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The	  role	  of	  neutrons	  in	  underground	  
low	  background	  experiments	  	  

Fatal	  background	  	  
– behave	  the	  same	  way	  as	  signals	  
– Cosmogenic	  produc:on	  caused	  radioac:vi:es	  

	  ² 	  Two	  categories	  
ü 	  radioac:ve	  ac:va:on	  
-‐	  (a,	  n),	  fission	  decay	  

ü 	  spalla:on	  &	  capture	  
neutrons	  

	  

Related	  to	  the	  local	  rock	  	  
composi:on,	  radioac:vity,	  	  
and	  the	  geometries	  –	  a	  library	  is	  
need	  to	  understand	  its	  intensity.	  
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Large	  Liquid	  Scin:lla:on	  Neutron	  Detector	  
Detector Design 
ü  1m long LS neutron detector filled 

with 12 liters LS EJ301. 
ü  Internally covered with diffusive 

paint EJ520 and purged with 
Argon gas. 

ü  2 Hamamtsu 5” PMTs(R4144) 
attached to the detector through 
Pyrex glass windows. 

A 10L liquid scintillation counter has been 
built and tested in the lab. 

 it's a 5'' in diameter, 1 meter in length 
Aluminum tube filled with EJ-305 liquid 
scintillators. EJ-520 reflective paint is 
uniformly painted on the inner surface of the 
tube. 

Two PMTs (R4144 , hamamatsu) installed 
at the both ends of the counter.   

Big Neutron Detector
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Detector	  Response	  
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•  Working	  High	  Voltage:	  Ch0	  2000V,	  Ch1	  2000V,	  aWenuator	  23dB	  applied	  for	  Both.	  
•  Time	  coincidence	  within	  30ns(peak	  :me)	  are	  required	  for	  two	  PMTs.	  Detector	  

response	  to	  the	  room	  background	  signal	  are	  shown	  above(Ch0	  le[,	  Ch1	  right).	  
•  Muon	  minimum	  ioniza:on	  peak	  and	  the	  response	  to	  22Na	  source	  along	  with	  the	  Tube	  

are	  marked	  in	  the	  le[	  figure.	  We	  can	  use	  these	  curves	  for	  energy	  reconstruc:on.	  



Calibra:on	  
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AmBe	  

0	  
Na22	  

Na22:	  1.0μCi.	  Placed	  at	  each	  2.5	  cm	  along	  with	  the	  tube.	  
AmBe:	  3.33MBq.	  Placed	  at	  the	  fixed	  posi:on	  above	  the	  detector.	  



Response	  to	  22Na	  source	  
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•  Actual	  posi:on	  VS	  charge	  ra:o	  response	  to	  22Na	  source(Le[).	  
•  Total	  charge	  (Ch0)	  VS	  charge	  ra:o	  response	  to	  22Na	  source(Right)	  



AmBe	  Source	  

7	  

•  AmBe:	  about	  68.3	  hours	  data(le[)	  and	  the	  one	  with	  background	  subtracted(right)	  
•  The	  AmBe	  source(3.33MBq)	  is	  placed	  at	  6.5cm	  above	  the	  detector,	  close	  to	  Ch0	  end	  

about	  15cm	  and	  to	  Ch1	  end	  about	  60cm.	  	  



Energy	  Reconstruc:on	  
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•  AmBe	  neutrons	  with	  cut	  area0>2500	  (Le[).	  Red	  curve	  indicates	  11	  MeV	  real	  energy.	  
•  Energy	  spectrum	  comparison	  between	  the	  simulated	  AmBe	  neutron	  by	  assuming	  

100%	  detec:on	  efficiency	  and	  the	  reconstructed	  neutron	  data	  (Right).	  
•  Quenching	  factor	  is	  applied	  to	  convert	  visible	  energy	  to	  recoil	  energy.	  	  



Detec:on	  Efficiency	  
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Room	  Background	  Data	  

10	  

•  Room	  Background	  about	  19	  days	  data.	  



Room	  Neutron	  Spectrum	  
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Comparison	  with	  Others	  
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M.S.	  Gordon	  et.	  al,	  IEEE,	  Vol.51,	  No.6,	  P3427	  

•  On	  the	  roof	  of	  a	  building,	  NY.	  
§  In	  the	  first	  floor	  of	  PaWerson	  Hall,	  USD	  	  



Soudan	  Data	  
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Soudan	  Data	  
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Soudan	  mine	  65.2	  days	  data	  



Current Status	  
•  Detector	  is	  working	  stable	  at	  2000V	  high	  voltage	  with	  
good	  n/g	  PSD.	  

•  	  Muon	  minimum	  ioniza:on	  peak	  is	  present	  with	  23dB	  
signal	  aWenua:on	  applied	  to	  both	  PMTs.	  Together	  with	  
22Na	  source,	  posi:on	  and	  energy	  rela:ons	  are	  well	  
understood.	  	  

•  By	  using	  AmBe	  source,	  	  the	  detec:on	  efficiency	  for	  
neutrons	  with	  energy	  below	  11MeV	  is	  calibrated.	  	  	  

•  	  About	  three	  weeks	  surface	  room	  background	  data	  
were	  accumulated.	  The	  detector	  has	  been	  running	  at	  
Soudan	  mine	  for	  a	  few	  months.	  	  	  	  
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Backup	  I:	  Op:cal	  proper:es	  
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BLUE SENSITIVITY AND RED/WHITE RATIO
For simple comparison of spectral response of photomulti-

plier tubes, cathode blue sensitivity and red/white ratio are often
used.
The cathode blue sensitivity is the photoelectric current from the
photocathode produced by a light flux of a tungsten lamp at
2856K passing through a blue filter (Corning CS No. 5-58 pol-
ished to half stock thickness). Since the light flux, once transmit-
ted through the blue filter cannot be expressed in lumens, blue
sensitivity is conveniently expressed in A/lm-b (amperes per lu-
men-blue). The blue sensitivity is an important parameter in scin-
tillation counting using an NaI (Tl) scintillator since the NaI (Tl)
scintillator produces emissions in the blue region of the spec-
trum, and may be the decisive factor in energy resolution.

The red/white ratio is used for photomultiplier tubes with a
spectral response extending to the near infrared region. This pa-
rameter is defined as the quotient of the cathode sensitivity mea-
sured with a light flux of a tungsten lamp at 2856K passing
through a red filter (Toshiba IR-D80A for the S-1 photocathode or
R-68 for others) divided by the cathode luminous sensitivity with
the filter removed.

TPMOB0054EB

Figure 5: Typical Transmittance of Various Window Materials

TPMOB0076EB

As stated above, spectral response range is determined by
the photocathode and window materials. It is important to select
an appropriate combination which will suit your applications.

RADIANT SENSITIVITY AND QUANTUM EFFICIENCY
As Figure 4 shows, spectral response is usually expressed in

terms of radiant sensitivity or quantum efficiency as a function of
wavelength. Radiant sensitivity (S) is the photoelectric current
from the photocathode, divided by the incident radiant power at a
given wavelength, expressed in A/W (amperes per watt). Quan-
tum efficiency (QE) is the number of photoelectrons emitted from
the photocathode divided by the number of incident photons. It is
customary to present quantum efficiency in a percentage. Quan-
tum efficiency and radiant sensitivity have the following relation-
ship at a given wavelength.
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Where S is the radiant sensitivity in A/W at the given wavelength,
and ! is the wavelength in nm (nanometers).

LUMINOUS SENSITIVITY
Since the measurement of the spectral response characteris-

tic of a photomultiplier tube requires a sophisticated system and
much time, it is not practical to provide customers with spectral
response characteristics for each tube ordered. Instead cathode
or anode luminous sensitivity is commonly used.
The cathode luminous sensitivity is the photoelectric current from
the photocathode per incident light flux (10-5 to 10-2 lumens) from
a tungsten filament lamp operated at a distribution temperature
of 2856K. The anode luminous sensitivity is the anode output
current (amplified by the secondary emission process) per inci-
dent light flux (10-10 to 10-5 lumens) on the photocathode. Al-
though the same tungsten lamp is used, the light flux and the
applied voltage are adjusted to an appropriate level. These pa-
rameters are particularly useful when comparing tubes having
the same or similar spectral response range. Hamamatsu final

test sheets accompanying the tubes usually indicate these pa-
rameters except for tubes with Cs-I or Cs-Te photocathodes,
which are not sensitive to tungsten lamp light. (Radiant sensitiv-
ity at a specific wavelength is listed for those tubes instead.)

Both the cathode and anode luminous sensitivities are ex-
pressed in units of A/lm (amperes per lumen). Note that the lu-
men is a unit used for luminous flux in the visible region and
therefore these values may be meaningless for tubes which are
sensitive beyond the visible region. (For those tubes, the blue
sensitivity or red/white ratio is often used.)

Figure 6: Typical Human Eye Response and Spectral
Energy Distribution of 2856K Tungsten Lamp
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Figure 4: Typical Spectral Response of Head-On, Bialkali
Photocathode
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PHOTOCATHODE MATERIALS
The photocathode is a photoemissive surface usually con-

sisting of alkali metals with very low work functions. The photo-
cathode materials most commonly used in photomultiplier tubes
are as follows:
1) Ag-O-Cs

The transmission-mode photocathode using this material
is designated S-1 and sensitive from the visible to infrared
range (300 to 1200nm). Since Ag-O-Cs has comparatively
high thermionic dark emission (refer to "ANODE DARK CUR-
RENT" on page 8), tubes of this photocathode are mainly
used for detection in the near infrared region with the photo-
cathode cooled.

2) GaAs(Cs)
GaAs activated in cesium is also used as a photocathode.

The spectral response of this photocathode usually covers a
wider spectral response range than multialkali, from ultravio-
let to 930nm, which is comparatively flat over 300 to 850nm.

3) InGaAs(Cs)
This photocathode has greater extended sensitivity in the

infrared range than GaAs. Moreover, in the range between
900 and 1000nm, InGaAs has much higher S/N ratio than Ag-
O-Cs.

4) Sb-Cs
This is a widely used photocathode and has a spectral

response in the ultraviolet to visible range. This is not suited
for transmission-mode photocathodes and mainly used for
reflection-mode photocathodes.

5) Bialkali (Sb-Rb-Cs, Sb-K-Cs)
These have a spectral response range similar to the Sb-

Cs photocathode, but have higher sensitivity and lower noise
than Sb-Cs. The transmission mode bialkali photocathodes
also have a favorable blue sensitivity for scintillator flashes
from NaI (Tl) scintillators, thus are frequently used for radia-
tion measurement using scintillation counting.

6) High temperature bialkali or low noise bialkali
(Na-K-Sb)

This is particularly useful at higher operating tempera-
tures since it can withstand up to 175°C. A major application
is in the oil well logging industry. At room temperatures, this
photocathode operates with very low dark current, making it
ideal for use in photon counting applications.

7) Multialkali (Na-K-Sb-Cs)
The multialkali photocathode has a high, wide spectral re-

sponse from the ultraviolet to near infrared region. It is widely
used for broad-band spectrophotometers. The long wave-
length response can be extended out to 930nm by special
photocathode processing.

8) Cs-Te, Cs-I
These materials are sensitive to vacuum UV and UV rays

but not to visible light and are therefore called solar blind. Cs-
Te is quite insensitive to wavelengths longer than 320nm,
and Cs-I to those longer than 200nm.

WINDOW MATERIALS
The window materials commonly used in photomultiplier

tubes are as follows:
1) Borosilicate glass

This is frequently used glass material. It transmits radia-
tion from the near infrared to approximately 300nm. It is not
suitable for detection in the ultraviolet region. For some appli-
cations, the combination of a bialkali photocathode and a
low-noise borosilicate glass (so called K-free glass) is used.
The K-free glass contains very low potassium (K2O) which
can cause background counts by 40K. In particular, tubes de-
signed for scintillation counting often employ K-free glass not
only for the faceplate but also for the side bulb to minimize
noise pulses.

2) UV-transmitting glass (UV glass)
This glass transmits ultraviolet radiation well, as the name

implies, and is widely used as a borosilicate glass. For spec-
troscopy applications, UV glass is commonly used. The UV
cut-off is approximately 185nm.

3) Synthetic silica
The synthetic silica transmits ultraviolet radiation down to

160nm and offers lower absorption in the ultraviolet range
compared to fused silica. Since thermal expansion coefficient
of the synthetic silica is different from Kovar which is used for
the tube leads, it is not suitable for the stem material of the
tube (see Figure 1 on page 4). Borosilicate glass is used for
the stem, then a graded seal using glasses with gradually
different thermal expansion coefficients are connected to the
synthetic silica window. Because of this structure, the graded
seal is vulnerable to mechanical shock so that sufficient care
should be taken in handling the tube.

4) MgF2 (magnesium fluoride)
The crystals of alkali halide are superior in transmitting

ultraviolet radiation, but have the disadvantage of deliques-
cence. Among these, MgF2 is known as a practical window
material because it offers low deliquescence and transmits
ultraviolet radiation down to 115nm.

PMT	  R4144	  
Spectral	  Response	   EJ	  301	  

Scin:llator	  

EJ	  320	  
Paint	  

Pyrex	  
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Backup	  II:	  R4144	  PMT	  &	  EJ301	  
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6/23/11 10:21 AMR4144 Photomultiplier Tube, Hamamatsu
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Electron Tube Division
 
Detectors

Photomultiplier Tubes (PMTs)
 Product list
 Parametric Search
 Request Info
 Catalog Index

Photomultiplier (PMT) Modules
Ion Detectors
Phototubes
UV Power Meters
Electron Multipliers
Microchannel Plates (MCPs)
Image Intensifiers
Intensified Cameras / ICCD
Gated Image Intensifier Units
Flame Sensors (UVtron®)
PPM(Programmable Phase Modulator)
Accessories for PMTs and PMT

Modules
Power Supplies
Photon Counters
Amplifiers
Cooling Units
Socket Assemblies
Bare Sockets
Magnetic Shields
Optical Block
Others

Densitometer
Light Sources
X-ray Products
Optic Plates
Flow Cell

Part Number Size [mm]

R4144
This product is obsolete
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Key Specifications Related Products

Part Number R4144
Type Head on
Size 127mm
ActiveDia/L 120mm
Min 300!m

Max 650!m

Peak Sens. 420!m
Cathode Radiant Sensitivity 72mA/W
Window Borosilicate
Cathode Type Bialkali
Cathode Luminous Sensitivity 70!A/lm
Cathode Blue Sensitivity Index 9
Anode Luminous Sensitivity 100A/lm
Gain 1.4E+06
Dark Current after 30 min. 10nA
ENI 10
Rise Time 1.5ns
Transit Time 35ns
Transit Time Spread 0.7ns
Number of Dynodes 8
Applied Voltage 3000V
Multi Anode N
Socket Bare E678-20B
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Q.E.	  ~	  20%	  
L.	  Y.	  ~	  12000pe/MeV	  
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Backup	  III:	  Quenching	  factor	  

E_visible=E_real*0.5806*(1-‐exp(-‐0.2072*E_real-‐0.00335))	  	  


