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Photonuclear Reactions

What happens?
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Nuclear Physics with MeV-range photon beams

Pure EM-interaction
(nuclear-)model independent

Minimum projectile mass

min. angular momentum transfer,
spin-selective: low-spin modes [E1,M1,E2,(E3?)]

Polarisation
,Parity Physics®, channel selectivity
Narrow Bandwidth (at ELI-NP and CERN-ERL)
Explore specific excitation energy
~Selective Manipulation of Nuclear States“: Nuclear Photonics
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Photonuclear Reactions
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Photoactivation
Photodesintegration (-activation)
Photofission
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Electromagnetic dipole-response

Two Phonon PDR GDR
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High Intensity y—Ray Source (HIgS)

H.R.Weller, V.N.Litvinenko
Duke University, Durham, NC, U.S.A.

Compton Backscattering of Intra—cavity Laser Light

e-beam 2 y-rays

FEL FEL
photons photons

BSH Wiggler 2

2 - 60 MeV 1.7-6.4eV ~ 1000

nearly monochromatic, tunable, completely polarized




Looking at the HIGS Gamma—-Ray Beam
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Looking at the Target
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Parity Measurements with Linearly
Polarized Photon Beams
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zimuthal
f\tensny distribution
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Azimuthal asymmetry — parity quantum no.
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Physics with Photon Beams
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* Nuclear Structure Physics
» Nuclear single particle structure
» Collective nuclear structures
* Photofission
« Particle-Physics Metrology
» Neutrino detectors
* Nuclear matrix elements for Bp-decay
* Nuclear Astrophysics
» Capture / desintegration reactions
* Nuclear synthesis
« Applications
» Radiotomography

*  Nuclear Photonics
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ELI — Nuclear Physics, Bucharest, Design
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ELI — Nuclear Physics, Floor Plan DNIVERSITAT
Equipment -
« 2 10-Petawatt-Laser (low-rep., P opp g
Thales) e = &
==
« 700 MeV Electron linac (warm) Ei Ez 1
« external high-rep. high intens. laser : j B
 highest-brillant gamma beams L [%z :
from Lasercompton-backscattering S g ﬂ H J
0.5 MeV < E, < 20 MeV, 104 /eV s = ) I Wl
- minimale Bandbreite 0.5% - 0.1% : J
— Photonuclear Reactions S el
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ELI - NP, Progress
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Nuclear Resonance Fluorescence

Observables

« Excitation Energy E,

« Spind
« Parityn
T3 P=lot2esol' - Decay Energies E,
Ty T,/T T,/T « Level Width " (eV)
A=] T—J AT+, - Lifetime 1 (ps — as)
- Decay Branching '/l
It - Partial Widths T,
07 - Multipole Mixing &

« Decay Strengths B(ntA)

June 25th, 2015 | Workshop on LHeC & CERN-ERL facility, CERN, Geneva | Prof. Dr. Dr. h.c. Norbert Pietralla | IKP, TU-Darmstadt | 16



Some Historic Physics Highlights from NRF

(personal selection)
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D. Bohle et al. | Orbital M1 strength
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A.Richter,
Darmstadt, 1983

Scissors mode
Classically: current loop
— magnetic excitation: M1

First example of mixed-symmetry
state

Discovery in electron scattering
Systematics: photon scattering
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Scissors Mode: Decay to intrinsic excitations

1" - 0*B first observed in **Gd (N=90)
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J.Beller, N.P. et al., Phys. Rev. Lett. 111, 172501 (2013).

June 25th, 2015 | Workshop on LHeC & CERN-ERL facility, CERN, Geneva | Prof. Dr. Dr. h.c. Norbert Pietralla | IKP, TU-Darmstadt | 18



1. Availability Frontier

160

Current NRF measurements require gramm-size T
. ) SEP
targets (~ 102221 nuclei) 2 o

0<( :Z.

known 17

80

51 more nuclides would become
* cross sections (~ accessible to photonuclear studies

Required by

:uf—plane 325(:;, ¥)

* detection efficier A yariety of scientific questions - £y =810
- available lumino: could be answered. g ]
(number of target nuclei times y-ray flux) |
i &100 ’ 7200 8000 ‘ 8800
* resonably long beam times (order of days) | Emensry (u5V)

Rare p-process nuclei (1°%6Cd,13°Ba, 56Dy, 174Hf)
~ 0.1% ab., enriched material at ~$1,000/mg

Long-lived radioactive isotopes('°Be,82Hf,250Cm)
T, > ~10,000 yrs.
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Some Examples for Science Cases on Rare
or Long-lived Radioactive Isotopes

10Be: What dominates the low-energy E1 strength in light nuclei,
1s — 1p particle-hole transitions or cluster structure?
(lifetimes of 1-/2* doublet at 6 MeV, 2nd/3rd excited state)

« 33Mn: What is the fragmentation of the n(f,, — f-,) spin-flip strength
across the Z=28 shell?

« 1265n: How does the fine-structure of the PDR evolve with neutron
excess?

- 156Dy: Test of the predicted decay branch of Ov3B-decay at N=90
from M1 decay branching of the 1+ scissors mode

¢ 2%Cm,;,: What are the fission resonances at the N=152 shell?

« 250Cm: First access to dipole strength above N=152 shell
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2. Sensitivity Frontier

« Search for weak signals sensitive to the physics under study

« One example: Rotational Moment of Inertia of the Scissors Mode
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,Discovery Frontier” for NRF at HIyYS-2 / ELI-NP

High-Intensity Frontier = ,,Discovery Frontier*
(scientific opportunities)

« ,Availability Frontier*

(NRF on rare isotopes,

access to broader ,nuclear gene pool®) = :
o { 6000
- ,,Sensitivity Frontier* | [ 3 L aoo0 £
y \ [ / 3040 A R 8
(weak channels: strong physics) Sl MU
N

e 0
3000 3650 3100 3150 3200
Energy (keV)

- ,Precision Frontier*
(high count rates, new methods)

10° Counts / 1.3 keV
& g
, =
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H S
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Energy (keV)
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Thank you very much !

at 10°—-107 v/ (eV s) at CERN - ERL
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Photofission
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Photon Scattering
(Nuclear Resonance Fluorescence)
Traditionally Bremsstrahlung: Kneissl,Pietralla,Zilges, J.Phys.G 32, R217 (2006).

high energy resolution
spin selective: AJ=1,2 G oy r=TitZnaly

¥ I'e/T T/

strength selective 1.,

LLFANY.Y')

Electrons
Photon Flux
“N\v

B

E, Eq HPGe

Energy Energy
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NRF Basic Facts Bmkvaziggi
Widths of particle-bound states: I'<10eV
Single-spin level density: p, <104 MeV-
— isolated resonances
QM: HU = il U= U, = Ey+ i1 /2

_ —t/T __ _—TI't/h _
Decay law: (WD) (t) =€ [T =1 , I't=h
Typical lifetime limit: t>100 as I I P W
A=] [I-Ie A< T+,
Total width: F=>T1, =Y Tin o
] TA
E»YB 2A+1

Transition rates: Fizx = cna ( - ) B(mA: Ji — Jy)
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NRF cross section

Breit-Wigner absorption resonance curve for isolated resonance
[from Fourier transform: ¥(t) —» W(E) ]

2]+ 1 [N
2 (E o Err)2 + (F/Q)Q

On resonance cross sect.s are very large: 6,=200b (for [,=T, 5 MeV)
However, resonances are very narrow

Thermal motion of target nuclei lead to Gaussian Doppler-broadening of
resonance (typical Doppler width A = few eV >> T" = 10s of meV)

oD (E) = Yoy e (53)
Energy-integrated cross section: I, = f 55 (E)dE =

-
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Scattering cross section
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N. Pietralla et al., Phys. Rev. C, 51, 1021 (1995).
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Angular Distribution, Spin Qua
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ntum Number J
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do
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Photon helicity 1, m = *1
— non-isotropically alignment of
photo-excited state (even oriented for
circularly polarized beam)

dQ 2

Pronounced angular correlations when
involving spin-0 states (ee-nuclei)

Angular distribution functions W(9)
from angular correlation theory

— Spin quantum numbers J
(easiest in even-even nuclei).
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Observables in NRF

Observables

- Excitation Energy E,

« Spind
« Parityn
T3 P=lot2esol' - Decay Energies E,
Ty T,/T T,/T « Level Width " (eV)
A=] T—J AT+, - Lifetime 1 (ps — as)
- Decay Branching '/l
It - Partial Widths T,
07 . Multipole Mixing &

* Decay Strengths B(mA)
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S-DALINAC at TU Darmstadt
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’= Aeecelerator Hall >i=

l 4

0 5m N %
Source
Electron Source A

@ 130 MeV Electron LINAC

Photon Experiments

‘ 10 MeV Injector: Photon Scattering / Photofission

Thanks to

v’ State of Hesse
v' TU Darmstadt
v DFG

@ < 30 MeV Tagger: Photodesintegration / Photon Scattering
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S-DALINAC at TU Darmstadt
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Bremsstrahlung-Site

B et

~

: Zilges et al.
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Darmstadt Low-Energy Photon Scattering
Site at S-DALINAC

<10 MeV
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Some Historic Physics Highlights from NRF

(personal selection)
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D. Bohle et al. | Orbital M1 strength
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Scissors mode
Classically: current loop
— magnetic excitation: M1

First example of mixed-symmetry
state

Discovery in electron scattering
Systematics: photon scattering

June 25th, 2015 | Workshop on LHeC & CERN-ERL facility, CERN, Geneva | Prof. Dr. Dr. h.c. Norbert Pietralla | IKP, TU-Darmstadt | 37



Ue

Systematics of scissors mode in rare earth's
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Collectivity of the Scissors Mode

Richter,
Kneissl|, 41 Stuttgart-Darmstadt-Koéin | 18
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N. Pietralla et al., PRC 58, 184 (1998)
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Nuclear Structures with Mixed pn-Symmetry

M1 as unique signature for A
mixed-symmetry states ]
Ex
H=eng+\M E 1 MeV
max
N,=N,=1 — 7
_ 1 Fmax =i + ar
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collective , Expl: S Liyg -
" (vibrator) N_.Pietralla, C Fransen et al., Phys Rev Lett. 83, 1303 (1999).
0" N Pietralla. C Fransen et al . Phys Rev Lett. 84, 3775 (2000).

C Fransen, N Pietralla et al., Phys Rev.C 67, 024307 (2003).
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M1 Scissors mode:
Decay to intrinsic excitations

"
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,Application‘: Dipole strength and Ovf33-decays P AT
eck endi
PRL 111, 172501 (2013) PHYSICAL REVIEW LETTERS 25 OCTOBER 3013
Constraint on O Matrix Elements from a Novel Decay Channel of the Scissors Mode:
The Case of 1Gd
J. Beller,"** N. Pietralla,' J. Barea,” M. Elvers,*" J. Endres.*" C. Fransen,’ J. Kotila,® O. Méller.," A. Richter,’
T.R. Rodriguez,' C. Romig,' D. Savran,”® M. Scheck."” L. Schnorrenberger,’ K. Sonnabend.®
V. Werner,” A. Zilges,® and M. Zweidinger'
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Pygmy Dipole Resonance

- Concentration
40'_1?’I6X(|3IIIIIIIIIIII|I- around5-7MeV

30 t N/Z = 1.52

- Fragmented strength

« Summed strength:
Scaling with N/Z ?

30

U N/Z = 1.41 ]
20 ]
10 I ]
0_ | T I R T

BEDI[103e%fm?]

142 4

[ “*Nd ]
30 l N/Z =1.37 1 .
20 - 1 skin

10 1
0 T T T T T T T T T T T
sof Sm - R.-D. Herzberg et al., PLB 390, 49 (1997).
20 ] A. Zilges et al., PLB 542, 43 (2002).
N TRTN " . D. Savran et al., PRC 84, 024326 (2011).
4000 6000 8000
E [keV] U. Kneissl et al., J.Phys.G 32, R217 (2006).
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Parity guantum number & for J=1 states UNIVERSITAT
DARMSTADT
— 17[
B
E1 Y
or
W(0, ) =1+ 3 Pa(cos ) \.Petralla, 1% Wellr ot al.,
—_ -+ %,Ll c(}S(E{,.ﬁ]PEM(::ns ]

Elastic scattering distribution not isotropic about incident polarization plane.
No intensity along oscillating dipole vector

Azimuthal rotation by 90° for M1 and E1 distributions

Observable only for linearly polarized beam
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@ 32g Analyzing Power for the Pygmy Resonance
8.1(3) MeV

beam
y —1ay / Target monitor
] D v Ol "pygmy resonance": all E1!
beam
collimator @ 160 . . . . . . |
8.12MeV -+ - inplane 138B3 -
\ 1 ol o Ba ]
160 . - - . - i .'8. Ein=5.6(2) MeV 7
| in—plane 80t 3 hbeam on targct M1
120} Og O i known 17 M1 > i :
80| © 1
DEP
= | |
= > |V e
£ 9 . : ! : 1
g L out—of—plane 32
<120p O
C<0 _
- @ E;n=8.1
80 5 hbea . .
I 3.7 glem 5600 5800 6000
a0l ergy (keV)
: ’ . X N.Pietralla et al., Phys.Rev.Lett.88, 012502 (2002).
€400 7200 8000 8800
Energy (keV) . . . .
N.Pietralla et al., Nucl.Instrum.Methods A483, 556 (2002). established international community

(not only NRF))
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Advanced set-up: y® at HIYS

B. Loher et al., Nucl. Instruments Methods Phys. Res. Sect. A 723, 136—142 (2013).
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I -coinci i - - UNIVERSITAT
First yy-coincidences in a y-beam: y* @ HIYS UNIVERSITAT
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B. Loher et al., Nucl. Instruments Methods Phys. Res. Sect. A 723, 136-142 (2013). B
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i - i i i - . UNIVERSITAT
First yy-coincidences in a y-beam: y* @ HIYS UNIVERSITAT
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B. Loher et al., Nucl. Instruments Methods Phys. Res. Sect. A 723, 136—142 (2013).
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I a I I I - - UNIVERSITAT
First yy-coincidences in a y-beam: y* @ HIYS UNIVERSITAT
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+ parity non conservation in nuclear
excitation could be tested with circularly
photon beams [1]

L1} W
By = o il ’Tf s { ) aT 1}“\:{'- ”-rr)
- o% +of EH—E_r ' :
] _ Tramsition Admixture
hitp:irfu.cea. fr/ Sphn/Farity/ Ag W DIl — (7710 1Ey] (F-"EY] |Rn/AE]
He 01— 2-,1) [7340]  [7010] I +6
> N
parity violation {EV} effect BN (15,0) — (14, 0) [6203]  [5601] 70£20
postulated in 1956 and (1%, 0) = (0%, 1) [8624]  [8T76] 40+ 5
experimentally verified in 1957 (1,00 — (2-,1) [9500]  [9172] 4545
by Wu et al. sg: ()= {301) [11025] [10038] 1T+ 7
; ; 16 - (2. 72 7
#+ various theoretical and Rl e T [0 erTlst i
2 : 4 - d
experimental attempts but impact
BE  (1%,0) = (1-,0+1) [5603]  [5603] 500 110

of weak interaction on nuclear
structure not well tested, yet MNe (07,00 — (17, 0) 270] - [11262] 670 = 7000

[1] &A1 Tiov et al., J. Phys. G- Nucl. Part. Phys. 32 1097 (2006)
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20 i ) N SITA
Ne Parity Doublet O NveRsTAT
1 : ; E{d 5/2 1}1"' {ds.@a] 3
_ 11270 (5) isobaric analogs 1+
&E R | T= 1_ . 4_,_
1+ 11262.3(19) ) . o 3

7(Py,")V (ds,?) —gs

F, T.=1

/; doublet is isobaric analog of simple shell model \

states

+ high nuclear enhancement factor [1]:
+ overlapping wavefunctions
+ small energy splitting (large uncertainty)

ﬂR_.x-;"&E = (670 £7000) AF = (7.7 +53) keV)

D+

T.=0 \+ feasibility of measurement of PV effect on 22Ne? /
“Ne A
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Energy Splitting of 2°Ne Parity Doublet

E1l transition | I

M1 transition

sum lin. pol.

polarization plane (E-vector)

# !
|
HPGe| — | sum unpaol
A - §5

incident phDT.DI:I
beam

-.---/'5“—””"’ Centroid shift
HPGe . — energy difference

| s :"Iu-'l — Jﬂ'nrl
~ NM+N

El
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Experiment on 2°Ne at HIYS

.

filling
walve

adapted from
T.C. Lietal, Phys. Rev. C 73 054306 (2006)

*+ beam energy: 11.26 MeV (AE = 350 keV)

*+ 4 h with circular polarized photons
(Isotropic emission — reference point)

+ 20 h with linear polarized photons
(separation of 1* and 1- state)
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1111 20 i UNIVERSITAT
Energy Splitting of ““Ne Parity Doublet Pl
f: before: \ - e s
) | 'i 150 ' a0 B
1 £ } 250 &
1* i el | 200 f HIyS data
AE = (7.7+5.3) keV 2 50 sz J Beller
\ / s I o
Ry ER " %‘ etal., TU
:~.E = 670 =+ 700 S ] . & Darmstadt,
\ j E 600 '!.':I'iI:.'l:JFI:"I | 00 ?!._ to be publ
E 1200 + s : : alERs 1% % (2014)
> { 200 =
K NOW. \ T 800 [ ] 150 E
1+ E 400 | 100 =
S_ 1S 5 l, 8

11230 11240 11250 [ 1260 11270 11280

AE = [3.2 + 0.9) keV & Ne doublat Energy / keV
i * strong M1: I'y, 14+ = 11.2(20) eV [2]

\ A~ 1610 = 670 + weakEL: Ty ;- = 0.39(5) eV [2]

[2] D.R. Tilley et al., Nucl. Phys. A 636 (1998) 259
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Scientific Opportunities at High-Intensity

AN

* Intensity Frontier (instrumental challenge) — ,,Discovery Frontier”

(scientific opportunities)

- ,Availability Frontier* (NRF on rare isotopes)
« ,,.Sensitivity Frontier” (weak channels: strong physics)
»,Precision Frontier* (high count rates, new methods)

« Conclusion
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3. Precision Frontier
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High Intensity = High count rates —
small statistical uncertainties

« address unresolved questions that
cannot be answered today because of
uncertainties

* e.g., scaling of scissors mode with
deformation

« evolution of K-mixing in octupole-
vibrational bands of deformed nuclei

* the ,,unknown unknown®...

N. Pietralla et al., PRC 58, 184 (1998)

4t + 8
o
“73231 + r 16
[ ]

&

% L

= 2t *l T ! - 14

p= n %

) (] @

& ] n .

(A L 4 i
1 .’ gjl . : 2

i .‘-

120 ""160 200 120 160 _ 200

Mass Number A Mass Number A

High Intensity enables new approaches

* e.g.- — Nuclear Self Absorption
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Absorption Processes

Absorption lines only a few eV wide!

atomic attenuation

several processes
contributes at each energy
independent df,

InN

= bremsstrahlung w/ absorber
== bremsstrahlung w/o absorber

/ Energy (a.u.)

>~ resonant absorption
only at resonance energies
depends on

ly I _(M)z
o, x1I'g-e A
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Principle of Measurement and Self Absorption’

1 F. R. Metzger, Prog. in Nucl. Phys. 7 (1959) 53
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Use scatterer made of absorber material as ,high-resolution detector®.

scatterer
calibration
target

In N

bremsstrahlung w/ absorber
= bremsstrahlung w/o absorber

scatterer
calibration
target

|:{>I—

Self Absorption:
Decrease of Scattered Photons

because of Resonant Absorption

Counts
o mo==Ee

=y

- \

— Scatlerer
=== calibrator

—|- N,
R(Fo)z- . A

N. woA

A

Energy (a.u.)
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Determination of Ground-State Transition Width
and Branching Ratio to the Ground State

calculate R as function of I’
self absorption R,,, determined experimentally

comparison of experiment and calculation gives
ground-state transition width 'y

I
NRF measurement gives [’ - ?0

thus total transition width I' and branching
ratio I'y/I" to ground state can be determined

04 — 1T T"7
0.35-
0.3
0.25

0.2

R(Iy)

0.15

0.1

0.05

0.0

0 100 200 300 400
[y / meV
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Application: °Li as Benchmark for
ab-initio Nuclear Structure Theory

Isospin Excitations of Nucleons and Nuclei

Nucleon Deuteron
01 ™
S=0

3.56 T=1 on

A

M| As=1

AT=1 \

4 un |
ol s=112 ™ 0 s=1 M
N T=1/2 udg 13 T=0 pn

Nuclear Quasideuteron-Configurations: A.F.Lisetskiy et al., Phys. Rev. C 60, 064310 (1999).
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Li as Benchmark for ab-initio Theory

3562 0+ T=1 S T
. 10 +
parl’[y 3 7) 8) 9)
forbidden 8| | % :
3+,T=0 _ %2)
>
2 6 )
4 2 - ﬁ"’)
He + °H 1+ T=0 al ¢
o+ 1+ . .
T-0 T=0 6Lj Al :;ii;Absorptlon |
" (ee)
Exp.: 341=8.16(19) eV (from (e,e’)) Toss 1960 1965 1970 1975 1980
Year
S. Pastore et al., PRC 87 (2013): e , , ,
chiral currents contribute significantly to g SLi (0" =1%
' = —
GFMC with one-body EM current operator at
leading order (impulse approximation): 6.90(2) eV T
7.9 8.0 8.1 8.2 83 8.4 8.5

GFMC with additional two-body meson-exchange [y (eV)

currents up to N3LO (| EFT): 8.41(3) eV
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Self Absorption Measurement on °Li )\ Univeraia
(Ch.Romig, TU Darmstadt, PhD thesis, 2014 in preparation) @'Y DARMSTADT

<> scatterer: 5 g Li,CO; (enriched to 95% in 6Li) < endpoint energy: 7.1 MeV
<> calibration target: 4.2 g "'B (sandwiched) < 7 days w/o absorber
<> absorber: 10 g Li,CO, (enriched to 95% in 6Li) < 8 days w/ absorber
160 . : ; . . : : , . . ,
' S-DALINAC data —— w/o Abserber/o Absorber

2013 acl A—hn—'-w<mwdndiér wotfhliedd
11B /

ek R =0.5178 = 0.0015 :
N g (0.3% relative uncertainty) |
g 8¢ I, ? Stay tuned... -
E _

ma | \_ Ch.Romig, TU Darmstadt, 2014 /) "B

2 40 + 11 i
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