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!   Precision IceCube Next Generation Update


!   40 additional strings


!   standard optical modules


!   opportunity for module R&D


!   energy limit ~ GeV


!   neutrino mass hierarchy


!   low-mass WIMPs








physics goals 
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example configuration
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Multi-PMT module


www.teilchenwelt.de 

IceCube & DeepCore KM3NeT 
13 inch sphere 17 inch sphere 

1 × 10 inch PMT 31 × 3 inch PMT 

3 Development of a multi-PMT optical module for PINGU 



!   superior photo-electron counting:



from number of hit PMTs, rather than signal waveform


!   angle of signal acceptance  up to 4π


!   direction sensitivity


!   no magnetic shielding needed


!   increase of sensitive area 


!   similar overall price 


     per photocathode area





Advantages


KM3NeT 2011 
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PPM-DOM

!   first multi-PMT DOM deployed 


!   mounted on instrumentation line 


     at Antares site


!   opportunity of in-situ calibration





KM3NeT 2013 

5 Development of a multi-PMT optical module for PINGU 



!   maximum diameter: ~13 inch


!   temperature: 
- 35°C


!   overpressure during refreezing


!   reuse of 3-inch PMTs & low voltage 

bases


Adaptation for ice
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km of the Pole. A 1998 airborne radar profile confirms that ice
close to the Pole consists of an almost parallel-sided slab with
very small slope.†† Eq. 1 for heat transfer in ice sheets therefore
can be written in two-dimensional form (9). It describes ice
temperature as a function of time t, with coordinate x and
velocity component u directed along the ice-bedrock interface,
and z, the vertical coordinate, positive downward from the
surface.

!c!"#

"t $ u
"#

"x $ w
"#

"z" %
"

"x !K
"#

"x" $
"

"z !K
"#

"z" $ Q, [1]

where !, c, and K are density, specific heat capacity, and thermal
conductivity of ice, respectively; w is the vertical advection rate;
and Q is the rate of internal heat generation per unit volume
caused by ice shear.

The penetration of seasonal and long-period temperature
changes from the surface has been analyzed by Hanson and
Dickinson (10). They found that the accumulation rate signifi-
cantly affects the penetration depth of the temperature signal
only for wavelengths that are large compared with the thickness
of the glacier. As an example, the amplitude of a 10°C step in
temperature at the surface decreases to !0.1°C at 2,000-m depth
for periods up to 15 kiloyears (kyr). For depths "2,000 m in
which we are interested, the measurements are immune to
surface temperature changes on a time scale !! 15 kyr. The term
##t in Eq. 1 can thus be neglected for the bottom part of the
South Pole ice, which simplifies the calculation of temperatures
in the lowest few hundred meters where measurements have not
been made.

We can further simplify Eq. 1 by eliminating the terms
!c(u"##"x) and "#"x(K"##"x). To do that, we first show that
#w "##"z (the vertical advection) and Q (responsible for internal
heating of the glacier caused by ice shear) have a negligible effect

on the temperature distribution in the bottom part of the glacier.
The influence of vertical advection on the solution of the
steady-state heat transfer equation has been discussed by Pater-
son (9). For both the Nye model (discussed in ref. 9) and the
more physically reasonable Dansgaard–Johnsen model (11), we
find that at depths from 2,200 m to bedrock the deviation, caused
by vertical advection, of the temperature profile from a straight
line is !3% and !1%, respectively, which is within the accuracy
of the temperature measurements.

For two reasons, internal heating, Q, is significant only in the
bottom part of the glacier. First, the shear stress along the flow
direction on a block inclined at angle & increases with the mass
of overlying ice, as 'xz $ !gz!sin&, where g is gravitational
acceleration. The heat dissipation rate is Q $ 2'xz!d(xz#dt, where
d(xz#dt is the strain rate given by Glen’s semiempirical f low law,

d(xz#dt % A%#&'xz
3 [2]

with exponent n '3. Second, A(#) increases with temperature as
exp(#U#kT), as a result of which d(xz#dt is 2–3 orders of
magnitude higher for ice near bedrock than for surface ice, which
has a temperature of #51° at the South Pole. A(#) also depends
on climatic conditions (9), being about 2.5 times larger for
pre-Holocene ice than for Holocene ice (9), because of a fabric
in pre-Holocene ice that favors deformation in shear. We find
that the contribution of a depth-dependent Q(z) in the heat flux
at the bed is 2 orders of magnitude less than the geothermal flux
from bedrock and can be neglected in Eq. 1.

The fact that the measured temperatures decrease linearly
with depth in the bottom part of the Camp Century and Byrd
Station glaciers allows us to conclude that the horizontal com-
ponents of advection, !c(u"##"x), and thermal diffusion,
"#"x(K"##"x), are insignificant near the bottom of the glacial ice
at South Pole. This is explained as follows. Near the South Pole
the glacial ice is very nearly a slab with parallel top and bottom
surfaces and with slope of only '0.0015 (8). Because of local
variations in air temperatures, the surfaces of constant temper-
ature near the upper surface of the ice may not be parallel to
each other. However, as we have seen, changes in temperature
propagating downward from the surface attenuate exponentially
with depth, so that only very long-period climatic variations can
penetrate to the glacier bottom, and they do so with small
amplitude. As a consequence, thermal diffusion greatly reduces
gradients in horizontal directions. Heat can also be transported
by horizontal advection. The flow velocity at the ice-bedrock
interface and in stagnant zones near rough interfaces is essen-
tially zero. The flow lines in the bottom part of the South Pole
ice are practically parallel to the averaged bedrock boundary,
and we can thus neglect the terms !c(u"##"x) and "#"x(K"##"x)
in Eq. 1 because the derivatives are taken along lines of constant
temperature that are parallel to the flow lines along x.

Thus, at great depths in the ice the heat-f low equation reduces
to the simple one-dimensional steady-state form for purposes of
estimating the basal temperature and the geothermal flow in
South Pole ice.

!cw
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dz %
d
dz !K

d#

dz" $ Q, [3]

In solving this equation, we first tried imposing a boundary
condition that the temperature at the glacier-bedrock interface
be at the pressure-melting point, #2°C. With this constraint the
calculated steady-state profile fell far below the observed one.
The deviation from measured temperatures was 4°C at depth
2,000 m, growing to 10°C at 1,000 m. To obtain a fit with the
lowest measured points we were forced to allow the temperature
at the bedrock interface to be below the pressure-melting point.

††Blankenship, D. D. and Instrument Definition Team for a Europa Radar Sounder, Lunar
and Planetary Conference XXXII, March 12–16, 2001, Houston, abstr. 1854.

Fig. 1. Temperatures measured in deep AMANDA boreholes ((, this work)
and in a shallow borehole [), Giovinetto (4)], compared with best-fit temper-
ature profile for the deepest 1,000 m. The dashed curve, which gave a basal
temperature of #9°C and a geothermal flux of 61 mW#m2, used vertical
advection vs. depth derived from depth vs. age data (3). Two Dansgaard–
Johnsen models of vertical advection that bracketed the derived advection
curve gave basal temperatures less than 1°C warmer.

Price et al. PNAS $ June 11, 2002 $ vol. 99 $ no. 12 $ 7845
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Benson 2012 

redesign of vessel 



Cylindrical vessel
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!   stainless steel flanges & 

titanium screws


!   wall thickness up to 18 mm


!   rated for 700 bar (≈ 10 000 psi)


!   mass (f/m): 28.2 kg/22.5kg


36
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390 mm (= 15.4″) 

male 

332 mm 

female 
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mDOM interior
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!   segmented cylindrical vessel


!   41× 3” PMT


!   main electronics in center


!   ~ four times larger photocathode 

area


     than standard IceCube DOM
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PMT candidates
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R12199 D792KFL XP53B20 
Hamamatsu ET Enterprises HZC 

180x 12x 2x 

!   testing in Amsterdam, Catania, Erlangen, Patros
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PMT testing status
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requirements (KM3NeT) 
quantum efficiency @ 470 nm > 20% 
transit time spread (σ, FWHM) < 2 ns, < 4.6 ns 
gain > 2 · 106 
supply voltage < 1400 V 
dark count rate @ 15°C < 1.5 kHz 
peak to valley ratio > 3 
length < 120 mm 
outer diameter ≤ 82 mm  

Hamamatsu ETEL HZC 

!   talk by Leonora








!   talk by Kalekin
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Readout principle
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!   from analogue signal to time stamped data (talks by Real & Calvo)


time 
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threshold 

+1.5 V 

signal word 

start time 

duration 

PMT id 
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FPGA & clock 
base 

time voltage 
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Holding structure
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!   3D printing / rapid prototyping 


!   adequate precision


!   low price (prototyping)


!   segmentation possible


!   high flexibility


!   alternatives considered for mass 

production


Development of a multi-PMT optical module for PINGU 



Module integration
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Angular acceptance
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!   41 PMT mDOM


!   flat vs. measured PMTs


!   area scaled in single PMT 

effective areas (1 PMT ≈  50 cm² )





flat PMT 

measured PMT 

14 

12 
10 

12 
10 
8 



MICA
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!   Megaton Ice Cherenkov Array


!   denser instrumentation


!   new optical module technology











!   energy threshold  ~ 10 MeV


!   Cherenkov ring imaging


!   supernova neutrinos


!   proton decay





Grant 2011 

physics goals 
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Detector simulations
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!   different detector configurations


!   number of strings 
20 – 41


framework IceTray 
ice model SPICE-Mie 

decay 
propagation 

physics 
GEANT4 

photon 
propagation CLSim 

common detector properties 
string spacing 7 m 
OMs per string 151 

OM spacing 2 m 
height 300 m 

location 2148 – 2448 m* 
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* z ∈ [-500 m; -200 m] 



Simulated footprints


OrA 
20 strings 

LaSqA 
41 strings 

HexA 
28 strings 

OctA 
26 strings 
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Proton decay simulation


configuration number of 
strings 

number of 
OMs hits / decay 

OrA 20 3020 2688 
OctA 26 3926 3592 
HexA 28 4228 3724 

LaSqA 41 6191 4354 

!   10 proton decays generated inside cylinder 


!   radius 10 m


!   x0 = 10 m


!   y0 = -10 m


!   z ∈ [-490 m; -210 m]
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p e+ + π0 γγ 
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Next steps…


build prototype for testing 
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radioactivity of holder & glass 

low temperature behaviour 

design holding structure 

adaptation of electronics 
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Thank you for your attention!
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Picture graveyard
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requirements (KM3NeT) 
quantum efficiency @ 470 nm > 20% 
transit time spread (σ, FWHM) < 2 ns, < 4.6 ns 
gain > 2 · 106 
supply voltage < 1400 V 
dark count rate @ 15°C < 1.5 kHz 
cathode response inhomogeneity < 10% 
peak to valley ratio > 3 
length < 120 mm 
outer diameter ≤ 82 mm  

Hamamatsu ETEL HZC !   talk by Leonora








!   talk by Kalekin









