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I. Motivations



Motivations

Collaboration between

- QST (Quantum and Radiological Science and Technology), Kyoto

and

- RCNP (Research Center for Nuclear Physics), Osaka

for future project on the study of nuclear physics by using high-intensity laser

beams.
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Motivations

QST (National Institute for Quantum and Radiological Science and Technology), Kyoto

Mission: acceleration of ions by a laser plasma

e requiring diagnostics to study the dynamics of the laser plasma

e seeking possibility of applying their system for nuclear physics research.

Collaboration

RCNP (Research Center for Nuclear Physics), Osaka

e application of a high-power laser for nuclear physics research

* nuclear reactions in a laser plasma
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QST Laser System (J-KAREN-P)

One of the world highest-intensity laser systems

1021 - 1022 W/cm?
10J / 30 f£s
0.1 Hz

2umao

!

FRAREN-E ILE, Osaka Univ. (Gekko-XII)
higher power 250-1000 J
longer duration 0.1 ns —4 ns
lower repetition 3-4 / day

two lasers




II. Dynamics of a laser plasma



Laser Plasma Dynamics
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Laser Pulse: Generation and Structure

H. Daido et al., Rep. Prog. Phys. 75, 056401 (2012)
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pulse with several kinds of preceding light: leakage from the
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prepulses. The main pulse duration (30 fs) corresponds to a typical
minimum duration of Ti : sapphire lasers; other laser types have
different main pulse durations.



Laser Plasma Dynamics

H. Daido et al., Rep. Prog. Phys. 75, 056401 (2012)

A plasma is created on the front surface due to heating and breakdown

. . . pre-plasma Lightion
by a relatively long preceding light. (underdense)
Later by the main pulse —
ap>>1 (for electrons) Dimensionless laser amplitude
ek Iy
ag = =4/ I, =137%x10%(um/1;) Wem™
m,cw I

4) pre-pulse

(I1 value for linear polarization) Ion Acceleration in Plasmas by

Ashutosh Sharma Zoltdn Tibai
A significant number of plasma electrons is accelerated up to the relativistic velocity during a

few cycles of the laser electric field.

Electrons are accelerated towards the laser propagation direction and be ejected from the
rear side.

— relativistic plasma (Bulanov’92,94, Mourou’06)

Electron motion is governed by both magnetic and electric fields by Lorentz force.

High electron current leads to quasi-static magnetic field generation
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Laser Plasma Dynamics

H. Daido et al., Rep. Prog. Phys. 75, 056401 (2012)

Electron motion in laser field

(a) a,=0.5 a,=0.05 C y)
wylc - - — ="~ 130 nm
' ®w 2m
0.05 )
I
E>0 |
l
-0.05
/.
000005 010 015 ave
(b) wyle —=1.5 a,=0.5
1 .
quivering motion
E> 0 .
ponderomotive force/potential
-1 .

0 5 10 wxlc



Laser Plasma Dynamics

H. Daido et al., Rep. Prog. Phys. 75, 056401 (2012)

Light absorption

For low-intensity preceding light

absorption is most efficient at the surface where the electron density (n.) equal to the
critical density (1)

2

m,w; um _ .
=gy 1.1 x 1()21(/1—0)2 cm™ wo < wp: plasma frequency

n

dominated by inverse Bremsstrahlung and resonance absorption.

(plasmon resonance absorption)

Main laser pulse
Plasmon excitation at the plasma surface

resonant absorption (at relatively large plasma gradient length)

Removal of electrons from plasma and back with energy (at

vacuum heating (Brunel absorption) very sharp plasma gradient length).

JxB he ating interaction between the oscillating electric current by
quivering motion and the magnetic field



Wave length of light
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Electron Spectrum
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Electron Spectrum

36thday 20170316 165326 #8
FOUARY 2~ a0
BN St e

A 1(2.75~35MeV) = \}464 601
Te_1(2.75~35MeV) = 4404 734 M

A_2(7.5~70MeV) = Héﬂaéﬂ
Te (7.5~70MeV) = 9.43062 S: MeV

A 3(10~55Me\V) = 1204067
Te 3 (10~35Mev) =10 q-HlDSMe:

Election counts (1/MeV)
= =
. 1
¢.
-
-ﬁ"}
=
;;] ot .\,
[

0 10 20 30 40 50 60 70 80 90
Energy (MeV)

{@/ADC/pixel= 1.53x10A2

-HAE R — L O IL{ER(3.5x10A-5 Sr).
*ND-2D A T3,

IR a—2a LI iE R (ADCE) & #tdh F @I FE 9
L. F=2ILEREkeh3. (HEHE3S5)

Lt E2D T 5735000 (12bit) DEIF16TE|->T8biticL T.
((D2/16)*1.5%10/2)*35%2/(3.5%10A-5)=9.38x10/10
EEEES L ADMIE (/(1.27x1.3) )&1T-T.
= 5.68x10°10 &733.

LASSOETE D fE R (21.14<10A 78T T 1srdp =Y O EF{EEIC

Counts [Electrons/MeV/Sr]

1pixel=0.3mm

50

1.0E+11

1.0E+10

1.0E+09

1.0E+08

1.0E+07

EY.

100 150 200 250 300 350 400

36thday 20170316 165326 #8

g

Ithdey 20170316 165326 #8.bmp
6371480 pasts. RO, ¢ W4

SUS 5.0 um

‘~ T=10.5MeV

20 40 60 80
Energy [MeV]

Measured at QST (M. Nishiuchi et al.,)



Laser Plasma Dynamics

H. Daido et al., Rep. Prog. Phys. 75, 056401 (2012)

Protons on the surface are accelerated by the slowly varying plasma fields,

fOHOWQd by heaVier iOHS. (Surface Contamlnatlon)

Ion Acceleration

A strong electric charge-separation field is produced behind the target by the electrons

accelerated off the target.

plasma expansion into vacuum

Several models exist.

Target Normal Sheath Acceleration (TNSA) mode is most often used.

Plasma expansion with neutral charge inside and
sheath at the boundary (as usual).
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Proton Spectrum

Proton spectra Al 2um target
(2017-experimental results)

Target position relative to the best focus position.
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Ion Spectrum

Thomson Parabola Spectrometer
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Laser Plasma Dynamics

H. Daido et al., Rep. Prog. Phys. 75, 056401 (2012)
Relativistic electrons ionize atoms in the target

— X-Rays
Relativistic electrons interact with the Coulomb field of nuclei

— v-Rays by Bremsstrahlung

Nuclear reactions may take place in plasma by
photons, electron, protons and heavier ions.



Laser Plasma Dynamics

H. Daido et al., Rep. Prog. Phys. 75, 056401 (2012)
Simulation of ion acceleration
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Figure 13. Ion acceleration in the radiation pressure dominant (laser piston) regime, 3D PIC simulations. The laser pulse is linearly
polarized, ap = 316 (Ip = 1.37 x 10 W cm™2 (um/A)?), cTorwnm = 8A with a sharp front starting from ap = 100, ropwam = 12.52, the
laser pulse energy is Eo = 10kJ (1/pm), the incidence is normal, the ions have Z = 1 and m; = m,, (i.e. protons). The target has thickness
I =xandne =5.5 x 102 cm™ x (um/A)? = 49n,,. (a) Ion density isosurface for n; = 8n,, and the x component of the normalized
Poynting vector (e/m.wc)’E x B in the (x; y = 0; z) plane, t = 40 x 27 /w. (b) Isosurface for n; = 2n. and green gas for lower ion
densities at a later time t = 100 x 2w /w; the black curve shows the ion density along the laser axis. (c¢) Evolution of the maximum ion
kinetic energy and the ion phase space projection (x, py) att = 80 x 27 /w. (d) The energy spectrum (red) and transverse emittance (blue)
of ions (solid) and electrons (dashed) located in the region 501 < x < 80A, —A < y,z < A atf = 80 x 2w /w. The hatched region contains
2.7 x 10" particles per £m? area. The numerical values correspond to A = 1 um. Reprinted with permission from Esirkepov et al (2004).

Modeling with phenomenological parameters



ITI. Nuclear reactions in a laser plasma



Proposals at QST

envestigation of the ionization mechanism of low-quantum state electron by

heavy ions in the relativistic electro-magnetic laser field
by M. Nishiuchi et al.

e Investigation of the effect of the temporal profile of the high intensity laser
pulse on the radiation and ionization mechanisms in the high energy density
matter
by M. Nishiuchi et al.

Submitted in Dec 2018, and approved.

A. Tamii and T. Shima are in the collaborator list:
gamma-radiation detection from laser plasma.

The beam time is schedule in Oct-Nov, 2019 (6 weeks).

24



Targets of the QST-RCNP collaboration for the coming beam time.

e To detect signature of nuclear reactions in a laser plasma

e Measurement of the gamma-radiation from a laser plasma:
energy spectrum, intensity, angular distribution.

Ideas and suggestions are welcome.

25



Excitation of nuclei in the laser plasma
If feasible, direct nuclear excitation by laser photons is very interesting.

It must be many-photon excitation and is highly-non-linear process.
%
- The excitation process could be enhanced significantly by increasing the

laser power.
- Efficient nuclear excitation by table top devices
- Selective excitation of nuclei (transmutation, isotope detection, etc)
- Applications: nuclear battery, nuclear maser, nuclear clock, ....

Selection of spin by controlling the circular polarization of the laser beam.

J

=
laser > %
]7‘(




Excitation of nuclei in the laser plasma

Nuclide with an excited state of very low energy

229Th: 7.6 eV 5/2+(g.s.) = (3/2%) (isomer)

235U: 76 eV

Candidate nuclei (~stable and isomer Ex< 15 keV)

Table 1

Stable and long-lived (Tf}; > 10’ y) nuclei with excited state E™ within 50 eV-
15 keV and half-life T, > 1 ns. Nudlei are arranged according to isotope abun-
dance 7 (stable nuclei) or ground level half-life T57, (long-lived nuclei).

7/2-(g.s.) = 1/2+ (isomer)

1/2

Nucleus

n or T§}; (%) E™ (keV)

7

1/2
455¢ 100 124 318 ms
169Tm 100 8.41 4.08 ns
18113 99.988 6.2 6.05 s
201Hg 13.2 1.56 81 ns
83Kr 11.49 941 154 ns
Ge 7.76 13.28 2.92 ps
57Fe 2.11 14.4 98 ns
1870s 1.6 9.75 2.38 ns
235y 7.04 x 103y 0.0765 26 min
205pp 1.53x10y 2.33 242 ps

F. Gobet et al., Nucl. Instrum. Meth. A 653, 80 (2011)

Can the multi-photon excitation
cross section be calculated?

One should incorporate level
broadening processes by

Doppler, Zeeman, Stark, collision,
etc.

So far, the direct nuclear excitation by laser photons is not considered as one of the
excitation processs of the following experimental works.




Excitation of 181'Ta: a test case A.V. Andreey,
6.2 keV, 6.05ps JETP91, 1163 (2000).

A.nm T fs o, mJ d, um I, PW/cm?
|1 616 200 03-07 3 1040 |
2 1053 1000 2000-5000 80 30-70

7 FEUI
Be filter
They reported reported of 105 excitation of
e g et 1 18ImTa per laser shot with 1-4x1016¢ W /cm2.
50Q[] ™ Aps

—, They inferred that excitation by X-ray is the

dominant process (than electron scattering).

Fig. 4. Arrangement of the experiment using a femtosecond
laser system (S is radioactive test source).
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Fig. §. Typical signal obtained from FEUL.  Fig. 7. Result of data analysis for residual-gas pressure in the interaction chamber 10 torr (see Fig. 6 for notation).



A.V. Andreev,

Excitation of 181Ta: a test case 6.2 keV, 6.050s
! JETP91, 1163 (2000).
A.nm T.fs o, mJ d, um I, PW/cm?
616 200 0.3-0.7 3 10-40
|2 1053 1000 20005000 80 30-70 |
’—| Laser pulse
MCP amplification pulse
-1kV
Fig. 8. Experimental arrangement using a subpicosecond
laser pulse.
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Fig. 10. Number N of events versus the delay of the MCP feed pulse T: (a) data for Ta (circles) and W (squares) and (b) difference
of the data for Ta and W.



Excitation of 181Ta: a test case 6.2 keV, 6.0511 F. Gobet et a., J. Phys. B
41, 145701 (2008)
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They measured X-ray intensity and distribution. With a simulation, they concluded
that the dominant excitation process is electron inelastic scattering, and the number of

excited nuclei is far smaller than the report by Andreev.

The data by Andreev et al. are not understood yet.



Excitation of 81Ta: a test case 6.2 keV, 6.05us

How is the excitation of 181mTa in a >1021 W/cm?2 laser at QST?

No calc. nor good exp. idea yet.

Difficulties:
- the target explodes by a laser shot
- detection of 6 keV y-ray after a laser shot but in a few 10 us.

It is quite interesting to measure 181mTa if we can find good experimental idea

for the study of nuclear physics and of the dynamics of the laser plasma



Detection of nuclear reaction products from a laser plasma

Target Chamber at QST
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Detection of nuclear reaction products from a laser plasma

QST exp. in 2018

Radioactivity in an aluminum cover on the RCF stack was measured.

Data analyzed by A. Tamii.

Al-filter Radioactivity 511 keV Decay

100

T
Alfilter 511 keV +—+—+
(46.7+-4.4) exp(-U(1767+-462)) + (14.9+-3.2)

Detected 511 keV in 10min (counts)

. . . . .
0 1000 2000 3000 4000 5000 6000
Time after the shot (sec)

511 keV gamma-rays were observed

T1/2 =20.445.3 min

Exp. setup figure at QST by M. Nishiuchi
10J/40fs = 250TW, 3-5x1021 W /cm?
Ag 0.8um

Transmitted laser

X, y-ray

electron

target \

lon(p+ Cn+\0n\+ Ag n+)

Carbon {E %k
~ 108 {8/[MeV/u]/msr/shot

RCF stack \

(Al covered)
lons are measured by Thomson
Parabola spectrometer through slit

Ag_40001.C5V/

511 keV

Energy (keV)

Candidate nuclides: "'C (20.36min) 196Ag (23.96min, 17 Ag abundance:52%)

~ 400 nuclei were produced at or captured by the aluminum-filter at the time of laser shot

Estimation of 1C productions by 12C(y,n), 12C(e,en) and 2C(p,pn) by A. Tamii

1C production by (y,n) and(e,en) would be small by a few orders.

11C production by (p,pn) is most probable.

Still no identification of the detected radioactivity: 11C or 100Ag?

33



Detection of nuclear reaction products from a laser plasma

We plan new dedicated measurements for

e [dentification of the site of the activation either in the target or in the filer
placing another layer on the filter

e [dentification of the radioactivity by
changing target, using absorber or a layered target, etc.

e [dentification of the activating reaction: p, e or y

radioactivity in a layered target, or placing an absorber angular distribution

It is important to prepare several HPGe detectors to be able to
simultaneously measure the radioactivity in several samples taken from one

laser shot.
Also with scintillation detectors?

34



IV. Gamma flux and spectrum

from a laser plasma



Experimental methods under consideration

1) Direct measurement of gamma-rays by detectors.

2) Activation of materials, detection of activation

36



1) Direct measurement of gamma-rays by detectors.

Difficulties

High radiation in a very short time

— counting problem (pile-up), saturation, ...

Low number of shots

— statistics, limited number of conditions, ....

Fluctuation of the plasma condition
« fluctuation of laser shots, target surface condition, ...
— way of combining date of different laser shots
Background radiations

< background gammas from electrons hitting the vacuum chamber

We would need to try several detection methods and improve / optimize the
experimental conditions...

37



1) Direct measurement of gamma-rays by detectors.

e Placing an array of small crystals (Csl, GAGG etc)

K.T. Behm et al., Rev. Sci. Instrum. 89, 113303 (2018) 1000

(b) (d)
a Scintillating 900 .
screen
800
Csl array >
= ,
/40 ‘, S 2 17
Jhade el GL’ g >
- Kapton 2 o £1s :
g - “window Lead collimator ‘ < 3 13 e
. f2 M t B b e
Gas jet It agnets 2 15 mm ANDOR E w0 . _,,;
‘///—22—""’/” camera il Ses
< 00 mm 100 ; HE
[ =5
EE B
300 f‘ 4
33x47 Csl crystals with a volume of 5x5x50 mm3 S T

6 /mrad edN/de/arb. units Yy rays Integrated Csl signal/arb. units

requires simulations, optimizations, and reconstruction analysis

Estimation for QST exp.
~5x103 photons at ~1 MeV come into 20 mm-cubic crystal at 1 m. With the interaction
probability of 10%, several 100 photons make pile-up in each crystal.

ePlacing crystals (LaBrs, Nal) with different conditions (allowing pile-up)

With different distance, angle, absorber, crystal size, etc

differences in the observed energy deposit are studied.

requires simulations, optimizations, and analysis based on pile-up simulations
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1) Direct measurement of gamma-rays by detectors.

Direction and range are tracked by e (and e*) created by Compton or pair creations.

The detectors are placed behind the electron sweeper.
electron range e

Placing a y-e-(e*) converter would not be beneficial. 02l L o —
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10_6 Il \\IHHl 1 II\IIII‘ Il \\IHHl 1 \IHIH‘ 1 \IHIII‘ Il \\H\Hl 1 II\IIII‘ L \\IHHl 1 \IHIH‘ Il \HIIIT
10 eV 100eV  1keV 10keV 100keV 1MeV  10MeV 100MeV 1GeV  10GeV 100 GeV
Photon energy
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Estimation of Gamma-Radiation

Electron spectrum measured at QST

1.0E+11

Counts [Electrons/MeV/Sr]

1.0E+07

Calculation of photon spectra produced by Bremsstrahlung in the target (A. Tamii)

1x10%

1x1071

100000

1000

100

photon flux (/MeV/sr)

10

1x10°1

10000

1

1.0E+10

1.0E+09

1.0E+08

20

Bremsstrahlung photon-energy spectrum

SUS 5.0 um

40 60 80
Energy [MeV]

Ag‘ 0-deg
Ag 10-deg
Ag 20-deg
Ag 30-deg

0

10

20

30 40
Photon Energy (MeV)

50

60

70

~106 photons /MeV/sr for E,=1-20 MeV

~10! photons /MeV/cm? for E,=1-20 MeV at 3 m

attenuation length ~ 20 g/cm?

Note: the Bremsstrahlung photons are expected
to be stronger than the simulation since a part of
the electrons does not go out from the plasma.



2) Activation of materials, detection of activation

ePlacing activation materials in front of the laser plasma

Other candidates:
. . e 12C(1C: T1/2=20.4m, S,=18.72 MeV)
For example, by using the 63Cu(y,n)s2Cu reaction, o BK(EK: 7.6m, 13.08 MeV)
e 647n(637Zn: 38.5m, 11.86 MeV)
63CU: abundance :69%, Sn:10.863 Me\], Szn:19.738 MeV ° 107Ag(106Agi 24.01’1’1, 9.54 MeV)

. 141Pr(140Pr:3.4 m, 9.40 MeV)
62Cu: T1/2=9.67min, B*: E,=1320.7 keV (97.60%) Ledingham et al., PRL84, 899 (2000)

In a copper block with a size of 1 cm3 at a distance of 10 cm, the number of ¢2Cu production is ~70/shot.
The corresponding activity is 0.08Bg. A little lower than the detection limit c.f. Sanatala et al. PRL'00

Several blocks need measured simultaneously after activation, requires several HPGe’s.

Notes:
The gamma radiation might be higher than the estimation.

Extraction of material is possible, and takes ~5 minutes after a laser shot before starting the activity measurement.
Activation by protons might be higher than by y. How to separate the contributions from p, ¢, and y?

/ . , Ta
Santala PRL'00 Cu Ledlngham PRL00 bremsstrahlung Cu target for
target normalisation
1.054pm, 1-1.5ps, 20-50] 1.054pm, 1ps, 50]
Cu ~ 10x15x2.5 mm3 samples: 3mmt l Va"";':rzcc‘t's"a"“"

~\

Cu Laser
\ beam
Ta Laser

FIG. 1. Schematic drawing of the target setup. i
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Rough schedule of the beam time at QST

The beam time is scheduled in Oct-Nov 2019, but might be delayed.

Laser shots:
In four weekdays in a week.
4 - 6 hours/day in the afternoon.

10-20 minutes/ shot.

Radiation safety registration is required for participation in an experiment.

Lodge is available on site.
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Compton recoil electron kinetic energy h' =

hv

hv

mec?

neglecting the electron binding energy T, = hv —hv'

1+

(1 —cosb,)

pe2 =(T,+ me)2 - me2

p,sin(6,) = hv' sin(Gg)

EY =2 MeV

100}
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L= =77 A<NTOETICL D
Bremsstrahlung %" > <A D WA S D
PSP ON
QST D AU BT R DS

2018.12.21 by A. Tamii (RCNP)

F——EE I NARY FVEEIZ O WT

45



L—H =77 AN TOEFICLS
Bremsstrahlung 7'~ < # A K D HAE D D
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B R DI E
QST T D B E AT HE S (2018.12.4 1T PHNEG & D THW - B R DB FHE = %
WX —=ART P NUVERET 5 (H TX),

BEISUS 5um DFEH, D oifim ik, BAEBICE UTEMWEPLIE S DK
2 ANTOBEW(FE CETRARY L ZRLE),

HTRZ74y MCEXDETRT 7 v 7 X 13
¢e = 1.0x1010 exp{- E./(10.1 MeV)} electrons MeV-! sr-1

1.0E+11
\ SUS 5.0 um

5-70 MeVD R D AMEH (XD 7' L A FHE)

1.0E+10

HIEAE BN STAR A — LD AT A0 13 AN, 1.0E+09
AP FREINS, DL CIEHEAIZ0-10ED

— R 2 e, 10, RiciFEFRtidhvwey S

% 0 20 40 60 30
Do Energy [MeV]

N/ T=10.5MeV
W A

) /\u r/\

- \ \ A

f \‘/\\\ ,(J \\

\./\
\\
\\

1.0E+08

Counts [Electrons/MeV/Sr]
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Bremsstrahlung Photon Spectrum D&%
PN DEE DA X 5
[1] H.W. Koch and J.W. Motz, Rev. Mod. Phys. 31, 920 (1959).
[2] L.I. Schiff Phys. Rev. 83, 252 (1951).

M 72303 [1]D Formula 2BS (ZEEFRIC D W TIX[1]2H)

)

Formula 2BS—Differential in photon energy and angle.
Approximations (H), (G), (M), (]), (K) Reference formula (1) in reference (h).

42%r¢? dk 16yE (Eo+E)? 00+ 2 4y’E
e e o

dok,0g=- —ydy —
137 & (OP+1)3Ey  (p*+1)2E¢ | (3*+1)2E?  (y2+1)4E,
where from [1]

1 Eo\? VA, 2
o) ()
M(y) \2E.E 111(y2+1)

Comment: This formula becomes Formula 2BN (a) when Z=0 in M ().

BorniZfPliH5R. Screening XIR & 0,

o(k, x)dkdx from [2]
- R e = AZi R | A6OE (ot EY
Z DyuE 2] D Eq.(1), ZBERICE T D 137(”%2 |

HWH D, Ep4E? 4n2E
[ ] @l

— InM
(2 +1)2Eg* (2’+1)*E,

Ml(x)= (ZZI:E)2+ (C(xf-}l-l))2' (2)
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SR D} D fE

Fig.1 [2]

Bremsstrahlung

8

7N

»

'\

06\

Q09

N

N

06 \

\ \[‘0.2

Differentiol Intensity per Unit Solid Angle
D

0

o 2

Fi16. 1. Plots of the curly bracket in Eq. (1) against the reduced
angle x=Ef/u for Z=92 and complete screening. The labels on

4

6 8 10 12 14
Reduced Angle

the curves are values of k/E,.

16

18 20

SR OEE1)

Calc. by Tamii

Differential Intensity per Uit Solid Angle

Reproduciton of Fig. 1 in Schiff(1995)

02 —

Reduced Angle

k/Eo=095ICHHF RiE VWO 65, BHIZFZAH, BB TRV X —DE AR R LF =10
WIS T, Bremsstrahlung F77 Tl 2\ DT, DEBHRCIIEWZ AL Tw 5,
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Bremsstrahlung -5 O F1H(2)

- o Calc. by Tamii
Fig.3 [1] phOtOH energy spectrum (% FEB) ) }E{eproduciton of Fig. 3 in Koch and Motz (1959)

LLLL INLRLRALLL UL ILLLLLL B - — T — — T T
A eV ——
40 j 0l 05MeV —— |
. SMeV
- 50 MeV
- Br 500 MeV
30 — 2 0+
. £
| o
i & 5l
~N
2 i b
€ T
- 20 — ~ N}
b‘1x | 4
©lo N
H ] 8 1
10 — 10F
. 5|
Lt Hll‘ il IJHl L1l ||ll| L1l ll\ll [ ST 0 " " | " " | " h | L L | L L L
Ol Ql 10 10 100 1000
PHOTON ENERGY, Mev 0.01 01 1 10 100 1000
F16. 3. Dependence of the Born-approximation cross section
integrated over the photon directions on the photon and electron Photon Energy (MeV)

energy. The ordinate values for these curves are obtained from
Formula 3BN for 0.05- and 0.50-Mev electrons, and from For-
mula 3BS (e) for 3-, 50-, and 500-Mev electrons.

DI %)L ¥ —5,50,500 MeV D photon energy spectrum (% EEfE 5344 D 3BS(e)lc & % b D,
2BSOFAEGIELIC X 2 ARG X)TIRIFHEE, £X?0.05,0.5 MeV 1Z3BN(no-screening) =23 v
S5NTVLDTHERES>TX G, ETHR ~5 MeV DL EEEIHEDMEHTE 2 &ML,



RN DA E

(FEIRA R I AR 2 ATV 72\ D3 ESHRIC X % Bremsstrahlung Photon
BN D TRIPRRIER A EZ2 A1 5,

e Ag fEfJ 1um = 1.05 mg/cm? (107.87AMU)
o A1 £ Tum = 0.27 mg/cm? (26.98AMU)

==
=]

i L — =GR T TE 2 LRERS L 1),

5MeVOEFHRIZEIC lum OWE 2@ D KT 5 DT, BNP TOEFRD T2
VX — R FERAL % S
E - EBROTTIANC X A ERHE S DE - 2 G,

*Bremsstrahlung O T o7 13, BRNE FEOELIC L 2B T DK TH 5,
PERk PhotonZ8 3 FRINIE 1875 D23 (22 )IC BT %

I 2N F =7 H DK PhotonZLZPhoton Energy 12 S HM§ 2 (BB 1)L ¥ — X D ISR OFEIE),
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Bremsstrahlung Photon Spectrum > I 2 L —23 a3 »

1.ETFAXR7 bV & MEIA %2 R E (Page 2)

2. BT DT % Bremsstrahlung Photon O L3 )L X — « 55745 %2 2% Wik i 2 51A
(Page 3-5), PRHUPIEBA 2 A5,

3.PhotonD 51 Z & 12, - HRDHEL - AR 2 F v WS 2 AiEfs o

AN DIE I %2217 T, Photon-flux D AXR7T ML Z2f3 5
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Bremsstrahlung Photon Spectrum > 3 2 L —3 3 V#i(1/3)

AR D56 D A 534k

Bremsstrahlung photon-energy spectrum

IXIOS- T T T T T T
3 Ag 0-deg
Ag 10-deg
1x10"1 Ag 20-deg =
i Ag 30-deg 1
o 1x10%L
n
~
>
é.) 100000
~ L
A
% 10000 |
S L
-
o 1000 |
@)
e
Q i
= 100}
10 |
1 I I I I I I I
0 10 20 30 40 50 60 70

Photon Energy (MeV)

L—H%—1> 2 v b7 h DphotonZ,



Bremsstrahlung Photon Spectrum > 3 2 L —3 3 V#§R(2/3)

BRHERAFE(OE)

Bremsstrahlung photon-energy spectrum

IXIOS- T T T T T T
3 Ag 0-deg
L Al 0-deg
1x10’L .
= Ix10%k i
n L
~
> L
é.) 100000 |- -
~ | ]
A
>< 10000 - -
o) - ]
= i
a 1000 | i
@) L
e
@) | _
= 100} -
10 - =
1 I I I I I I I
0 10 20 30 40 50 60 70

Photon Energy (MeV)

L—H%—1> 2 v b7 h DphotonZ,



Bremsstrahlung Photon Spectrum > 3 2 L —3 3 ViR (3/3)
T T V¥ — D Photon A K I X 3 % FF 5(AgEEHYOEE)

Bremsstrahlung photon-energy spectrum

1x10% . . . . . T
Ag 0-deg (E.=5 MeV)
Ag 0-deg (E.=10 MeV)
; i Ag 0-deg (E,=20 MeV)
Ix10" Ag 0-deg (E.=30 MeV) E
Ag 0-deg (E =40 MeV)
= I Ag 0-deg (E,=50 MeV)
& 6
N 1x10°F -
> i _
)
LN |
= 100000 | __
5 | 4
= \
g L
£ 10000 | ]
= \
o,
1000 | .
100 ! ' ! : : '
0 10 20 30 40 50 60 70

Photon Energy (MeV)

L—H%—1> 2 v b7 h DphotonZ,
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FRtRIC X 2 AR

Ag Tum 1 1.05 mg/em? — pi = 5.9x1018 atoms / cm? OBrems O HI A R CBEDL T CAHIED E47)
B Q.= 9.5x102 st DAE Tl QIS KIBIT DIfEEDS
=5 b N > ~ _ _ = ¢ e
Ea‘%ﬁ;i 130-10°T %T % % & j_ 2 ° l[‘,ﬁg% Qe =9.5x102 sr B9 25 2 L2 ) Brems-photon I DLAE A & 72 ) DAL
WRI0fE L% 5,

for Ee=5 MeV , E,=1 MeV
3 al—¥avkFitEldfactoR-3METH LT3
BETHR flux d2pe/dQ.dE, = 5x10° electrons/MeV /st

d(Pe/dEe = dZ(Pe/dQedEe X Qe = 48X108 eleCtrOI’lS/MeV

BremsWiif dofdk = 9 mb Z2/k = 2.0x104 mb /MeV Bremsstrahlung photon-energy spectrum

Ag0-deg (E=40 MeV
Ag (-deg (E=50 MeV

. Simulation
Brems-photon# d2N,/dE.dk = d¢./dE. p; do/dk = 5.5x104 MeV-2 Ield ' ' b ) —
()— 6x105 MeV-2 sr-! AgO-deg (E,=10 MeV) ——
e —— AgO-deg (E=20 MeV)
)
)
) —

(E

for Ee=50 MeV , E,=1 MeV Ag0-deg (E.230 MeV
E
(E;

HTMR flux d2¢pe/dQ.dE, = 1x108 electrons/MeV /st
100000
de/dE. = d2p./dQ.dE, x Q. = 9.5x106 electrons/MeV

BremsWif& do/dk = 12 mb Z2/k = 2.6x104* mb/MeV

Brems-photon# d2N,/dE.dk = d¢./dE. p:do/dk = 1.5x103 MeV-2

()— 2x10* MeV-2 sr1
10000

photon ¥lux (/MeV“/sr)

for Ee=50 MeV , E,=10 MeV

HTHR flux d2¢pe/dQ.dE. = 1x108 electrons/MeV /st

v
dpe/dE. = d2pe/dQ.AE. x Q. = 9.5x106 electrons/MeV / \

Bremsli[fif4 do/dk = 10 mb Z2/k = 2.2x103 mb/MeV o0 . . .
0 5 10 15 2

Photon Energy (MeV)

Brems-photon#} d2N, /dE.dk = d./dE. p:do/dk = 1.2x102 MeV-2

— 1x103 MeV-2 sr-1
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Mg E I T % a X |

1> a v b H7 D DBrems-PhotonZ i 2>7 H K ZF o,

e, AR, FREE. BEREL ORELDBBIETH L, P rvFL—ya iSO R VX —HEZIT o7
BENRANT y TOBEBBPEEE LR L(-TOH), —J5T, NANT Y T2EHNT % EFHGTEDPBEIT 2 CREERD 5,

I f)V ¥ —4ifildexponentialyTH D | NSANVT v TH2IFET HMER L GEICE, BT 2V X —RTIEE(> 7
DFEER)BH HWE &7 >TL X I (HERER ETEDREIANF LT ~NDREEZ T Tz L LTH),

BEME EOWETIZ, Vv ay FTHRalEZBEOCE 7 4 b VD energy deposit DHIEDARE, 7272 L AT ICHL
i D3,

(v EOBEHLIETIE, TRV —FEZAHTA 2 LICLD, Bz R VX — KT DOARIIEERH 2 EZITH 2 LB3
HIHE,

Csl. GAGGZ% LDtz i 256 D6,

Ag-1lpym-0°D ¥ S 2 —L —¥aryzb LIl 20mmA DK 2 FHEim, A DALEICE < CZAMH0.4msr) &, 1 MeV
R DBrems ' v < HRS5x 103 PR LR ZRIC A D, HAMEHAMERZ10%ME &5 &, HTFEA00ERED N4 V7 v 7
5, L., ME, R, EREL ORI C-3KREIZ T IFon s Litkny,
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GBI X 2y 7 7 v 7 ZAWEDIEE(1/2)

L —H =26 DETFH(Z D 6 1F S 15 Brems A > 2 fit) % (v,n)BEHEIZ X 2 HIE LT 200035 %,

M.IK. Santala et al., Phys. Rev. Lett. 84, 1459 (2000) 63Cu(yn)

K.W.D. Ledingham et al., Phys. Rev. Lett. 84, 899 (2000) 63Cu, 12C, 3K, 64Zn, 107Ag, 141Pr(yn)

DU, #l & LTBCu(y,n)e2Culit{LlllE 2 E$ % &
63Cu abundance r(63Cu) = 69%
5n=10.863 MeV, 5,,=19.738 MeV

2Cu® I HH: 9.67min
11-20 MeV D A > < KLl E % AHE,

Cu(63.5AMU)H DA A <D Attenuation Length (% ~30 g/cm?

Attenuation length DX FJE < LTH %2 LAk,
1 ecm/E (9 g/cm2) % MHE,

1em D Attenuation(~26% )% R,

TR LEEN)E o= 8.5%1022 atoms / cm?

9 BB8Culd o r(63Cu)= 5.9x1022 atoms/ cm?

(PDG Review of Particle Physics 2016 pp. 450 for Fe)

100 g
10 g

Absorption length A (g/cm2)
IS
o
=

)~ L 1 \\IIHIl 1 II\IIH‘ 1 \\IHH| 1 II\IIII‘ 1 \\HIHl 1 IIIHII] Lol Lint
10 eV 100 eV 1 keV 10keV 100keV 1MeV 10 MeV 100
Photon energy
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IR X By 7 7 v 7 ZAWEDIHE(2/2)

11-20 MeV D63Cud %'&W%ﬁ@%&i 5{_7‘14;3 Tabe~40mb $%}s§2 B.L. Berman, Atom. Data and Nucl. Data Tables 15, 319 (1975)

10 12 14 16 18 20 22 24 26 28
loo T T T T T T T

o 80 (2)
R—=YIDETIFAg TumiEIOEE (R K) D, 11-20 MeV DA o
YRBD1Y a v b TORHIE A2, /dkdQ=3x105/MeV / st
£, 11-20 MeV T d¢,dQ~3x106/sr

Cross Section - mb
8

2 il “H]{H
o Fitt
1em3 Ol 70 v 7 Z 10 5 1mDEEREHCE S & SR MHQ=104sr ﬁ')l o ;j.m.) ]
0 12 14 16 18 20 2 24 26 28
i E R (= Photon Energy - Me¥

dydQ x Q x g x 1(63Cu) xTaps = ~ 0.7 flil / shot

CTHIE G RIEE, FEEEZ 10em i 2 & 70f /shot & 72 253, ELIER T 0.08 BqC & 72 HI%E (& K,
-5t Sanatala et al. (NallZ & D 511keV 4" > < % Hl7E ) D HIFR HL1X0.2 Bg.

HRERD LD, LaBroMi# 0Bt 2 M L7 b & 7 7 2 & — (GO KR 135 ) 532 55,
SN H 2 D BEL W(AgE R 5L L 721),
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QST Al-filterlt M. 7— %

QSTHMEGIZ X b $EfETE 72, 20174E 1CHI7E & 417 Al-filter D BRI E 7 — 4,

L —H—8F X —%:10]/40fs = 250TW, 3-5x1021 W/cm? &y b7y THQSTHAL KD

1/ — ﬁr—%ﬁ/ﬂ Ag OSHm Transmitted laser
Al-filter I¥#52> 5 5.5cm fZ{E T6x6cm2, 13um/E, KM OQ~1sr
(Ag~DIIHTETIC Al-filter 2 8¢, L —¥ —3 a v iF1)
V== 3y MRESDH%D 5. 1078 & ICHPGelZ THREHEA R 2 |k o
L %29l HIE

HPGeld GEM-35190 (rel.eff.=35%). 1Ei7> 5 1cm, LT — % :QSTHIll G X 1

HIEL

511 keVIZHIREIC LA TE D 2 O30 B0 R, 511 keV

e

511 keVIZ DWW TERKDb.g. 2 ALz 74 v b

a eXp(-’f/ T)+C Al-filter Radioactivity 511 keV Decay
— = 100 T
2i19 & _ e e S
% Eneray (keV)
FFi: t=1767+462 sec 2 .
E N HIE2
Wty = 12254320 sec 2 4
> ~—
=20.4+5.3 min = J[ T 511 keV
3
3
a

200 400 800

'
10'
10 , , , , ,
0 1000 2000 3000 4000 5000 6000 m " ‘ " H ||| H ‘ l
Time after the shot (sec) o0 . ‘ A \. i 62
o @0 1000 120 140 1800 1800 2000
Ener

ay (eV)



UCZARE U 7 A A% A0

QSTOHEHITIZ R Z T 2% 2 v & I 2CHizkonC T 20.364%7
(I IR H3E > B+ L 1L 106 Ag D 23.9657)

PUFcidnCzefE L, Eiziiz s 5,

1C Ot 2=1222 sec (FFfint=1762sec) #KELT74 v b T 5 L,
EB b.g. 2 G0 555 T a=46.7+4.0 (5 LX),
B, EfbgrEniwvE2REDRVMEH TX),

aldRZIL a9 5107 MR L 2Bk LTw 2 0T, e e Touc
D =BT 28411E, 100 H 72 ) DR r=1-exp(-600/1762) = 0.29
DIRETHE 2 ER D %,

11CD511 keV (e+-e-annihilation) B H 58 131=199.534% (NNDC)
etDannihilation | FEEF TR E % L IX[R S 20Dy, ERAHLZDO T 2Tl
TN CTHEL - T 5,

HPGe?®511 keVIZXf§ 5 full-energy-peak absolute efficiency %
£=20% & 5, (7 h KM, geometry?> 550%A T TlEdH %, )

R4l 1 TOUCDH Nl

Nuc=a / (rle) =404+ 35 i

(rEtaE D BER)

Detected 511 keV in 10min (counts)

Detected 511 keV in 10min (counts)

100

100

10

Al-filter Radioactivity 511 keV Decay

T
Al-filter 511 keV +—+—
(46.7+-4.0) exp(-t/1762) + (14.9+-1.2)

Raum

L L L L L
1000 2000 3000 4000 5000 6000
Time after the shot (sec)

Al-filter Radioactivity 511 keV Decay

T
Alfilter 511 keV ——
(82.0+-11.7) exp(-1/1762)

HH

‘ ‘ ‘ ‘ ‘
1000 2000 3000 4000 5000 6000
Time after the shot (sec)
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2C(y,n) Sk

NCHRC(y IS TAER S e & LT, TR 2 R 2,

2COMRINMTIEfE 13 iR 8 mb (£ X)), (y,n)Efi & b Tl
(3% D 4313 1UB), S TR TUCICHEL T 5,

I D3uCIC IS %

BELWIHED D 520-32 MeV FHIE(IH12MeV) T 8mb DEDWIHELH 3 54

RCHavy INELZIOug/cam2db o7 £ § 5,  BFRIALHEL7 TR E60nm

12CHEE UL, 0=5%1017 atoms/cm?2,
ARSI NHUCHB(Nuc)lE. vy7 7 v 7 A ¢y (photons/MeV /sr) (EB & T %)% HvT
Nuc= q)y Ot Oabs 4E Q)

Nuc=400 % AT 2720121, v7 7 v 7 AIRETD

Py = Niic/ (0t 0abs 4E Q) = 8x10? photons/MeV /st

PLEZ e oz, ZofElE, 9R—YORMD D IXEHNRS & Ag-0EDOE;& & D HIL

T $20-30 MeVEEIR DA & D ~5HF K E >,

IZ X BUCHERSED D

B.L. Berman, Atom. Data and Nucl. Data Tables 15, 319 (1975)

Cross Section - mb

I

&
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-

ki 51.;;,!: g
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Photon Energy - Hev
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RC(y ) X 2NCAER A D D

PLEDFERD S L TRHER MO EILICHEVRDH 2 EEZ6N5,

s EYIIANF—AXRT ML - A3 DIRGE, photon-flux G5 (Brems % (K 7E)
o JIEINIMMMHINCTH 2 &I RKE

o BRSIED12C(YN)TH % & W HRE, (yn)GEH

o LRCHHERDRIE

o BUHLART PV S UCHE RN DO
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2C(p,pn) ST X B UCHEREED D

P -Hric K 512CnCH L

100

12 11 .
C(p,pn) C Cross Section

H. Gauvin et al., Nucl. Phys. 39, 447(1962)

2C(p,pn)"CHIGB D Wi 1X40MeVEL 1 TT— % 3% 5 (1K)

Bl 7L ¥ —18.7MeV T, Lab:%20.3 MeV S B,
p+2CD 7 — 1 v [EEE(~4.0MeV) I T3 2T 2 DT, 7— % O 540MeV
JJ—F Li F:’E{ﬁ i "6‘0303\\7 :7. V4 }‘ T‘Gppn~90mb k 'f}iﬁgj— % o

Cross Section

2C(p,d) K (EE17.9MeV) DT FHE . 30 MeV Tg.s. 2B R~20mbFE (£ FIX) T,
(ppn) & DHFGIZNIWEEZ LGNS,

80 |-

60 -

40

20

90mb
flat?

B e

!

T T
H.Gauvinetal.,NP1962  +

RCHOAVY IVBLZ10ug/cm2d o7 T 5,  REHELEL7 TS 60nm

RCEEEUE. 0=5%1017 atoms/cm?2,

5 7-45:20-30 MeV (AE=10 MeV)#3 12C(p,pr)ICIS &L 2 L7 £ F 2 &, 1C%
Ni1c =400 2EB§ % 72 9 1T B 72 B 1 # B £ d dp / dE,, (protons /MeV) (3

ddp/dEp=Nuc / (ot ZE oppn) = 9x108 (protons/MeV)

Al-filterD378 I VIR IZQ=~1sr2 DT, VA H7- D ICHE T 3 L

d2d,/dEpdQ = 9x108 (protons/MeV /sr)

20
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o eac eesoww |
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f -
N.S. Chant et al., Nucl. ¢
Phys.A99, 669(1967) 20 N
Yy 4 e ‘\ Ground state (%-)
,‘
"9 gk (I
10|
08
_os 4
o
£
§
§ 02
H
£ 08
3
Z 04
K]
3
02
t
08
08
04 U SERN 481MeV state (¥2-)
< +
‘//’ \‘t, _____ e
02 '
+
o
oY 20 W0 60 80 100 120 %0 10

Centre cf mass.

angle (degrees)

66



107 Ag(p,pn) SURIC K B 106Ae K HAE D D

P FRRIC K 5107 Ag 5106 Ao 2 Y,

107Ag(p,pn)106Ag}im® %E% big_zaMevfx.‘f—‘\_ 57 i)i‘% %) (EZ) B.L. Cohen et al., Phys Rev. 94, 620(1954)
Kinder et al., Phys. Rev. 114, 322(1959)
07 AgD LT3 %L ¥ —139.5MeV T, LabRSUGEIE & 1ZIFH U, re —
N - A '07( ,pn)A l06( in
pH7AgD 7 — 1 VEIREIZ~12 MeVTH ) . F— ¥ Db 2RI R L, | 0 e TEamn
X — I RIS X 2 MRS T AR 5 5. )
28MeVLA LD F =% IZHO0 67200, LIZ6L 77y FThHHI, 20
= 18
é 0]
Ag-0.8umiERY(HE10.5, 107.87AMU)H1 D107 Ag( abundance % "
51.84%) D & X (BRI HEIE ST 111 C), 0=5x1018 atoms/cm?, .
1.0 &
AglE % 22 Z P 1T 7B (20-30MeV) A3 108 / MeVd - 72 & .
T2 L, BT 2100AgDRLIE
: 1 L 1 L i o i 13 5 17 19 2
108 /MeV x 10 MeV x 5x1018 atoms/cm?2 x 100 mb = 5001l enency (we) Proton  Energy (Mev.)
Fi1c. 3. Excitation function for Agl7(p,pn)Agl. See caption for YOSS section for 24-minute Agl®, O 14-mg/cm? foils;
Fig. 1. Only the 24-minute isomer of Ag%® was observed. To ® 56-mg/cm? foils.

correct for the other isomer, absolute values should be multiplied
by about 1.6 (see reference 17). The theoretical correction for
K capture has been applied.

72720, BFI3EMERICH 2 S DOBICHANISL > 2B TIEIN S L REIN S DT, Agihziliit LT3 5i#fiis 4
A FUINCEZIZ WV, F2q/mDIECD S B FBRICTRIZEI NS DT, NEI N7-AghBFailz g 5 dE I v
WHHNEK I AV ),
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12C(e,en) M Z K AUCHERAED D

FHRIC K 512C(e,en)

1

&

B X ETFD 7 —ua Vi
Ee<<1DEGH DI

£ =holy'my’, (2.62)

electron __ 2 8 — electron
ng, —;aln——nM, ,

&

dog, 1 E1
dE =E, MElTy - (2.7.11

¥

(2.6.3a

AEHEAED &, BRD & 25K TE L % ne ~ 0.02
2C O YW WT AR KMl 1Z ~7mb@23 MeV (19— D[X])
B EGELIE o Wi AR 1

doe1/dE, =0.02 x 7 mb/23 MeV = 6x10-3 mb/MeV

BTD7 79 7AW, <~10°/MeV/sr @>23MeVTH % L § 5 L(X—3D
X)), 12CEEY%0=5x1017 atoms/cm2(~R— " 22) D¢y, NCAR R X

C.A. Bertulani and G. Baur, Phys. Rep. 163, 299 (1988)

MeV2 ~ MeC?

E-HGELIC & % (e en) B D TR AT 1 X YEMIN D 56 & kI RO HLIE(GDR)D 7 — v Vil & Z O et i Tch %,

0=0.681... (pp.304)

Equivalent Photon Number TE!

Niic =109 /MeV /sr x 5x1017 atoms/cm?2 x 6x10-3 mb/MeV = 3x10-3 {fl MeV-2 sr-1

o
o
=

0.035
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0.025
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0.015
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0.005

Electron Coulomb-Excitation Equivalent Photon Number
EphotongTe I EHELE ] %’E@ l/{‘

T
T, =5MeV

T, =10 MeV
T, =20 MeV
T, =30 MeV
T, =40 MeV
T, =50 MeV
T, =60 MeV
T, =70 MeV

0 10 20 30 40 50

Eppoon MeV)  =ho=E,

L723o>C, BT FILF —23-70 MeV, il = %)L ¥ — 20-30 MeV TR LT, Ml /sr iTIZFNEL 2 WEETH 5,
(P DAI7 4 NS =45 M H DD TET 7 7 v Z A ZDOEL D /NI W EFHRINDG, )

W N =400l %2 £ T % 712 id, FICERICEH S %2 T 28 7L X —20-40 MeV, it = %)L X20-30 MeV D FHIK T
d2¢e/dEedQ = Nuic / (ot * dogi/dEy * 4Ee + JEx * Q) =400/ (5x10'7 atoms/cm?2x6x10-3 mb/MeV x 20 MeVx10 MeV x 1sr)

=7x101 electrons/MeV /sr
DETT7 T 7 ADPHE

68



NCAEKEREO VDX LD

DL Ez%Pd 5 &

e QSTDAl-FilterlZ AR S N 722 NC ERE L 756, BIREIZS 2 v FEE T~4001H

Al-Filter EDFEI12CH & L T~60nm (FLHE1.7)Z2IKET % & 1CH 400z EK§ % 720121
o 2C(yn)IBDHG. v7 7 v 7 A 8x10? photons/MeV /st LA LS4 ZE(@20-30 MeV)
o 2C(p,pn)IKIEDEE, Ba 17 7 v 7 A 9x108 protons/MeV /sr DA _E2%AZE(@20-30 MeV)

o 2C(e,en) DG E. BT 7 7 v 7 A 7x101 electrons/MeV /st U233 (@20-40 MeV)

WA R b U7k 4 — 5 —TH 203, BRI AR Z @i L 2 ULz o v & v ) S/l & ARTAgh L —
Y= avy M DRIFINTAMilter iR I I NV EWIT RV, EWIHI 05,
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