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Interaction of photons with nuclei

A > D:

E = 0.1 — 100 MeV
Y 0 00 Me Thomson, Rayleigh, and

A= 10" = 10*fm Compton scattering

® Size, charge, polarizability

A>SD D~ 107 Pm
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Interaction of photons with nuclei

E = (0.1 — 100 MeV

= 10! — 10*fm
> D ~ 1()‘15
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A > D:
Thomson, Rayleigh, and

Compton scattering

® Size, charge, polarizability

Resonance condition:
absorption and resonant

emission
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Interaction of photons with nuclei

A>S D

FRIBE»

D ~ 1()_15
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Photonuclear reactions

Typical photonuclear

reactions:

&
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Photonuclear reactions

Typical photonuclear

reactions:
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Photonuclear reactions

Typical photonuclear

reactions:

* Nuclear resonance

fluorescence (NRF)

Schiff, Phys. Rev. 70, 761 (1946)
* photoactivation

AVA Vo
B )

Ax
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Photonuclear reactions

Typical photonuclear

reactions:

* Nuclear resonance
separation energy

fluorescence (NRF)

Schiff, Phys. Rev. 70, 761 (1946)
/\/\ - * photoactivation
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Photonuclear reactions

Typical photonuclear

reactions:

* Nuclear resonance
separation energy

fluorescence (NRF)

Schiff, Phys. Rev. 70, 761 (1946)
/\/\ . S * photoactivation
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Photonuclear reactions

Typical photonuclear

“ reactions:
‘ e
\ o s@ * Nuclear resonance
separation energy Y (n)
N (D) fluorescence (NRF)
" .f) Schiff, Phys. Rev. 70, 761 (1946)
/\/\ -~ N * photoactivation
I * photodissociation
/\/\ 3 * photofission
Ay /P
~
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Photonuclear reactions

Typical photonuclear

“ reactions:
‘ ..
\ o s@ * Nuclear resonance
separation energy Y (n)
N (D) fluorescence (NRF)
"\ (- 1) Schiff, Phys. Rev. 70, 761 (1946)
/\/\ -~ N * photoactivation
I * photodissociation
/\/\ 3 * photofission
Ay /P
| How to produce photon beams

fulfilling a resonance condition?
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Generation of photon “beams” — the early days

232Th decay chain:

Chadwick and Goldhaber, “Ra || #Th
Nature 134, 237 (1934) 5-5”\& 14:10%y
“28Ac
6.13 hY
PD | PO L | RN | FRa g 28Th
106h \J . 145 s 556 s 3.64 d 19 y

5T | sB84%) 7B

3.1m 60.5 m

\S' B :360f0
28ph ‘ 212p g
stable 0.3 ps

2.615 MgV  =———m—

‘A
0.000 MgV  =———— ([
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Generation of photon “beams” — the early days

232Th decay chain: Potentially tunable y-ray energies:
Chadwick and Goldhaber, R | T Bothe and Gentner, Z. Phys. 106, 236 (1937)
Nature 134, 237 (1934) N
an.| Reaction:
212pp 215pg 29Rn ZRa \Q””Th
10.6h\\8_ 145 s 556 s 3.64 d 19 y 7L|(p, }/)SBe @ 440 kev

20T | zB84% ) B

3.1m 60.5 m

\\rs- \{=36%
gy o ‘ ...... > "
stable 0.3 ps d
7 615 MeV e -0 Lo subsequent (y, n) reactions
R 4 Bothe and Gentner,
/\/\ ® Z. Phys. 104, 685 (1937)
.’QA
0.000 MgV ———— @
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Nuclear resonance fluorescence
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Nuclear resonance fluorescence

Typical scales:
resonance energy: 10% eV
resonance width: 10~1ev

Doppler broadening:  10°eV

recoil energy: 10% eV
—_— 1.00- n 0 K
RN -o75, | 77 K (liquid LNy)
g —————— 293 K (room temp.)
= 0.50
|
W 0.25 J/ &X\
O oy A
0.00- et I e
—2 -1 0 1 2
198Au 198|_|g 198|_|g Distance from resonance energy E — E, (eV)
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Nuclear resonance fluorescence

Typical scales:
resonance energy: 10% eV
resonance width: 10~1ev

Doppler broadening:  10°eV

recoil energy: 10% eV
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Nuclear resonance fluorescence

Typical scales:
Moon, Proc. Phys. Soc. A64, 76 (1951)

Moon and Storruste, Proc. Phys. Soc. A 66, 585 (1953) resonance energy: 106 Y,

resonance width: 10~1ev
"‘ Doppler broadening:  10°eV
o

recoil energy: 10% eV
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Nuclear resonance fluorescence with bremsstrahlung

Alternative: continuous photon spectrum — electron-generated bremsstrahlung.
Baldwin and Klaiber, Phys. Rev. 71, 3 (1947) Hayward, Phys. Rev. 106, 991 (1957)

(a) **

e (MeV)

electrons

Intensity

Westendorp and Charlton,
J. App. Phys. 16, 581 (1945) Energy
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Nuclear resonance fluorescence with bremsstrahlung

Alternative: continuous photon spectrum — electron-generated bremsstrahlung.

(a)

Baldwin and Klaiber, Phys. Rev. 71, 3 (1947)

radiator

e (MeV)

electrons

Intensity

Westendorp and Charlton,
J. App. Phys. 16, 581 (1945) Energy
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bremsstrahlung

Energy

Hayward, Phys. Rev. 106, 991 (1957)
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Nuclear resonance fluorescence with bremsstrahlung

Alternative: continuous photon spectrum — electron-generated bremsstrahlung.

(a)

e (MeV)

electrons

Intensity

Westendorp and Charlton,
J. App. Phys. 16, 581 (1945) Energy

@‘ Facility for Rare Isotope Beams
| U.S. Department of Energy Office of Science
m Michigan State University

Baldwin and Klaiber, Phys. Rev. 71, 3 (1947)

radiator

collimator

L Y (MeV)

Intensity

bremsstrahlung

Energy

Hayward, Phys. Rev. 106, 991 (1957)
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Nuclear resonance fluorescence with bremsstrahlung

Alternative: continuous photon spectrum — electron-generated bremsstrahlung.

(a)

Baldwin and Klaiber, Phys. Rev. 71, 3 (1947)

collimator

Y (MeV)

bremsstrahlung

radiator
S ]
e (MeV) _—
electrons
= Fn
Westendorp and Charlton, = . £
J. App. Phys. 16, 581 (1945) Energy
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Nuclear resonance fluorescence with bremsstrahlung

Alternative: continuous photon spectrum — electron-generated bremsstrahlung.

Baldwin and Klaiber, Phys. Rev. 71, 3 (1947) Hayward, Phys. Rev. 106, 991 (1957)
(a) radiator :
gL mm OlMmator
e (MeV) — Y (MeV)
A
electrons bremsstrahlung
2 =

£ % detectors

Westendorp and Charlton, - S S

Normal- and superconducting linear electron accelerators were the “workhorses” for photo-

nuclear research from the 1980s to the early 2000s.  ( cissi. Prog. Part. Nucl. Phys. 37, 349 (1996)
Kneissl, J. Phys. G 32, R217 (20006)
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Nuclear resonance fluorescence with bremsstrahlung

Experiments using photons from bremsstrahlung enable an “all-in-one-go” approach. However,
this comes at a cost.

st sy | Contributions to spectrum:
£ anwt — » nuclear y-rays
\L«L R  detector response

£ [MeV] * nonresonant background

* natural background
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Nuclear resonance fluorescence with bremsstrahlung

Experiments using photons from bremsstrahlung enable an “all-in-one-go” approach. However,
this comes at a cost.

sl emeyy | Contributions to spectrum:
£ o0t - * nuclear y-rays

1 x10°

» detector response

0x10%

* nonresonant background

e TRb(17) * natural background

5x 102 [f|

4x107u
§ 3 x 102 ' ‘ |
O |
M | |
|

2 x 102

/ keV

high “peak density”

1 x 102

. uniqueness?

5000 6000 7000 8000 9000
Eq [keV]

0x102 "

Courtesy of Wilhelmy and Zilges
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Nuclear resonance fluorescence with bremsstrahlung

Experiments using photons from bremsstrahlung enable an “all-in-one-go” approach. However,
this comes at a cost.

s smeyyy | Contributions to spectrum: 4 MeV
% 2 x 104 | - ¢ nUCIear }/-rayS ll\\§\\
© 1x104f . 2|\/|ev ———————
T T A * detector response /\/\
nonresonant background 0 MeV
i e * natural backgrounad

5x 102 [f|

4x107u
§ 3 x 102 ' ‘ |
O |
M | |
|

2 x 102

/ keV

high “peak density”

1 x 102

. uniqueness?
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Courtesy of Wilhelmy and Zilges
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Nuclear resonance fluorescence with bremsstrahlung

Experiments using photons from bremsstrahlung enable an “all-in-one-go” approach. However,
this comes at a cost.

vl oy - Contributions to spectrum: 4 MeV
% 2 x 104 - ; ¢ nUCIGar ]/-r'ayS ll\\§\\
©  1x104 g 2 MeV
ol e E  detector response /\/\ T
nonresonant background NVRY
i TRO(17) * natural background
i::M o - =,
| * high “peak density s
. A ol w'ml\w | 1 3 1
e ™ uniqueness? "
Eq [keV] 0-

0 1 2 3 4
Energy (MeV)

@ Facility for Rare Isotope Beams
[ ¢ U.S. Department of Energy Office of Science _ ,
m Michigan State University TObIaS BeCk, ERL 22, 05.10.2022 9

Courtesy of Wilhelmy and Zilges



Nuclear resonance fluorescence with bremsstrahlung

Experiments using photons from bremsstrahlung enable an “all-in-one-go” approach. However,
this comes at a cost.

vl oy - Contributions to spectrum: 4 MeV
% 2 x 104 | - ¢ nUCIear }/-rayS ll\\§\\
© 1x104f g 2M€V
ol e E  detector response /\/\ T
* nonresonant background NVRY
i TRO(17) * natural background
WM; \ ' high “peak density 2 @
2 x 102 ‘ ‘d\w‘\ w'WW x | é—_—— . 8 1 -
e ™ uniqueness? "
Eq [keV] 0-

0 1 2 3 4
Energy (MeV)
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Nuclear resonance fluorescence with bremsstrahlung

Experiments using photons from bremsstrahlung enable an “all-in-one-go” approach. However,
this comes at a cost.

vl oy - Contributions to spectrum: 4 MeV
% 2 x 104 | - ¢ nUCIear }/-rayS ll\\§\\
= g 2M€V
e B » detector response /\/\ T
nonresonant background NVRY
i TRO(17) * natural background
5x102u _I_
% = " G . b :2
WM; \ ' high “peak density 2 @
2 x 102 ‘ ‘d\w‘\ w'WW x m é—_—— . 8 1 -
e ™ uniqueness? "
Eq [keV] 0-
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@ Facility for Rare Isotope Beams
(¢ U.S. Department of Energy Office of Science i ,
m Michigan State University TObIaS BeCk, ERL 22, 05.10.2022 9



Nuclear resonance fluorescence with bremsstrahlung

Experiments using photons from bremsstrahlung enable an “all-in-one-go” approach. However,
this comes at a cost.

s smeyyy | Contributions to spectrum: 4 MeV
% 2 x 104 | - ¢ nUCIGar ]/-r'ayS ,\/\
= 5 2M€V
* detector response
nonresonant background 0 MeV
i e * natural backgrounad N _
M' mi 1 high “peak density” 2
2 x 102 ‘ ‘*\WA\ h w'}Mw x g é__/ | 8 1]
AT ™ uniqueness? U
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Quasimonochromatic and polarized photon beams

Polarized photon beams with narrow bandwidth are produced by Laser-Compton Backscattering.

Milourn, Phys. Rev. Lett. 10, 75 (1963) Litvinenko, Phys. Rev. Lett. 78, 4569 (1997)
(b) laser (eV) .~
e - _— collimator
————— i———----———--—————————>|:| target
e (GeV) \ rMEn A /\/\
0 photons =
g /\ detectors
- >
Energy
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Quasimonochromatic and polarized photon beams

Polarized photon beams with narrow bandwidth are produced by Laser-Compton Backscattering.
Milburn, Phys. Rev. Lett. 10, 75 (1963) Litvinenko, Phys. Rev. Lett. 78, 4569 (1997)

(b) laser (eV) .~

”
'

Pt collimator
\=W)>A AN \/?

A

photons

/\ detectors
>

Energy

Intensity

Yan, Nat. Photonics 13, 629 (2019)
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Quasimonochromatic and polarized photon beams

Polarized photon beams with narrow bandwidth are produced by Laser-Compton Backscattering.
Milburn, Phys. Rev. Lett. 10, 75 (1963) Litvinenko, Phys. Rev. Lett. 78, 4569 (1997)

(b) laser (eV) .~

”
'

-7 collimator
)‘____!____________---——-———>|]target /\/\

e (GeV) Y (MeV) * //v\/\
g /\ detectors
Properties:
. E,=2— 130 MeV . AEJE,=1-3%

» photon flux < 107ys~! < linear pol. > 99 %

Yan, Nat. Photonics 13, 629 (2019)
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Quasimonochromatic and polarized photon beams

Polarized photons in the entrance channel enable the determination of...

Angular distribution for
0t - 17 = 0% cascade:

1 _
Wi, p) =14+ Y P,(cos )

I 2) _
+57z c:()s(Z(p)P2 (cos J)
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Quasimonochromatic and polarized photon beams

Polarized photons in the entrance channel enable the determination of...

parity qguantum numbers and ...

500 F

138Ba(F.y) - Angular distribution for
L }’ﬁ - ’ 0+ 17 0+ .
L y % Ey=5.62 MeV - —> —_ CaSCade.
250+ ! _
% 15| {iswe, | I
3 s WS, p) =1+ Y P,(cos )
= 0 | —— - i
g fEv e \% nown dipole | (2)
e = | |V cxcimtion | +57r cos(2¢)P,”(cos 9)
- ' — -
250
Y
125% W _
| e AT .

O | | | | | | |
5200 5400 5600 5800 6000
Energy (keV)

Pietralla, Phys. Rev. Lett. 88, 012502 (2002) T=+1
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Quasimonochromatic and polarized photon beams

Polarized photons in the entrance channel enable the determination of...

parity qguantum numbers and ...

multipole mixing ratios.

500
138Ba(%y7) - Angular distribution for
vl e }» { -
oce T limsewy 0" — 17 - 0™ cascade:
250+ ; . ‘ 3.0
i , .FWHM '
2 1251 ;'{185(8)1@\/)\\ ) 1 i 11
2 , — _ _
S , %\ o W(&, gﬂ) =1+ Pz(COS 19) 2.5 | .
e 0 | \: — 2 - |
é g out—o.f-plane i \l/ e £ 1 2 P (2) 8 | _ 20 F 1.0
S 3751 OO - excitation +_7T COS( w) 0 (COS ) E . )
L 2 i Z 15t . 1
250+
vV
. W \l’\l/ (b) 4 1562(; oF
5200 5400 5600 5800 6000 O T, 0 | 5 ;
Energy (keV) Multipole mixing ratio §;_,,
Pietralla, Phys. Rev. Lett. 88, 012502 (2002) T=+1 Beck, Phys. Rev. Lett. 118, 212502 (2017)
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Nuclear physics with photon beams

Observables:
» excitation energies
e angular momenta
* branching ratios
* level lifetimes
With additional polarization information:
 parity quantum numbers

* multipole mixing ratios

Facility for Rare Isotope Beams
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Nuclear physics with photon beams

Observables: Advantages:
» excitation energies @& model-independent (pure EM interaction)
e angular momenta © selectivity (E1, M1, and E2 modes)
 branching ratios @ high resolution

* level lifetimes
With additional polarization information:
 parity quantum numbers

* multipole mixing ratios
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Nuclear physics with photon beams

Observables: Advantages:
» excitation energies @& model-independent (pure EM interaction)
e angular momenta © selectivity (E1, M1, and E2 modes)
 branching ratios @ high resolution
* level lifetimes Disadvantages:

With additional polarization information: @ low cross-section (target size, duration)
* parity quantum numbers @ nonresonant background
« multipole mixing ratios @ inefficient detection

F R I B Facnlty for Rare Isotope Beams
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“Wishlist” for next-generation photon sources

Photon-beam side: o P
750 - Dy(7.7")
®-~0 :
_ 26001 O
e narrower bandwidth AE/E s
qg_ ........ HWS !
. . . . . £ 300-
selective manipulation of single excited states i
e reduced beam_spot gjze Q00 30 3100 3150 3200 3250

Energy [keV]

iImproved spatial resolution
* Increased luminosity
competition with low cross-section

* Improved diagnostics
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“Wishlist” for next-generation photon sources

Photon-beam side: | o

O 1641y (5 A/
501 @ A Dy(7,7")
. ooy O Sy
 narrower bandwidth AE/E s [ S S
p 401 —— ELNP 1% S |
8 | 7 ELNP0.1% o
selective manipulation of single excited states . ' '_
» reduced beam-spot size %00 3050 3100 3150 3200 . 3350 3300

Energy [keV]

iImproved spatial resolution
* Increased luminosity
competition with low cross-section

* Improved diagnostics
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“Wishlist” for next-generation photon sources

Photon-beam side: o I
7501 A Dy(7.7')
®-~0 ST -
. $600] O .il,-, |
* narrower bandwidth AE/E e [ IS R
g 4901 —— ELLNP 1% S |
8 0]~ ELFNP0.1% .. _‘-\
selective manipulation of single excited states - R

3100 3150 3250 3300
Energy [keV]

* reduced beam-spot size

Improved spatial resolution atomic absorption

* Increased luminosity

resonant absorption at

competition with low cross-section
resonance energy

O 20 S &7
Zilges, Prog. Part. Nucl. Phys. 122, 103903 (2022)
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“Wishlist” for next-generation photon sources

Photon-beam side: | o

750 ® : O /'\\ 164Dy(fy ’7/)
. ol O S
 narrower bandwidth AE/E g | IS S
2450' —— ELI-NP, 1% S ‘.\
8 ) 7 ELFNP 0.1% BRE
selective manipulation of single excited states i A
» reduced beam-spot size Q00 B0 100 3150 300 a0 3300

Energy [keV]

Improved spatial resolution

, . next-generation photon source
* Increased luminosity

competition with low cross-section

LCB at a multi-turn SRF-ERL
* Improved diagnostics
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VEGA @ ELI-NP

Properties:

e warm linac

M=

nuclear physics

« 35 MHz collision frequency

* IR and green lasers

o E},=1—20MeV

» photon flux > 10! ys~!

Zilges, Prog. Part. Nucl. Phys. 122, 103903 (2022); courtesy of Lyncean Technologies

. AE,/E, < 0.5%
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Uncertainty scattered photon energy:.

Appendix “Wishlist”

E E

Y €

Ly

AE AEN2 AE, 2 I \2
L (200) + (SE) + (a8 + (- Sa0?)

A

Requirements next-generation photon source:

e fewer bends

* high repetition rate

—> Linac

—> cw, SRF

* high current GeV-range electrons ——> ERL

FRIBE»

Facility for Rare Isotope Beams

U.S. Department of Energy Office of Science
Michigan State University

Beam-spot size:

501
---- Target Al —— Target Gd
40
S 30
£
> 20
10-
0 | | | | | |
0 10 20 30 40 50 60
X (mm)
Beck, Dissertation, TU Darmstadt (2021)
Tobias Beck, ERL'22, 05.10.2022 16
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Isotope-sensitive scanning

_ Detection of SNM in a cargo

Beam Monitor

JI

Nuclear Resonance
Flourescence (NRF)

255U foil

Beam + No Scatter = SNM

Fy

T-REX:
- Thomson-Radiated
Extreme X-rays
XEA A © 0.5-2.5MeV
tunable

-

Hajima, FACET-II Science Opportunities Workshops (2015)

MeV-range photon beams for
iIsotope-sensitive scanning of
suspicious material.

FRIBE

Facility for Rare Isotope Beams

U.S. Department of Energy Office of Science
Michigan State University

Energy [keV]

Tunable

Flux of gamma-rays

977

933

0t 0
243 Am

1t 2410
e ot 2245
2143 2003 1 2176
1815
""""""""" 1733
Absorption Emission
938
1 680
Absorption Emission
0F 0 1/2* 0 7/2 0 0t 0
237NP 239 Pu 235U 238U
Hajima, FACET-Il Science Opportunities Workshops (2015)
Tobias Beck, ERL'22, 05.10.2022 17



Isotope-sensitive scanning

_ Detection of SNM in a cargo

Beam Monitor

Beam + No Scatter = SNM

Nuclear Resonance
Flourescence (NRF)

T-REX:
Thomson-Radiated
Extreme X-rays

S\

AE/E = 103

0.5-2.5 MeV
tunable

o

Hajima, FACET-II Science Opportunities Workshops (2015)

MeV-range photon beams for
iIsotope-sensitive scanning of
suspicious material.

FRIBE

Facility for Rare Isotope Beams

U.S. Department of Energy Office of Science
Michigan State University

Energy [keV]
o +1+ 2410
Tunable_ _______________________________________________________________________________ 2143 o ; 6 T
1815
""""""""""""""""""""""""""""""""""""""""""""""""""""""" 1733
Absorption Emission
977 038
933 1 630
Absorption Emission
0* 0 0* 0 1/2+ 0 7/2° 0 0+ 0
Flux of gamma-rays 243 A ..y 237Np 239 Py 23517 23817
Hajima, FACET-Il Science Opportunities Workshops (2015)
Requirements:
* tunable and portable photon source
* high luminosity for fast measurements
Tobias Beck, ERL'22, 05.10.2022 17
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ERL for photonuclear reactions

Tobias Beck
Facility for Rare Isotope Beams,

Michigan State University,
East Lansing, Ml 48824, USA

MICHIGAN STATE 4R vs oerartventor -1 Office of
UNIVERSTTY SYENERGY | science

This material is based upon work supported by the U.S. Department of Energy Office of Science under Cooperative Agreement DE-SC0000661, the State of Michigan and Michigan
State University. Michigan State University designs and establishes FRIB as a DOE Office of Science National User Facility in support of the mission of the Office of Nuclear Physics.




