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Data cuts, datasets & selection

Events: C# hits (channel 1 to 4), Ge hits (ch
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Data cuts, data types & selection

Events: C# hits (channel 1 to 4), Ge hits (ch
1-8, exc. ch 2 and 6)
Correlated: Ge hit* close enough to a C# hit
W =-100<At,_<1440ns.

(* ) Here Ge_2 and Ge_6 are excluded
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ps: Time spectra & preliminary time window
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Data cuts, data types & selection

Events: C# hits (channel 1 to 4), Ge hits (ch
1-8, exc. ch 2 and 6)
e Correlated: Ge hit* close enough to a C# hit
W =-100<At,_<1440ns.
o C2 Correlated: -100<At,_ .,<1400ns &&

C2==true (rejects muons corr. only to another C#
hit, such as CO or C3)
o Coincidence: !C0 & C1 &C2: (IC3 not used,

as it can be triggered by gammas)
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Data cuts, data types & selection

Events: C# hits (channel 1 to 4), Ge hits (ch

1-8, exc. ch 2 and 6) / HPGe-1
e Correlated: Ge hit* close enough to a C# hit " & L‘ [L”
W =-1 OO<AtGe<1 440ns. Cl C2 Ge t L .’: 1 : S PMT-3
o C2 Correlated: -100<At,_ .,<1400ns && | , 1 —beam 4 > Wi
C2==true (rejects muons corr. only to another C# Atge=tge-ter m ca”

hit, such as CO or C3) o P | ” |

o Coincidence: !C0 & C1 &C2: (IC3 not used,
as it can be triggered by gammas)

o IFlagged: pile up or other flags (flag 8:
events with E=0)

o Single muons: we need a well defined 10
At,,, we thus reject “multiple muons in
W?” such as multiple C1-C1, C2-C2, hits
(ps: dtis ~ 1400ns)
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Data cuts, data types & selection

Events: C# hits (channel 1 to 4), Ge hits (ch

1-8, exc. ch 2 and 6) / HPGe-1
e Correlated: Ge hit* close enough to a C# hit " '2 M
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Data cuts, data types & selection

Events: C# hits (channel 1 to 4), Ge hits (ch
1-8, exc. ch 2 and 6)
e Correlated: Ge hit* close enough to a C# hit
W =-100<At,_<1440ns.

o

C2 Correlated: -100<At_ .,<1400ns &&

C2==true (rejects muons corr. only to another C#
hit, such as CO or C3)

Coincidence: !C0 & C1 &C2: (!C3 not used,
as it can be triggered by gammas)

IFlagged: pile up or other flags (flag 8:
events with E=0)

Single muons: we need a well defined
At,,, we thus reject “multiple muons in
W?” such as multiple C1-C1, C2-C2, hits
(ps: dtis ~ 1400ns)

Prompt or delayed:

At ,<280 ns or 280<At,_,<1440ns
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Data cuts, data types & selection

For a Ge hit, is there any C# hit
within the time window (W)?

Events: C# hits (channel 1 to 4), Ge hits (ch correlated uncorrelated
1-8, exc. ch 2 and 6) yes no
e Correlated: Ge hit* close enough to a C# hit

W =-100<At,_<1440ns. Ccl1 C2 Ge t e
o C2 Correlated: -100<At,_ .,<1400ns && : '
C2==true (rejects muons corr. only to another C# Atge=tge-te
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Example of different data sets for Ge_1 (all Ba data)
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Investigation: Any special features in rejected events? Such as

from muons that trigger CO or pile up e
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The shape of the pile up energy spectra vary for the different
detectors, the time shape does not vary though
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The “intensity” of pile-up changes for different Ge
channels (as expected). The time distribution of
pile-up events don’t seem to be different.



Data Selection & Quality plots:
C# & Ge Counts & Rates (Hz)

1390 runs from Ba-136 (run batch 1 & 2, Dubna tree): 441 files from Ba_136_1_list and 949 from Ba_136_2
High Intensity Proton Accel.

Expected: @ 21.0MW g

Beam flux oc C# hits oc correlated Ge hits (all proportional, o<) 1968 i ]

uncorrelated Ge hits (constant, independent of the beam) =

®
0

Data classification:
0) stable: beam has constant flux/current, C# hits, ge hits, uncorr events are ~ constant and oc.

|
: 1) unstable beam: beam has dropped under average flux/current value, all C# hits and ge hits count
|
|

rates drop accordingly, uncorrelated events ma%/ 3Is(,o dcrlop a blttag)t’pere is some leakage of corr events into
ed (and accepte

. the uncorrelated window Expec

2) prompt/delayed ratio unstable: if the rate of prompt events decrease (or increase) the one of |
- delayed events should follow the same pattern. (unless the time distribution of Ge hits changed somehow?) |
| 3) uncorr events unstable: larger rate of uncorr event. (maybe due to electronic noise from LN2 fill?
| calibration mixed data?) Unexpected (?) |



Data Quality plots:
Batch 1 of data (Ba 136 _1)

Runs 40873-42523 (441 runs)
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Data Quality plots:
Batch 2 of data (Ba 136 _2)

Runs 45714-46671 (949 runs)
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A close look at event type (3): o g
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A close look at event type (3):
unstable uncorrelated (run 40930) vs. run 40931 (stable)

Time distributions look the same. Uncorrelated spectrum is higher in 40930, especially at the low energy
and around the the Co-60, K-40, and TI-208 lines

C1_C2




A close look at event type (3):
unstable uncorrelated (run 40930) vs. run 40931 (stable)

Prompt spectra look ~ same, all hits are slightly lower for run 40930, except for uncorr: its spectrum is
clearly higher, especially at the low energy and around the Co-60, K-40, and TI-208 lines
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A close look at event type (2+3):

unstable uncorr & prompt increase
(run 41025 vs 41029)

i 6000 ge_hits (+ omf)____ o
B by i 2R 2 ng oy |1
':; 5000 - ge_| m(s(o&nc ren I
S P ge_hits (uﬁcorﬂ | 2+3) C#
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1000 | prompt and
s | uncorrelated
2 i i slightly
2 i increase
1
(1) e
-1 T ey |
-2 i :
9 40960 40970 40980 40990 41000 nmo 4m§§ L 41030_ . _|
Run Number

Prompt spectra look ~ same, all hits are slightly lower for run 41029, except for uncorr: its spectrum is
clearly higher, especially at the low energy and around the Co-60, K 40 and TI-208 lines
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Data Cleaning Summary

98% of the Ba-136 (selected) data is stable, especially during the second batch. The only
significant unexpected event is (3): There are ~ 20 runs in this category (for which uncorr
rate >4 above mean). This means ~ 1.4% of the selected data. There are also ~ 10
“unstable beam” runs (rate diff >30, ~0.7% of the data).

Data classification:
Accepted (98%):

e o e e e e e e M M e e mmm M e e Mmm M e e mmm M e e M M e e Mmm M e e mmm M e e mmm M e e mmm M e e Gmm M M e mmm M e e S M e e mmm e e

...................... R eded o]~ — — = e S TS T AT AR T asas s
I 1) unstable beam: beam has dropped under average flux/current value, all C# hits and ge hits count

I
i rates drop accordingly, uncorrelated events may also drop a bit as there is some leakage of corr events into |
i the uncorrelated window |
X 2) prompt/delayed ratio unstable: if the rate of prompt events decrease (or increase) the one of delayed -
| events should follow the same pattern. (unless the time distribution of Ge hits changed somehow?) |
i 3) uncorr events unstable: larger rate of uncorr event. (maybe due to electronic noise from LN2 fill? |
Lcalibration mixed data?) |



Excluded runs:
40930, 40968, 40969, 41022, 41023, 41027, 41028, 41029, 41030, 41031, 41032,

41033, 41034, 41035, 41036, 41062, 41095, 41367, 41480, 42017, 45761, 45871,
46013, 46073, 46100, 46333, 46399, 46597, 46607 .

Total remaining: 1361/1390 runs (98%)



Conclusions and next steps

e Distribution of events seem to make
sense: ~27% of the ge hits survive all the
cuts (most of them are prompt).
Correlation, coincidence cuts, & (Ich2,

Ich6) have the largest impacts in the cuts.

e Pile up events do not seem to have any
special features. Flag “8” (energy=0)
needs to be understood (*).

e Ba-136 data is “clean” and ready to be
analyzed (*)

e Next steps:
o find potential “excitation” peaks
o  check their time decay (per channel).
o Use this information to optimize time cuts.

For a Ge hit, is there any C# hit
within the time window (W)?
correlated uncorrelated

yes no

yes, C2

X
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o
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Co CI C'e Ca %e ent"ge\hlts o h/rs (\0/’7;;3 (05,/2”3 (cc::”s p egs p 'Zfs Jz,s ',st \g/zs(\:”s \h/,sg \hlts i
g P C2 ac‘j’/co)c’/c )C’/c °”59) ngleomp lay g L °5f)
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Ba-136 line identification and
spectra analysis

Data for the spectra: Runs 5714-46671 (949 runs) + beam off data (MuX processed hosts)



Line identification steps

e Identify possible processes and decays following OMC in Ba-136

Identify first “natural/uncorrelated” activity lines (for clean up) in the spectrum

Identify uX- rays, unstable isotopes and excitation lines

Check whether their time decays behaves as expected

Check whether the BR agree (for this step, folding with energy-dependent efficiency is
needed)

e Do the same now for other Ba isotopes (Ba-137, Ba-138, ..)
o Check agreement with Ba-nat data (for the lines that should increase in this dataset)

O O O O



Line identification steps

[o |dentify possible processes and decays following OMC in Ba-136 ]
Identify first “natural/uncorrelated” activity lines (for clean up) in the spectrum

Identify uX- rays, unstable isotopes and excitation lines

Check whether their time decays behaves as expected

Check whether the BR agree (for this step, folding with energy-dependent efficiency is
needed)

e Do the same now for other Ba isotopes (Ba-137, Ba-138, ..)
o Check agreement with Ba-nat data (for the lines that should increase in this dataset)
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Muon capture ( ©C') by '° Baand subsequent excitation™:

We aim to observe the gamma decays from the excitation state of the isotope Cs-136 that is formed following

the muon capture by Ba-136 . .
H He
i) excited state: 3 Li 4Be F Ne
. 136 Cs* — 526 Cs+ Y Na Mg Cl Ar
\\/ lgK Ca Br Kr
Excited state R'?dbm ssrm .wl.ne Xe

136 B — : ss s & 3
& Cs Ba At Rn
56 . E ‘ bt

uC ‘1360 -
8 (AZ+1)

(0dd, odd) ight virtual

transition

1505 [
136

56 Ba

+(A4,2) v, +(A,Z-1)

*Here shown simplified MC : p _|_ M - n + V/.L


http://nucleardata.nuclear.lu.se/toi/listnuc.asp?sql=&A1=132&A2=136&Z=55
https://www.nndc.bnl.gov/nudat3/getdataset.jsp?nucleus=136CS&unc=nds

Muon capture ( #C') by ['° Baand subsequent excitation* and decays:

We aim to observe the gamma decays from the excitation state of the isotope Cs-136 that is formed following

the muon capture by Ba-136 e C
H He
(" Due to the high E transfer, a i) excited state: Ui e IR Ne
concurrent process to the excitation (i) 136 136 U o
. — .. . S — S Na M Cl Ar
is the neutron emission (ii), which Cs 99 Cs + B »;;sneg e
Y produces other daughter isotopes ") n emission K Ca Br Kr
Rb Sr ldllne é\g
%26 Ba .. On | dr -in | d T 2n |d 1| -3n |dr1 (CS Ba At “an
+ 135 134 ,
—1p + 1n (uC oreC) 136 C's o3 | (m) (g T8 1 (m) rg| m3n %gi& (gl =

[ ] Click on the isotopes to see their decay database

,U,C :p+ H—n —+ Vy d, 1. decay modes with gamma emission and half-lifes <1y. eC : p +e—n+ 1,


http://nucleardata.nuclear.lu.se/toi/listnuc.asp?sql=&A1=132&A2=136&Z=53
http://nucleardata.nuclear.lu.se/toi/listnuc.asp?sql=&A1=132&A2=136&Z=53
http://nucleardata.nuclear.lu.se/toi/listnuc.asp?sql=&A1=132&A2=136&Z=54
http://nucleardata.nuclear.lu.se/toi/listnuc.asp?sql=&A1=132&A2=136&Z=54
http://nucleardata.nuclear.lu.se/toi/listnuc.asp?sql=&A1=132&A2=136&Z=55
http://nucleardata.nuclear.lu.se/toi/listnuc.asp?sql=&A1=132&A2=136&Z=55
https://www.nndc.bnl.gov/nudat3/getdataset.jsp?nucleus=136CS&unc=nds
https://www.nndc.bnl.gov/nudat3/getdataset.jsp?nucleus=136CS&unc=nds

Muon capture ( #C') by ['° Baand subsequent excitation* and decays:

We aim to observe the gamma decays from the excitation state of the isotope Cs-136 that is formed following
the muon capture by Ba-136

4 Due to the high E transfer, a

i) excited state:

concurrent process to the excitation (i) 136 136 a .
_ o ’ _ Na M Cl Ar
is the neutron emission (i), which Cs* — 99 Cs + g gm’ﬁ “;;9“9 R
Y produces other daughter isotopes ") n emission LS B
Rb sr | Xe
%26 Ba on | dr “in d,r | -2n d 1| -3n |dT (CS “Ba At an
_1p+ 1n( CoreC)\“l?’ﬁC 135(m)C IT 53m 134(m)C IT, 3h 133 Og!| ¢
p M 55 S| b, 130 55 55 s
- 136 s 135 b, 134 stor 133 -
2p + 2n (uCoreC) ||136 Xel| st | o ,X(gs*> e | 51 K€ | 2o | 5y Xel v

130 Xe b 12 C's + v~

13508 — 2°Cs +

ps: half-lives and BRs are however different

[ ] Click on the isotopes to see their decay database

puC :p+p—n+uy,

d, 1: decay modes with gamma emission and half-lifes <1y.

Gammas emitted in b” decay of z-1 to z
isotope has the same energies of the gammas
emitted in the de-excitation of the z isotope

eC :p+e—n+r,


http://nucleardata.nuclear.lu.se/toi/listnuc.asp?sql=&A1=132&A2=136&Z=53
http://nucleardata.nuclear.lu.se/toi/listnuc.asp?sql=&A1=132&A2=136&Z=53
https://www.nndc.bnl.gov/nudat3/adopted_searchi.jsp
https://www.nndc.bnl.gov/nudat3/adopted_searchi.jsp
http://nucleardata.nuclear.lu.se/toi/nuclide.asp?iZA=540135
http://nucleardata.nuclear.lu.se/toi/nuclide.asp?iZA=540135
http://nucleardata.nuclear.lu.se/toi/listnuc.asp?sql=&A1=132&A2=136&Z=55
http://nucleardata.nuclear.lu.se/toi/listnuc.asp?sql=&A1=132&A2=136&Z=55
https://www.nndc.bnl.gov/nudat3/getdataset.jsp?nucleus=136CS&unc=nds
https://www.nndc.bnl.gov/nudat3/getdataset.jsp?nucleus=136CS&unc=nds
http://nucleardata.nuclear.lu.se/toi/listnuc.asp?sql=&A1=132&A2=136&Z=54
http://nucleardata.nuclear.lu.se/toi/listnuc.asp?sql=&A1=132&A2=136&Z=54

Muon capture ( #C') by ['° Baand subsequent excitation* and decays:

We aim to observe the gamma decays from the excitation state of the isotope Cs-136 that is formed following

the muon capture by Ba-136 e C
H He
(" Duetothe high E transfer, a i) excited state: Ui e IR Ne
concurrent process to the excitation (i) 136 136 e Ty
. B Cs* — 2°Cs + Na Mg Cl Ar
is the neutron emission (ii), which Sedom Megnes O v
Y produces other daughter isotopes ")nem'SS/On LK Ga BR R
Rb Sr Iudllne é‘lg
%26 Ba .. On | d,r -in | d T 2n |d 1| -3n d,t| -4n |dT1 “CS Ba At Bsan
—1p + 1n (uC or eC) k136 CS g ;)25(771) (g T5M | man st L
. 135y _
_ t e | .mb, t b, IT IT,~ >
2p + 2n (uC or eC) ° 54 ‘X("CE) 15m-9h | O ?. Tems 2-5d orst §
- - : Voo | 132 : -
b, ~50s b’ ~7h 4 LT-égr'n b, 7h.,__)53 (;51)[ I;I'Z,horb, °

Ps: isotopes marked in light color don’t seem to be observed,

isotopes marked with (?) seem to match some observed lines [A|SO re seeatili 6 erTEe e ]
[ ] Click on the isotopes to see their decay database P yola i

,U,C :p + H—n + Vy d, 1. decay modes with gamma emission and half-lifes <1y. eC : p +e—>n-+ V,



http://nucleardata.nuclear.lu.se/toi/listnuc.asp?sql=&A1=132&A2=136&Z=53
http://nucleardata.nuclear.lu.se/toi/listnuc.asp?sql=&A1=132&A2=136&Z=53
http://nucleardata.nuclear.lu.se/toi/listnuc.asp?sql=&A1=132&A2=136&Z=54
http://nucleardata.nuclear.lu.se/toi/listnuc.asp?sql=&A1=132&A2=136&Z=54
http://nucleardata.nuclear.lu.se/toi/listnuc.asp?sql=&A1=132&A2=136&Z=54
http://nucleardata.nuclear.lu.se/toi/listnuc.asp?sql=&A1=132&A2=136&Z=55
http://nucleardata.nuclear.lu.se/toi/listnuc.asp?sql=&A1=132&A2=136&Z=55
https://www.nndc.bnl.gov/nudat3/getdataset.jsp?nucleus=136CS&unc=nds
http://nucleardata.nuclear.lu.se/toi/listnuc.asp?sql=&A1=132&A2=136&Z=53

... but the target is not 100% Ba-136:

The neutron emission rate from other isotopes in the sample can be at the level of the searched
excitation, so these need to be well understood.

Due to the high E transfer, a
concurrent process to the excitation (i) Ba isot Ba-136
is the neutron emission (ii), which ent (%)

produces other daughter isotopes

138 2.41 57Ba X BTCs* — 7Cs + v

137 +H 137 ** —n 136 (%)
56 Ba — g5 O™ 5 557 Cs

BARAAA 137 1.54
%gﬁCs(*!W y from i) ~O0:

136 95.27 Cs’-137 (suppressed)
v ———— R Cs-137 (stable)
! 137 Bo 135 0.74 y from ii) -n directly to Cs-136 or through
i 56 de-exc.
i Cs*-136 (searched line)
134 0.04 Cs-136 (b7, 13d) ps: Ba-136 is st

(even, even)

136 136 %
51 Xe B CS (AZ+2)

(even, even)

136
o Ba




... but the target is not 100% Ba-136:

The neutron emission rate from other isotopes in the sample can be at the level of the searched

excitation, so these need to be well understood.

Due to the high E transfer, a
concurrent process to the excitation (i)
is the neutron emission (ii), which
produces other daughter isotopes

AR
136 (7 o (¥ ﬂ
55 Cs ( , (A+1,Z+1)

i T —

(A-1,Z+1)

left virtual
transitiol (/324»1) oMC
A2 Sy (odd, odd) right virtual
136 136
(AZ+2)
54 Xe 55 CS (even, even)

136
o Ba

f——— (A+1,Z+2)
137 '
{ vl } ‘ 56 Ba
¥

Ba isot o, 38-136
(%)
138 2.41
137 1.54
136 95.27
135 0.74
134 0.04

%28 Ba i },28 Cs* . %gS Cs + ~y (suppressed)

138 +© 138 % —n 137 * 137

L
+
%2730, H,u é:;’? Cs* — %‘;708 -+ 7y (suppressed)

137 +H 137 —n 136
56 Ba — g5 O™ 5 CS(*)fi 5 Cs+7
y from de-excitation:
138Cs* (suppressed, compared to -n)
137Cs* (probable after -n)

138Cs*(probable, searched line)

y from unstable isotopes:
138Cs (b, IT, 33m) -> Ba-138 (st) + y
137Cs (stable)
136Cs (b, 13d) -> Ba-136 (st) + y


https://www.nndc.bnl.gov/nudat3/adopted_searchi.jsp
https://www.nndc.bnl.gov/nudat3/adopted_searchi.jsp
https://www.nndc.bnl.gov/nudat3/getdataset.jsp?nucleus=136CS&unc=nds
http://nucleardata.nuclear.lu.se/toi/nuclide.asp?iZA=550138
http://nucleardata.nuclear.lu.se/toi/nuclide.asp?iZA=550137
http://nucleardata.nuclear.lu.se/toi/nuclide.asp?iZA=550136
https://www.nndc.bnl.gov/nudat3/getdataset.jsp?nucleus=136CS&unc=nds

. but the target is not 100% Ba-136:

The neutron emission rate from other isotopes in the sample can be at the level of the searched
excitation, so these need to be well understood.

B e e Gl it

Due to the high E transfer, a - [Additional measurement of Ba (natural)]\‘
concurrent process to the excitation (i) )
is the neutron emission (ii), which
. (V) -7
produces other daughter isotopes Ba isot o8- 136 atBa (%)
(%)
—— 138 2.41 72
136 (v o ( ﬁ
55 Cs ’ (EEBZs) 137 1.54 11
Wf:_ ( :
ot 136 95.27 8
e { ; } @ B
]
= 135 0.74 6.6
— — (odd,odd) | . =
- iy
T~ 134 0.04 2.4
é4316 Xe })26 CS (ev(:r'\z,:een)

136
£6 Ba



Main y-lines from OMC by Barium:

138Ba ‘1 %28 Cs* ] 138 Cs + ~ (suppressed) ) //,z'
138Ba i égSCS** —-n 13708 13705 _+_f}/ > ) ) /,//’/
137B0/ 1 L}é? Cs* — %7 Cs + ’y (suppressed) $5% T
137Ba i %2708** o ég6cs(*) 13603 +7
................................................ . Cross pOpUlath”
+u a

336 Ba —_ 136 CS* % 136 CS —|— ’)/ i) searched line, less
56 55 likely than n-emission
136 T 136 %%k —n 135 * 135 (ii) well present

Ba’ — 55 CS H 55 CS % CS —|_ ’7 in the spectrum

V
135m CS E&Z’L %gS

\

Cs+ vy

the spectrum

136 CS 13d 136 Ba + 7y well present in the spectrum

(more clearly in beam off data)

y from unstable isotopes?:

well present in

y from de-excitation:

138Cs* : suppressed, compared to -n

137Cs* : probable after -n, but low %

136Cs* : probable + searched line

135Cs*: probable } <<l

~
N

138Cs (b, IT, 33m) -> Ba-138 (st) + y : suppressed
137Cs (stable) : 0

136Cs (b, 13d) -> Ba-136 (st) + y : probable
135mCs (1T, 53m) : probable }«\

95.3% g

(x27 larger)

The excited state is commonly present after neutron emission, and given that -n is much more frequent,

we get much more y’s from '3Cs* than from *6Cs*

N
S

\
\

AY
AY


https://www.nndc.bnl.gov/nudat3/adopted_searchi.jsp
https://www.nndc.bnl.gov/nudat3/adopted_searchi.jsp
https://www.nndc.bnl.gov/nudat3/getdataset.jsp?nucleus=136CS&unc=nds
https://www.nndc.bnl.gov/nudat3/getdataset.jsp?nucleus=135CS&unc=nds
http://nucleardata.nuclear.lu.se/toi/nuclide.asp?iZA=550138
http://nucleardata.nuclear.lu.se/toi/nuclide.asp?iZA=550137
http://nucleardata.nuclear.lu.se/toi/nuclide.asp?iZA=550136
http://nucleardata.nuclear.lu.se/toi/nuclide.asp?iZA=550435
https://www.nndc.bnl.gov/nudat3/getdataset.jsp?nucleus=136CS&unc=nds
https://www.nndc.bnl.gov/nudat3/getdataset.jsp?nucleus=136CS&unc=nds
https://www.nndc.bnl.gov/nudat3/getdataset.jsp?nucleus=136CS&unc=nds

What to ideally expect in the spectra?

Prompt: , from Ba-136

Delayed: y’s from de-excitations (mainly
Cs*-136) and from short-lived
beam-produced isotopes (or from the
de-exc after n-emission, eg. Cs*-135)

Uncorrelated: y’s from natural radioactivity

and beam-produced isotopes (Cs-136,
Cs-135m, Cs-138)

: more clear spectrum from
natural radioactivity + slow decay of
beam- produced middle-lived (15m-15d)
isotopes.
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©+.. 1000 2000 3000 4000 5000 6000
Energy (keV)
10°F
ke STl —
5 T ?JK&"J ]
e T A
I s = S8
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[ —— uncorrelated t {uy)>1440 n:
- beam off
10°
E o o N o A a0 -
k Lo ‘ il

i} |:\1 1 1l 1 1
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|
340 360
Energy (keV)

prompt_ac
Entries 1106211
—all Mean 754.4
Std Dev 1065
— prompt (ac)
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uncorrelated
; M.A
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What to ideally expect in the spectra?

Prompt: , from Ba-136

Delayed: y’s from (mainly
) and from short-lived

beam-produced isotopes (or from the

de-exc after n-emission, eg. Cs*-135)

Uncorrelated: y’s from natural radioactivity
and beam-produced isotopes (Cs-136,
Cs-135m, Cs-138)

: more clear spectrum from
natural radioactivity + slow decay of
beam- produced middle-lived (15m-15d)
isotopes.

“Cross” leakage due to “time
resolution”, especially in the low
energy, and non-exact muon life-time

Also, muon life-time in Ba-136 is shorter?

136 v % ot 136 v\
oo Os™ — 55 Cs v

Counts

| 3TN FUTEN FEUUE PR PULSE PEUTTE I FUTIN PR P |
0 50 100 150 200 250 300 350 400 450
Time interval At (ns)

ion of the instrumental delay At between the
ation of prompt jiX-rays of diff es
w

200 keV deteriorates due to slow charge collection near the
surface edges of the Ge crystal.


https://www.nndc.bnl.gov/nudat3/getdataset.jsp?nucleus=136CS&unc=nds

Looking for “excitation” candidates: delayed vs prompt (Ge3)
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Analyzing spectra: Energy region 1 (50-210 KeV)

Prompt and delayed are very similar,
especially because the time resolution of

I the detector is lower at low energies, so
10° many prompt events leak into “delayed”
and vice-versa. Many from the
1055 LA & ; K-shell of other materials (Carbon, Oxigen)
E s S e 1 -
e TT==d arevisible ( ), as well as
[ —promptt (1y)<280 ns ;
— delayed t (uy)>280 ns i - *_ i
e L i o from the N-shell of Ba (IN). Cs*-135 lines
iww F 2 (see table) overlap with other (O-K, N) x-rays.
ol & H Cs-136 lines have low BR and are not
visible.
SRR R T m©
I 8isi & §j a P s((1kevve)1) XREF J%(level) Ty/p(level) (Ek(V) Gammas from 13Cs (13.16 d 3)
200 v M AR I ANTATET O I [N AR T I St I € € e & ecay mode
; 140 160 ;rg\(l)\“e\” e 80 100720 140 160 180 200 .0 ABDE  7/2+ 2.3x10%y 3 T e
o o 120 En Energy (keV) % B- = 100 66.88117 4.79 20 b
{,'}”)700 g0 80 a0 249.767 4 A DE 5/2+  0.28ns 8 Pl o, Y o
s . . : : :
Elmel) | Bilesl)| Eof 20 136Cs* (y ) slightl . R o ohn b
wos 121.46ev) S1O0TY SR o [ e
= T R 55 appears, but 710 keV line 608.151 12 1872856 0.364 b
1318.5 8 18040 g djfficult to observe later.
3684.0 7  (14+) [Fil.4 5 17 4
10.4 3 100 30


https://www.nndc.bnl.gov/nudat3/getdataset.jsp?nucleus=135CS&unc=nds

Analyzing spectra: Energy region 2 (210-370 KeV)

2 0{\1' \\9;
o T N . . .
2 QT Q;t\l’&og Here, the line is less strong in
(SO L.
50O T the delayed spectrum (some remaining of
N X 1 g
B il 10°E - 136~ %
~ g it might be due to the "*°Cs* (Y, ,..,) )- The
i 1350 a* ; ; ;
_/‘FLJ_,, I Cs™ (Y, 494y liN€ is clear in the
10° g - prompt and delayed spectra (the 358keV
P _ ; one is visible but less clear, it has lower BR) .
L : =y : :
N E T A A ey == RS : 136 ol
1045— —promptt(uy)<?80 ns 1 Cs (Y273keV,Y34OkeV) are VISIble’
a0 o : especially the latter with a higher BR
L ff ; B .
oL et and in the beam-off spectrum
£ B
E E(level) I%(Level) E(y) 1(y) Gammas from 136Cs (13.16 d 3)
L c e & ~ing E (kev) (kev) Eg (keV) Ig (%) Decay mode
10 8 & 2 S8 e u:.'eln 4 :;:: 245 7760 BRI Z4 DD 15 lir
E : i : - 273.6468 11.14 b-
| FITI AT T OO I 0 2 M I R il 4882026 & 1562004 813 302.92 0.030 10 r
22 260 280 300 320 -340 360 e | mm | e R . 31555 002018 i
o l;nergy (keV) : A58 38470 7.6 3 319.9118 0.505 b
3 608.151 12 100 3 340.5478 42.213 b
E((lkd:vo)l) Jn(level) (Ek(gvv)) I(y)
:ﬁ: 7 (,:, = E(level)  J(level) Tyz(level)  E(y) y)
e - Sequence based on (12-). Configuration=ngs/s o1 (#) 136 o ; .
- i“: i e - Potential Cs (Y309_4’ Y,30,) lines: The 1015.9
w77 sy smas wea oo and 1013.7 lines are observed as well.
were i o 1;;:; i”;;


https://www.nndc.bnl.gov/nudat3/getdataset.jsp?nucleus=135CS&unc=nds

Analyzing spectra: Energy region 3 (370 -530KeV)

N
N
& >
\X \X / é)|< *6’6\
& Q8 an 2.0 Here, the lines are quite clear.

The "¥5Cs* (Y, 5., line is clear®™, and

108k i 136 g* i
: overlaps with the "°Cs* (Y, ,) line. Unsure
i whether any accompanying lines of the
st :
o 7k latter are observed (Y., Y,q)- There is
i i some unknown line and the annihilation
% 8 i . o
Ll T e g | W (e*e”) peak overlaps with other excitation
Fi —delayedt (uy)>280 ns . w
L uncorrelated t>(py)>1440 ns lines "*°Cs (Y513Y518 ) The 229
o beam off A . .
10% : § B accompaigning the former is not observed.
& = i
5 o= ‘E(level)  In(level) Toa(level)  E(y) 1(y) E(level) XREF In(level) Tuo(level)  E(y) 1(y)
2 (keV) (kev) (keV)
10°E Band 2 - Sequence based on (12-). Configuration=ng,,, 0.6 A 5+  13.01d5
E £ ) 104.8 3 A a4+ — 104.8 100
520 ; 1 ‘ i | Lili] | L1l | 11 l | (| I EF] ‘ [ HH ‘ 1 i (= 1ﬁ;: : ;: i: mO 1 A D 8- 17.56s 2 413:1 3 0.072
500
480 \) = % IT >0 517.91 160
460 (ke 380 400 420 440 460 480 500 520 | ee.87 (1) 20.04 100 25 e
56007 ARRRAN 40 440 Eneray Energy (keV) Sr.24 100 30 B
7 &09. E(level)  XREF Jn(level) T,/p(level) E(y) 1(y) M(y)  Final Levels
4 .. (keV) (keV)
0.0 ABCDE 7/2+ 2.3x10*% y 3
e e e T a— its 158KeV accompanying line was also clear, though
LargerBR T { :::: : : — W‘ :EE: ar it overlapped with O-K, and a line at at another Energy
— —— R level, with lower BR is also observed Y 55, o\ )
| 981.3%6 19 A D 608.153 5/2+

5 5 408.026
731.634 21 100 5 249.767 5/2+



Analyzing spectra Energy region 4 (530-690 KeV)

Here, more lines are visible.
One of them overlaps with the *5Cs*
r (Yg35) lin€ (it is unsure whether the 1318
105 accompanying line is observed). Again
. i P 135
ST | Cs™ (Ygs4 Yeos) lines are clear (their
- i high BR accompanying lines are also
L i x
10“;_5__#___,5‘,_«‘,«; . ST observed) as well as a bit of '*5Cs* (Y,5)-
: Other "¥®Cs* lines are not clearly
r— <2 f .
I R observed to the overlap with other
E —— uncorrelated t (Wy)>1440 ns ; 132 ; H
© beamoff lines. ™ (Y ) is observed in the
i i uncorr and beam off spectra (its accomp.
10°F o 8 - 854 Line at 772.6 is less clearly but also observed).
E @ id =8 J = . Gammas from 132] (2,295 h 13)
B i E((l:;IB;J:).'"W. J"U-WGI) (E(Y) I(y) Eg (keV) Ig (%) Decay mode
660 101_\ [ |§\ 5 L Vil i 4-] Lile |_| 0.0 nscoe 726 e 630.19 2 1334 b
840 eray (keV) 540 560 580 600 620 640 660680 .. aes.era4 A oE s/2e  2es70 4 men. & i
Energy (keV) 408.926 5 A D 158.260 4 a3 e 02052 ?'_57 £0 L7
408.009 8 100 3 667.718 3 J0J b
.. 608.1538 A D .. 5/2+ 200.19 16 0.40 16 66982 466 b:
358.384 9 7.6 3 671.42 3.510 b
> 08.151 12 100 3 68442  0.084 b-
E(level) XREF J7(level) E(y) I(y) Final Levels 1!8.83.3"13. BCD  11/2+ 786.836 13 100 687.8 5 0.039 20 b-
(kev) (keV) 981.396 19 A" .D 373.13 10 28 5 70647  ~0.020 b
573.36 4 8.7 13 727.03 226 b-
3520 5 B 1+ 731.634 21 100 5 727.2 3 326 b
3562.5 7 D (13+ .05 50 25 2927.6 (12- a2 sst Uy A D B Nas 22 S 72842  1.64 b
= 1321% 55 100 46 2243.9 {1:-; N | o 7717 0.02020 b
1062.41 2 5.8 12 772601 75613 b


https://www.nndc.bnl.gov/nudat3/getdataset.jsp?nucleus=135CS&unc=nds

Analyzing spectra: Energy region 5 (690-900 KeV)

& &
X o . . .
R o Here again, no clear excitation
lines from '3¢Cs* as all of them
10° H 1 i
: e W, T overlap with other lines (or with
F ‘ the neutron production in Ge)....
10* i . .
E AL Again we see a few lines from
N : ’ 135Cs* and now also 3°Cs™
10°=  — prompt t (y)<280in
F—delayedt (uy)>280 ns ;
[ —— uncorrelated t (1y)>1440ins
r begm off : &
102:_ i ] :', 3
E v 4] E(level) J"(level) T,,,(level) E(y) I(y) M(y) Final Levels
£ di 8 - (kev)
: = é ; Band 1 - Sequence based on (11-). Configuration=nds,,~#mng;,,*~#vhy,,,1
1982.3 6 (11-)
10 2243.9 6  (12-) 261.6 2 160 1982.3 (11-)
IE [ it ol 1 Il | L il L L ‘ L l L L l L 1 L T (13-) E.s ? = s (12-)
700 750 800 850 900

Energy (keV)

Gammas from 135MCs (53 m 2)

Eg (keV) Ig (%) Decay mode

786.836 13 100 IT
846.1 95.9 IT




Analyzmg gwectra: Energy region 6 (900-1100 KeV)

136Cs* lines: The 1015.9 and 1013.7
lines overlap and their previous Y, . ,

105:_ . ; . .
FIGY Y430, liNes: were observed. Y line is
. either slightly shifted or not present
10°F |
7] A N O ;
i — promptt (uy)<280 ns:
[ i —delayedt (uy)>280:ns
L uncorrelated t (uy)$1440 ns
,| i beam off :
107 | Py
10 E(level) J7(level) E(y) I(y)
E o (kev) (keV)
1050 k\n fll R RERE I P oy g | :::::7 (11;) TG Eo¥7E
(ke 900 950 1000 1050 1100 : +:
Energy Energy (keV) 1318.5 5 100 460
3684.0 7 (14+) 121.45 17 4
E(level) J"(level) T,/,(level) E(y) I(y) Al 190 36
(kev) 3929.18  (15+) 245.13 100
g : 4086.7 7 (15-) 599.8 5 100 30
Band 2 - Sequence based on (12-). Configuration=ng;,, 706.5 5 16
2927.6 7 (12-) gilicn) s6 2
0 {5 — 4359.2 9 (16-) 979.1 5 100
1013.7 5 160 40 G 3090 R



Analyzing spectra: Energy region 7 (1110-1320 KeV)

10°
e
A
T e R e s
—J\"-‘—-ﬁnn.;-.—.._._._
— prompt t (1y)<280.ns
10%E | — delayed t (uy)>280 ns
—— uncorrelated t (uy)>1440 ns
beam off
102 ‘
3 o 48
0 < %
1 & i
II\Illl\llllé\l\lllll\l\l|I\I|II\|III‘III

112011401160 11801200 1220 1240 1260 1280 1300 1320
Energy (keV)




Analyzing spectra: Energy region 8 (1320-1530 KeV)

10
1035,
F ' prompt t (1y)280 ns
| —delayedt (uy)>280 ns
—— uncorrelated t (11y)>1440 ns
10° beam off
- < >
L . 2
10 = S
|_II\llII‘IIIl\I\il!ll\I\llll‘éllll\llll\lll
oi46d4 erg\] kke‘” 1320 1340 1360 1380 1400 1420 1440 1460 1480 1500 1520

Energy (keV)




Analyzing spectra: Energy region 9 (1530-1740 KeV)

_./\L,_/\,\

'W"‘—*“W-N"’Hﬁ\\“‘“-wf' i~ S, J‘"\WW\M’—JH‘M
. ‘-’/\""‘"—v——-—*“ﬂ"'**‘

— prompt t (1y)<280 ns

— delayed t (uy)>280 ns

—— uncorrelated t (uy)>1440 ns
102 beam off
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10
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Analyzing spectra: Energy region 10 (1740-1950 KeV)

— prompt t (1y)<280 ns
— delayed t (1y)>280 ns

—— uncorrelated t (uy)>1440 ns
0% beam off
10 &
I_ | 1 11 1 | P F 9 | i [ F | | |
1750 1800 1850 1900 1950

Energy (keV)

5, ”&7;)0 1750



Analyzing spectra: Energy region 11 (2160-2370 KeV)

4 :
10 %mm
i A
fo A s
[ | e e i i e R PR S
sl
10 E_,,,,,,, .( %W%Mﬂ
[ — promptt (1y)<280 ns
— delayed t (1y)=280 ns
102 -~ uncorrelated t {uy)>1440 n$
E beam off
I = g e 2
10 3 & & &

T

ool o Dol cldiogl oo T ok Lonalnne g
216021802200 22202240 22602280 23002320 23402360
Energy (keV)




Analyzing spectra: Energy region 12 (2370-2580 KeV)

10*

-1

s

10°

i
%
|

— prompt t (1y)<280 ns
— delayed t (uy)>280 ns

10— uncorrelated t (uy)>1440ns
r beam off
10 3 d &

T

I|\II|I\I|II\|§II]II\l\III\IlII\lII‘III
238024002420 24402460 2480 2500 2520 2540 2560 2580
Energy (keV)




Analyzing spectra: Energy region 13 (2580-2790 KeV)

10*

e s SR

T

_““"”"5“’ g \MNNL'"‘M”%'MW1!MP'JLLF’"J Nocidiiteg

10°

%(
|

_ pfompt t (uy)<280 ns

102 — delayed t (uy)>280 ns
E . — uncorrelated t (uy)>1440 ns
d beam off

T

{ieidonilmalioglooaloomlobilenslonsliogs
258026002620 26402660 268027002720274027602780
Energy (keV)




Analyzing spectra: Energy region 14 (2790-3000 KeV)

10°E /\
e SRPHSIE) \ACHSVIES £ SO PN | S
10%
| —promptt (uy)<280 ns
— delayed t (uy)>280 ns
102 -~ uncorrelated t (uy)>1440 ns
E -~ beam off
e i
=t S 1
10 & SHRS A
; | | 11 1 | 111 1 | I gF 4 | | I A |
2800 2850 2900 2950 3000
Energy (keV)

> 667‘/00 2800



Analyzing spectra: Energy region

[TTE
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Liien s o
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| —— uncorrelated t (uy)>1440 ns
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10
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Analyzing spectra: Energy region

[TTE

10*

;
N

Lins s

Z

10°

Liien s o
T

[l — prom:pt t (HY)*‘MWWW‘I:M

— delayed t (uy)>280 ns

IR

| 102 —— uncorrelated t (uy)>1440 ns
] E beam off
I S 8
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Fr T
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Analyzing spectra: Energy region

[TTE
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Lins s

10°

— prompt t (1y)<280 ns
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Analyzing spectra: Energy region
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Analyzing spectra: Energy region
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In summary, very few lines are “well” identified for Ba-136
(at least for Ge 3, but will it get much better for other channels?)

E(level) XREF J"(level) E(y) I(y) Final Levels
(kev) (kev)
0.0 A 5+
104.8 3 A 4+ 104.8 100 0.0 5+
517.91 A 8- 413.1 3 0.072 104.8 4+
517.9 1 100 0.0 5+
583.9 5 9- 66.0 5 100 517.9 8-
590 5 B 1+
850 5 B 1+
1000 5 B (2-)
1910 5 B 1+
1982.3 6 (11-) 1398.4 3 100 583.9 9-
2010 5 B 1+
2243.9 6 (12-) 261.6 2 100 1982.3 (11-)
2290 5 B 1+
2360 5 B 1+
2450 5 B i+
2500 5 B 1+
2550 5 B 1+
2600 5 B 1+
2710 5 B 1+
2810 5 B 1+
2910 5 B 1+
2927.6 7 (12-) 945.3 4 100 1982.3 (11-)
2973.7 7 (13-) 729.8 3 100 2243.9 (12-)
3257.8 7 (13-) 330.2 3 100 25 2927.6 (12-)
1013.7 5 100 40 2243.9 (12-)
3380.1 7 (14-) 406.4 3 100 2973.7 (13-)
3420 5 B 1+
3486.8 7 (14-) 229.0 4 100 25 3257.8 (13-)
513.2 4 100 30 2973.7 (13-)

The excited state is commonly present after neutron
emission, and given that -n is much more frequent, we get

much more y’s from '*°Cs* than from 3°Cs*

. I guess this is

usually the case (?) like the marked lines in the
"®Se-spectrum (which are from "°As*, not from "6As*.) Q: how
did the "®As* lines look like in the spectrum?

E(level) XREF J"(level) E(y) I(y) Final Levels
(keV) keV)
3520 5 B 1+
3562.5 7 D (13+) 635.0 5 50 25 2927.6 (12-)
1318.5 5 100 40 2243.9 (12-)
3684.0 7 D (14+) 121.4 5 17 4 3562.5 (13+)
710.4 3 1ee 30 2973.7 (13-)
3929.1 8 D (15+) 245.1 3 100 3684.0 (14+)
4086.7 7 D (15-) 599.8 5 100 30 3486.8 (14-)
706.5 5 11 6 3380.1 (14-)
1113.2 5 56 22 2973.7 (13-)
4359.2 9 D (16-) 979.1 5 100 3380.1 (14-)
4396.1 8 D (16-) 309.4 4 100 50 4086.7 (15-)
1015.9 5 50 25 3380.1 (14-)
4645.8 9 D 716.7 4 100 3929.1 (15+)
13380 B o+

Y136.0+1X(Se;0) Mnfﬁd)

e BTEN
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FIG. 5. (E,t) distribution of the correlated events measured
with the ‘(’bc target.



Back up



A few questions......

Regardlng OMC4DBD
How did the "®As* lines look like in the spectrum? How was their significance defined?

Were OMC rates ever implemented in QRPA models? By how much did they improve (or what would be the
precision required for the OMC partial rate such that this information could improve these models?) Are limits also
useful? -> Answer from J.Suhonen in the CM: First, one needs to do the calculation for the OMC - the input values
here can largely vary (by a factor a few hundred percent) and still yield relevant input for the QRPA models.

probability of reaching different excitation levels vary, and their ratios are often found in the literature (yet, | guess

I(y)

50 25
100 40

17 4
100 30
100

100 30
11 6
56 22

Final Levels

2927.6 (12-)
2243.9 (12-)

3562.5 (13+)
2973.7 (13-)
3684.0 (14+)

3486.8 (14-)
3380.1 (14-)
2973.7 (13-)

100

100 50
50 25

3380.1 (14-)

4086.7 (15-)
3380.1 (14-)

T1zs0*tX(Se;0) Mnf-:id)

B R R R
Energy E (keV)

[ J
e Does the excitation level matter in the calculation? or calculating rates to any levels helps? Answer: The
this is one of the parameters we want to find?)
General:
e Do neutron emissions delay signal?
Or are they prompt
e Given the better resolution of a few
Ge channels, are our results useful
to updating uX databases? EQevel) xREF Blevel)  E(y)
(kev) (keV)
® Are muon lifetimes known for all mersr o o emes
isotopes or do our results contribute| =sez »aa e e
to these values? — B
4359.2 9 D (16-) 1::::::
4396.1 8 D (16-) 1::;:;;

13380

o+

100

3929.1 (15+)

FIG. 5. (E,t) distribution of the correlated events measured
with the “°Se target.



