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● Xe and N2 doping in ProtoDUNE-DP.

● Impact on the light yield at different triggers.

● Scintillation time profile:

● PEN / TPB differences.

● Fitting to a model.

● SP-DP comparison.

Content
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Summary of the DP re-filling and N2 injections

• May 6th - ProtoDUNE Dual-Phase re-circulation system was stopped, to allow to 
reduce the LAr level and fix the HV extender.

• July 22nd – Re-filling starts: LAr + Xe (5.7 ppmv ,18.8pmmm)+  N2 (5.6 ppmv) from 
ProtoDUNE-SP starts entering the cryostat.

• July 23rd – Re-filling ends: LAr + Xe (5.8pmmm) + N2 (~1.7 ppmv)

• August 3rd – 3cm more: LAr + Xe (5.9pmmm) + N2 (~1.7 ppmv)

• August 14th – 1st injection of N2: LAr + Xe (5.8pmmm) + N2 (~2.7 ppmv)

• August 28th – 2nd injection of N2: LAr + Xe (5.8pmmm) + N2 (~4.7 ppmv)

3

LAr

LAr+Xe+N2

re-filling

evaporation
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Impact on the light yield
Trigger comparison

4

PMT Trigger
Trigger on a PMT 
placed in the 
center.
Any signal >13PE 
in amplitud.

LAr LAr+Xe
+N2

1st N2 
injection

2nd N2 
injection

Relative variation of the average signal detected at different triggers:
Error show STD variation among PMTs.

LAr LAr+Xe
+N2

1st N2 
injection

2nd N2 
injection

CRT Trigger

33%

36%

TPB: ~230PE
PEN: ~45PE

TPB: ~1kPE
PEN: ~200PE

prelim
inary

prelim
inary

~3-4m
~5-6m

Top view of the PMT layout

CRT

CRT

In these runs the detector is always full of liquid.

Q2 Q3 Q4 Q2 Q3 Q4

Amp Amp

LAr only LAr + Xe +N
2

PMT TriggerCRT Trigger
Charge integration:

(From the last collaboration meeting)
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PMTs have been taking data during the evaporation, refilling with 
LAr+Xe+N2 and N2 injections in order to monitor the light changes.

Light monitoring during evaporation, filling and doping.
CRT Trigger

• Light yield decreases as the 
liquid level goes down and 
part of the muon track is out of 
the liquid.

• During the refilling the light 
yield is recovered but the 
amplitude is still below the 
value with the detector filled.

• N2 injections reduce the light 
yield but keeps the amplitude 
at a similar level.

Relative variation of the average signal detected in CRT trigger runs by 
all PMTs.
Error show STD variation among PMTs.

Warning: Runs 
are not equally 
spaced in time.

24/722/7 14/8 28/8
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Light monitoring during evaporation, filling and doping.
PMT Trigger

Warning: Runs 
are not equally 
spaced in time.

Relative variation of the average signal detected in PMT trigger runs 
(signals>13PEs ina PMT at the center):
Error show STD variation among PMTs.

• Light level is stable during 
evaporation: This is consistent with 
having tracks close to the PMTs in 
this trigger.

• We see most of the fall in the 
amplitude right in the beginning of 
the filling (with Xe and N2 
concentrations still very low).

• N2 injections reduce the light yield 
but keeps the amplitude at a similar 
level.

• All PMTs are averaged. Large 
errors are due to the dependence 
of the detected light on each PMT 
with the distance to the trigger PMT. 
A more detail analysis is ongoing.

Full 
detector

Start re-
filling

Full 
detector 14/8 28/8

22/7 24/7
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• Red (black) is a run taken 
just before (one week before) 
the filling. See how stable it 
was.

• Then, in the very first 
moment the tau slow  is 
increased (red to green) and 
then it shrinks back (green – 
blue - pink) loosing the 
exponential shape.

• Scintillation profile: Average waveform centering  the maximum and substracting baseline. 

LAr+N2+Xe

LAr

Scintillation time profile during re-filling
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Scintillation in xenon doped liquid argon + nitrogen

P1 e-t/τFast + P2 e-t/τslow

(all at 128 nm) PEN vs TPB

P1 exp(-t/Fast) + (P2*exp(-t/TX)-P3 exp(-t/TA))
   (Fast 128 nm)          (128nm + 175nm)

Considering only the Xenon dopants, a model based in three 
exponentials is provided in the literature, where TA is the energy 
transfer time from ArAr* to XeXe* for the slow component:
(Fast component is not transferred at our low doping values.)

Without dopants, the time profile consist of the sum of two 
exponentials with different time decay constant. One for the single 
state (~6ns), and a slower one for the triplet sate (~1.44us):

128nm

175nm

Nitrogen contaminants 
reduce the triplet decay 
time.

(Acciarri et al., 2013)
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Example fit

Reflexion bins are excluded from the fit.

zoom

P1 exp(-t/Fast) + P2 exp(-t/Td)+P3 exp(-t/Tslow)
     (Fast 128 nm)                  (128nm+175nm)
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● TA and TX are mostly compatible between 
PEN and TPB PMTs as expected.

● Fast component is larger on PEN PMTs!

● Fast component seems to decrease with the 
concentration.

PEN TPB differences
Filling Filling N2 injectionsN2 injections

TA

TX
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● At low Xe concentrations (which is our case), 
we also have a significant contribution at 150 
nm.

● 3 contributions: 
128, 147 and 175nm

A. Neumeier et al 2015 EPL109 12001

Rate of ArAr* 
deexitation:

Rate of ArXe* 
generation / 
deexitation:

Rate of XeXe*  
generation / 
deexitation::

ArAr* → γ (128)

ArAr* + Xe → ArXe* + Ar (AX) → γ (150)

ArXe* + Xe → XeXe* + Ar (XX)→ γ (175) (much faster)

ArAr* + N2 → ArAr + N2* (N2,Ar) (quenching)

ArXe* + N2 → ArXe + N2* (N2,Xe) (quenching)

Assuming τ
175

 is very small, the solution to 
these equations is the sum of two exponentials:

 P2 expo(-t/TA) + P3 expo(-t/TX)

Model of the time constants:

1/TA = A [N2] + B [Xe] + C

1/TX =D [N2] + E [Xe] + F
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PEN PMTs

Linear fit:

● We obtain similar results 
on PEN and TPB PMTs.

● Linearity is worse on 
PEN PMTs at low doping 
levels (as expected)

TPB PMTs

TA

TX

Xe=5.8ppm

Xe=3.4 N2

Xe=5.8ppm

Xe=3.4 N2Xe=3.4 N2

1/TA = A [N2] + B [Xe] + C, with:

1/TX = D [N2] + E [Xe] + F

Xe/3.4= N2

 P2 expo(-t/TA) + P3 expo(-t/TX)
1/tau

[N2]

(filling)

(Injections)

[X
e]
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Linear fit including np04 data (on TPB PMTs):

- Including tau values from np04 
provided by Francesco (fitting by 
pairs), points in the circle.

- chi2 gets much worse: From ~1 to 
~10.

-Only some parameters are affected:

1/TA = A [N2] + B [Xe] + C

1/TX = D [N2] + E [Xe] + F

NP02 only

Xe=3.4 N2

NP02+NP04

N2=5.6ppm

N2=5.6ppm

Xe=3.4 N2

Xe=5.8ppm

Xe=5.8ppm

Xe=3.4 N2Xe/3.4= N2

TA

TX

1/tau

[N2]

(filling)

(Injections)

[X
e]

np
04
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DP vs SP+DP comparison:
- We obtain similar values on 2 parameters: τ

AX
 and τ

N2
 on ArXe.

- Larger variation introduced on τ
XX

,τ
N2

 on ArAr and τ
150.

- Errors in the global fit seems overestimated vs the linear fit → They don't include an error in the doping 
concentrations.

- No variation in the fitting parameters is found when going from DP+SP to SP. However, the ratio of XX/150 
obtained from the Quarz/nonQuarz arapucas is not compatible with the ratio obtained from the taus: 3.3±0.1 
(DP) vs 2.4±0.5 (SP)

9 us ppm in Acciarri 2013

XX/150 = 2.4±0.5
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(Francesco)

1/TA = A [N2] + B [Xe] + C
1/TX =D [N2] + E [Xe] + F

A and D are fixed to zero to remove 
the dependency with [N2]:

Discrepancy in the fitting results on SP only:
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Including the quenching in the fast component (a la Dante)

F := P1 {e(-t/TAFast)+R*e(-t/TASlow)} + P2 {e(-t/TXFast)-e(-t/TAFast)}+ P3 {e(-t/TXSlow)-e(-t/TASlow)}

TAFast = A[N2]+4*B[Xe] + CFast

TXFast = D[N2]+E[Xe] + F

TASlow = A[N2]+B[Xe] + Cslow

TXSlow = D[N2]+E[Xe] + F

We don’t get a big 
variation in the 
parameters.
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Wahl (2014)

- Wahl provided a parameterization of the time constants:

TA(Wahl) (us) = 2.7 [Xe/ppmm]^(-0.7)

1/TX(Wahl) (us) = 0.51+0.088 [Xe/pmmm]

- We also include the quenching from Acciarri of 0.11/(us ppm) (it doesnt affect much the curves though).

1/TA = 1/TA(Wahl) + 0.11[N2]

1/TX = 1/TX(Wahl) + 0.11[N2]

Comparing with the literature

TA (us) = 2.7 [Xe/ppmm]^(-0.7)

1/TX (us) = 0.51+0.088 [Xe/pmmm]

Filling Injections
[Xe]=5.8ppmm

Probably it is not a good idea to extrapolate Td at low Xe concentrations...
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Backup
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Global fit to 1 TPB-PMT:
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Tfast Tslow

Transfer time
(Td)

X X

x
x

● X’s show our values at 
3ppm and 6ppm of Xe.

● Values obtained are 
close to what it is in the 
literature (without N2!).

Akimov (2019)
Impact on the shape
Comparing with the literature
Xenon doping
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Impact on the shape
Comparing with the literature
N2 injections

McFadden et al. did a similar measurement, adding N2 to 
Xenon-doped LAr (at 10ppm).
We used 6ppm.
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Waves in the tale of the waveform:
Amplitude is proportional to the singal amplitude, and they do not depend on the 
WLS:

PEN TPB

100ADC steps
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Waves in the tale of the waveform:
Amplitude is proportional to the singal amplitude, and they do not depend on the 
WLS:

100ADC steps

TPB
PEN
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At low Xe concentrations (which is our 
case), we have a significant contribution 
at 150 nm.

A. Neumeier et al 2015 EPL109 12001

Also infrarred light has been observed 
(not seen by our PMTs).

3 contributions: 
128, 147 and 175nm

N2 also introduces some peaks at 350nm.

TAKAHASHI et al. (1982)
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TPB
 V. M. Gehman arXiv:1104.3259v2

Same TPB emission for 
all lights!
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McFadden https://www.researchgate.net/publication/342258403_Large-
Scale_Precision_Xenon_Doping_of_Liquid_Argon

N2 quenching: 
0.12±0.02 ppm −1 μs −1

attenuation length of 175 nm light in XeDLAr is much longer than 
the
attenuation length at 128 nm

Impact on the shape
What is expected?
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https://www.researchgate.net/profile/Neil_Mcfadden2
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(volume)

Effect of N2 in LAr

Expected:
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