F110000000000000000000000 PMTOODOO0O0O000000~400000 400
0 (DALI2) 0000 Nal(T)) 0000D0000000000000000
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Down
Scaler

Beam trig.—‘_ - Trigger

F11 trig. ——
y trig. 1

Beam trig. ——

0 352 DSB+Beam xFll xy00000O0O0000O00OO0O0yO00OOODOOOOOOOPODOOO ZDS
000 Bpp=0%000000000

336 JOOooono

0361000000000000000D0O000UD0O0O0D0 MNO0O000O00O00O0OO0OOODOZDSO0O Bp
000000000 FOO0000D0000000000000OPLOOOO ZDSOOO Bpy=0%00000O~0O
coooodoobooooooooboboooooboooooooooooooooooooooooOoooooOooonoa
000 100000000000000000000000000000%%Zr00000000004000000
oooo

0361 0000000000000 00000wn0000000000O00O0O0OZDSOO BpOoOooOFoOO
gobooooboobooboooboooba

oooooo run | OO0 | OO0 |ZDSOO |00DOO0DOO 0o0o0o0o0o0d (cps)
0 QF0(enA) | O totalD | O %D [0 %Zr0
1 3-26 | 9397r | Pb 0 % 88 15000 400 590
2 27-29 | 93947y |  Pb -3% 9.1 1500 110 150
3 30-33 | 93947y C 0% 9.1 1500 110 150
4 34-35 | 93947y C -3% 9.1 1500 110 150
5 42-46 | 93947r | empty 0% 9.1 1500 110 150
6 47-49 | 9397y | empty | -3 % 9.1 1500 110 150
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0000000000000 000000000000000000000000 BigRIPSOOOOOD0OODOO
0000O0oOo %My 0000000000000000000000000000000000 ZeroDegree Spec-
trometer 000 00000000000000000000000O%Zr(y,n)%Zr, 93%Zr(y,2n)" Zr, *4Zr(y,n)*Zr,
MZr(y,2n)?Zr0 40000000000000000000000000000004.1-43000000000
0000000000000 0000000000000000004.4,45000000000000000000
000000000 0000004648000000000000000 %$MZr0000000000Zr0000
00000000000000000000004.9000000 $%Zr00000000000000000000
410,411 00000000000000000000000000000O0O

41 0OO0ODOOO

0000 (TOF: Time Of Flight) 0 00 0000000000000 O0OODO0OODOOOOODOOOOOOOOOO
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0000000000000 000D0000DO0O0OO0OTDCOO0OO0DD tpyr(ch) D000 Thyr(ns)00DOOO
00o000000000000000000 PMTOOOOO0O0O0O T,,0000Apyy 000000000

Tpyr = Apyr - tPMT (4.1.1)

Tr.pmr + TR PMT
2

Tpla = (412)

oooooooooooboooooon

TOFr3—v7 = Tr7pia — TF3,pia + offsetrs_p7

TOFrs—r11 = Tri1,pia — TFs pia + offsetrs_r11

0 TOFOOO0D0O0O0O0DO offsetrs—prrs—r11 00 %Zr 000 0empty (Bpp =0%) 00000000 LISE++ O
gogdd (TOFF3,F7:256.5 nst TOFF87F11:213.5 DS) goooooogo OffSGtF;),,F? = -298.8 nsOd Oﬁ‘SGtFS,FH =
-170.5ns 0000

411 0O0OOO0OO

ooopPMTOOOOOOOOOOOOOODOOOOOOOOOOOOOODOODOOOO nsODODOOOOOODO
0000000000000 00000000000O00000O00OO0O00D QbCOODUOOODUbOD RLOoOO
oooOoooo0 4110 PMTOOOOOOOOO0OOOO0O0O0OOOO0O0ODOOOOO0OOOOOOOOOOOO
coooooooboooooooooobooooobobooooooooooooooooooooobbooooooooooog
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ﬂhold Level

0411 PMTOOOOOOOOOODOOOOOOODOOOOOODOODOOOOOOOOOOOODOOOD
goooooobooooooooooboobooooo

Apsr Arpsr Aprr Aprr
TOF;s_pr = TOFp3_pr + + + 4.1.5
FomET VQr3sr  VQrsr VQriL VQFr ( )
A A A A
TOFhg_ g1y = TOFps p11 + —a25L FSR Fl1L F11R (4.1.6)

+ + +
VQrsr  VQrsr  VQrur VQrur
000000000TOFrs_gr, ps—p 00000 TOF, py pe_p 00000 TOFOOOD

TOFps_p; 000

O0000TOFps_p; 000000000000 4120000000 () 0000 (b) 0 TOFps_pr 0000
O0000 TOFOODOOOOe=242ps 00 o= 161 ps 000000 413000000000 TOFp3_p7 O
1/\/Qr3rrg0000000(a), (b)0000 TOFps_p7 0 1/\/Qr3,r 0000000000000000000
00000000000 (4150000000 Ap,g 0000000000000 (), (d)000000F7000
0000 Aprp,p 0000000000 4140 (a),(b)0000000 (c), (d)0000 TOFrs—p7 0 1/3/QrrL.r
00000000000 00000D0D00000D0D0000000D00000000

F70000000000000000000000O0O000D0D00000000000O0O0OO0O0D0O000000
000 TOFOOOODOF7TICOO0D00O000D00O000O000O00D0000000000 vQrrr-Qr7r < 200 ch
00000000000 %$MZro0000000ononon

x103 x10°
100 ‘ : : ‘ 100 ;
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e e e e e 80~ -
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161 psO000000
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1 V QF3R
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1NQ,,

| ST N [P
2%703 0.035 0.04 0.045 0.05 O 0.04
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24*““!““!““!HH!HH!HH!HH!HH 24*““!“"!HH!HH!HH!HH!HH!HH
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1/M QF3L 1 U QF3Fe

0 4.1.3 (a), (b)DDDDDDD (C), (d)DDDD TOFF37F7|:| (a), (C)l/\/QF3L|:| (b), (d)l/\/QF:),RDDDD

TOFps_p1; 000

TOFpg_p11 000 00TOFrs 11 0 Qrsrr, Qe r000000000000000000 Agsr g, Ari1L.R
0000000000000000000000000empty 000000000 TOFODOOO 415000000
0000 TOFOOOOO o=183ps00 0o=142ps 000000PLOO0O0COOOempty 00000000000
00 TOFOODOOO ¢00 41.10000000000000TOF00000O000000 2545ps0000000

0411 PbOOOCDOOOempty00D0O0O0O00000 TOFrs—p11 0000 o000

00 TOFps_r11(000)(ps) | TOFps—r11(0 00 )(ps)
Pb 439 393
C 527 505
empty 183 142
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60000 60000E-
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E “““““““““““““““““ R AR E “““““““““““““““““ | R R
97 215 216 217 9z 215 216 217
TOF,, (ns) TOFy,, (ns)
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04.1.2 0000000 TOFrs_r7, TOFrs_p11 000000 (TOF/0)

00 TOFp3_r7/0c 0 | TOFps_r11/0
Pb 602
C 1590 461
empty 1500
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000000000000 AEDODOO BigRIPSO F70ZDSO F110000000000000 (IC)0000
oooo
0ICO0600000000000000000D00000000000D000N0D00N000N00D0O0ON0On
O Ae (ch)0O0DDOO0OO0 AE (MeV)OOODOODOOOOODOOO 997y, 22Y, 9¥Nb 0O LISE++ 00000
0000000000000000000000000 4200000000000000000000000000
00000 (ch)DODOO LISE++00000000000000000 (MeV)OOOOF7, F11-ICO000O 99%7r
00000000000000000000000000000000000000

AEp7; = 3.03472 x 1072 Aepr + 25.80 (4.2.1)
AEpy; = 3.04412 x 1072 Aepy; + 21.51 (4.2.2)
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1%00 3200 3400 3600 3800

0421 00000000000 O00O0OO0OO0OOOO0O00O0O0O0OOO0000000000 (ch) 0000 LISE++ 0O
D00000000D00D0DO00 (MeV)OOOOF7, F11ICOOO0O %7y, °2Y, ®NbOOOOODOD
0ooooooog
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FllicoooooooOoOoooOoOoOoOoOO0OO0OO0OO0OUAFEOOOODOOOODOOOOOOOOOOOD PoOO
(Bpo=0%) 00000 run00000000D000000000000 4220 %Zr0000000000 PbO
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0 (Bpo=0%)0 () 0000((M) 0000 ICO AEODOD run0000000000000 %%Zr0000000
mn3 0000000000 AEDOOODOOOOOOO00O00O00AEDODODOo=1.52MeV OO 0=1.33 MeV
0o0oooo

0 4.22 PbOOOBp=0%0 F11ICO AEO00OUO0OODOO0ODO(2)0000()0D0O0ODOICO AEQODO
D00 rmnd000000O000 ®%Zr 0000000 run3 0000000000 AEOODOOOOOO

422 0000

Fl11-ICOOOOUOOO0OoOoO0oOoUo0oOo0oo0ooD Ap00oooo0ooooooooooooooooo
0000000000000 0000ooO0000DO00o00o0DUoOoOU0OoOoUOICO000DUDUOOO AFEDOOO
000000000000000000ZDbSO000000000000O0O0O0O0O0OD 0-3% 0000000000
Fii-iICoooOoOoOoOooooooooo0o0Oo F11OOoOoooooooo0o0o0oooooooooooooooon
0000000000000 000O000000 4210 F11-ICOOOOOOOOO

0421 Fl1-ICOOOOO

OO0 | ZDSOO oooo (%)
Bzroo0D | MZroo0

Pb 0% 97.46 98.41
-3 % 96.66 97.83
C 0% 98.41 99.09
-3 % 98.77 99.62
empty 0% 99.25 99.54
-3 % 99.35 99.78
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00000000000 2z,y00000000O0O0O0O0O0ODO-z0000Fg,F9,F11O000000000O0O0OO
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PPACO 2,y 0000 2000000000020000000000

x = A (t1 — t2 — offsety) + offsety (4.3.1)

0000000000000 000¢,¢20200000000000A, offset, offset, 000000000000
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03210 F8 F9, FI1 0ODOO00O00O0000000000000000 PPACO Double-PPAC 0O
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433 00000 z—-e000000D000 z2—yODO
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00 a (mrad) 0000 (a)F800000000((bFIODOD000(¢)FIITKEDOODD (2=871 mm) 00000
00D0%Zr000Oempty (Bpo=0%) 0000000000F80 achromatic0000000000000000
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0431 F8OOOOODUOOOD 2z000e000y000D0000O0DOOOODOOODOOOOODODO (o)

000 | 0000000 | o000 (o)Oo0o
F8x -3.9 mm 2.7 mm
F8a 1.6 mrad 7.1 mrad
F8y -3.1 mm 3.5 mm

44 000D OOOO

441 ZOA/QODODO

000000000000 TOFrs3—py 0 F7-ICO AEODODDODOOODOD A/QUDOODODOODODO

e 1

A
- _B —
pxmucm

Q
0000000000 BpODOOOQOOUOUOUOOODBigRIPSOOOOOOOO D000 OOOOOO BppOOQO
OO0Oe, my, cOO0D000O0OOCOOO0OOO0O0O00OOOOOOOR, yOOODODODOOOOOOOODOODOODOOOOO
Z 0 Bethe-BlochOOQOQOOQOOO

(4.4.1)

AFE

Z=C, Qo B+ O (4.4.2)
de, = Cy3 +1n i —2p3? (4.4.3)
v zZ 1 _ /32

000Oooooc,, Cy,, C,s00000000000 AEDDD 000000000000 %%Zr0 Z=4000
Oo0o0oO00O0On

442 000ODOOOOODOO

04410 BigRIPSOODDOOO0O00DDOZ =40, A/Q =2.325,2350000000000 ®MZr00000
441000%%MzZr0000000000000O0O0O

e 9371 : 2320 < A/Q <2.33300 395< Z <405 (Pb00 (Bpp=0%)00)
£ 2320 < A/Q < 233300 395 < Z <4035 (PbO0 (Bpy=0%))
e 971 : 2340 < A/Q <2361 00 395 < Z <405

0 4.4.10 BigRIPSOO Z, A/QDO0000O00Z0O %MZr0A/Q0 %Zr0 “®NbO2Y 0 %Zr 000000
00000000000000000020000000000000000000000 AmO 00 Am/oc0O0
000000000 PbOO (Bpo=0%) 0 empty (Bpo=0%)0000000000000000F700000
0000000 15keps0 1.5 keps 000 00000000000 Fr-ICO000OODOOOOO AEOOOOOO
O00000ZO000000000000000000000000000000000 empty (Bpo =0 %) 00
ooog
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0441 BigRIPSOOOODODOZ =40, A/Q =2.325,2350000000000 ***Zr0000

0 4.4.1 BigRIPSOO Z, A/QODOD000Z0O %%Zr0A/Q0 %Zr0 °*Nb0®Y 0 “Zr00000000
0ooooooQ

00 | ZDbSOO Am/o
7 (P3Zr-247r) | A/Q (3Zr-2°Nb) | A/Q (°2Y-24Zr)
Pb 0% 15.1 4.06 3.97
empty 0% 15.5 5.70 5.89
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0000000000000 000D0000000000D00D0O0000O0O0O0D (44.1), (442)0000 A4/Q,
Z00000000000000000000000 BpOODSOOODODOOOOD BppOO F9,F110 2, aOO
cooobooooboooooooooooa

451 O0O0OOOO
0000000000000 BpO
Bp = Bpo(1 +0.016) (4.5.1)

000000000 oOos0oOooDoooDg BpOOUOODOOOO BppOOOOO (Bp—Bpo)/Bpo(%)DDDDl
0000000O00oDO0o0oo0oloooooDog AO
Azrg My My M3 Azxpg Azri1

A Aapg = M21 M22 M23 AGFQ = Aapn (452)
) 0 0 1 1) )
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Azpg : 2po0d FOODO O OO OOO xoro0 O (mm)
Aapg : apgd FOOOOOOODOO agrg0 O (mrad)
Azpipcepn0 F1I1 00000000 zopn 00 (mm)
Aar11 :arp10 F11 00000000 aer1n100 (mrad)
§ 00000000 BpoOOOO (Bp— Bpo)/Bpo (%)

00000 3030000000000000D00O OO

1

0= F(AxFll — M1 Axpg — MizAapg) (4.5.3)
13
1

0= Mi(AGFn — M2 Azpg — Moz Aary) (4.5.4)
23

0000000000000 00000 (453)0460000000000000000O0000 BpOOOOOO

goooooo

00000 %Zr000000000000000000000000

000000 (453)000000000000000 My, My, Mis00000000 (4.5.3) 000 Aage ~ 00
06~0000

Azp11 = M11Azrg (4.5.5)
O0000000O0Azpe ~000 6 ~0000
Azpi1 = Mi2Aarg (4.5.6)
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O00000000000060 TOFrs—p11 000000 drop 0000000000000 1000000000
gooooooM,,M,OO0OOO

fE\lOCV : ,E\lock : : : :
E oo RN LR ————— M.
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D”|A1‘F9| <1.0mm/\|5| <01%000000000000000 10000000000000000
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O000M;3000000000000 F9O Axpg, Aare 0 0000000000000 A-'00D0DODOODO

ooooo A-loo
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(4.5.9)
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000000000000 100000000000 00000 M5, M),0000
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00000000 10000000000000000M{;,My;0000

A A-'0DO0oooo0

M13 = *(MHM{:; + M12Mé3)

(4.5.10)

ooo000000000000000M;3000000000000000O0O0O0O0OOODODOOOODOOOOOO
A/QUU0000D000O00D0OD0OO0DO0DNDDONO0NOD0NONONODODO0DOO0NODO0OODOOnZDSO0n

00000000000 100004510000

0451 000ZDSOODOOOOOODOOO

’ oo ‘ ZDS OO M My (mm/mrad) Mz (%/mm) ‘

Pb 0 % 2.627 -3.197 56.11
-3% 1.642 -3.197 38.64

C 0% 1.751 -2.906 41.33
-3% 1.751 -2.906 41.33

empty 0 % 1.642 -3.197 38.64
-3% 1.642 -3.197 38.64
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452 0000O0OOOODOODODO
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0000 Z000O0O 2000000000000
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flx) = C/_Oo rect(t)gauss(x — t)dt (4.8.2)
_J1 (- <t<D)

rect(t) = {0 (otherwise) (4.8.3)

gauss(z) = \/21?0 exp (—23;2> (4.8.4)
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0ooooooo 0o ZDS OO Noraw | 00 (%) Ny raw Ay (%) | ef fzps(%) | Rao+ (%)
Pb 0% 1.72x10° 85.3 449 + 22 100.0 88.5 89.8
-3 % 7.63x10° 99.5 1381 + 37 94.6 87.8 89.8
93Zr(77 n)9ZZr C 0% 4.56x10° 99.6 1303 4+ 36 100.0 89.4 92.2
-3 % 6.39x10° 99.6 1849 + 43 98.3 89.7 92.2
empty 0% 5.99x10° 99.6 565 + 24 100.0 90.1 94.2
-3 % 4.68x10° 99.6 434 + 21 99.3 90.2 94.2
Pb 0% 1.72x10° 85.3 189 + 14 99.7 88.5 89.8
-3 % 7.63x10° 99.5 618 + 25 99.7 87.8 89.8
B7Zr(y, 2n)°'%Zr | C 0% 4.56x10° | 99.6 830 £29 | 99.9 89.4 92.2
-3 % 6.39x10° 99.6 1071 + 33 99.9 89.7 92.2
empty 0% 5.99x10° 99.6 333 £ 18 99.9 90.1 94.2
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Pb 0% 2.39x10° 89.0 453 £+ 22 99.8 94.8 89.4
-3% 9.45%10° 99.9 1849 + 43 99.5 91.9 89.4
97r (v, n)%Zr C 0% 5.60x10° | 99.9 | 1626 &= 40 | 100.0 98.4 91.9
-3% 8.03x10° 99.9 2385 + 49 99.9 96.6 91.9
empty 0% 7.63%x10° 99.9 702 + 27 100.0 98.8 94.1
-3% 5.78x10° 99.9 504 4+ 22 99.8 95.4 94.1
Pb 0% 2.39x10° 89.0 190 £+ 14 97.0 83.5 89.4
-3% 9.45%10° 99.9 801 £+ 28 100.0 97.8 89.4
94Zr(7, 2n)92Zr C 0% 5.60x10° 99.9 1043 £+ 32 98.9 89.0 91.9
-3% 8.03x10° 99.9 1445 + 38 100.0 99.6 91.9
empty 0% 7.63x10° 99.9 387 £+ 20 99.6 93.0 94.1
-3% 5.78x10° 99.9 298 + 17 100.0 99.3 94.1
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