
	
  Liquid	
  Argon	
  R&D	
  Review,	
  Oct.	
  29,	
  2014

SCENE	
   
(ScinAllaAon	
  Efficiency	
  of	
  Noble	
  Elements)

Hugh	
  LippincoN	
  
Liquid	
  Argon	
  R&D	
  Review	
  

Oct.	
  29,	
  2014

Member	
  InsAtuAons:	
  

1

Fermilab	
  staff:	
  Ron	
  Davis,	
  Yann	
  Guardincerri,	
  Cary	
  Kendziora,	
  Hugh	
  LippincoN,	
  Ben	
  Loer,	
  Bill	
  Miner,	
  Stephen	
  Pordes,	
  Jonghee	
  Yoo	
  



	
  Liquid	
  Argon	
  R&D	
  Review,	
  Oct.	
  29,	
  2014 2

• Purpose:	
  To	
  measure	
  scinAllaAon	
  properAes	
  of	
  liquid	
  
noble	
  gases,	
  beginning	
  with	
  LAr	
  and	
  LXe	
  

• Of	
  parAcular	
  interest	
  to	
  dark	
  maNer	
  experiments	
  
– DarkSide,	
  DEAP,	
  MiniCLEAN,	
  ArDM,	
  LUX/LZ,	
  
Xenon100/1T,	
  PandaX,	
  XMass,	
  any	
  future	
  
combinaAon	
  

• Other	
  experiments	
  interested	
  in	
  the	
  response	
  of	
  
these	
  liquids	
  
– Neutrino-­‐nucleus	
  coherent	
  scaNering	
  LAr	
  detector	
  
proposed	
  at	
  FNAL	
  (CENNS)	
  

The	
  SCENE	
  Program
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LAr/LXe	
  as	
  WIMP	
  Target
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DEAP CLEAN DarkSide ArDM

XMass
LUX/LZ

Xenon100/1T PandaX
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Liquid Xenon TPC Principle!

Z position from S1 – S2 timing 
X-Y positions from S2 light pattern 

Reject gammas by charge (S2) to 
light (S1) ratio.  Expect > 99.5% 
rejection. 
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ScinAllaAon	
  and	
  IonizaAon	
  Yield	
  for	
  Nuclear	
  Recoils	
  

• Dark	
  maNer	
  detectors	
  look	
  for	
  nuclear	
  recoils	
  (NR)	
  
• ScinAllaAon	
  and	
  ionizaAon	
  yield	
  for	
  nuclear	
  recoils	
  are	
  required	
  to	
  convert	
  an	
  

observed	
  NR	
  signal	
  to	
  the	
  deposited	
  energy	
  
• Expected	
  rate	
  for	
  dark	
  maNer	
  interacAons	
  depends	
  criAcally	
  on	
  energy	
  threshold	
  
• Therefore,	
  any	
  dark	
  maNer	
  result	
  from	
  liquid	
  noble	
  gas	
  detectors	
  require	
  knowledge	
  

of	
  these	
  parameters
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diation shield that e↵ectively attenuates and moderates
external �-ray and neutron background [1]. The experi-
ment is located underground at the Laboratori Nazionali
del Gran Sasso (LNGS), Italy. XENON100 simultane-
ously measures the direct scintillation (S1) and the ion-
ization signal, via electroluminescence in the gas (S2),
following recoil energy depositions within its active vol-
ume. This allows event-by-event particle discrimination,
and 3-D event vertex reconstruction for definition of a
fiducial volume and rejection of events from the outer re-
gions of the TPC. Results from 225 live-days exposure
have set the most stringent limit on dark matter interac-
tions to date, excluding spin-independent WIMP-nucleon
cross-sections above 2 × 10−45 cm2 for a 55 GeV c−2
WIMP mass at 90% confidence level [2]. XENON100 also
excludes spin-dependent WIMP-neutron cross-sections
above 3.5 × 10−40 cm2 for a 45 GeV c−2 WIMP mass [3].

This article presents results from the comparison be-
tween Monte Carlo (MC) simulation of the neutron
exposure and the equivalent calibration data. Scin-
tillation and ionization channels are assessed indepen-
dently as well as simultaneously to compare S1, S2 and
log10(S2/S1), the discrimination parameter. This assess-
ment allows the parameterization of both the charge yieldQy, the number of ionization electrons produced by a
neutron recoil of a given energy, and the relative scin-
tillation e�ciency Le↵ , the energy dependent yield for
scintillation photons emitted following a nuclear recoil
interaction. The two quantities are needed to convert
from observed S1 and S2 signals to true recoil energy
deposition, respectively. The ionization and scintillation
processes and the correlation between the two are dis-
cussed in Ref. [4].

Finally, given the derived Le↵ and Qy, studies of ex-
pected WIMP signals in XENON100 for two WIMP
masses at fixed cross-sections are performed.

A. Energy Calibration

The energy scale calibration for electronic recoil in-
teractions in XENON100 and LXe TPCs in general is
determined primarily using known �-ray emission lines
from standard calibration sources inserted close to the
LXe volume. Energy deposited by the �-rays (through
electronic recoils) leads to characteristic features in the
physical observable of photoelectrons (PE) in both the
S1 and S2 channels from which the electronic recoil en-
ergy scale can be inferred. This scale is referred to as the
electron-equivalent energy scale (keVee).

In the case of nuclear recoils, the scintillation yield is
quenched with respect to that for electron recoils as typ-
ically measured at the 122 keVee �-ray line of a 57Co
source [5]. This can be parameterized by the relative
scintillation e�ciency Le↵ . The observed S1 must be cor-
rected for any spatially dependent e↵ects (such as varia-
tions in light collection e�ciency) as detailed in Ref. [6].
This corrected value is given the nomenclature cS1. The

nuclear recoil energy E (in keVnr) is then related to the
corrected S1 by:

E = cS1

Ly

1

Le↵ (E)
See

Snr
. (1)

See is the electric field suppression factor for electronic
recoils, is measured using the same 122 keVee line and
is assumed to be energy independent. Snr is the same
quantity for nuclear recoils and is also assumed to be
energy independent. In the XENON100 detector, oper-
ating with a drift field of 0.53 kV cm−1, Snr = 0.95 and
See = 0.58 [7]. Ly is the light yield at operational field
for 122 keVee electron recoils and is determined to be
(2.28±0.04) PE/keVee for the 225 live-days dark matter
search of XENON100 [2].

The S2 signal originates from the ionization electrons
produced by particles or radiation interacting in the LXe
volume. The number of free electrons per unit energy is
the charge yield Qy. The electrons drift towards the liq-
uid/gas interface in the presence of a homogeneous elec-
tric field of 0.53 kV cm−1. The ionization signal is de-
tected as proportional scintillation produced by the ex-
traction and acceleration of electrons in the gas phase
above the liquid target volume. A strong electric field
of ∼12 kV cm−1 gives an extraction e�ciency of close
to 100% for an electron reaching the liquid level [8, 9].
Thereby, the conversion from extracted number of elec-
trons to detected S2 photoelectrons is parameterized by
the secondary amplification factor, Y . As with S1, the
S2 signal must be corrected for all spatial e↵ects (such
as electron absorption due to the finite electron lifetime
in LXe) and is given the nomenclature cS2. Summariz-
ing both e↵ects, the nuclear recoil energy E (in keVnr)
is related to the ionization signal cS2 (in PE) via the
following:

E = cS2

Y

1

Qy (E) . (2)

For XENON100, Y has been measured by a dedicated
analysis of the single electron S2 gain. The ampli-
fied signal follows a gaussian distribution with a well
defined mean of (19.5 ± 0.1) PE/e− and 1� width of
�Y = 6.7 PE/e−, valid for the time period of the pre-
sented neutron calibration. A detailed study of the sin-
gle electron response will be presented in an upcoming
paper. The conversion between S2 and keVnr may be
field-dependent (seen in Ref. [7]) but su�cient measure-
ments have not been made to fully parameterize this de-
pendence.
The sensitivity of any dark matter detector depends

critically on its response to low energy elastic nuclear
recoil interactions. Typically, broad spectrum neutron
sources, such as a 241AmBe (↵,n) neutron source, are
used for calibrating the detector to such nuclear recoils,
as in XENON100. A method for determining the energy-
dependent response of the detector to nuclear recoils is to
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diation shield that e↵ectively attenuates and moderates
external �-ray and neutron background [1]. The experi-
ment is located underground at the Laboratori Nazionali
del Gran Sasso (LNGS), Italy. XENON100 simultane-
ously measures the direct scintillation (S1) and the ion-
ization signal, via electroluminescence in the gas (S2),
following recoil energy depositions within its active vol-
ume. This allows event-by-event particle discrimination,
and 3-D event vertex reconstruction for definition of a
fiducial volume and rejection of events from the outer re-
gions of the TPC. Results from 225 live-days exposure
have set the most stringent limit on dark matter interac-
tions to date, excluding spin-independent WIMP-nucleon
cross-sections above 2 × 10−45 cm2 for a 55 GeV c−2
WIMP mass at 90% confidence level [2]. XENON100 also
excludes spin-dependent WIMP-neutron cross-sections
above 3.5 × 10−40 cm2 for a 45 GeV c−2 WIMP mass [3].

This article presents results from the comparison be-
tween Monte Carlo (MC) simulation of the neutron
exposure and the equivalent calibration data. Scin-
tillation and ionization channels are assessed indepen-
dently as well as simultaneously to compare S1, S2 and
log10(S2/S1), the discrimination parameter. This assess-
ment allows the parameterization of both the charge yieldQy, the number of ionization electrons produced by a
neutron recoil of a given energy, and the relative scin-
tillation e�ciency Le↵ , the energy dependent yield for
scintillation photons emitted following a nuclear recoil
interaction. The two quantities are needed to convert
from observed S1 and S2 signals to true recoil energy
deposition, respectively. The ionization and scintillation
processes and the correlation between the two are dis-
cussed in Ref. [4].

Finally, given the derived Le↵ and Qy, studies of ex-
pected WIMP signals in XENON100 for two WIMP
masses at fixed cross-sections are performed.

A. Energy Calibration

The energy scale calibration for electronic recoil in-
teractions in XENON100 and LXe TPCs in general is
determined primarily using known �-ray emission lines
from standard calibration sources inserted close to the
LXe volume. Energy deposited by the �-rays (through
electronic recoils) leads to characteristic features in the
physical observable of photoelectrons (PE) in both the
S1 and S2 channels from which the electronic recoil en-
ergy scale can be inferred. This scale is referred to as the
electron-equivalent energy scale (keVee).

In the case of nuclear recoils, the scintillation yield is
quenched with respect to that for electron recoils as typ-
ically measured at the 122 keVee �-ray line of a 57Co
source [5]. This can be parameterized by the relative
scintillation e�ciency Le↵ . The observed S1 must be cor-
rected for any spatially dependent e↵ects (such as varia-
tions in light collection e�ciency) as detailed in Ref. [6].
This corrected value is given the nomenclature cS1. The

nuclear recoil energy E (in keVnr) is then related to the
corrected S1 by:

E = cS1

Ly

1

Le↵ (E)
See

Snr
. (1)

See is the electric field suppression factor for electronic
recoils, is measured using the same 122 keVee line and
is assumed to be energy independent. Snr is the same
quantity for nuclear recoils and is also assumed to be
energy independent. In the XENON100 detector, oper-
ating with a drift field of 0.53 kV cm−1, Snr = 0.95 and
See = 0.58 [7]. Ly is the light yield at operational field
for 122 keVee electron recoils and is determined to be
(2.28±0.04) PE/keVee for the 225 live-days dark matter
search of XENON100 [2].

The S2 signal originates from the ionization electrons
produced by particles or radiation interacting in the LXe
volume. The number of free electrons per unit energy is
the charge yield Qy. The electrons drift towards the liq-
uid/gas interface in the presence of a homogeneous elec-
tric field of 0.53 kV cm−1. The ionization signal is de-
tected as proportional scintillation produced by the ex-
traction and acceleration of electrons in the gas phase
above the liquid target volume. A strong electric field
of ∼12 kV cm−1 gives an extraction e�ciency of close
to 100% for an electron reaching the liquid level [8, 9].
Thereby, the conversion from extracted number of elec-
trons to detected S2 photoelectrons is parameterized by
the secondary amplification factor, Y . As with S1, the
S2 signal must be corrected for all spatial e↵ects (such
as electron absorption due to the finite electron lifetime
in LXe) and is given the nomenclature cS2. Summariz-
ing both e↵ects, the nuclear recoil energy E (in keVnr)
is related to the ionization signal cS2 (in PE) via the
following:

E = cS2

Y

1

Qy (E) . (2)

For XENON100, Y has been measured by a dedicated
analysis of the single electron S2 gain. The ampli-
fied signal follows a gaussian distribution with a well
defined mean of (19.5 ± 0.1) PE/e− and 1� width of
�Y = 6.7 PE/e−, valid for the time period of the pre-
sented neutron calibration. A detailed study of the sin-
gle electron response will be presented in an upcoming
paper. The conversion between S2 and keVnr may be
field-dependent (seen in Ref. [7]) but su�cient measure-
ments have not been made to fully parameterize this de-
pendence.
The sensitivity of any dark matter detector depends

critically on its response to low energy elastic nuclear
recoil interactions. Typically, broad spectrum neutron
sources, such as a 241AmBe (↵,n) neutron source, are
used for calibrating the detector to such nuclear recoils,
as in XENON100. A method for determining the energy-
dependent response of the detector to nuclear recoils is to

• S1	
  -­‐	
  parameters	
  that	
  are	
  intrinsic	
  to	
  the	
  liquid	
  are	
  Leff(E),	
  See	
  and	
  Snr	
  
• S2	
  -­‐	
  Qy(E)	
  is	
  the	
  charge	
  yield	
  

ScinAllaAon	
  or	
  S1 IonizaAon	
  or	
  S2
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Liquid	
  argon

• Prior	
  to	
  SCENE,	
  two	
  measurements	
  of	
  Leff(E)	
  at	
  null	
  field	
  existed	
  in	
  the	
  literature	
  
with	
  large	
  uncertainty,	
  parAcularly	
  for	
  E	
  <	
  25	
  keV	
  

• No	
  data	
  existed	
  in	
  the	
  presence	
  of	
  electric	
  field	
  (See,	
  Snr)	
  
• No	
  measurements	
  existed	
  of	
  the	
  ionizaAon	
  yield	
  for	
  nuclear	
  recoils	
  (Qy)
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diation shield that e↵ectively attenuates and moderates
external �-ray and neutron background [1]. The experi-
ment is located underground at the Laboratori Nazionali
del Gran Sasso (LNGS), Italy. XENON100 simultane-
ously measures the direct scintillation (S1) and the ion-
ization signal, via electroluminescence in the gas (S2),
following recoil energy depositions within its active vol-
ume. This allows event-by-event particle discrimination,
and 3-D event vertex reconstruction for definition of a
fiducial volume and rejection of events from the outer re-
gions of the TPC. Results from 225 live-days exposure
have set the most stringent limit on dark matter interac-
tions to date, excluding spin-independent WIMP-nucleon
cross-sections above 2 × 10−45 cm2 for a 55 GeV c−2
WIMP mass at 90% confidence level [2]. XENON100 also
excludes spin-dependent WIMP-neutron cross-sections
above 3.5 × 10−40 cm2 for a 45 GeV c−2 WIMP mass [3].

This article presents results from the comparison be-
tween Monte Carlo (MC) simulation of the neutron
exposure and the equivalent calibration data. Scin-
tillation and ionization channels are assessed indepen-
dently as well as simultaneously to compare S1, S2 and
log10(S2/S1), the discrimination parameter. This assess-
ment allows the parameterization of both the charge yieldQy, the number of ionization electrons produced by a
neutron recoil of a given energy, and the relative scin-
tillation e�ciency Le↵ , the energy dependent yield for
scintillation photons emitted following a nuclear recoil
interaction. The two quantities are needed to convert
from observed S1 and S2 signals to true recoil energy
deposition, respectively. The ionization and scintillation
processes and the correlation between the two are dis-
cussed in Ref. [4].

Finally, given the derived Le↵ and Qy, studies of ex-
pected WIMP signals in XENON100 for two WIMP
masses at fixed cross-sections are performed.

A. Energy Calibration

The energy scale calibration for electronic recoil in-
teractions in XENON100 and LXe TPCs in general is
determined primarily using known �-ray emission lines
from standard calibration sources inserted close to the
LXe volume. Energy deposited by the �-rays (through
electronic recoils) leads to characteristic features in the
physical observable of photoelectrons (PE) in both the
S1 and S2 channels from which the electronic recoil en-
ergy scale can be inferred. This scale is referred to as the
electron-equivalent energy scale (keVee).

In the case of nuclear recoils, the scintillation yield is
quenched with respect to that for electron recoils as typ-
ically measured at the 122 keVee �-ray line of a 57Co
source [5]. This can be parameterized by the relative
scintillation e�ciency Le↵ . The observed S1 must be cor-
rected for any spatially dependent e↵ects (such as varia-
tions in light collection e�ciency) as detailed in Ref. [6].
This corrected value is given the nomenclature cS1. The

nuclear recoil energy E (in keVnr) is then related to the
corrected S1 by:

E = cS1

Ly

1

Le↵ (E)
See

Snr
. (1)

See is the electric field suppression factor for electronic
recoils, is measured using the same 122 keVee line and
is assumed to be energy independent. Snr is the same
quantity for nuclear recoils and is also assumed to be
energy independent. In the XENON100 detector, oper-
ating with a drift field of 0.53 kV cm−1, Snr = 0.95 and
See = 0.58 [7]. Ly is the light yield at operational field
for 122 keVee electron recoils and is determined to be
(2.28±0.04) PE/keVee for the 225 live-days dark matter
search of XENON100 [2].

The S2 signal originates from the ionization electrons
produced by particles or radiation interacting in the LXe
volume. The number of free electrons per unit energy is
the charge yield Qy. The electrons drift towards the liq-
uid/gas interface in the presence of a homogeneous elec-
tric field of 0.53 kV cm−1. The ionization signal is de-
tected as proportional scintillation produced by the ex-
traction and acceleration of electrons in the gas phase
above the liquid target volume. A strong electric field
of ∼12 kV cm−1 gives an extraction e�ciency of close
to 100% for an electron reaching the liquid level [8, 9].
Thereby, the conversion from extracted number of elec-
trons to detected S2 photoelectrons is parameterized by
the secondary amplification factor, Y . As with S1, the
S2 signal must be corrected for all spatial e↵ects (such
as electron absorption due to the finite electron lifetime
in LXe) and is given the nomenclature cS2. Summariz-
ing both e↵ects, the nuclear recoil energy E (in keVnr)
is related to the ionization signal cS2 (in PE) via the
following:

E = cS2

Y

1

Qy (E) . (2)

For XENON100, Y has been measured by a dedicated
analysis of the single electron S2 gain. The ampli-
fied signal follows a gaussian distribution with a well
defined mean of (19.5 ± 0.1) PE/e− and 1� width of
�Y = 6.7 PE/e−, valid for the time period of the pre-
sented neutron calibration. A detailed study of the sin-
gle electron response will be presented in an upcoming
paper. The conversion between S2 and keVnr may be
field-dependent (seen in Ref. [7]) but su�cient measure-
ments have not been made to fully parameterize this de-
pendence.
The sensitivity of any dark matter detector depends

critically on its response to low energy elastic nuclear
recoil interactions. Typically, broad spectrum neutron
sources, such as a 241AmBe (↵,n) neutron source, are
used for calibrating the detector to such nuclear recoils,
as in XENON100. A method for determining the energy-
dependent response of the detector to nuclear recoils is to
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diation shield that e↵ectively attenuates and moderates
external �-ray and neutron background [1]. The experi-
ment is located underground at the Laboratori Nazionali
del Gran Sasso (LNGS), Italy. XENON100 simultane-
ously measures the direct scintillation (S1) and the ion-
ization signal, via electroluminescence in the gas (S2),
following recoil energy depositions within its active vol-
ume. This allows event-by-event particle discrimination,
and 3-D event vertex reconstruction for definition of a
fiducial volume and rejection of events from the outer re-
gions of the TPC. Results from 225 live-days exposure
have set the most stringent limit on dark matter interac-
tions to date, excluding spin-independent WIMP-nucleon
cross-sections above 2 × 10−45 cm2 for a 55 GeV c−2
WIMP mass at 90% confidence level [2]. XENON100 also
excludes spin-dependent WIMP-neutron cross-sections
above 3.5 × 10−40 cm2 for a 45 GeV c−2 WIMP mass [3].

This article presents results from the comparison be-
tween Monte Carlo (MC) simulation of the neutron
exposure and the equivalent calibration data. Scin-
tillation and ionization channels are assessed indepen-
dently as well as simultaneously to compare S1, S2 and
log10(S2/S1), the discrimination parameter. This assess-
ment allows the parameterization of both the charge yieldQy, the number of ionization electrons produced by a
neutron recoil of a given energy, and the relative scin-
tillation e�ciency Le↵ , the energy dependent yield for
scintillation photons emitted following a nuclear recoil
interaction. The two quantities are needed to convert
from observed S1 and S2 signals to true recoil energy
deposition, respectively. The ionization and scintillation
processes and the correlation between the two are dis-
cussed in Ref. [4].

Finally, given the derived Le↵ and Qy, studies of ex-
pected WIMP signals in XENON100 for two WIMP
masses at fixed cross-sections are performed.

A. Energy Calibration

The energy scale calibration for electronic recoil in-
teractions in XENON100 and LXe TPCs in general is
determined primarily using known �-ray emission lines
from standard calibration sources inserted close to the
LXe volume. Energy deposited by the �-rays (through
electronic recoils) leads to characteristic features in the
physical observable of photoelectrons (PE) in both the
S1 and S2 channels from which the electronic recoil en-
ergy scale can be inferred. This scale is referred to as the
electron-equivalent energy scale (keVee).

In the case of nuclear recoils, the scintillation yield is
quenched with respect to that for electron recoils as typ-
ically measured at the 122 keVee �-ray line of a 57Co
source [5]. This can be parameterized by the relative
scintillation e�ciency Le↵ . The observed S1 must be cor-
rected for any spatially dependent e↵ects (such as varia-
tions in light collection e�ciency) as detailed in Ref. [6].
This corrected value is given the nomenclature cS1. The

nuclear recoil energy E (in keVnr) is then related to the
corrected S1 by:

E = cS1

Ly

1

Le↵ (E)
See

Snr
. (1)

See is the electric field suppression factor for electronic
recoils, is measured using the same 122 keVee line and
is assumed to be energy independent. Snr is the same
quantity for nuclear recoils and is also assumed to be
energy independent. In the XENON100 detector, oper-
ating with a drift field of 0.53 kV cm−1, Snr = 0.95 and
See = 0.58 [7]. Ly is the light yield at operational field
for 122 keVee electron recoils and is determined to be
(2.28±0.04) PE/keVee for the 225 live-days dark matter
search of XENON100 [2].

The S2 signal originates from the ionization electrons
produced by particles or radiation interacting in the LXe
volume. The number of free electrons per unit energy is
the charge yield Qy. The electrons drift towards the liq-
uid/gas interface in the presence of a homogeneous elec-
tric field of 0.53 kV cm−1. The ionization signal is de-
tected as proportional scintillation produced by the ex-
traction and acceleration of electrons in the gas phase
above the liquid target volume. A strong electric field
of ∼12 kV cm−1 gives an extraction e�ciency of close
to 100% for an electron reaching the liquid level [8, 9].
Thereby, the conversion from extracted number of elec-
trons to detected S2 photoelectrons is parameterized by
the secondary amplification factor, Y . As with S1, the
S2 signal must be corrected for all spatial e↵ects (such
as electron absorption due to the finite electron lifetime
in LXe) and is given the nomenclature cS2. Summariz-
ing both e↵ects, the nuclear recoil energy E (in keVnr)
is related to the ionization signal cS2 (in PE) via the
following:

E = cS2

Y

1

Qy (E) . (2)

For XENON100, Y has been measured by a dedicated
analysis of the single electron S2 gain. The ampli-
fied signal follows a gaussian distribution with a well
defined mean of (19.5 ± 0.1) PE/e− and 1� width of
�Y = 6.7 PE/e−, valid for the time period of the pre-
sented neutron calibration. A detailed study of the sin-
gle electron response will be presented in an upcoming
paper. The conversion between S2 and keVnr may be
field-dependent (seen in Ref. [7]) but su�cient measure-
ments have not been made to fully parameterize this de-
pendence.
The sensitivity of any dark matter detector depends

critically on its response to low energy elastic nuclear
recoil interactions. Typically, broad spectrum neutron
sources, such as a 241AmBe (↵,n) neutron source, are
used for calibrating the detector to such nuclear recoils,
as in XENON100. A method for determining the energy-
dependent response of the detector to nuclear recoils is to
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• Several	
  measurements	
  of	
  Leff(E)	
  in	
  the	
  literature,	
  but	
  relaAvely	
  large	
  errors,	
  
parAcularly	
  at	
  low	
  energies	
  (E	
  <	
  6	
  keV)	
  
– ParAcularly	
  relevant	
  for	
  light	
  dark	
  maNer	
  sensiAvity,	
  some	
  controversy	
  in	
  the	
  

field	
  (see	
  e.g.	
  1106.0653,	
  1010.5187,	
  1006.2031,	
  1101.6080	
  from	
  a	
  few	
  years	
  
ago)	
  

• Very	
  limited	
  data	
  exist	
  in	
  the	
  presence	
  of	
  electric	
  field	
  (See,	
  Snr)	
  
– One	
  measurement	
  at	
  high	
  energy	
  (56	
  keVr)	
  
– Several	
  measurements	
  with	
  broad	
  spectrum	
  sources	
  

• IonizaAon	
  yield	
  (Qy)	
  only	
  measured	
  with	
  broad	
  spectrum	
  sources	
  
– New	
  results	
  from	
  LUX	
  are	
  expected	
  using	
  DD	
  generator	
  (presented	
  at	
  

conference	
  last	
  February,	
  not	
  published	
  yet)
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diation shield that e↵ectively attenuates and moderates
external �-ray and neutron background [1]. The experi-
ment is located underground at the Laboratori Nazionali
del Gran Sasso (LNGS), Italy. XENON100 simultane-
ously measures the direct scintillation (S1) and the ion-
ization signal, via electroluminescence in the gas (S2),
following recoil energy depositions within its active vol-
ume. This allows event-by-event particle discrimination,
and 3-D event vertex reconstruction for definition of a
fiducial volume and rejection of events from the outer re-
gions of the TPC. Results from 225 live-days exposure
have set the most stringent limit on dark matter interac-
tions to date, excluding spin-independent WIMP-nucleon
cross-sections above 2 × 10−45 cm2 for a 55 GeV c−2
WIMP mass at 90% confidence level [2]. XENON100 also
excludes spin-dependent WIMP-neutron cross-sections
above 3.5 × 10−40 cm2 for a 45 GeV c−2 WIMP mass [3].

This article presents results from the comparison be-
tween Monte Carlo (MC) simulation of the neutron
exposure and the equivalent calibration data. Scin-
tillation and ionization channels are assessed indepen-
dently as well as simultaneously to compare S1, S2 and
log10(S2/S1), the discrimination parameter. This assess-
ment allows the parameterization of both the charge yieldQy, the number of ionization electrons produced by a
neutron recoil of a given energy, and the relative scin-
tillation e�ciency Le↵ , the energy dependent yield for
scintillation photons emitted following a nuclear recoil
interaction. The two quantities are needed to convert
from observed S1 and S2 signals to true recoil energy
deposition, respectively. The ionization and scintillation
processes and the correlation between the two are dis-
cussed in Ref. [4].

Finally, given the derived Le↵ and Qy, studies of ex-
pected WIMP signals in XENON100 for two WIMP
masses at fixed cross-sections are performed.

A. Energy Calibration

The energy scale calibration for electronic recoil in-
teractions in XENON100 and LXe TPCs in general is
determined primarily using known �-ray emission lines
from standard calibration sources inserted close to the
LXe volume. Energy deposited by the �-rays (through
electronic recoils) leads to characteristic features in the
physical observable of photoelectrons (PE) in both the
S1 and S2 channels from which the electronic recoil en-
ergy scale can be inferred. This scale is referred to as the
electron-equivalent energy scale (keVee).

In the case of nuclear recoils, the scintillation yield is
quenched with respect to that for electron recoils as typ-
ically measured at the 122 keVee �-ray line of a 57Co
source [5]. This can be parameterized by the relative
scintillation e�ciency Le↵ . The observed S1 must be cor-
rected for any spatially dependent e↵ects (such as varia-
tions in light collection e�ciency) as detailed in Ref. [6].
This corrected value is given the nomenclature cS1. The

nuclear recoil energy E (in keVnr) is then related to the
corrected S1 by:

E = cS1

Ly

1

Le↵ (E)
See

Snr
. (1)

See is the electric field suppression factor for electronic
recoils, is measured using the same 122 keVee line and
is assumed to be energy independent. Snr is the same
quantity for nuclear recoils and is also assumed to be
energy independent. In the XENON100 detector, oper-
ating with a drift field of 0.53 kV cm−1, Snr = 0.95 and
See = 0.58 [7]. Ly is the light yield at operational field
for 122 keVee electron recoils and is determined to be
(2.28±0.04) PE/keVee for the 225 live-days dark matter
search of XENON100 [2].

The S2 signal originates from the ionization electrons
produced by particles or radiation interacting in the LXe
volume. The number of free electrons per unit energy is
the charge yield Qy. The electrons drift towards the liq-
uid/gas interface in the presence of a homogeneous elec-
tric field of 0.53 kV cm−1. The ionization signal is de-
tected as proportional scintillation produced by the ex-
traction and acceleration of electrons in the gas phase
above the liquid target volume. A strong electric field
of ∼12 kV cm−1 gives an extraction e�ciency of close
to 100% for an electron reaching the liquid level [8, 9].
Thereby, the conversion from extracted number of elec-
trons to detected S2 photoelectrons is parameterized by
the secondary amplification factor, Y . As with S1, the
S2 signal must be corrected for all spatial e↵ects (such
as electron absorption due to the finite electron lifetime
in LXe) and is given the nomenclature cS2. Summariz-
ing both e↵ects, the nuclear recoil energy E (in keVnr)
is related to the ionization signal cS2 (in PE) via the
following:

E = cS2

Y

1

Qy (E) . (2)

For XENON100, Y has been measured by a dedicated
analysis of the single electron S2 gain. The ampli-
fied signal follows a gaussian distribution with a well
defined mean of (19.5 ± 0.1) PE/e− and 1� width of
�Y = 6.7 PE/e−, valid for the time period of the pre-
sented neutron calibration. A detailed study of the sin-
gle electron response will be presented in an upcoming
paper. The conversion between S2 and keVnr may be
field-dependent (seen in Ref. [7]) but su�cient measure-
ments have not been made to fully parameterize this de-
pendence.
The sensitivity of any dark matter detector depends

critically on its response to low energy elastic nuclear
recoil interactions. Typically, broad spectrum neutron
sources, such as a 241AmBe (↵,n) neutron source, are
used for calibrating the detector to such nuclear recoils,
as in XENON100. A method for determining the energy-
dependent response of the detector to nuclear recoils is to
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ating with a drift field of 0.53 kV cm−1, Snr = 0.95 and
See = 0.58 [7]. Ly is the light yield at operational field
for 122 keVee electron recoils and is determined to be
(2.28±0.04) PE/keVee for the 225 live-days dark matter
search of XENON100 [2].

The S2 signal originates from the ionization electrons
produced by particles or radiation interacting in the LXe
volume. The number of free electrons per unit energy is
the charge yield Qy. The electrons drift towards the liq-
uid/gas interface in the presence of a homogeneous elec-
tric field of 0.53 kV cm−1. The ionization signal is de-
tected as proportional scintillation produced by the ex-
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above the liquid target volume. A strong electric field
of ∼12 kV cm−1 gives an extraction e�ciency of close
to 100% for an electron reaching the liquid level [8, 9].
Thereby, the conversion from extracted number of elec-
trons to detected S2 photoelectrons is parameterized by
the secondary amplification factor, Y . As with S1, the
S2 signal must be corrected for all spatial e↵ects (such
as electron absorption due to the finite electron lifetime
in LXe) and is given the nomenclature cS2. Summariz-
ing both e↵ects, the nuclear recoil energy E (in keVnr)
is related to the ionization signal cS2 (in PE) via the
following:
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For XENON100, Y has been measured by a dedicated
analysis of the single electron S2 gain. The ampli-
fied signal follows a gaussian distribution with a well
defined mean of (19.5 ± 0.1) PE/e− and 1� width of
�Y = 6.7 PE/e−, valid for the time period of the pre-
sented neutron calibration. A detailed study of the sin-
gle electron response will be presented in an upcoming
paper. The conversion between S2 and keVnr may be
field-dependent (seen in Ref. [7]) but su�cient measure-
ments have not been made to fully parameterize this de-
pendence.
The sensitivity of any dark matter detector depends

critically on its response to low energy elastic nuclear
recoil interactions. Typically, broad spectrum neutron
sources, such as a 241AmBe (↵,n) neutron source, are
used for calibrating the detector to such nuclear recoils,
as in XENON100. A method for determining the energy-
dependent response of the detector to nuclear recoils is to

ScinAllaAon	
  or	
  S1 IonizaAon	
  or	
  S2



	
  Liquid	
  Argon	
  R&D	
  Review,	
  Oct.	
  29,	
  2014 8

S1#

S1#

Measuring	
  pulse	
  shape	
  discriminaAon	
  
Key	
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  event
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  prompt	
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Signal'from'electron'energy'deposi3on'
(lots'of'free'electrons'5'large'S2/S1)'

Signal'from'recoil'nucleus'energy'deposi3on'
(rather'few'free'electrons'–'small'S2/S1)'

S1#

S1#

S2#

S2#

Use	
  log(S2/S1)	
  	
  
as	
  discriminant	
  
!

Measuring	
  pulse	
  shape	
  discriminaAon	
  
Key	
  element	
  for	
  background	
  discriminaAon

S1	
  and	
  S2	
  signals	
  (LAr/LXe)	
  !Electron	
  event	
  !Nuclear	
  recoil	
  event
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Neutron	
  detector

LAr	
  TPC

ScaNering	
  angle,	
  Θ

Pulsed,	
  mono-­‐energeAc	
  neutrons
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• Exploit	
  a	
  pulsed,	
  monoenergeAc	
  beam	
  (at	
  Notre	
  Dame)	
  to	
  
measure	
  response	
  of	
  liquid	
  noble	
  gas	
  detectors	
  to	
  nuclear	
  
recoils	
  of	
  known	
  energy	
  

• Tunable	
  nuclear	
  recoil	
  energy	
  by	
  changing	
  the	
  neutron	
  energy	
  
and	
  the	
  scaNering	
  angle	
  
– Neutrons	
  of	
  500	
  keV	
  -­‐	
  1.5	
  MeV	
  
– Recoils	
  of	
  a	
  few	
  keV	
  up	
  to	
  50	
  keV	
  

• Specially	
  designed	
  dual	
  phase	
  detector	
  
– Measure	
  all	
  parameters	
  of	
  interest	
  
– Minimize	
  mulAple	
  scaNering	
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EJ301:	
  Organic	
  Liquid	
  
ScinAllator	
  Detector	
  from	
  
Eljen	
  Technology	
  
!
Note:	
  Polyethylene	
  
shielding	
  between	
  LiF	
  and	
  
EJ301	
  omiNed	
  for	
  clarity

200	
  μg/cm2

25.4°
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• Fermilab	
  key	
  contributor	
  to	
  
detector	
  design	
  and	
  construcAon	
  
– Gas	
  handling	
  system	
  
– Cryogenics	
  -­‐	
  heat	
  exchanger	
  

and	
  condenser	
  
– Liping	
  fixture	
  to	
  allow	
  easy	
  

installaAon	
  in	
  restricted	
  
space	
  at	
  Notre	
  Dame	
  

• Significant	
  contribuAons	
  of	
  
manpower	
  and	
  hardware	
  from	
  
Princeton,	
  Temple,	
  UCLA,	
  
University	
  of	
  Chicago,	
  UMass-­‐
Amherst	
  

• InternaAonal	
  contribuAons	
  from	
  
INFN-­‐Naples,	
  UCL
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• June	
  17	
  -­‐	
  July	
  2,	
  2013	
  -­‐	
  Two	
  week	
  run	
  led	
  to	
  first	
  publicaAon	
  -­‐	
  Phys.	
  Rev	
  
D	
  81:045803	
  (2013):	
  Observa)on	
  of	
  dependence	
  on	
  dri2	
  field	
  of	
  
scin)lla)on	
  light	
  from	
  nuclear	
  recoils	
  in	
  LAr	
  
• Significant	
  consequences	
  for	
  operaAng	
  condiAons	
  of	
  LAr	
  TPCs	
  like	
  
DarkSide,	
  and	
  projected	
  sensiAviAes	
  

!
• Oct.	
  21	
  -­‐	
  Nov.	
  4	
  -­‐	
  Two	
  week	
  beam	
  run	
  dedicated	
  to	
  ionizaAon/S2.	
  
Currently	
  under	
  review	
  by	
  PRD:	
  
• “	
  These	
  measurements	
  are	
  crucial	
  in	
  understanding	
  the	
  results	
  
collected	
  in	
  liquid-­‐argon	
  dark	
  maNer	
  search	
  experiments	
  (and	
  as	
  
well	
  potenAally	
  in	
  experiments	
  searching	
  for	
  evidence	
  of	
  neutrino-­‐
nucleus	
  scaNering),	
  and	
  therefore	
  have	
  far-­‐reaching	
  implicaAons;	
  I	
  
have	
  no	
  doubt	
  this	
  paper	
  will	
  come	
  to	
  be	
  regarded	
  as	
  the	
  definiAve	
  
experimental	
  work	
  on	
  the	
  subject.”	
  

!
• Three	
  graduate	
  students	
  have	
  graduated	
  in	
  part	
  on	
  SCENE	
  work,	
  with	
  
the	
  expectaAon	
  for	
  one	
  or	
  two	
  more	
  given	
  current	
  program	
  
• Several	
  undergraduates	
  also	
  involved	
  



	
  Liquid	
  Argon	
  R&D	
  Review,	
  Oct.	
  29,	
  2014 14

Ntof [ns]
-20 0 20 40 60 80 100 120 140 160 180

N
p
s
d

0

0.05

0.1

0.15

0.2

0.25

0.3

0

5

10

15

20

25

Neutrons
Photons

(b)

Neutron Detector

TPCtof [ns]
-40 -20 0 20 40 60 80 100 120

 
f
9
0

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

2

4

6

8

10Cerenkov

Photons

Neutrons

(a)

LAr-TPC

Electric Field [V/cm]
0 200 400 600 800 1000S

1
 
M
e
a
n
 
R
e
l
a
t
i
v
e
 
t
o
 
N
u
l
l
 
F
i
e
l
d

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

1.05 49.9 keV

29.0 keV

20.8 keV

15.2 keV

10.8 keV

S1 [PE]
1 10 210

C
o
u
n
t
s
/
2
 
P
E

1

10

210

310

410

510
All Coincidence Events

After Ntof & Npsd Cuts

After TPCtof & f90 Cuts

(a)

SCENE	
  -­‐	
  Pulse	
  Shape	
  Discriminant	
  vs.	
  Time	
  of	
  Flight



	
  Liquid	
  Argon	
  R&D	
  Review,	
  Oct.	
  29,	
  2014

SCENE	
  -­‐	
  Key	
  results

15

0 10 20 30 40 50 60 70 80 90 1000

0.1

0.2

0.3

0.4

0.5

Recoil energy (keV)

L ef
f a

t 0
 V

/c
m

 

 

This work
Gastler
Regenfus

• Best	
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  of	
  Leff(E)	
  to	
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FIG. 8. S1 yield as a function of nuclear recoil energy
measured at 5 drift fields (0, 100, 200, 300 and 1000
V/cm) relative to the light yield of 83mKr at zero field.

top left panel shows the simulated energy spec-
trum fit with a Gaussian plus a first order poly-
nomial modeling the background (the plot for the
10.3 keV nuclear recoils is absent in Fig. 19 since it
is already shown in Fig. 3). All other panels show
the experimental data at a given drift field fit with
Monte Carlo data. Apart from the low S1 region,
the agreement between the data and the MC pre-
diction is remarkably good.

Fig. 8 shows the resulting values of Leff, 83mKr as
a function of Enr as measured at 5 different drift
fields (0, 100, 200, 300 and 1000 V/cm). The error
bar associated with each Leff, 83mKr measurement
represents the quadrature combination of the sta-
tistical error returned from the fit and the system-
atic errors due to each of the sources accounted for
(see Table II for a detailed account of systematic
errors at null drift field).

In order to assess any bias introduced by our
Monte Carlo model in the fit, we also fit each of the
data sets with a Gaussian function plus a first order
polynomial to account for background. The dif-
ference between the results of the two methods is
listed in Table II in the row “Fit Method” for Ed = 0.
Across all measured recoil energies and drift elec-
tric fields, this systematic error is typically 1-2%,
with the largest at 4%. The sensitivity of Leff, 83mKr
to the fit range selection is characterized by com-
paring the fit results to those obtained with a re-
duced fit range. We define the reduced range by
raising the lower bound by 10% of the original fit
range and lowering the upper bound by the same
amount. The original fit ranges can be found in
Figs. 19 to 28.

We evaluated the systematic error in Leff, 83mKr
from the TOF window selection by advancing or
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FIG. 9. Systematic error induced by chemical impurities
affecting the mean life of the triplet component of the S1
scintillation spectrum, as a function of mean life in the
range of interest. S1 time profile was simulated with two
exponential decay terms. Each line represents the events
with a given f90 when the slow component lifetime is
1.45 µs. Note that f90 increases slightly with the decrease
in the slow component lifetime.

delaying the TPCtof cut by 3 ns while holding the
Ntof cut constant, and vice versa, while keeping
the same fit function described above and based
on the Monte Carlo-generated spectra. We deter-
mined the associated systematic error as the aver-
age of the absolute difference in Leff, 83mKr obtained
by either advancing or delaying the TOF window.

Within the dataset from a specific recoil energy
and field setting, the TPC light yield determined
with the 83mKr source fluctuated with a standard
deviation of about 1%. In addition to such short
term fluctuations, changes in the purity of the LAr
result in variations of the light yield. The purity af-
fects the mean life of the triplet state of the S1 scin-
tillation time profile [33–35], which we measured
to lie in the range from 1.39 to 1.48 µs. As shown
in Fig. 9, this introduced an additional ±2% sys-
tematic uncertainty for 83mKr light yield, as its f90
is in the range of 0.2 to 0.3.

The uncertainty due to the alignment of the TPC
and neutron detectors was calculated assuming a
±1 cm uncertainty in our determination of their ab-
solute positions relative to the production target.

ENERGY RESOLUTION

A number of factors, including the width of SER
of the PMT’s, the position dependence of light col-
lection in the LAr TPC, PE counting statistics, and
the intrinsic resolution of LAr scintillation, con-
tributed to the energy resolution of the detector
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•Measurement of pulse shape of nuclear recoils with drift field
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FIG. 11. (a) Distribution of f90 vs. S1 for 20.5 keV recoil data taken at Ed = 200 V/cm. The vertical dashed lines indicate
the boundaries of the region where S1 is within 1s of the mean of the Gaussian fit µ, as described in the text. (b)
Black: f90 distribution for the 20.5 keV nuclear recoil events with S1 falling in the region in [µ � s, µ + s] i.e., for the
events fall in between the vertical dashed lines in panel (a). Red: f90 distribution model prediction (not a fit, see text).
(c) Simulated distribution of f90 vs. S1 with ⇠ 30 times the statistics present in the data. (d) Black: same in (b). Red:
f90 distribution of the simulated events that fall in between the vertical dashed lines in panel (c).

the 83mKr data, we calculated the resolution by a
simple Gaussian plus first order polynomial fit of
the spectrum, then fit the data points with the same
model described by Eq. (3).

We attribute the decrease in energy resolution for
both nuclear recoils and 83mKr from the June to the
October run to the change in the liquid level. The
level was kept below the mesh during the June run
and was raised 1 mm above the mesh for the Oc-
tober run to ensure the proper production of S2
signals. The latter configuration was less favorable
for light yield and resolution of the TPC as a num-
ber of scintillation photons undergoing internal re-
flection at the liquid-gas boundary passed multiple
times through the mesh obstruction.

DISTRIBUTION OF F90 PULSE SHAPE PARAMETER

Strong pulse shape discrimination (PSD) against
electron recoil background is a key enabling fea-

ture of liquid argon WIMP dark matter searches [1–
3]. The f90 parameter, first studied in detail
in [31, 32], provides a simple and effective method
to reject electron recoils on an event-by-event ba-
sis. It also serves as a benchmark for the compar-
isons of more sophisticated PSD techniques [32].
The samples of nuclear recoil events, which were
dominated by single scatters of a given energy, are
excellent inputs for studies of the discrimination
power and the acceptance levels of nuclear recoils
in LAr-TPC.

We have used the S1 data from our experiment
for a careful determination of the f90 parameter as
a function of recoil energy. For this determination,
we first selected events by applying the Ntof, Npsd
and TPCtof cuts described above, then by requiring
in addition that S1 lay in the range [µ � s, µ + s],
where µ and s are the average value and the stan-
dard deviation of S1 as determined with the sec-
ond fit method (Gaussian plus first order polyno-
mial). This additional criterion further reduces the
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• Ionization yield as a function of recoil energy and drift field!
!
•All three results key to recent DarkSide-50 dark matter limit 
(arXiv:1410.0653)
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FIG. 14. Best fit S2 yield as a function of recoil energy at
five different drift fields (50, 100, 200, 300 and 500 V/cm),
with a fixed extraction field of 3.0 kV/cm and multipli-
cation field of 4.5 kV/cm. To quote S2 yield in [e�/keV],
an additional 10% systematic uncertainty must be com-
bined with each error bar shown, to take into account
the uncertainty in the single-electron calibration.

Recoil Energy [keV] 16.9 25.4 36.1 57.2
Qy [PE/keV] 11.3 9.6 7.9 5.8
Statistical error 0.1 0.1 0.2 0.3
Systematic errors

Fit method 0.1 0.2 0.0 0.2
Fit range 0.1 0.1 0.1 0.0
TPC tof 0.1 0.1 0.1 0.1
N tof 0.2 0.2 0.1 0.0
f90 0.2 0.2 0.2 0.0
Kr LY 0.2 0.2 0.2 0.1
Recoil energy
TPC pos 0.1 0.0 0.0 0.0
EJ pos 0.2 0.3 0.2 0.1

Combined error total 0.5 0.5 0.4 0.4

TABLE III. Summary of error contributions to individual
Qy measurements at Ed = 200 V/cm. Only minor varia-
tions in the magnitude of systematic errors are observed
across the range of drift field explored. The combined
error for each measurement is shown Fig. 14.

- ranging from 50 to 500 V/cm - and all four recoil
energies under consideration - ranging from 16.9
to 57.2 keV are shown in Figs. 29, 30, 31, 32, and
33. In each of the figures, the panels show the ex-
perimental data at a given recoil energy fit with
Monte Carlo data. The c

2 and the total number
of degrees of freedom (ndf) are shown in the last
(57.2 keV) panel of each figure. The agreement be-
tween the data and the MC is adequate, although
the data is systematically lower than MC on the
left tail. This deficit could be a result of limited
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FIG. 15. Resolution vs. S2 in PE at each recoil energy
and drift field. The resolution is determined through the
Monte Carlo fit. The resolutions of 83mKr are shown in
the same plot. The best overall fits of R2 (indicated by the
fit curves) are 0.19± 0.1 for nuclear recoils and 0.26± 0.2
for 83mKr.

electron-drift lifetime. Small S2s with larger drift
time could more easily drop below the S2 detec-
tion threshold.

Fig. 13 shows the resulting values of Qy, evalu-
ated with the polynomial at each recoil energy, as a
function of Ed. The charge yield of 83mKr is plotted
in the same figure for comparison. Fig. 14 shows
the polynomials of Qy as a function of Enr mea-
sured at 5 different drift fields (50, 100, 200, 300
and 500 V/cm). The error bar associated with each
evaluated Qy represents the quadrature combina-
tion of the statistical error returned from the fit and
the systematic errors due to each of the sources ac-
counted for (see Table III for a detailed account of
systematic errors at Ed= 200 V/cm).

We evaluated the systematic uncertainties of Qy
following the same procedures described in the
section of Leff, 83mKr analysis. In Table III, we show,
as an example, the statistical, systematic and com-
bined errors for Qy at Ed= 200 V/cm.

Fits of the resolution of S2 to s2 =q
(1 + a2) S2 + R2

2S22, shown in Fig. 15, indicate
a better resolution of nuclear recoils than b-like
events. This is opposite to the S1 case. Differences
in how the recombination ratio fluctuates could
again play a role in determining this result.

ANTI-CORRELATION BETWEEN S1 AND S2

Fig. 16 shows our simultaneous measurement of
S1 and S2 yields for both 83mKr and nuclear re-
coils up to Ed= 500 V/cm. We found in both cases
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Plans	
  for	
  Xenon	
  run

• Liquid	
  Xe	
  run	
  planned	
  with	
  new	
  
TPC	
  built	
  by	
  student	
  at	
  UCLA	
  
– Direct	
  test	
  of	
  the	
  model	
  

used	
  by	
  liquid	
  xenon	
  dark	
  
maNer	
  experiments	
  (NEST)	
  

– Very	
  high	
  impact	
  
• Fermilab	
  again	
  to	
  contribute	
  

structural	
  support	
  to	
  enable	
  use	
  
of	
  detector	
  at	
  Notre	
  Dame	
  
– Currently	
  tesAng	
  purity	
  of	
  

xenon
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Y.	
  Meng	
  2013,	
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• SCENE	
  apparatus	
  is	
  sAll	
  in	
  use	
  as	
  a	
  generic	
  test	
  stand	
  
for	
  LAr/LXe	
  	
  
– Currently	
  operaAng	
  at	
  FNAL	
  for	
  tesAng	
  of	
  
underground	
  argon	
  (see	
  H.	
  Back’s	
  talk	
  earlier	
  in	
  the	
  
session)	
  	
  

– CollaboraAon	
  with	
  University	
  of	
  Chicago	
  for	
  
measurements	
  of	
  LXe	
  with	
  radioacAve	
  sources	
  

– Influence	
  of	
  impuriAes	
  on	
  S1/S2	
  signals	
  
• Apparatus	
  could	
  be	
  modified	
  to	
  allow	
  for	
  He/Ne	
  
studies	
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Future	
  work


