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* Results

* Lessons Learned

I k? Brookhaven
National Laboratory



14ICS

B 236 )%

SCISSION

COMPOUND

NUCLEUS uop
s

I k? Brookhaven
National Laboratory



Fission

SCISSION

z=28 []

7= 2.0

~N=8

I k? Brookhaven
National Laboratory




Fission Product distributions
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Long-lived fission products in evaluations
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Measurement campaign at EBR-ll - 1970s-80s
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Why are they so precise?

Uncertainty Budget

counting
4.3%
nuclear data
21.7%
fission rate
21.7%

neutron background
8.7%

neutron transmission
5.8%

self-absorption 2%
4.3%
geometry correction
4.3%

detector efficiency
29.0%

TABLE 6.1.1. UNCERTAINTY SOURCES OF ABSOLUTE FISSION YIELD

MEASUREMENT WITH THE y spectroMETRIC METHOD

error sources

a. statistical (random) Aysta

b. fission rate

c. detector efficiency calibration
d. geometry correction

e. v self-absorption correction

f. neutron transmission correction
g. neutron background correction

total systematic error

total error

values (%)

0.3-2.1
1.5
2.0
0.3

0.3-0.4
0.4

0.6-1.0

2.6-2.7

2.6-34

remarks

depends on measuring conditions *

depends on y ray energy

(for thermal neutrons)
(for high energy neutrons)

Y= [2AY,
Ay = AYL + AL,
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Why are they so precise?

Uncertainty Budget

nuclear data
21.7%

neutron background
8.7%

neutron transmission
5.8%

self-absorption
4.3%

counting

4.3%

fission rate
21.7%

detector efficiency

geometry correction
4.3%

29.0%
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e MS measurements make no use of
Nuclear Data to extract the
absolute yields

® The fission rate does not need to

be determined as long as the
majority of the yields can be
measured (normalized to 100% /
mass peak)

e The uncertainties were estimated as
the standard deviation of repeated
measurements (possibly not fully
considering systematic effects)
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Vision: as one of the newest, most advanced DOE-SC User Facility
synchrotron light sources in the world, NSLS-II . :
strives to be an extraordinary hub for the use of e 29 beam-lines offer the widest spectrum—from
synchrotron light to solve the world’s most infrared to hard x-raysTo.f synchrotron light
challenging scientific problems. among all DOE-SC facilities

e Research focuses on 6 Science Areas
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Concept

10"

XRF can measure ppm-level
concentrations of elements in a
matrix: low-yield fission products

-
o
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and full normalization (no fission
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measured elements
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Concept
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Spin-off

measurement of capture cross FWHM = 2000 &V
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Feasibility study:
Experimental setup

NSLS-Il 28ID-2 beamline

E __ =68keV

x-ray
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Identifier Sample Total Fluence

Feasibility Study - samples e

22
1538 09-157-033  , - uii 1.29x10
Hafnium 20
1539 09-157-034 , o nil 13 x10
: il Silver 22
4785-1 03408331 Joc 1.47 x 10
5 g Silver 1022
/7 47852 034-08-331 g0 oco,) 1.47 x 10
Silver
| 4785-3  034-08-331 " 1.47 x 102
« Samples from ATR at Idaho \ 1n1SUr 59554
. I 4785-4  034-08-331 VoL 1.47 x 102
. , (99.95%)
ational La . test the (_~ Nudkar Scince e —
User Facilities et (99.95%) o

method on irradiated samples sor usosssr MU oy, i

inat Tungsten 25
5108  109-08-331 (99.95%) 1.58 x 10

* Thin samples manufactured at sizs ospossst  MUSST g0, 10

Argonne National Lab: test |
sensitivity to fission products um__ pglom’

K Kapton (C22H1oN204) 50 ~7100

- ] - ] - . - C Carb C ~ 0.09 20
signal on 'thick' actinide backing G K T NG [UF ] om0 81810
Sn Tin(Sn) ~ 0.51 370

Te Tellurium (Te) ~ 0.54 340

L Standard Samples: eStimate Id Layers é_
linearity & calibrate system for 1Kk Argonne

quantitative analysis NV KACaULTerK

V K+C+U+Sn+Te+K

VI K+C+U+Sn+C+U+Sn+Te+K
~ VII K+¢C+U+Te+C+U+Sn+Te+K
u» Brookhaven VIl K+C+U+Sn+Te+C+U+Sn+Te+K
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Results - studies of attenuation

e Data — 4 Ny -
——- Attenuation Ag Fit e l In bulk materials (“thick sample”), the
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Results - NSUF samples

—— Measured Spectrum
Estimated Background
Fitted Model

Ag K (407946.5)x
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In K (0.0)x
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28000

Ag - high flux

(gssalggz/o) 29 «10%

4942  149-08-331

112cd
STABLE
24.109%

108ag

107ag
2.39 min

STABLE
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B-=97.15%
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measured fraction (Cd) = (20.27 £ 0.10)%
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Results - NSUF samples

Ag - low flux
(2-4)

—— Measured Spectrum

106

Counts

10!

0

Estimated Background
Fitted Model

Ag K (465025.4)x

Cd K(51421.8)x

Pd K (2600.7)x

In K (4673.0)x

N

Silver

& _Nna. 22
4785-2 034-08-331 (99.95%) 1.47 x 10

. i Silver 22
4785-3 034-08-331 (99.95%) 1.47 x 10

. na. Silver 2
4785-4  034-08-331 (99.95%) 1.47 x 10

16000

18000

©

Brookhaven
National Laboratory

20000

22000
Energy (eV)

24000

26000

28000
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measured fraction = (12.89 £ 0.10) %
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Results

181Ta
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Results - ANL samples

Argonne‘)
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Results - ANL samples Argonne‘)

NATIONAL LABORATORY

Id Sn Te U Layers

I 335+80 0+63 4+ 7 K+K

Il 8+ 8 59+ 8 392 7 K+C+U=+K

1l 4449 + 22 7511 447+ 6 K+C+U+Sn+K
IV 6572+27 11059+36 95910 K+C+U+Te+K

V 4672+19  4983+20 498+ 7 K+C+U+Sn+Te+K

VI 10549+39 560026 962+11 K+C+U+Sn+C+U+Sn+Te+K

VI 9+10 5911+23 477+ 6 K+C+U+Te+C+U+Sn+Te+K

VI 10715+39 11605+40 1028+13 K+C+U+Sn+Te+C+U+Sn+Te+K
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Summary: Lessons Learned

INL samples:

» the ratio between “high” and “low” irradiation follows expectations

« even if we get the order of magnitude, the amount seems lower than what was estimated
(non-thermal reactions and full neutron-spectrum simulation needed)

Relative intensities of different clusters doesn’t follow a standard ‘efficiency’ curve (~HPGe) —
MATRIX EFFECTS (i.e., sample-dependent attenuation/enhancement of X-ray lines)

standard Ag samples:

« attenuation follows expected non-linear curve.
« With INL samples we are in the ‘bulk’ / ‘thick-target’ regime

ANL samples:

« we can distinguish signal from FPs over Actinides 'background'

k? Brookhaven

National Laboratory
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Summary: Lessons Learned

INL samples:

« the ratio between “high” and “low” irradiation follows expectations

« even if we get the order of magnitude, the amount seems lower than what was estimated
(non-thermal reactions and full neutron-spectrum simulation needed)

Relative intensities of different clusters doesn’t follow a standard ‘efficiency’ curve (~HPGe) —
MATRIX EFFECTS (i.e., sample-dependent attenuation/enhancement of X-ray lines)

standard Ag samples:

- attenuation follows expected non-linear curve.
« With INL samples we are in the ‘bulk’ / ‘thick-target’ regime

ANL samples:

« we can distinguish signal from FPs over Actinides 'background'

BACKGROUND ATTENUATION
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Outlook

Geant4 simulation of the experimental setup to
study the matrix effects on samples

MCNP simulation to estimate expected
concentrations in irradiated samples

Efficiency calibration with standard sources

Test of measurement of fission products

I k? Brookhaven
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Results (2) - efficiency calibration
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Results (2) - efficiency calibration

Cd cluster #1 @ 23107.1 eV

400 i % t"aulz:::::isitntensityx 245812.2
1.00 —— Rh
, 300 —— Pd
E el Ag
) —— Sn
100 { 5 i I:
ol A I . 2 0.90; —— Ta
22500 23000 23500 24000 =
Energy (eV) S
£ 085
_ 5
estimate energy-dependent photopeak <
efficiency: 0.80
> cluster overlapping peaks
> estimate change in intensity wrt expected BR
0.75
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Energy (eV)
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Analysis (1): Fitting procedure

X-ray intensities and energies from Cd cluster #2 @ 26178.8 eV

literature’. 100- e
Rigid fit of a multi-Voigt distribution 75 | :

scaled to match data. Background £

estimated and included in the fit. § 50-

5 free parameters: o, v, S, 25

background scaling and small

energy offset. 0-

"Elam, William Timothy, Bruce D. Ravel, and J. R. 25500 26000 26500 27000
Sieber. "A new atomic database for X-ray Energy (EV)

spectroscopic calculations." Radiation Physics and
Chemistry 63.2 (2002): 121-128.
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Results (5) - X-ray Diffraction

Dramatic changes with ATR irradiation!!!

1.2
—— unirradiated
ATR irradiated at 500°C at 2.4dpa
st " (fluence 1.47x1022 n/cm?)
: ATR irradiated at 700°C at 4.7dpa 10
T (fluence 2.90x10%2 n/cm?)
__ 0.8
3
]
2
3 0.6 1
:
®
c
S 0.4
233 2.'3«1 24'10 221
0.2 4
X-Ray Diffraction also
0.0 -
: ; , : : , , shows effect of
1.00 1.25 1.50 1.75 2.00 2.25 2.50 . . .
d-spacing (A) | rrad |at|0n
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Analysis -- Estimate expected amounts

Considered

* irradiation history and - irradiation cycles

total fluence from  capture from
NSUF / IN_L 3 shorter-lived |§otopes pedrr o catos gt catns
« create a simplified  fast-neutrons-induced — e — ¢ ez o
network of reactions 50 . oy W— i
capture/decay e
« assume Y2 thermal 40
2 2
neutrons £ a0
£
2 |daho National Laboratory, Advanced 2
Test Reactor User Guide, Rev. 24. Tec.
Rep. INL/EXT-20-50097, INL, 2023. 10
0
k? Brookhaven 0 1000 2000 3000 4000 5000 6000 7000
National Laboratory Time (days) .




Concept

Long-term goal: use the Light
Source to quantify the amount of 6
fission products in a sample

NSLS-Il combined with the Ge-XRF
detector at NE can allow us to reach
low-yield fission products 3 sl [

Measure Z-distribution (XRF) of ; il 1 o
long-lived or stable fission products - . 13':
hPdAgCddn /|

it provides ‘anchor point’ used in a ‘}» }A
0 ATV AU

F PY eva I u atl O n - 10060 15000 20000 25000 30!\300 35000 40000

Energy (eV)

S

;
fl

calculated X-ray peaks from the fission products in a 228U sample irradiated in a fast neutron spectrum
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