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Basic idea: resonance excitation by X-ray and
gamma radiation — analogy In laser technigues

Gamma- and X-ray sources
Excitation schemes, rate equations
Spectral selectivity, recoil, MOssbauer
Parasitic effects

Potential applications

Search for case studies

Conclusions
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Basic idea
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TRANSMUTATION 0 o 00

Neutrons: X(n,...)Y, resonance “ 'Ol |
structure, epithermal energy sufficient. 2R /‘,k. -.
Excitation energy by the neutron PRI N SN |
binding energy (4-6MeV). = ol L&-\-E
Analogous resonances for gammas? 3 _f
Gamma excitation leading to particle 5 !

emission or fission require several MeVs. & o

Giant resonances rather broad o4

107" 10 o' 102 103 10t 10® 10® 107

Resonance excitation only for bound states
which usually decay via betas, alphas, AL A,
spontaneous fission and rather slowly

Here beta enhanced single-photon processes considered

Previously in the 80s controversal multiphoton processes, Raman
scattering, ....

Here revisited because VUV, X-ray are emerging, even graser ideas

Applications: waste destruction, novel methods for nuclear physics
(diagnostics, transients, ...)
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BETA ENHANCED DECAY
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X-ray or gamma sources?
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GAMMA- AND X-RAY SOURCES

* Intense X-ray and isotope
sources

* Synchrotron sources

LLLLL

* Free electron lasers (FEL)

Energetic electrons,
Bremsstrahlung

e Ultraintense pulsed lasers, W
table-top terawatt lasers S N,

Generation of high-order ¥ 25m
harmonics :
VUV and X-ray lasers Q_E,
« Gamma lasers? 3
20.1
I

More details in Session B in Wednesday
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TABLE TOP TERAWATT LASERS

Ultra-high

— henaity ASTRA Ti:Sapphire laser
system at CLF RAL (1999)
T e Front end: 10 mJ, 50 fs,
— High Inexsity 10 Hz, 800 nm

N—N - | |
Compressox Target area




Resonant pumping to excited energy levels

R. Salomaa, ICENES 2007, 3-8 June 2007, Istanbul



BASIC EXCITATION SCHEME

Usually gamma transition 2« 1 fast in comparison to
beta-gamma cascade decay of 2 and 1, A,;>>A,,, A3

IT transitions exception

Gamma absorption B,,W

Induced emission B,,W

Pulse lengthtt, repetition 2
rate 1/T, W=l/c I=intensity

e 01
- - 1

Enhance the relative decay A
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GAMMA RATES

Weisskopf approximation

Il £,=1.41" 1014 s-1E3A23
Il £,=1.36" 108 SIESA4S3
Il £,=8.70" 101 SE7A?

111, =0.22 A23|

2
where E [MeV] Is the

gamma energy and 221
A the mass number 1
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BETA RATES

6 7

Decay type log ,(fT.) | —— > ;;//%
Superallowed | 2.9-3.7 S S
Allowed 4.4-6.0

1st. forbidden 6-10

2nd. forbidden | 10-13
3rd. forbidden > 13

f(Z,E,) = Fermi integral
Z = charge number
E, = end-point energy
T,, = beta half-life

Typically (allowed) T,, > 100 s Ag
Resonance line width determined 1
by gammas
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EINSTEIN'S RELATIONS

Both the spontaneus rate and the induced rate involve the same
matrix elements and therefore
\2

An = S+ 1) Bilt

Here w is the transition frequency and L the multiplicity.
S(w)=2pl/(hwDw) where 1 is the intensity, Dwthe effective line width
equal to the convolution of the gamma resonance and the spectrum

1 o
Ao ]_x dvf(v)g(w — v)

The transition cross section as a function of the transition wave length |
o= (2 + 1)( Az /Aw)(A\/2)?

Order of magnitude: s » 3.8” 10° barn (A,,/Dw) for 100keV transition
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LEVEL POPULATIONS
Rate equations

dN e s
(‘.!T—ILI = (flgl T Bgl W )}\3 — [\3;113 -+ Blg 4 );',"\"1
dN - N
d—; = BioWNy — (A + Ags + By W) N,
d;ﬁll:g - -
—— = A;3N; + Az N
7 A13 N1 + Az Vg
2
Relative rate h=A,;N,/A;5N; B, W
Blg][']["’."' _ ) _ BlZW
n=———I[1—exp(—AxsT)]
rllgT 1

For rapid repetition rate
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LAMBDA - CONFIGURATION FOR EXCITATION

e Transitions 1« 4 and
4« 1 "less forbidden”
than the Isomeric 1« 2

 Rate scales by 6-7
decades for DL=1
multiplicity change and as B,W
E2-*! with gamma B, ,W
energy E,® harder to
pump and shorter wave

length needed

« Faster decay of 4 implies
broader line width and
better spectral overlap
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Candidate nuclei?
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A CASE: Yttrium-85

|I=101%W/cm? &tt = 0.1 ps
Y-85 Duty cyclett / T = 10-10

4 436keV
B, ,W/A, »0,0014

A,,=3,4 108
E2

A,,=6.8" 10651
M2

2 20keV 4.9h

1 OkeV 2.7h

Az EC or b*

A, =1,2"1017s1
Sr-85

M4
3
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Nuclide IT level | Half life | IT branch IT Half life | Speed-up
[MeV] [¢] [%] | trans. [s] factor

YB-176 | 1.05E4-00 11 90 M8 | 5.05E+24 | 1.40E+19
IN-115 | 3.36E-01 16200 95 M4 | 1.39E+22 | 2.33E+14
NB-94 | 4.10E-02 3762 99 M3 | 6.41E+11 | 2.07E407
HF-182 | 1.17TE400 3690 42 M8 | 2.84E+14 | 4.74E406
SE-79 | 9.58E-02 235 99 E3 | 931E+12 | 4.53E+06
SB-126 | 1.77E-02 1150 14 E3 | 1L.OTE+06 | 3.39E+03
CO-60 | 5.86E-02 628 99 M3 | 1.66E+08 | 5.30E+02
PB-202 | 2.17TE400 12700 90 E9 | 1.66E+12 | 5.01E+02
AG-105 | 2.55E-02 434 99 E3 | 3.57E+06 | 2.83E402
SN-113 | 7.74E-02 1280 91 M3 | 9.94E4-06 | 2.28E4-02
AG-113 | 4.35E-02 69 64 E3 | 1.93E4-04 | 1.33E402
AG-102 | 9.30E-03 462 49 M3 | 7.74E+02 | 8.84E401
AG-111 | 5.98E-02 65 99 E3 | 6.44E4-05 | 5.52E401
BR-76 | 1.03E-01 1.3 99 E3 | 5.33E+04 | 4.183E+01
TB-151 | 9.95E-02 25 93 E5 | 6.34E+04 | 4.05E401
1-130 | 4.00E-02 530 84 M3 | 4.45E+04 | 3.06E+01
KR-85 | 3.05E-01 16100 21 M4 | 3.40E408 | 2.80E401
AG-115 | 4.12E-02 18 21 E3 | 1.20E+403 | 2.76E+01
SE-73 | 2.57E-02 2390 72 E3 | 2.57E404 | 2.22E401
BR-82 | 4.59E-02 368 97 M3 | 1.27E405 | 1.50E4-01

A selection of isomer
states leading to best
speed-up factors in our
test case of directly
exciting the IT-level with
100 fs photon pulses at
1018W/cm?2. Duty cycle
100%.

nbul



Role of recoll, parasitic absorption, ...
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RECOIL EFFECTS

Emission/absorption lines
well resolved due to
photon recoll

h‘-‘-fa,bs.em ~ *AE[I + Ejfr_‘z)
Reabsorption inhibited, —|+— Dw
saturation properties /

Natural line widths very 4/ &J

small; Dw » A

Doppler-effect Wern
Dw » CE(vy,/c)(h/2p)

Mossbauer effect, recoll
mass the whole crystal

R. Salomaa, ICENES 2007, 3-8 June 2007, Istanbul




Absorption length & (g /cm?2)

TOTAL ATTENUATION OF PHOTONS
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http://pdg.lbl.gov/1998/photonelecrpp.pdf
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In the relevant
energy range
10keV-300keV
targets of
thickness of
the order of 0,1
- 1cm are
feasible.

Most of the
photons are
absorbed into
electrons, of
the order of
106:1 to 103:1



Reflections on nuclear waste transmutation
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26% of electricity by nuclear (2003)

Olkiluoto 1&2

BWR 2° 840MW
1979, 1982

2003: 14.4TWh, 96,3%

Triga MKI| e
1962, Espoo - ®
Helsinki
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Loviisa 1&2
PWR 2~ 488MW
1977, 1981
7,7TWh, 90,6%



Construction project of
TVO for a new unit with
a capacity of 1600
MWe, lifetime around
60 years, production
planned to be started
2010.

Decision in principle to
construct the final
disposal facility of fuel
by POSIVA, work to be
started 2020,
underground rock
characterization facility,
ONKALO 2004
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Finnish solution for the disposal of spent nuclear fuel

e Once-thru-cycle

» Deep rock repositories

o Copper-steel canisters

« Bentonite fillings

« Olkiluoto site acceptable
» Transport from Loviisa

e Disposing starts 2020

o Capacity for OL3, too

Intermediate and low level waste  Spent fuel canister

Experimental cave ONKALO
In operation 2010
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POTENTIAL P&T NUCLIDES

Finnish NPP projects imply a
commitment to more than 130
years.

High-level nuclear fuel waste: fully
dominated by plutonium.

Fission products Se’®°, Sr9%, Zr9,
Tc9, Pd107, Sni26 [129 (Cgl35
Cs137, Sm1s; activation products
CI36, Ni®9, Ni3, Zr%3, Nb% and C14
actinides Ra, Th, Pa, U, Np, Pu,
Am, Cm in particular Am241,

First approximation once-thru
cycle.

Change of politics = P&T, which
nuclides: Tc®? and 1129 (?)
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TRANSMUTATION IN T3-LASERS

Destruction of 11?2 by T3-lasers and FELs
has been demonstrated (Vulcan, Jena,

HIgS)

(gn)-reaction based on giant dipole
resonances: GDR: several MeV wide and
typical 100 mbarn cross section for
medium heavy nuclides

Also fission reactions demonstrated by
high energy gammas (Vulcan, Jena)

Broad band sources match better the
resonance

Overall efficiency of e.g. 112° destruction is
too small and thus "mass production” of
nuclides not feasible — even the energy
breakeven is far below

Applications to be found in tracers (e.g
PET isotopes), diagnostics etc.
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Ledingham 2003, | 129

Schwoerer 2003, Th 232



Demonstrations, other applications?
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OTHER APPLICATIONS

Production of Mdssbauer
isotopes: find Y a soft
gamma level, ? a means to
produce it and ® a
sufficient activity. A limited
selection available.

Ideal MGssbauer isotopes:
Fe-57, Sn-119, Eu-151,
Tm-169, 1-129, ...
Candidates: e.g. Se-79,

Se-73, V-52, ... Need for
further studies.

Diagnostics: exploitation of
very good time resolution
and high frequency
selectivity?

www.mossbauer.org
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CONCLUSIONS

No sources yet, but if one
only had (?)
Method is not feasible for

massive waste
transmutation

Production of MOssbauer
Isotopes and tracer
nuclides

Time-resolved nuclear
spectroscopy
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