
! 

"° 
Ionization Yield 

Measurements with sub-100 
keV Neutron Sources

Michael Foxe, The Pennsylvania State University
on behalf of

A. Bernstein, C. Hagmann, K. Kazkaz, V. Mozin, S. Pereverzev, S. Sangiorgio, P. Sorensen - LLNL
T. Joshi - University of California Berkeley

I. Jovanovic - The Pennsylvania State University
J. Coleman, K. Mavrokoridis - University of Liverpool, UK

December 6, 2012 - Low Threshold Detectors for Detection of Coherent Neutrino Scattering 

This work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore National 
Laboratory under Contract DE-AC52-07NA27344. Funded by Lab-wide LDRD. LLNL-PRES-XXXXXX



Michael Foxe - mfoxe@psu.eduDecember 6, 2012

Outline

• Low-Energy Ionization Yield

• Experimental Overview

• Accelerator Facility

• Measured Gamma Ray Backgrounds

• Current Problem: Neutron Deficit

• Exercise in Extracting the Ionization Yield

• Conclusions

2

mailto:mfoxe@psu.edu
mailto:mfoxe@psu.edu


Michael Foxe - mfoxe@psu.eduDecember 6, 2012

Ionization Yield for Nuclear Recoils in LAr

3

• The number of electron-ion pairs created from nuclear recoils is 
unknown at low energies in liquid argon

• Only have a model

C. Galbiati, LLNL, Feb 15 2008
M. Attisha Nuclear Recoil Energy (keVr)
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Predicted Yields for CNNS from Reactor Neutrinos

4

• Monte Carlo atomic collision based simulation is used to predict the 
electron yields in LAr for CNNS with an assumed reactor neutrino 
spectra

• We are in the process of using sub-100 keV neutrons to mimic the 
response of CNNS and measure the ionization yield for Enr < 8 keV

2152 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 51, NO. 5, OCTOBER 2004

Fig. 1. Nuclear recoil spectra predicted for and Pu fission neutrinos
scattering coherently off natural argon.

measured Ar–Ar ionization and excitation cross sections for
each collision with probabilities and

. Fig. 2 depicts the inelastic argon cross sections com-
piled by Phelps [10]. The inelastic energy losses were accounted
for in the energy budget of each cascade as follows. For colli-
sion energies keV, ionization is primarily produced via the
creation of the auto-ionizing state s s s s
with excitation energy eV, leading to the subsequent emis-
sion of an Auger electron of energy eV [11]. The exiting
Ar projectile neutralizes quickly by charge exchange

cm , with its energy reduced by the ionization poten-
tial of liquid argon ( eV [12]). The inelastic exci-
tation energy loss eV is shared evenly between
the colliding bodies, while the energy loss due to charge ex-
change is randomly assigned to one of the out-
going projectiles. Excited argon atoms Ar are assumed to
be created in state s s s s with energy

eV. The primary projectile and all energetic sec-
ondary particles produced in the cascade are followed till their
energies drop below the inelastic reaction threshold ( eV
in the laboratory frame).

The Monte Carlo code allowed us to calculate the average
ionization and excitation yields as a function of recoil energy

, and thus determine the Ar quench factor (shown in Fig. 3),
defined here as

(2)

where and are the energy-dependent average ioniza-
tion and excitation numbers. Kubota et al. [13] measured the
yields from electron recoils

(3)

Fig. 2. Excitation and ionization cross sections for Ar Ar collisions.

Fig. 3. Calculated quench factor of liquid argon, defined as the ratio of the
nuclear to electron recoil induced inelastic (ionization or excitation) yield.

and related them to , the average electronic energy required
to produce an electron-ion pair. In liquid argon, has a value
of eV [14], [15].

We obtained the reactor neutrino ionization spectrum, de-
picted in Fig. 4, by convolving the ionization efficiency with
the recoil spectrum. About 29% of all recoils produce at least a
single electron-ion pair. In addition, a similar number of Ar ex-
citons are created with an identical number spectrum. Some of
the excitation can be converted into ionization via doping with
xenon. Since the Ar exciton energy exceeds the ionization po-
tential of xenon in liquid argon eV , the sec-
ondary ionization process Ar Ar is
energetically allowed. Experimentally [13], the probability for
this Penning mechanism to occur is

(4)

Hagmann and Bernstein, IEEE TNS, Vol. 152, pp. 2151-2155, 2004.
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Ionization Yield Experiment Overview

5

Proton Beam

Li target

BPoly
Fe filter

Detector

Active Volume

n Lead

BPoly

• With the detector placed at ~45°, neutrons are generated with 
energies up to that of the primary scattering resonance in Ar (80 keV)
• With the addition of an Fe/Ti filter1, the non-resonant neutrons are 

reduced to giving an increased signal to background ratio

See talk by T. Joshi for neutron generation details1) Following the work of Phil Barbaeu, JCAP09(2007)009.
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Accelerator Facility

6

• Center for Accelerator Mass Spectrometry is a facility on site at LLNL
• µProbe accelerator provides 1 µA of ~1.93 MeV protons
• Spread in the proton energy is less than 5 keV FWHM
• Li target produced in 2006, obtained for free for use in this experiment

Target holder

Li target
-5mm diameter
-10µm thick 

Ag Target Backing
- proton sink

Protons on Target
- 3mm x 3mm square      
  beam spot 
- halo extends
  out ~15 mm
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Moving the Experiment

7

• The detector is made to be “portable”, and was transported across 
LLNL to the Center for Accelerator Mass Spectrometry (CAMS)

• We were able to move the detector and get it setup and running in 
2-3 days, while retaining purity and detector operation

• Rotating table allows for a variable neutron angle/spectrum
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Expected Energy Depositions within the LAr

8

• Running off-axis 
from the proton 
direction 
reduces the 
number of 
multiple scatters 

• Run just below 
the resonance 
energy neutron 
generation 
threshold to 
measure the 
neutron capture 
gamma + (p,p’) 
gamma 
background

Due to multiple scatters, 
not yet suppressed

Neutron Energy Deposition within the Active Region
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Measured Gamma Backgrounds with Accelerator On

9

• We were able to measure the gamma backgrounds by reducing the 
proton energy below the neutron generation threshold

• Unfortunately we were not able to see neutrons for two reasons
• We did not optimize the gamma shielding
• The neutron deficiency

Collected Light [p.e.]
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Current Problem: Neutron Deficit

10

• Currently seeing a deficit of ~8x in the neutron yield based on 
predictions for a 10 µm bare Li metal target

• The deficit in neutrons can be explained by diffusion of Ag from the 
target substrate into the Li target.
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Simulation of the Expected Spectra With Neutron Deficit

11

• With improved gamma shielding, MCNP predicts a gamma reduction 
of 5x

• We currently have an analysis routine for extracting the ionization 
yield but no data yet
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• Using simulated 
gamma and neutron 
data, we go through 
the exercise of 
extracting the 
ionization yield with 
updated experimental 
parameters

• 16 hour data run with 
current Li target
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Exercise in Determining the Ionization Yield With Neutron 
Deficit

12

• With the predicted neutron rates and previously measured gamma 
rates, the ionization yield measurement is feasible and the analysis 
routines are in place

• Prediction for 16 hours of data
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Exercise in Determining the Ionization Yield for a New 
Thick Li target

13

• With the expected neutron rates for a new target without Ag diffusion 
into the Li

• Prediction for 1.6 hours of data
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Conclusions

• Measuring the ionization yield below 10 keV in liquid argon will test LAr 
as detector material for CNNS

• We are currently in the process of measuring the ionization yield at ~7 
keV and below through elastic scatter of ~75 keV neutrons

• Silver diffusion into the Lithium reduces yields but does not stop us 
from performing the experiment

• New Li (thin) targets are currently being ordered (arrival in 1-2 months) 
and will provide a better signal to background ratio

– See talk by T. Joshi for thin Li target details
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Questions
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Back-up Slides
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Dual-phase Noble-element Detectors

18

• Well known technology, extensively used for Dark Matter
• Good electron drift properties
• Large mass
• Low thresholds
• Scalability

128 nm UV light – 
converted to 400 
nm by TPB 
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Dual-phase Noble-element Detectors

18

• Well known technology, extensively used for Dark Matter
• Good electron drift properties
• Large mass
• Low thresholds
• Scalability
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primary 
electrons are 
generated for 
CNS??? 128 nm UV light – 
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Proton Beam Characteristics

19

25 Oct 2012 – APS Division of Nuclear Physics Fall Meeting Tenzing Joshi – UC Berkeley & LLNL 10 

Measuring the proton beam energy with the  
calibrated silicon detector we observe a 16 kV 
difference between the stated proton beam  
energy and measured.  This corresponds to an  
8 kV offset in terminal potential. 
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226Ra Calibration of Silicon Detector

• Calibrate a Si detector with a 226Ra 
which emits alphas of 6 energies 
between 4.6 and 7.7 MeV
• Linear detector response for the 

energies between 4.6 and 6 MeV
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Proton Beam Characteristics

20

• Extrapolating the 226Ra 
calibration down to 
~1.8 MeV
• A 15 keV offset 

between the 
accelerator voltage 
prediction and the 
measured proton 
energy is determined
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Neutron Generation

21

• With the detector aligned at 45° with respect to the proton direction, 
the neutron yield was measured for various proton energies
• Neutron yield corresponds to Eproton3/2 [1,2]
• A neutron generation threshold of ~1.9 MeV is measured, 

corresponding to the threshold for generating neutrons at 45°
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Neutron Generation
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FULL GEANT4 SIMULATION 
BEING USED TO DESIGN 

EXPERIMENT 

Proton Energy Countours for a Thick Lithium Target
from Lee and Zhou NIMB 152 (1999)
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Combining near-threshold kinematics with  
well known nuclear data to 

• Increase signal to background 
• Minimize multiple scattering 

Fe is used to filter the neutron spectra 
Ti is used to suppress the 24 keV component 

Both also attenuate 7Li(p,p’) gammas  

25 Oct 2012 – APS Division of Nuclear Physics Fall Meeting Tenzing Joshi – UC Berkeley & LLNL 8 

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

10

20

30

40

50

60

70

80

Neutron current through collimator

Collimator at 40 degrees
Collimator at 45 degrees
Collimator at 50 degrees
Dashed lines - No filter
Solid lines - 7 cm Fe & 0.75 cm Ti filterne

ut
ro

ns
/cm

2 /1
00

 e
V/

se
c

neutron energy (MeV)

Collimator at 40°
Collimator at 45°
Collimator at 50°
Dashed Lines - No filter
Solid lines - 7 cm Fe & 0.75 cm Ti filter

Neutron current through collimator

• With the detector placed at ~45°, neutrons are generated with 
energies up to that of the primary scattering resonance in Ar (80 keV)
• With the addition of an Fe/Ti filter, the non-resonant neutrons are 

reduced to giving an increased signal to background ratio
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Ionization Yield Measurement Low Neutron:Gamma Ratio
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Ionization Yield Measurement No Fe Filter
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Ionization Yield Measurement No Fe Filter
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• With the predicted neutron rates and previously measured gamma 
rates, the ionization yield measurement is feasible and the analysis 
routines are in place

• Prediction for XX hours of data
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Ionization Yield Measurement Without Ag Diffusion
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CNS and Dark Matter detectors
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Dark MatterCoherent scatter detection

• Nuclear recoils < 5 keV
• Little to no S1 (primary) light
• Little or no overburden
• ~10 event per kg per day
• 10-20 kg active mass
• Modest purity: electron drift of  0.2-0.5 m
• Robust, easy to operate and to interpret
• Neutrino source can be turned off for 

various reactor designs

• Nuclear recoils < few tens keV
• S1/S2 provides particle ID
• 100-5000 m.w.e. overburden
• ~1 event per 100 kg per month *
• Current generation is 100 kg or larger
• High purity Electron drift of  1-2 m  
• Simplicity a secondary consideration 
• No off switch for Dark Matter

Unique to monitoring
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Nuclear Ionization Quench Factor for Nuclear Reactor CNS 
Recoils

28

• Nuclear recoils result in less 
ionization than electronic recoils - 
nuclear ionization quench factor

• Only known down to 4 keV in LXe
• Unknown for Ar
• Only have a Monte Carlo model
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CAMS ParametersCAMS Parameters

Proton Energy [MeV] 1.93

Proton Current [µA] 1

Neutron Flux [cm2s-1] ~650
Neutron Energies [keV] 0-135
Ar Resonance Energy [keV] ~80

Recoil Endpoint Energy [keV] ~8

Percent of Time with Beam On 
Target [%]

1

Triggers Length [µs] 10
Time Between Triggers [ms] 1
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Nuclear Ionization Quench Factor Measurement 
Using Neutrons

• Multiple scatters and false 
coincidences combined with 
neutron capture time prevent 
neutron tagging, resulting in 
the utilization of an end-point 
measurement at ~8 keV
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Thin Li Target

• Benefits of a thin Li target (0.1 µm thick) vs a thick (10 µm) Li target
– Reduce the 7Li(p,p’) gamma rays by 100x
– Minimal reduction in the resonant neutrons
– Reduction of the off-resonance background neutrons

• Thin Li target complications
– Lithium-hydride
– Target bubbling
– ...

30

Energy (keV)

ne
ut

ro
ns

 (1
/k

eV
/s

ou
rc

e 
n/

st
er

ad
ia

n)

0 20 40 60 80 100
10-9

10-8

10-7

mailto:mfoxe@psu.edu
mailto:mfoxe@psu.edu


Michael Foxe - mfoxe@psu.eduDecember 6, 2012

Neutron-tagging Ionization Yield Measurement

• With neutron tagging, 
the event rate drops by 
~XXx due to the solid 
angle subtended by the 
neutron tagging 
detectors

• Need to be sure the 
large accelerator at 
CAMS is not running or 
we may have a large 
jump in false 
coincidences

• Any plots to add in?
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Neutrino Interactions Over Time
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