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o A couple of NNDC

library bookshelves
collapsed in May
2020.

Among them we
found three very
valuable reports with
delayed electron and
gamma spectrum
following the thermal

fission of 23°U and
239,241 Pu
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We knew of this data because it is the only decay heat measurement at times shorter than 20 seconds,
and that for larger times agree quite well with the Yayoi measurements.
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Pioneer 235U
antineutrino
spectrum

We later learned that the
antineutrino spectrum
derived by Dickens from
this data, published in
1981, agrees quite well
with that from Huber
published in 2011!
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ORNL irradiations

Irradiation | Delay | Counting Number of
time time time measurements
14

235| 1.7 s 110 s

239p, 1s 1.7s 130 s 15
e 1s 1.7 s 130's 15
235( 10's 10.7 s 795 s 14
239p, 5s 17.7s  1,198s 15
241Py 5s 17.7 s 1,198 s 15
235U 100 s 69.7 13,500 s 15
239p|, 100 s 250s  13,950s 13
241py, 50 s 195 s 13,975 s 14
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Delayed Electrons




Delayed electron data - short 23°U irradiation

| Main contributors to total spectrum |

—41-93-0 31 3E0 % 313ED %

——— 41-100-0 3.111E0 % B.242E0 % 0 We can Clearly see that

- ——— 40-88-0 3.065E0 % .308E0 % the 22Rb and 26Y
o —— 38-85-0 2.928E0 % 1.224E1 % ) )
: | : : ——— 55-141-0 2.724E0 % 1 496E1 % contributions are clearly
—— 40-100-0 2.709E0 % 1.767E1 %
———41-101-0 2.700E0 % 2.037E1 % too Iarge'

—— 96-144-0 2.639E0 % 2.301E1 %
—54-13%9-0 2.529E0 % 2.554E1 %

— 36-00-0 2.466E0 % 2.800E1 % O Since their decay data

— 39-96-0 2 405E0 % 3.041E1 %

o 41-99-0 2.350E0 % 3.277E1 % are well known, we Can
38-94-0 2.313E0 % 3.508E1 % adeSt their

—37-91-0 2.305E0 % 3.738E1 % ) .

—— 55.140-0 2.272E0 % 3.966E1 % Independent fission

— 54-140-0 2.196E0 % 418561 % .

— 5B-143-0 2.194E0 % 4. 405E1 % yleld to match the data.

—47-145-0 2144E0 % 4 61961 %
— 3T-92-02120E0 % 4.831E1 %
—40-99-0 2102E0 % 5.041E1 %
—52-135-01.996E0 % 5. 241E1 %
—53-137-01.880E0 % 5.429E1 %
— 36-91-01.693E0 % 5.598E1 %
—3T-93-01.637TED % 5.762E1 %
— 41-102-0 1. 404E0 % 5.902E1 %

Electron spectrum perfission

. g,
R R
\ % ¥ i BAYS

el

0.0 1.00 2.00 3.00 4.00 5.00 £.00 7.00 £.00
Electron Energy {(MeV)
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Delayed electron data - medium 235U irradiation

Electron spectrum per fission

| Main contributors to total spectrum |

Electron Energy (MeV)

—— 55-140-0 3.248E0 % 3.248E0 %
— 38-94-0 3.235E0 % 6.484E0 %
—— 54-137-0 3194E0 % D.6TEED %
— 37-91-0 2934E0 % 1.261E1 %
— 41-98-0 2T31E0 % 1.534E1 %
— 38-93-0 2.665E0 % 1.501E1 %
——— 40-98-0 2 491E0 % 2.050E1 %
——— 36-89-0 Z414E0 % 2.291E1 %
—— 37-90-0 2413E0 % 2.533E1 %
— 54-139-0 2.340E0 % 2.7EEE1 %
— 55-139-0 2.280E0 % 2.996E1 %
— 58-145-0 2.247E0 % 3.220E1 %
39-95-0 2.224E0 % 3.443E1 %
— 38-95-0 2.060E0 % 3. 649E1 %
— 36-90-0 2.040E0 % 3.853E1 %
— 56-142-01.935E0 % 4.051E1
— 55-141-01.933E0 % 4.249E1
——— 43-103-01.861E0 % 4.436E1
— 54-1358-01.802E0 % 4.616E1
— 457-145-01.675E0 % 4.733E1
— 42-103-01.622E0 % 4.945E1
—— 53-136-01.463E0 % 5.092E1
—— 42-101-01.440E0 % 5.236E1
— 41-99-01.427E0D % 5.373E1 %
—481-133-01.33ED0 % 5.517E1 %

oS R oF R R R E

Q Similarly, for 14°Cs and
0Rb.

11




Delayed electron data - long %23°U irradiation

| Main contributors to total spectrum ‘

——— 53-134-0 3. 546E0 % 3.546E0 % a S|m||ar|y, for 191Tc and
—— 52-134-0 3.544E0 % 7.090E0 %
94y
—— 55-138-0 3.501E0 % 1.059E1 % .
—— 39-94-0 3.332E0 % 1.392E1 %
: : : : : : : ——— 39-95-0 3.107E0 % 1.703E1 %
E-1 b SO NI e, ST SRS T —— 54-138-0 2.094E0 % 2.012E1 %
: : : : : : -~ 55-139-0 3.045E0 % 2.317E1 %
c ——— 56-141-0 2.876E0 % 2.614E1 %
2 —— 36-93-0 2.858E0 % 2.900E1 %
= —— 56-138-0 2.815E0 % 3.192E1 %
m : : : : : : ——43-101-0 2.773E0 % 3.459E1 %
E‘ E-2 : N T e N W SRR OIS e, ——— 56-142-0 2.735E0 % 3.733E1 %
3 - 42-101-0 2.557E0 % 3.933E1 %
O me § : ——— &7-142-0 2.489E0 % 4.237E1 %
;-’. '. ——37-59-0 2.487E0 % 4.486E1 %
c » : : ——54-137-02.380E0 % 4.724E1 %
2 _ ; : : ——57-143-0 2.004E0 % 4.933E1 %
> E3 SRRl TR TR NN Y T . S S ———38-92-01.983E0 % 5.132E1 %
w : : 5 ——52-133-01.912E0 % 5.323E1 %
s : : ——43-102-01.640E0 % 5.487E1 %
3 : ; —— 37-90-01.635E0 % 5.650E1 %
: : —— 42-102-0 1.627E0 % 5.813E1 %
: : —— 58-146-01.603E0 % 5.973E1 %
E-4 ; . A A e WU o P T ................. .................... ——58-145-01.567E0 % B.130E1 %
; ; : : —— 36-89-0 1.558E0 % B.286E1 %
| | | |
0.0 1.00 2.00 3.00 4.00 5.00 £.00 7.00 2.00

Electron Energy (MeV) 12




Short 23°U irradiation - adjusted yields

Main contributors at =5.0 MeV

Brookhaven

National Laboratory

ission

Electron spectrum per f

10-1

0.0

2.00

PR

3.00 5.00
Electron Energy (MeV)

6.00

—308-96-0 1.459E1 % 1.459E1 %
— 37-92-0 7.841E0 % 2.243E1 %
—41-100-0 6.573E0 % 2.901E1 ¢
——38-95-04.477E0 % 3.348E1 %
—— 37-93-0 4.345E0 % 3.783E1 %
— 55-142-0 3.791E0 % 4.162E1 ¢
—— 39-97-0 3.694E0 % 4.531E1 %
—— 53-137-0 3.426E0 % 4.874E1
——57-146-0 3.081E0 % 5.182E1 ¢
— 37-94-0 3.029E0 % 5.485E1 %
——563-138-0 2.874E0 % 5.772E1 ¢
—— 52-135-0 2.703E0 % 6.043E1 ¢

36-91-0 2.702E0 % 6.313E1 %
— 38-98-1 2.414E0 % 6.554E1 %
—— 34-87-0 2.330E0 % 6.787E1 %
— 55-140-0 2.203E0 % 7.007E1 ¢
— 41-102-0 2.013E0 % 7.209E1 ¢
—— 35-86-0 1.977E0 % 7.406E1 %
— 38-99-0 1.670E0 % 7.573E1 %
—51-134-1 1.562E0 % 7.730E1 ¢
—55-143-0 1.481E0 % 7.878E1 ¢
—— 35-88-0 1.395E0 % 8.017E1 %
—— 35-89-0 1.297E0 % 8.147E1 %
— 41-102-1 1.237E0 % 8.271E1 ¢
— 34-85-0 1.226E0 % 8.393E1 %
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Medium 235U irradiation - adjusted yields

@ Brookhaven

~ National Laboratory

ission

Electron spectrum per f

10-1

e
TN\

Main contributors at =4.5 MeV

RO RN . :
N A :
\\\\“‘\ RN S R

N \ N
\‘ ‘ Y _'-‘}..\\.

L | YIRSt
2.00 3.00 4.00 5.00 6.00 7.00
Electron Energy (MeV)

— 37-90-0 1.001E1 % 1.001E1 %
—— 38-05-0 8.375E0 % 1.839E1 %
— 55-140-0 8.147EQ % 2.653E1 !
— 53-137-0 7.422E0 % 3.396E1 !
— 52-135-0 5.762E0 % 3.972E1 !
—— 39-86-0 5.281E0 % 4.500E1 %
——41-100-0 5.033E0 % 5.003E1
—— 37-91-0 4.590E0 % 5.462E1 %
— 35-86-0 4.442E0 % 5.906E1 %
— 53-136-0 4.417E0 % 6.348E1 !
— 55-141-0 3.602E0 % 6.708E1 !
—— 36-89-0 3.019E0 % 7.010E1 %

34-85-0 2.581E0 % 7.268E1 %
— 36-91-0 2.214E0 % 7.490E1 %
— 53-136-1 2.117E0 % 7.701E1 ¢
—— 57-146-0 2.046E0 % 7.906E1 '
—— 37-92-0 1.976E0 % 8.103E1 %
—— 35-87-0 1.942E0 % 8.298E1 %
—— 37-93-0 1.683E0 % 8.466E1 %
— 39-94-0 1.507E0 % 8.617E1 %
— 53-138-0 1.435E0 % 8.760E1 !
— 51-134-1 1.414E0 % 8.901E1 !
—— 35-88-0 1.362E0 % 9.038E1 %
—— 41-102-0 1.310E0 % 9.169E1
—— 54-139-0 1.144E0 % 9.283E1 '

00
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Long %23°U irradiation — adjusted yields

L? Brookhaven

' National Laboratory

Electron spectrum per fission

Main contributors at =2.5 MeV

10-1

10-2

10-3

10-4

0.0

1.00

— 54-137-0 1.018E1 % 1.018E1 !
—— 39-94-0 9.399E0 % 1.958E1 %
——43-102-0 7.718E0 % 2.730E1 *
— 39-95-0 6.149E0 % 3.345E1 %
— 55-138-0 6.096E0 % 3.954E1 !
— 55-139-0 5.861E0 % 4.540E1 !
—— 57-143-0 5.159E0 % 5.056E1 ¢
—— 59-146-0 3.892E0 % 5.446E1 !
—— 36-89-0 3.796E0 % 5.825E1 %
—— 36-87-0 3.565E0 % 6.182E1 %
— 37-88-0 2.676E0 % 6.449E1 %
— 53-136-0 2.513E0 % 6.700E1 *

37-89-0 2.415E0 % 6.942E1 %
—— 59-148-0 2.388E0 % 7.181E1 ¢
— 41-99-1 2.221E0 % 7.403E1 %
—— 37-90-0 1.831E0 % 7.586E1 %
—— 57-142-0 1.726E0 % 7.758E1 '
—— 55-140-0 1.286E0 % 7.887E1 '
— 51-132-0 1.253E0 % 8.012E1 '
— 39-92-0 1.226E0 % 8.135E1 %
— 56-141-0 1.124E0 % 8.247E1 !
—— 35-84-0 1.081E0 % 8.356E1 %
—— 37-91-0 1.064E0 % 8.462E1 %
— 39-93-0 1.032E0 % 8.565E1 %
— 38-83-0 1.031E0 % 8.668E1 %

2.00 3.00 4.00 5.00 6.00

Electron Energy (MeV)

8.00
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Gamma spectrum per fission

10-3

235U(n thermal, fission) short short |rrad|at|on

Dickens et aI

il
v i

4]'( n.
W!ﬁ "

‘l"*

4.00
Gamma Energy (MeV)

500

Sum

— 38-94-0 4 630E0 %
—— 37-91-04173E0 %
— 35-86-0 3.657E0 %
—— 53-136-0 3.431E0 %
— 41-102-0 3.151E0 %

| 93-136-1 3.144E0 %

—— 35-87-0 3.098E0 %
~——— 55-141-0 2.960E0 %
— 53-137-0 2.909E0 %
—— 37-93-0 2.885E0 %
— 56-145-0 2.409E0 %
—— 36-90-0 2.346E0 %
56-143-0 2.333E0 %

| ——51-133-02.183E0 %

— 39-98-1 2.044E0 %
—— 39-96-1 2.029E0 %
— 39-97-0 2.024E0 %
——— 36-91-0 2.015E0 %
— 38-95-0 2.015E0 %
—— 55-140-0 1.920E0 %

| — 52-136-0 1.896E0 %

— 39-97-1 1.8668E0 %
— 35-88-0 1.864E0 %
—— 36-89-0 1.854E0 %
— 34-86-0 1.611E0 %
—— 57-145-0 1.371E0 %
—— 58-149-0 1.345E0 %

16



Gamma spectrum per fission

0.0

1.00

.I I ;-u ul1w ”jl!h |,‘

J

200

||l .| \

|| ' 1""!

235U(n thermal flssmn) medlum |rrad|at|on
| Dickens et al

t\

1'\ Il)‘

'1“51\ i‘i” \\““ N A

3.00 4 00 5.00 6.00 7.00
Gamma Energy (MeV)

—— Sum

—— 38-94-0 6.141E0 %
—— 53-136-0 5.690E0 %
— 37-91-0 4 914E0 %
— 36-89-0 4.812E0 %
— 51-133-0 4.755E0 %

| —— 35-86-0 4.443E0 %

— 38-93-0 3.983E0 %
——— 37-89-0 3.778E0 %
— 35-87-0 3.413E0 %
—— 53-136-1 3.027E0 %
— 55-140-0 2.602E0 %
—— 54-138-0 2.370E0 %
56-142-0 2.274E0 %

| ——55-141-0 2.035E0 %

—— 53-137-0 1.977E0 %
—— 39-95-0 1.920E0 %
—— 36-90-0 1.839E0 %
——— 51-132-0 1.679E0 %
— 37-90-0 1.625E0 %
— 42-101-0 1.592E0 %

| — 37-90-1 1.542E0 %

— 42-103-0 1.361E0 %
— 38-95-0 1.339E0 %

——— 56-143-0 1.165E0 %
— 52-136-0 1.063E0 %
——55-138-0 1.057E0 %
——57-145-0 1.012E0 %

8.00
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. ' — Sum

~ 235Y(n thermal, fission) | ong irradiation 551380124561 %

: : ——— 37-89-0 9.690E0 %
Dickens et aI | —— 57-142-0 5539E0 %

—— 53-134-0 5.020E0 %
—— 38-93-04217E0 %
| — 54-138-0 4.018E0 %
—— 56-142-0 3.095E0 %
——— 36-89-0 3.067E0 %
—— 42-101-0 2.792E0 %
—— 51-133-0 2.669E0 %
—— 39-95-0 2.642E0 %
——— 38-92-0 2.562E0 %
53-136-0 2.362E0 %
| ——53-135-0 2.208E0 %
—— 38-94-0 2.139E0 %

For the 100-second irradiation and 3
| hours counting time, the gamma
| spectrum can be accounted well by

10-2 B
| summation calculations.

Gamma spectrum per fission

We need summing-free singles gamma
| spectra to account for shorter irradiations
- Jand counting times.

/I Need communicated to the main
experimental groups and presented at

i F: ' ;'w "i'l i ll il u!:* M

L v L I I ) J .
0.0 1.00 2.00 3.00 4.00 5.00 sof the recent DNP meeting.

Gamma Energy (MeV)




Conclusions

O We are trying to understand the reduction in Independent Fission Yields for about 10
isotopes, which consistently appear in the three fissioning systems. Working with Andrea
Mattera to check if there are measurements for these yields or are based on P(Z/A) x Y(A).

O Adjustment to delayed electron activity is clearly a powerful tool to obtain independent fission
yields for short-lived fission products, not surprisingly since highly precise delayed neutron
activities have been used with that purpose in the past.

O Our capability to predict delayed gamma spectra at short times after fission, less than several
hundred seconds, can be improved.

0 We need gamma spectra for short-lived fission products using high-efficiency detector setups.
Communicated this need with the leading TAGS experimental groups. Perhaps data from
segmented detectors could be re-analyzed with this purpose.

O A couple of reports will be written soon detailing this work.

L? Brookhaven

National Laboratory



Grateful to the Zharia Harris, Becket Hill, Bryan Palaguachi and Matthew Seeley, as well to
Catherine Dunn, who contributed greatly to this project!
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