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Motivation

 Data of photon-induced reactions is of high interest for their
applications, such as:
e Radiation protection in planetary exploration.
* New schemes of medical radioisotope production (theranostics...).

* Y imaging.
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Motivation

 Data of photon-induced reactions is of high interest for their
applications, such as:
e Radiation protection in planetary exploration.
* New schemes of medical radioisotope production (theranostics...).

* Y imaging.

* Experiments are needed to further extend the data available.

* Typically, these experiments take place in conventional accelerators.

Is there any limitation?
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Motivation

* Drawbacks of conventional accelerators, such as LINACS, for high-energy
photons production:
* Limited access because of the high demand.
* In most facilities, maximum energies up to 100 MeV.

e Large and expensive.
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* In most facilities, maximum energies up to 100 MeV.

e Large and expensive.

* Laser-based sources are an alternative for
small-scale experiments:
* |Increase the number of facilities available.
* Reduced footprint.

* More affordable in terms of building and operation. |

* Photons of up to hundreds of MeV.
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* Drawbacks of conventional accelerators, such as LINACS, for high-energy
photons production:
* Limited access because of the high demand.
* In most facilities, maximum energies up to 100 MeV.

e Large and expensive.

e Laser-based sources are an alternative for
small-scale experiments:

* |Increase the number of facilities available.
[}

Reduced footprint.

* More affordable in terms of building and operation.

* Photons of up to hundreds of MeV.
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Laser-driven electron beams

e Laser wakefield (LWFA) is the most studied electron acceleration mechanism:
* The laser impinges in a plasma pushing electrons aside generating a wave pattern.
* When electrons are trapped in those waves, they can “surf” them and gain energy.

 Compact accelerators: acceleration gradients up to GV/cm (vs <0.001 GV/cm in
conventional accelerators).

e Current energy record (reported): 8 GeV from 20 cm stage (Gonsalves et al., PRL 2019).

XVI CPAN Days| November 2024 | 7 of 22



— INSTITUTO GALEGO
§£ |GFAE DE FISICA 25 9'6 12%82

DE ALTAS ENERXIAS

Laser-driven electron beams

e Laser wakefield (LWFA) is the most studied electron acceleration mechanism:
* The laser impinges in a plasma pushing electrons aside generating a wave pattern.
* When electrons are trapped in those waves, they can “surf” them and gain energy.

 Compact accelerators: acceleration gradients up to GV/cm (vs <0.001 GV/cm in
conventional accelerators).

e Current energy record (reported): 8 GeV from 20 cm stage (Gonsalves et al., PRL 2019).

XVI CPAN Days| November 2024 | 7 of 22



é ~ — ‘|NST|TUTO GALEGO 1999
= (IGFAD)oxricr =" 25—k 153

Laser-driven electron beams

e Laser wakefield (LWFA) is the most studied electron acceleration mechanism:
* The laser impinges in a plasma pushing electrons aside generating a wave pattern.
* When electrons are trapped in those waves, they can “surf” them and gain energy.

 Compact accelerators: acceleration gradients up to GV/cm (vs <0.001 GV/cm in
conventional accelerators).

e Current energy record (reported): 8 GeV from 20 cm stage (Gonsalves et al., PRL 2019).

* Those electrons can be transformed into high-energy photons using a high-Z

converter.
Converter

e- Bremsstrahlung
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Experimental photon source
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Electron source
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Electron source
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Bremsstrahlung source

Focussing I

Kant I :  LANEX screen Ta c (OAP)
apton optic :
winpdow | . converter Gas jet P DRACO 4.5 J on target in 30fs
Bremsstrahlung e :
I Magnetic field : |
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEY '
\\ e’ spectrometer Vacuum chamber
———————————————————————————————— -

* For bremsstrahlung production a 0.8
mm tantalum converter was placed.

* Electrons were deflected with a magnet.

* Bremsstrahlung spectrum could not be
measured — Numerical simulation Wi
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Bremsstrahlung source
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Sample irradiation
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* Sample placed outside the chamber
after a 125 um Kapton window.

* Bremsstrahlung pointing measured
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Sample irradiation
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Demonstration of a photoreaction experiment
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Case of interest

Multinucleon photonuclear reactions on ?°°Bi: Experiment and

evaluation

S.S. Belyshev!, D.M. Filipescu?, I. Gheoghe?®, B.S. Ishkhanov!*, V.V. Khankin*, A.S. Kurilik!, A.A. Kuznetsov?,
V.N. Orlin*, N.N. Peskov*, K.A. Stopani*:#, O. Tesileann?, and V.V. Varlamov*

Abstract. Photon activation technique using bremsstrahlug with end-point energy 55.6 MeV is used to in-
duce photonuclear reactions in a 2"“Bi target. Absolute yields and integrated cross sections of multiparticle

»f photonuclear reactions on 2°?Bi.

Reaction Product Yield, 10'° x ¢™*
(7, 5nlp) 203pp, 73(7)
(7, 6n) 203Bj 7.8(7)
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Case of interest

Multinucleon photonuclear reactions on ?°°Bi: Experiment and

evaluation

S.S. Belyshev!, D.M. Filipescu?, I. Gheoghe?®, B.S. Ishkhanov!*, V.V. Khankin*, A.S. Kurilik!, A.A. Kuznetsov?,
V.N. Orlin*, N.N. Peskov*, K.A. Stopani*:#, O. Tesileann?, and V.V. Varlamov*

Abstract. Photon activation technique using bremsstrahlug with end-point energy 55.6 MeV is used to in-
duce photonuclear reactions in a 2"“Bi target. Absolute yields and integrated cross sections of multiparticle

Comparison of the experimental yvields of photonu-

Table 2.
clear reactions on 2°?Bi with model calculations.
_ 10'% % Yield, ¢!
Reaction
Experiment CMPNR TALYS
(v, 5nlp) 73(7) 0.421 0.0148
(7, 6n) 7.8(7) 0.399 6.29
&
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Case of interest

Multinucleon photonuclear reactions on ?°°Bi: Experiment and
evaluation

S.S. Belyshev!, D.M. Filipescu?, I. Gheoghe?®, B.S. Ishkhanov!*, V.V. Khankin*, A.S. Kurilik!, A.A. Kuznetsov?,
V.N. Orlin*, N.N. Peskov*, K.A. Stopani*:#, O. Tesileann?, and V.V. Varlamov*

Abstract. Photon activation technique using bremsstrahlug with end-point energy 55.6 MeV is used to in-
duce photonuclear reactions in a 2"?Bi target. Absolute yields and integrated cross sections of multiparticle Belyshev, S.S. et al. (EPJ A, 2015)

Table 2. Comparison of the experimental yields of photonu-
clear reactions on 2°?Bi with model calculations.

_ 1017 % Yield, C™!
Reaction Experiment CMPNR TALYS Table 2 Ratio p/g obtained using measured activities and simulation
1_} — — - - performed with six different models of level densities (in the same order
[‘;r" 51’11])) :3( i\) 0.421 0.0148 as stated in Sect, 2.4J
(7, 6n) 7.8(7) 0.399 6.29
p/q ratio
- ') - - - - / . . .
Search for the evidence of 'GgBl(y,pan)ZMPb reaction in 60 MeV Estimated using TALYS cross sections 0.00278
bremsstrahlung beams 0.0472
0.000698
M. Krmar'#, N. Jovanéevi¢!, D. Maleti¢®, Z. Medi¢?, D. Knezevi¢Z, M. Savi¢Z, Yu. Teterev’, S.Mitrofanov-, 0.0329
K. D. Timoshenko?, S.I. Alexeev?, H. Marukyan®*, 1. Kerobyan?, R. Avetisyan®, L. Poghosyan?, R. Dallakyan®, 0.5077
A. Hakobyan®, L. Vahradyan®, H. Mkrtchyan®, A. Petrosyan® _
0.0295
M. Krmar et al. (EPJ A, 2023) Estimated from Eq. 8 I 0.060(1) I
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Sample irradiation

» A299Bjsample of 25.4 mm x 2 mm was irradiated for 1 hour (370 shots).

* The sample was successfully activated and measured with a HPGe detector.

* Laser-plasma interaction creates an extremely harsh environment — HPGe detector
must be in a different room (7 min transfer time).

* A short-lived activity of 10-100 Bg was measured.

209 :
16 hours measurement 2°°Bi =700 | 16| hours Imeasulrementl Bi | |
2000 ] i 204Bj _
201pp . 7ph
-7 - 196ph _ :
1500 F B e 198p} | 202B;
£ I 199pp | 19 ]
5 ' 1987 | Tl
& 1000 - ﬂ ‘ | 1{97_“ i
B ." ' | H " 7
500 - | 197Bj ‘ I
U | | JEEEEEEE)) |
| ] | .
0 i ..H:JLM il Il L.J. IJL b M d\ | - | | 206 | |I| | I,l | | |.‘ 0Bj _
400" = = - 800 ,| | - A ]J l'. By “ﬂ'l h h R i r\ Vo
Energy [keV] ~ ===~ __ __ vl il Yy Syt o w EWAR T VAR APl
________ 0 | | 1 I I I I
T == 320 340 360 380 420

Energy [keV]
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Generated bismuth isotopes
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* Several Bi isotopes were identified using y spectroscopy.
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193Bi 194Bi 1958i 1968i 197Bi 1988i 1998i 201Bi 2O7Bi ZOSBi ZOQBi
63.6s| 95s | 183s | 308s [9.3min| 10 min |27 mi 103 min 6.2d | 31.6y |3.7e5y| stable
192Pb 193Pb 194Pb 195Pb 196Pb 197Pb 198Pb 199Pb 200Pb 201Pb 202Pb 203Pb 204Pb 205Pb 206Pb 207Pb 208Pb
3.5min|5.8 min| 11 min {15 min |37 min 8.1 min| 2.4h [90min| 21.5h | 9.3h |5.6ed4y| 51.9h | stable |1.7e7y| stable | stable | stable
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Generated bismuth isotopes

Activity (decays/min)

* Several Bi isotopes were identified using y spectroscopy.
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Relative yields for bismuth

* Relative activations yields can be calculated for the identified Bi isotopes.

209Bj(y,xn) DRACO photoactivation yield

3 &
! ¢ Calculated using integrated spectrum
%+ Calculated using decay fit
08
=
S 06} 3
Z
{ 04 B m
> s B
0.2} & *
= $
%
Ot

200 201 202 203 204 205 206
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Relative yields for bismuth

* Relative activations yields can be calculated for the identified Bi isotopes.

209Bj(~y,xn) DRACO photoactivation yield TALYS 1.96 (TLO) cross section
L - - - - - - ® - 209 2090
! ¢ Calculated using integrated spectrum Bi(7,3n) Bi(v.7n)
%+ Calculated using decay fit 107} 2% Bi(+,4n) 2%Bi(+,8n)| -
038 £ *Bi(y.5n) —>"Bi(~.9n)
= = 'R 299gj(~,6n)
[N A
S 06} 3 S NN
~ g 10%r || e
=N 0 4t tn | = —— —_
< ¥ i 0 | .' R
; % 3 I| I,'I
0.2} - Z S L |
@ * 10 ! |I
ot NN
200 201 202 203 204 205 206 0 50 100 150 200
A Energy (MeV)

* We can compare with the numerical predictions using TALYS 1.96.
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Relative yields for bismuth

* Relative activations yields can be calculated for the identified Bi isotopes.

209Bi(-y,xn) DRACO photoactivation yield TALYS 1.96 (TLO) cross section
L - - - - - - ® - 209 2090
1 ¢ Calculated using integrated spectrum ) zugB”{ ,3n) 2095'{ 7n)
+ Calculated using decay fit — 10%¢ Bi(+.4n) Bi(+.8n)| 1
0.8 alculated using decay fi - _ 295 5n) 2951, o)
E £ e 299Bi(~,6n)
A
% 06 B I é || II' \“?—/__\\J : /—_,\\ EWOHConvolutgd DRACISrems'strahlunlg spectra
> S 10V I P S
E 04 [ o ;j || I|I I.'ll § T "‘\\
>- = % E II ,'II % ~~ —
0.2+ & * O ) | I I| gwo
"R 10 ] N
0 - A L L A A M | 'I % 0 1(;0 200 360 400 500
: 1 E (MeV) y
200 201 202 203 204 205 206 0 50 100 150 200
A Energy (MeV)

* We can compare with the numerical predictions using TALYS 1.96.
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Relative yields for bismuth

* Relative activations yields can be calculated for the identified Bi isotopes.

209Bj(~,xn) DRACO photoactivation yield TALYS 1.96 (TLO) cross section
[ - - - - - - % - 209, 200,
! ¢ Calculated using integrated spectrum ZDQB"{ /:3n) 2095'{ 7n)
. . 102 ¢ Bi(~,4n) Bi(+.8n) | 1
08t t Calculated using decay fit = 2090 200,..
—_ + TALYS = zungh'En) Bi(~.9n)
5 —_— [N Bi{~.6n)
o T c N ANANY SN B
8 06 B :l; 9 | lI w.\“;i_l____::; *\ :/—-,\ EWOHConvolutgd DRACIO brems'strahlunlg spectra
. S 100 T e B
—_ O 4 L + W | | @ T
S’ . [N g | II ,"I § » \
> . E S ] ; T
0.2+ a * + O ) | | | Zm’
*® + 10_ | |I %10 ’
OF j‘: + " | |I i ; ; -
: L E (MeV) Yy
200 201 202 203 204 205 206 0 50 100 150 200
A Energy (MeV)

* We can compare with the numerical predictions using TALYS 1.96.

* Although the trend is reproduced, relative activation yields are not well estimated.
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Lighter elements
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* In addition to Bi, lighter elements were identified.

Region of interest of Chart of Nuclides

INSTITUTO GALEGO

DE FiSICA )
DE ALTAS ENERXIAS

25—k

|Lelelz)
2024

193Bi 194Bi 1958i 1968i 197Bi 1988i 1998i 201Bi 2O7Bi ZOSBi ZOQBi
63.6s| 95s | 183s | 308s [9.3min| 10 min |27 mi 103 min 6.2d | 31.6y |3.7e5y| stable
192Pb 193Pb 194Pb 195Pb 196Pb 197Pb 198Pb 199Pb 200Pb 201Pb 202Pb 203Pb 204Pb 205Pb 206Pb 207Pb 208Pb
3.5min|5.8 min| 11 min {15 min |37 min 8.1 min| 2.4h [90min| 21.5h | 9.3h |5.6ed4y| 51.9h | stable |1.7e7y| stable | stable | stable

191T|. 192Tl 193T|. 194T|. 195Tl 196T|. 197Tl 198Tl 199T|. 200Tl 201T|. 202Tl 203'“ 204T|. 205Tl 206-” 207Tl
5.2min|9.6 min|22min |33 min| 1.2h | 1.8h |2.84h| 53h | 7.4h [26.1h| 3.4d |12.3d |stable| 3.8y |stable|4.2 min|4.8 min
190Hg 191Hg 192Hg 193H8 194Hg 195Hg 196Hg 197Hg 198Hg 199Hg 200Hg 201Hg 202Hg 203H8 204Hg 205Hg 206Hg
20min {49 min| 49h | 3.8h | 444y | 10.5h | stable | 64.1 h | stable | stable | stable | stable | stable | 46.6 d | stable {5.1 min|8.3 min

110 111 112 113 114 115 116 117 118 119 120 121 122 123 124 125 126

# Neutrons (N)
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Lighter elements

* In addition to Bi, lighter elements were identified.

Region of interest of Chart of Nuclides

ZOOBi 201Bi ZOZBi ZOSBi 2O4Bi 2O7Bi ZOSBi ZOQBi
36 min|103min| 1.7h | 11.8h | 11.2h | 15.3d | 6.2d [ 31.6y [3.7e5y} stable
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.6e4yy 51.9h | stable |1.7e7y| stable | stable | stable

201T|. 202Tl 203'“ 204T|. 205Tl 206-” 207Tl
12.3d |stable| 3.8y |stable|4.2 min|4.8 min

193Bi 194Bi 1958i 1968i

83
63.6s| 95s | 183s | 308s [9.3 min

192Pb 193Pb 194Pb 195Pb
3.5min|{5.8 min| 11 min | 15 min §37 min

191T|. 192Tl 193T|. 194T|. 195Tl 196T|. 197Tl 198T|. 199T|. 200Tl
5.2min|{9.6 min| 22 minf33min| 1.2 h

80 191Hg 192Hg 193Hg
20minf49min| 4.9h | 3.8h

110 111 112 113 114 115 116 117 118 119 120 Where do they come from?
# Neutrons (N)

(0]
N

# Protons (2)
(0 0]
=

194Hg 195Hg 196Hg 197Hg 198Hg 199Hg
444y | 10.5h | stable | 64.1 h | stable | stable | stable | stahle 3 2 m

200Hg 201Hg 202Hg 203Hg 204Hg 205Hg 206Hg
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Lighter elements

* In addition to Bi, lighter elements were identified.
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ZOOBi 201Bi ZOZBi ZOSBi 2O4Bi 2O7Bi ZOSBi ZOQBi
36 min|103min| 1.7h | 11.8h | 11.2h | 15.3d | 6.2d [ 31.6y [3.7e5y} stable
202Pb 203Pb 206Pb 207Pb 208Pb

.6e4y§ 51.9h §stable |1.7e7y| stable | stable | stable

201T|. 202Tl 203'“ 204T|. 205Tl 206-” 207Tl
12.3d |stable| 3.8y |stable|4.2 min|4.8 min

193Bi 194Bi 1958i 1968i
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63.6s| 95s | 183s | 308s [9.3 min
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Lead generation

* These isotopes could come from the Bi decay chain (?°3Pb for example)

209p; dNpy,
§ 83 6.2d | 31.6Yy statlile ac ~ "milsi = AepNey
C
% 202ppy | 203pyy [1204pyy | 205pp, | 206py | 207pp, Npy (t0) %(1_e_letirr)_F%(e—/‘letirr_e_ABitirr)
i 82 5.6e4yf 51.9h fstable [1.7e7y| stable | stable | stable pr ~ =~k ib _—/1 Btl
i (£o) 1 — e~ Aaitirr
120 21

1 122 123 124 125 126
At the begining of the decay, t,, the ratio is estimated depending on the irradiation

# Neutrons (N) time £
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Lead generation

* These isotopes could come from the Bi decay chain (?°3Pb for example)

209g; dNpy,
— | = Ap;Ng; — App N
N 83 BilVBi PbiVpPp

— 6.2d | 31.6y stable dt

c

2 202 203 204 205 206 207 Api (1 — e—lpbtirr) + _ s (e_}letirr — e—ﬂBitirr)

S o, | *Pb | 2°Pb |**Pb | **°Pb | 2Pb | *”’Pb Npp(to) Ao j P—

o- —

5.6e4yf 51.9h fstable [1.7e7y| stable | stable | stable _ p—Agit;
+ y y NBi (tO) 1 — e~“Bitirr
120 121 122 123 124 125 126
At the begining of the decay, t,, the ratio is estimated depending on the irradiation
# Neutrons (N) ime £ sining Vi to PEnding
rr:
16 hours measurement 2°Bi 16 hours measurement 2°°Bi . . Th
o0 L 00 Sk Theoretical ratio of 2%Pb  Np,'(t,)
i ; | [ . — = =

00 ! 70 I produced by the decay of 2%3Bi: NTR(t,) 0.030
s 5001 ,‘ :l\ s 2001 fl | 203 to = time of irradiation (60.67 min) Bi \*0
3 400 \ '\ I\ \ 31507 c‘ ‘I :.‘"-“ Exp
LT L S R v Experi et ep_ (o) _ s

IO SEEVAR 17,08 1y NP, IR L I OR LAY LA P TEVN Xperimental ratio: EXp = U.

Lo T ‘ (From integrated counts) N Bi (to)
1027’0 275 280 285 290 295 300 310 815 820 825 830 835 840
Energy [keV] Energy [keV]
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Lead generation

* These isotopes could come from the Bi decay chain (?°3Pb for example)

209g; dNpy,
— | = Ap;Ng; — App N
N 83 Bi'VBi Pb'VPb

— 6.2d | 316y stable dt

c

2 202 203 204 205 206 207 Api (1 — e—lpbtirr) + _ s (e_}letirr — e—ﬂBitirr)

S o, | *Pb | 2°Pb |**Pb | **°Pb | 2Pb | *”’Pb Npp(to) Ao j P—

o- —

++ 5.6e4yf 51.9h fstable [1.7e7y| stable | stable | stable Ny, (t0) 1 — e—Bitirr

120 121 122 123 124 125 126
At the begining of the decay, t,, the ratio is estimated depending on the irradiation
# Neutrons (N) ime £ sining Vi to PEnding
rr:
16 hours measurement 2°Bi 16 hours measurement 2°°Bi . . Th
o0 L 00 Sk Theoretical ratio of 2%Pb  Np,'(t,)
, ﬂ , [ . —_——

w0 ! e | produced by the decay of 293Bi: NTR(¢,) 0.030 X Not all Pb
s 5001 ,‘ :l\ s 2001 fl | 203 to = time of irradiation (60.67 min) Bi \*0 can come from
gaoor |/ \ 8 1%01 1A Exp
gpo B e Ney (to) | decay!

zzz 122 Experimental ratio: PEI’T = 0.642 Bi decay!

kb e e ' ek (From integrated counts) N Bi (to)
1027’0 275 280 285 290 295 300 310 815 820 825 830 835 840
Energy [keV] Energy [keV]
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Lead generation

* Direct production of 2%3Pb must be taking place, 2°°Bi(y,p5n)?%3Pb.

203
— Bi dNpp
Ry 83 11.8 h 15.3d | 6.2d dr ApiNg; + P — AppNpp  p = direct production rate of 2°>Pb
g q = direct production rate of “°*Bi
"6 202Pb 203Pb 04p < 206Pb 207Pb 1 /1
& 82 ) ( ZBi APbtirr — bt Apbtirr — p—ABitirr
w  |5.6e4y] 51.9h [stable |1.7e7y| stable | stable | stable | N, (¢,) M)z (1- )+ pP— (e~ e )

120 121 ®122 123 124 125 126 Ng; (to) 1 — e~ sitirr

# Neutrons (N) M. Krmar et al. (EP) A, 2023)
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Lead generation

* Direct production of 2%3Pb must be taking place, 2°°Bi(y,p5n)?%3Pb.

203Bi 205Bi 2068i 207Bi 2088i ZOQBi

11.8h l'-1.2 h '15.3 d| 6.2d | 31.6y [3.7e5 table
202Pb 203Pb 04p 3 —_» h 206Pb 207Pb
5.6e4yf 51.9h jst

120 121

dNpp,
dt

o
w

= AgiNpi + p — AppNpp p = direct production rate of °>*Pb
q = direct production rate of 2°>Bi

AB -1 irr /1— -1 irr — -1 itirr
Npp (to) — ( a AP; (1—erteetr) 4 App — Agi (e — e7nifirr)

122 123 124 125 126 Ng; (to) 1 — e~ 2gitirr
# Neutrons (N) M. Krmar et al. (EP) A, 2023)

 Method 1: Analytical.

# Protons (Z)
(0]
N

able [1.7e7y| stable | stable | stable

E E — —
xp(to) NPI';Cp ABl e APbtl —e Apbtz
E Exp —Ap; —Api
xp(to) NBixp ABi — APb e—ABit1 — g—ABitl>2
4 )'Pb e_/lBitl — e_ABitZ
ABi — APb e_/letl — e_APbtz
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Lead generation

* Direct production of 2%3Pb must be taking place, 2°°Bi(y,p5n)?%3Pb.

203Bi 205Bi 2068i 207Bi 2088i ZOQBi

11.8h l'-1.2 h '15.3 d| 6.2d | 31.6y [3.7e5 table
202Pb 203Pb 04p 3 —_» h 206Pb 207Pb
5.6e4yf 51.9h jst

120 121

dNpp,
dt

o
w

= AgiNpi + p — AppNpp p = direct production rate of °>*Pb
q = direct production rate of 2°>Bi

Api “Appti Agi ~Appti ~Apiti
1— Pblirr — bl pbtirr — ABitirr

# Protons (Z)
(0]
N

able [1.7e7y| stable | stable | stable

122 123 124 125 126 Ng; (to) 1 — e sitirr
# Neutrons (N) M. Krmar et al. (EP) A, 2023)
 Method 1: Analytical.  Method 2: Temporal decay fit.
Exp Exp —Appt —Appt )
E (o) _ N};b _ e eTroeTE App = Apiteb N(])Bi[e_/lBit — e_/lpbt] + Apré)be—/lpbt
xp(to) NBixp ABi — APb e—ABit1 — g—ABitl>2 APb — /'{Bl.
App e~ ABit1 _ o—Agit2
+ Agi — App e~ Appt1 — p—Appt2
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Lead generation

* Direct production of 2%3Pb must be taking place, 2°°Bi(y,p5n)?%3Pb.

203
— Bi dNpp
Ry 83 11.8 h 15.3d | 6.2d dr ApiNg; + P — AppNpp  p = direct production rate of 2°>Pb
g q = direct production rate of “°*Bi
"6 202Pb 203Pb 04p < 206Pb 207Pb 1 /1
& 82 ) ( ZBi — o—Apblirr — bt Apbtirr — p—ABitirr
- 5.6e4yj 51.9h fstable |1.7e7y| stable | stable | stable Npy, (to) _ 1 g | 2ps (1 € ) + App — Api (e € )

120 121 ®122 123 124 125 126 Ng; (to) 1 — e~ sitirr

# Neutrons (N) M. Krmar et al. (EP) A, 2023)

 Method 1: Analytical.  Method 2: Temporal decay fit.

30 minutes interval

450

b 201py
Ex Ex — — - 201 201, 7
p(to) prp B Agi e Appti — o=Appt2 _ Agil - — % b 1 ——Fit:N, PPN, =191 b o~ Appt
Ex Ex —Api —Ani f ]
p(tO) NBi p ABi — APb e Agit1 — e Agit2
)'Pb e_/lBitl — e_ABitZ
+
ABi — APb e~ Appt1 — p—Appt2

200 400 600 800 1000
Time (min) o ber 2024 | 19 of 22
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Yields of lighter elements

* The relative yields of Pb can be

, 209Bj(~y,p xn) DRACO photoactivation yield
calculated using the same procedure ; : : : : . . .

as for Bi. T ¢ Bi calculated using integrated spectrum 7
B Bi calculated using decay fit
0.8F| ¢ Pb analytical
— o Pb temporal decay fit
S0 06| ]
-]
N‘h—rﬁ'
> i

199 200 201 202 203 204 205 206
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Yields of lighter elements

* The relative yields of Pb can be
calculated using the same procedure

as for Bi.

e TALYS simulations don’t reproduce

experiment.

TALYS 1.96 (TLO) cross section

-
o
=

Cross section (mb)
S
(3]

20985 55n)2%pp,

100 150 200
Energy (MeV)

0.8

0.6

Y(AYY (?°°Bi)
-

0.2

209Bj(~y,p xn) DRACO photoactivation yield

| ¢ Bicalculated using integrated spectrum 7
D Bi calculated using decay fit
-| ¢ Pb analytical -
#  Pb temporal decay fit
| © PbTALYS ¢ i
X o -
T
— T @ —
i s % .
el 0 0 o) O o © .
199 200 201 202 203 204 205 206
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* The relative yields of Pb can be
calculated using the same procedure

as for Bi.

e TALYS simulations don’t reproduce

experiment.

e Same procedure can be used for

some of the Thallium

(v,2pxn).

TALYS 1.96 (TLO) cross section

-
o
=

Cross section (mb)
S
(3]

20985 55n)2%pp,

100 150
Energy (MeV)

200

iIsotopes

Y(AYY (?°°Bi)

0.8

0.6

0.2

209Bj(~y,p xn) DRACO photoactivation yield

HEH HeH HeH B HeH B

Bi calculated using integrated spectrum

Bi calculated using decay fit
Pb analytical

Pb temporal decay fit

Tl analytical

Tl temporal decay fit

9-

204 205 206
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Conclusions

* Feasibility of laser-based facilities for nuclear research demonstrated.

16 hours measurement 209Bi

900

800 | .

* Successful photoactivation using high energy o | ‘
bremsstrahlung from the DRACO laser. oo | | |

£ 500 h ﬂ H .
. . . §400— I . le
* Produced a short-lived activity of 10-100 Bq from 1-hour °.| [dpesmsem |
irradiation (300-400 shots). o || I
100 Fypmmgd - Wil Wn,,.-.i‘ -.,,‘luh.,] \va .w"“v' h‘% M{"‘R‘W%‘*MI WV Ty "‘,,,m‘ ‘IW‘_

209B;(,p xn) DRACO photoactivation yield 0 ‘ ‘
T T T T T T T T 320 340 360 380 400 420 440 460

T &  Bi calculated using integrated spectrum °7 Energy [keV]
§  Bi calculated using decay fit

0.8F| @ Pb analytical . 1 . . .
5. || § foemerdecar ¢ * Several isotopes of Bi were characterised.
§_, adl b Tl temporal decay fit ‘ ]
S0 1 . i * Additionally, lighter elements were directly generated,
” 02l "B %1% ] such as Pb or Tl, and their yield analysed.

8
I} |

199 200 201 202 203 204 205 206

A
* These experiments can be a useful tool for improving the simulation
codes.
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Conclusions

* Feasibility of laser-based facilities for nuclear research demonstrated.

16 hours measurement 209Bi
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800 | .

* Successful photoactivation using high energy o | ‘
bremsstrahlung from the DRACO laser. oo | | |
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* Produced a short-lived activity of 10-100 Bq from 1-hour °.| [dpesmsem |
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209B;(,p xn) DRACO photoactivation yield 0 ‘ ‘
T T T T T T T T 320 340 360 380 400 420 440 460

T &  Bi calculated using integrated spectrum °7 Energy [keV]
§  Bi calculated using decay fit

0.8F| @ Pb analytical . 1 . . .
5. || § foemerdecar ¢ * Several isotopes of Bi were characterised.
§_, adl b Tl temporal decay fit ‘ ]
S0 1 . i * Additionally, lighter elements were directly generated,
” 02l "B %1% ] such as Pb or Tl, and their yield analysed.

8
I} |

199 200 201 202 203 204 205 206

* These experfments can be a useful tool for improving the simulation  Thank you!
codes.
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