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Nuclear Photonics:
An attempt of a definition

,Nuclear Photonics is the cross-disciplinary field of Physics
and Engineering which addresses controlled photo-nuclear
reactions with artificial y-ray beams and their applications.”

v @
,controlled”

» excitation / manipulation of single nuclear quantum states / groups of states

,artificial gamma-ray beams”
« usage of artificially shaped y-ray beams w.r.t. spectral intensity profile

,cross-disciplinary”
» integrates techniques from nuclear physics, quantum optics, accelerator science

Very boldly: “Nuclear Photonics is a newly emerging field of science.”
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Outline

 Basic facts on Photonuclear Reactions
» Size of photonuclear cross sections

« Gamma-ray beam — target interaction
« Examples
» Selective excitation of nuclear quantum states
* Applications in Nuclear Resonance Fluorescence
* Manipulation of spectral intensity profile
* Nuclear Self-Absorption

- Examples W\)

 Limitations

« Conclusion
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Photonuclear Reactions

What happens?
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Elastic Scattering: Nuclear Thomson

DARMSTADT
Klein-Nishina: do 1 ., /EN°|E, E . _
pDI'rr -y Rt -31; 2
q0 () = 570 (E:_.) E, + E, 2 sin” 4 cos” @
a hc
o =
’\/{Y/\) Mc?
typical Compton cross section: 40 mb (per electron)

typical Nuclear-Thompson cross section (A=50): 4 pb

10 orders of magnitude smaller, because M,_.,/ m_, = 10°

— focus here on inelastic scattering
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Inelastic scattering: Resonance Scattering UNIVERSITAT
E, '
A | . 11 5.02 MeV_ 35—
5.0(2) MeV Target beam T
y1ay monitor
| @D, v (Je()
beam @ ) [ ] 1/2~
S === collimator i i @ J
o d 3 30
—— 3 1 3, T ' r l 1B
—— ; - mg i Fil‘st I\R.F at HIGS 4 .’000 -
S5 - 5/15/01 | S Dby i i
@ - K ~~ '3 hbeam S s s !
E— 2 T 1 =1500s Ve T8
g1} /= 11 i
2 > :
= 1 recmmimmeee” 1 210002 3
- ol Sb N g '
0o 1 2 3 4 5 -6 3 :
Gamma Energy (MeV) o 300 3
]
N _Pietralla et al. PR A . .

Nucl.Instrum.Methods A483. 556 (2002).2.8 32 36 40 44 48 5.2
Gamma Energy (MeV)

Oct.17th, 2016 | Nuclear Photonics 2016, Monterey | “Nuclear Photonics: Basic Facts” | Prof.Dr.Dr.h.c. Norbert Pietralla | IKP, TU-Darmstadt| 6



55 TECHNISCHE
&/~ UNIVERSITAT
)7~ DARMSTADT

Photonuclear Reactions

Absorptio

' 4

)

N AN

AY Nuclear Resonance Fluorescence (NRF)
Photoactivation
Photodesintegration (-activation)
Photofission

gs
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Photonuclear reactions in the continuum

E, « (semi-)continuous-energy ejectiles
A « energy-resolution obtained from incident y-ray beam
« physics cases:
S == » fine structure in the continuum
E— « continuum-decay modes
I * multipole decomposition of resonances
A.GDR A
« examples : ] 5
» - 7 AE=1.2 MeV
< S ' =% I
. + |AA
g ThemenGews X Y >
14 16 18 20 22 24 26 EY
E, (MeV) Beene et al.
S.Henshaw et al. (HIyS) Krasnahorkay, Ponomarev
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Nuclear Resonance Fluorescence (NRF) ") UNIVERSITAT
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EX
A J Iog+2esol's
S = 1-‘0
A=J |J—J|<A<T+Js
.|.
S ()1

Metzger, Proc. Nucl. Phys. 7, 54 (1959).
Kneissl, Pitz, Zilges, Prog. Part. Nucl. Phys. 37, 349 (1996).
Kneissl, Pietralla, Zilges, J. Phys. G 32, R217 (2006).
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NRF cross section UNIVERSITAT
» Breit-Wigner absorption resonance curve for isolated resonance
« radioactive decay law and Fourier transform: ¥(t) > ¥Y(E)
—5 2J+1 [T’ %
O-(L(E) p— 7‘[‘A2 O — ED—E7 . ~ FO/F

2 (E—FE.)?+(T/2)? 1+ (Tg'jz

« Onresonance (E=E,) cross sections are very large.
— co= 200 b (forT'y=I', E =5 MeV)

* Irrespective of multipolarity !

« However, resonances are very narrow (I';)
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NRF cross section

Photonuclear excitation widths I'y depend on nuclear wave functions

E 2A+1
Ty = cd(h—;’) K7 I Toa [l P01

 with typical widths I'; for photonuclear excitations
(use Weisskopf estimate for A=50 and use E=5 MeV)

E1 (use 1 mW.u.):
M1:
E2:
M2:
E3:

0.1eV
2.6 eV
30 meV
0.6 meV
4 neV

1.5

o(E)/ oy
1

0.5

 much more narrow than photon beam profile

 — Integrated cross section

N.(E) (a.u.)

Y

=
-4 -2 0 2 4

E-E. (a.u.)
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NRF cross section

Thermal motion of target nuclei lead to Gaussian Doppler-broadening of
resonance (typical Doppler width A = few eV > ')

() = Ty L oty
1.2 - N
L |
08 N
0.6 - N
04 N
0.2 - .
. l l l
-20 -15 -10 -5 0 5 10 15 20
Energy-integrated absorption cross section: [, = f 55( E)dE = ggo I ~T

Elastic-scattering cross section ~I'y?/T

Oct.17th, 2016 | Nuclear Photonics 2016, Monterey | “Nuclear Photonics: Basic Facts” | Prof.Dr.Dr.h.c. Norbert Pietralla | IKP, TU-Darmstadt| 12



TECHNISCHE
UNIVERSITAT
DARMSTADT

Example: M1 and E2 NRF on °¢Gd

500

450
10000
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8000
7000
6000
5000
4000
3000
2000
1000

400

350

300

Events per 0.6 keV

Events per 0.6 keV

1 1 1 1 1 1 1
2980 2985 2990 2995 3000 3005 3010 3015 3020

9000 Energy [keV]

8000
7000
6000
5000
4000
3000
2000
1000

Excitation of rotational state on top
of Scissors Mode: E2

Events per 0.6 keV

. IR b First E2 NRF in deformed nucleus

| ——— i
2900 2950 3000 3050 3100 3150 3200 3250
Energy [keV]

Excitation of Scissors Mode: M1 T.Beck et al., to be submitted soon
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Beam — Target Interaction: Self Absorption

Evolution of
0.0000
Photon Flux 7z in atoms/ fm?
in Target 1.0
2
0.0015 /f
10 | fos
';]‘ 0.5 '0.6
o
=]
\g -
0.0 | -

,opectral shaping”

— Nuclear Photonics

Oct.17th, 2016 | Nuclear Photonics 2016, Monterey | “Nuclear Photonics: Basic Facts” | Prof.Dr.Dr.h.c. Norbert Pietralla | IKP, TU-Darmstadt| 14



TECHNISCHE

Absorption Density Profile el
_ ) 0.0000
Evolution of 50, O T QU008 ) 600
NRF intensity
in Target
600 -400
% 400
i 200
200

0

AE in eV

~40
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Absorption Processes

Absorption lines only a few eV wide!

atomic attenuation

several processes
contributes at each energy
independent of ',

InN

= bremsstrahlung w/ absorber /

== bremsstrahlung w/o absorber

/ Energy (a.u.)

s resonant absorption
only at resonance energies
depends onI’,

ly I _(M)z
o, X 1'g-e€ A
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Principle of Measurement and Self Absorption’
1 F. R. Metzger, Prog. in Nucl. Phys. 7 (1959) 53

Use scatterer made of absorber material as ,high-resolution detector”.

scatterer scatterer
calibration calibration
target target

In N

Self Absorption:
Decrease of Scattered Photons
because of Resonant Absorption

[ = gcatterer — . NW
. BN

=== calibrator

bremsstrahlung w/ absorber
= bremsstrahlung w/o absorber

2 ln‘l NwoA
%‘ i
© (N |

v A

1 1

- \

Energy (a.u.)
Oct.17th, 2016 | Nuclear Photonics 2016, Monterey | “Nuclear Photonics: Basic Facts” | Prof.Dr.Dr.h.c. Norbert Pietralla | IKP, TU-Darmstadt| 17



Self Absorption Measurement on °Li
(Ch.Romig, TU Darmstadt, PhD thesis, 2014)

<> 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 5Li) < 8 days w/ absorber
160 . : , . . : : , . . ,

' S-DALINAC data —— w/o Abserber/o Absorber

2013 —— w/ Absorberv/A®BddIé) woitfithliedd
120 - "B
4 )
R=0.5178 = 0.0015
HB 3563 keV 0+ T=1

seil  (0.3% relative uncertainty)

3*T=0 —> FO
Li

10° Counts / 1.3 keV

[N
—
T -

\ Ch.Romig, TU Darmstadt, 2014 /

I B
— il

2000 2500 3000 3500 4000 4500 5000 5500
Energy (keV)
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Determination of Ground-State Transition Width TECHNISCHE
and Branching Ratio to the Ground State DARMSTADT

0o4I'I'I'I'I'I'I'I'I
calculate R as function of ', i

0.35
self absorption R,,, determined experimentally s
comparison of experiment and calculation gives 0.25
ground-state transition width I’ —
= o2
=
0.15
. L'y -
NRF measurement gives ['; - T 0.1
thus total width 1" and branching 0.05
ratio I'y/I" to ground state can be determined i |
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Precision Measurements on I
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PHYSICAL REVIEW C VOLUME 51, NUMBER 2 FEBRUARY 1995

Absolute level widths in 27Al below 4 MeV

N. Pietralla,! I. Bauske,? O. Beck,? P. von Brentano,®! W. Geiger,? R.-D. Herzberg,! U. Kneissl,?
J. Margraf,? H. Maser,®2 H. H. Pitz,? and A. Zilges®
L Institut fir Kernphysik, Universitit zu Koln, D-50987 Kéln, Germany
2 Institut fiir Strahlenphysik, Universitdt Stuttgart, D-70569 Stuttgart, Germany
(Received 12 August 1994)

50 E'I'l'l‘l‘['1'I'1"1"]'1'!'!'I'I'l‘1‘!'-
e E = 2982 keV ;
40 E
g 30
e 20
10
O: NTETETE TR T [T T P TN Y I
0 50 100 150
[' [meV]

2% accuracy on photon flux calibration
standards for NRF experiments

I'(eV)

6Li: ~ 1% accuracy achievable

9-0 T T T T T T T T
8.5 | 3 1
L___i l T T1 " - -
~ 80l | [ 1 ‘T““‘jf%« e
% %//
~ 75t A -
.t
7.0 | - ¢ RSA approach -+
e NRF approach
6.5 1 1 1 1 1 1 1 1
300 400 500 600 700 800 900 1000
Tp (K)
12 T T T T T
[ D >
10 l -
[ ©) b ) D]
s - o = —
8 LI i b
6 i d) _
% b
4 mee) ¢ -
2 | 4 NRF A
| @ self absorption
O 1 1 1 1 1
1955 1960 1965 1970 1975 2013
Year

C.Romig (Dissertation, TU Darmstadt, 2014)
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Measurements on Branching Ratio I',/T"

Physics Letters B 744 (2015) 369-374
o . week ending
PRL 117, 142501 (2016) PHYSICAL REVIEW LETTERS 30 SEPTEMBER 2016
Contents lists available at ScienceDirect .
Physics Letters B Branching and Fragmentation of Dipole Strength in ®!Ta in the Region
www.elsevier.com/ocate/physleth of the Scissors Mode
C.T. Angell,”" R. Hajima," and T. Shizuma’
. i . . . . Quantum Beam Science Center, Japan Atomic Energy Agency, Tokai-mura, Ibaraki 319-1184, Japan

Direct determination of ground-state transition widths of low-lying @me"k
dipole states in 4Ce with the self-absorption technique B. Ludewigt and B.J. Quiter

Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

C. Romig™*, D. Savran b, J. Beller?, |. Birkhan?, A. Endres?, M. Fritzsche®!, J. Glorius dee, (Received 4 March 2016; revised manuscript received 3 August 2016; published 26 September 2016)
. Isaak >, N. Pietralla®, M. Scheck *-"%, L. Schnorrenberger?, K. Sonnabend 9,

M. Zweidinger*

T T T T
1.0 _Eﬁf:2.7a MeV i

1.0 F . -
i ‘ 0.5

0.8 —.—

[=} 0.6 B r ‘ ‘ wnhnu!n‘hsnrhcr 7
= 0.0 - :
. 2720 2740 2760 2780 2800 2820

04

Counts/ 133 keV

with absorber

°ww~wmr-*v” Ener keV
O . 2 B 00 self absorption i g y ( )

6.0 625 65 675 7.0

0.0 ; ] ; ] . ] i ] E:(MCV) ] ; ] E}f R(na) <]L‘s>k <b01u>k <b0>
0 200 400 600 800 1000 1200 (MeV) (eVb) (eVb)

2
I2/T' (meV) 2.28 0324007 12+£3 29=+03 02500
2.75 0.14 + 0.07 442  1.8+0.1 057]
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Polarization and Angular Distribution

here: Energy Splitting of 2°Ne Parity Doublet

E1 transition I
M1 transition

sum lin. pol.

polarization plane (E-vector)

.-'-' l
H I X II ST |,|||F'|l.'||.
1% r. 1L 1.5 I Ln (1]
'\...\. iy -‘- 4
ﬂ_j'. -~

incident photon
beam

':]-__._.
0 ] P
_ / 4 =90" Centroid shift
_— energy difference J

HPGe

| Pll'-il — Jﬂ'l."- L
TN+ Ny

El
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Energy Splitting of 2°Ne Parity Doublet NIVERS ITAT
({ before: = ——— -
i E - ®  HKSdata
AE = (1.7+5.3) keV = % 4
Rii | " g J.Beller
N 670 4+ 700 ﬁ‘_-ﬁ & £ etal., TU
\ E 1600 'J;:_;_fi'ﬂﬂl 1 300 ?3_ Darmstadt,
= 1200 : %
/_ NowW: E 800 - _hlzflL: E PhyS. Lett. B
. i E awo | V' m{r:EI 741, 128
: @ g o . . ! = 3 (2015).
11230 11240 11250 | L2 11270 11280

Energy [ keV

AE = (324 0.9) keV

Rr
ﬁ 1610 + 670

+ ZNe doublet:
» strong M1: 'y 1+ = 11.2(20) eV [2]
* weakEl: T ;- = 0.39(5) eV [2]

[2] D.R. Tilley et al., Nucl. Phys. A 636 (1998) 259
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Shaping of Absorption Profile

x(E. 2)
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Limitations
w.r.t. atomic quantum optics

« available y-ray beams are not coherent
* Cross sections are much smaller
* level lifetimes are smaller

« — double-photon excitation very difficult
« assume 1~ 1fs — useful y-bunch length: ~ 0.3 um
« corresponds to 10-3° for a 3 GHz — accelerator
* half-value thickness: ~5cm = ~ 1 nucleus / b

« necessary flux for double-y excitation: ~1y/(eV bfs) =103 v/ (eV cm?s)

« spectral shaping of y-ray flux by absorption — loss of intensity
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Conclusions

“Nuclear Photonics is an emerging field of science.”

,Nuclear Photonics is the cross-disciplinary field of Physics
and Engineering which addresses controlled photo-nuclear
reactions with artificial y-ray beams and their applications.”

,controlled"
» excitation / manipulation of single nuclear quantum states / groups of states

,artificial gamma-ray beams”
« usage of artificially shaped y-ray beams w.r.t. spectral intensity profile

,cross-disciplinary”
» integrates techniques from nuclear physics, quantum optics, accelerator science
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Thank you very much !

at 105 — 107y / (eV s) at CERN - ERL
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S-DALINAC at TU Darmstadt

’= Aeeelerator Hall =i= Experimental Hall

.
i &t /
0 Sm = - ,/
Source 0
;. Thanks to

Electron Source

v' State of Hesse

] v TU Darmstadt
Photon Experiments v DEG

‘ 10 MeV Injector: Photon Scattering / Photofission
‘ < 30 MeV Tagger: Photodesintegration / Photon Scattering

@ 130 MeV Electron LINAC
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S-DALINAC at TU Darmstadt
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Bremsstrahlung-Site

S ——

~

Zilges et al.
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Darmstadt Low-Energy Photon Scattering

Site at S-DALINAC K % A%gi{\:’\z%%rg

<10 MeV

EEEEEEEEE

Energie
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Parity quantum number & for J=1 states | //7) UNIVERSITAT
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w S mll K
B
E1 Y
or
W(0, ) =1+ 3 Pa(cos ) N Petrale, R Weler ot l.
—_N -+ %,Ll c(}S(E{,.ﬁ]PEM(::ns ]

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

Azimuthal rotation by 90° for M1 and E1 distributions

Observable only for linearly polarized beam
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1) e @ 32g ) Analyzing Power for the Pygmy Resonance
C eam
y —1ay / Target monitor
] D v Ol "pygmy resonance": all E1!
beam
collimator @ 160 . . . |
8.12 MeV - inplane 138B3 -
\ 1200 O Ba .
160 . : : : : - .'8. Ejy= 5.6(2) MeV T
| in—plane 80t 3 hbeam on targct M1
120F Og O i known 17 M1 = :
o © 1
DEP
= I |
= > |V e
= 0 . : : : 1
g L out—of—plane 32
o120 O
00 B
- @ 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)

established international community
(not only NRF!)
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+ parity non conservation in nuclear
excitation could be tested with circularly
photon beams [1]

7 'T?? e r:rL 2R
R 'T.H' o .r‘.r” EE . E—r

(O—n| VENC |Dn)

] _ Trom=ition Adnsture
http:/irfu.cea. fr/Sphn/Farity/ 2 W IEl- U7 1Ef (77IEF]  |Rn/AE]|
He 01— (2, 1) [7340]  [7010] I+6
> L .
parity violation {EV} effect BN (1%,0) — (1%, 0) [6203]  [5601] 70420
postulated in 1956 and (=, 0) — (0, 1) [8624]  [8776] 4045
experimentally verified in 1957 (1,00 — (2-,1) [9500]  [9172] 4545
by Wu et al. sg: ()= {301) [11025] [10038] 1T +7
%0 (00— (2.0 |2872] [6017) 18+2

*+ various theoretical and
experimental attempts but impact
of weak interaction on nuclear
structure not well tested, yet s (00— (7,0 2700 [11262] 670 £ 7000

[11520] 05+0.7

BF 1+ 0) = (1~.0+1) [3603] [5603] 300+ 110

[1] Al Titov et al., J. Phys. G: Nucl. Part. Phys. 32 1097 (2006)
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20Ne Parity Doublet

1 : : E{dﬁfﬂ 1}1"' {ds.'zz} ¥
11270 (5) isobaric analogs 3
B o T 1 A+
1+ 11262.3(19) - e
n(p,)v(d,,?) 2 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-;"f_‘\E = (670 £7000) AE = (7.7 %5.3) keV]
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+ feasibility of measurement of PV effect on #Ne?

EDNE
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Experiment on ?°Ne at HIyS

HPMGe

o
filling
e

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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Scientific Opportunities at High-Intensity 3 eI

AN

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

(scientific opportunities)

»Availability Frontier" (NRF on rare isotopes)
»oensitivity Frontier* (weak channels: strong physics)
» ,,Precision Frontier” (high count rates, new methods)

« Conclusion
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Application: ¢Li as Benchmark for
ab-initio Nuclear Structure Theory

Isospin Excitations of Nucleons and Nuclei

Nucleon Deuteron
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Nuclear Quasideuteron-Configurations: A.F.Lisetskiy et al., Phys. Rev. C 60, 064310 (1999).
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