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Study of South Pole ice transparency with IceCube flashers

THE ICECUBE COLLABORATION!
1See special section in these proceedings

Abstract: The IceCube observatory, 1 Rnin size, is now complete with 86 strings deployed in the anti@ice.
IceCube detects the Cherenkov radiation emitted by chavgetétles passing through or created in the ice. To realize
the full potential of the detector the properties of lightjpagation in the ice in and around the detector must thus be
known to the best achievable accuracy. This report presenésv method of fitting the ice model to a data set of in-situ
light source events collected with IceCube. The resultetgp$ derived ice parameters is presented and a comparison of
IceCube data with simulation based on the new model is shown.
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1 Introduction

The properties of photon propagation in a transparent l l
medium can be described in terms of the average distance 4 d ;é%
between successive scatters and the average distance to ab- ‘

sorption (local scattering and absorption lengths), as wel \/w
as the angular distribution of the new direction of a photon 3 |

relative to old at a given scattering point. These detais ar
used in both the simulation and reconstruction of IceCube

data, thus they must be known to the best possible accuralc:y. N . .
This work presents a newirect fit approach to determine Igure 1: Simplified schematics of the experimental setup:

these ice properties, which is different from the method ddl€ flashing sensor on the left emits photons, which propa-
scribed in [4]. A global fit is performed to a set of datagate_through ice and are detected by a receiving sensor on
with in-situ light sources (see Figure 1) covering all deptht€ right.

of the detector, resulting in a single set of scattering dnd a

sgrption parameters of ice, which Qescribes these data beﬁge PMT output signal is digitized into "waveforms” using
Figure 2 shows examples of experimental data used for tk{ﬁe faster, ATWD, and slower, fADC, sampling chips [1].

analysis. The ATWD is configured to collect 128 samples with 3.3 ns
sampling rate, and the fADC records 256 samples with

2 Flasher dataset 25 ns sampllng_ rate. The DOMs transmit time-stamped
digitized PMT signal waveforms to computers at the sur-
face.

In 2008, IceCube consisted of 40 strings as shown in Figuré ) )
3, each equipped with 60 equally spaced optical sensot§, @ Series of several special-purpose runs, IceCube took
or digital optical modules (DOMs). Each of the poMmsdata with each of 60 DOMs on string 63 flashing in a se-
consists of a 10" diameter photomultiplier tube (PMT) [2]duence. For each of the flashing DOMs at |zt flasher
and several electronics boards enclosed in a glass contaifients were collected and used in this analysis. All 6 hori-
[3]. One of the boards is the *flasher board”, which hagontal LEDs were used simultaneously at maximum bright-
6 horizontal and 6 tilted LEDs, each capable of emitting'€SS and pulse width settings, creating a pattern of light

~ 7.5-10° photons at 405+ 5 nm in a 62 ns-wide pulse. around string 63 that is approximately azimuthally sym-
metric.



CHIRKIN et al. ICE TRANSPARENCY

3 Ice parametrization

The ice is described by a table of parametergl05),
a(405), related to scattering and absorption at a wavelength
of 405 nm at different depths. The width of the vertical ice
layers (10 m) was chosen to be as small as possible while
maintaining at least one receiving DOM in each layer. Co-
incidentally it is the same as the value chosen in [4].

The geometrical scattering coefficigndetermines the av-

photoelectrons in 50 ns bins
S
T

2 ; ‘: ‘ ‘ ‘ ‘ erage distance between successive scattetg§adt s of-
0 T o0 1000 1500 2000 2500 3000 ten more convenient to quote the effective scattering coeffi
time from the flasher event [ ns ] cient,b. = b- (1 — (cos6)), wheref is the deflection angle

at each scattef) denote the expectation value. The absorp-
Figure 2: Example photon arrival time distributions at dion coefficienta determines the average distance traveled
sensor on one of the nearest strings (122 m away), and by photon before it is absorbed (asa).
one of the next-to-nearest strings (217 m away). Dashed
lines show data and solid lines show simulation based o
the model of this work (with best fit parameters). The goa

of this work is to find the best-fit ice parameters, which

describe these distributions as observed in data simultanie detector response to flashing each of the 60 DOMs on
ously for all pairs of emitters and receivers. string 63 needs to be simulated very quickly, so that simu-

lations based on many different sets of coefficiéntd05)
anda(405) could be compared to the data.

Simulation

600 [ A program called PPC (photon propagation code [7]), was
500 - -7 78 written for this purpose. It propagates photons through
a0l 75 °76 29 *73 °74 ice described by a selected set of parameig405) and
 ng 069 ®70 71 o6 *67 a(405) until they hit a DOM or get absorbed. No special
300 £ 68 053 64 ®65 weighting scheme was employed, except that the DOMs
— 500 - *60 *61 762 *58 *59 led up in size (a factor 5 to 16, dependi h
200 |- *60 o 956 *57 i were scaled up in size (a factor 5 to 16, depending on the
E 100 5253 o54 955 eq7 48 *49 20 required timing precision), and the number of emitted pho-
> g 044 ©45 ®46 °40 tons was scaled down by a corresponding facide(162).
0F °38 39 The probability distributionf (¢) of the photon scattering
-100 - 2010 ‘ 2009 29 30 angled is modeled by a linear combination of two functions
200 ‘21 commonly used to approximate scattering on impurities:
-300 S (1 _ ) )
4400 -200 0 200 400 600 F0) = (1 = fs) - HG+ for - SL,
x[m] where HG is the Henyey-Greenstein function [4]:

Figure 3: IceCube 40-string configuration as operated in 1 1—g¢?

2008. String 63 (of DOMs that were used as flashers) is P(cost) = 5 2 _o5,. 520 9= (cost),
- v ! _ 214 g% —2g - cosb)]

shown in black. IceCube parts installed in the following

years (2009, 2010 as shown in the figure) lie in regionand SL is the simplified Liu scattering function [8]:

indicated approximately with dashed lines.

p(cosf) ~ (1 +cosh)*, with a= 12—gg

The pulses corresponding to the arriving photons were ex-

tracted from the digitized waveforms and binned in 25 ngs. determines the relative fraction of the two scattering

bins, from 0 to 5000 ns from the start of the flasher pulstunctions and it determines the overall shape. Figure 4

(extracted from the special-purpose ATWD channel of theompares these two functions with the prediction of the

flashing DOM). To reduce the contribution from saturatedie theory with dust concentrations and radii distribution

DOMs (most of which were on string 63 near the flashingaken as described in [4]. The distributions of photon ar-

DOM) [2] the photon data collected on string 63 was notival time are substantially affected by the "shape” param-

used in the fit. eter fs. (as shown in Figure 5)fs_ is also a global free
parameter in the fitting procedure.

The value ofg = 0.9 was used in this work (cfy = 0.8
in [4]). Higher values (as high as 0.94 [4, 6]) are pre-
dicted by the Mie scattering theory, however, these result
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cos(scattering angle) Figure 6: Values 06, (405) anda(405) vs. depth for subse-
quent steps of the minimizer. The "converged” black curve

Figure 4: Comparison of the Mie Scattering prof”es Ca|ShOWS fitted values after the last of the 20 Steps of the min-
culated at several depths of the South Pole ice with tH&izer.

Henyey-Greenstein (HG) [4] and simplified Liu (SL) [8]
scattering functions, all with the same= 0.943. and absorption in 10 m layers at detector depths of 1450 to
2450 m).

The photon countd(¢;) ands(¢;) observed in time bins in
/ g=0.9 £, =0 nq data andn, simulated flasher events are compared to
10%L - . each other using a likelihood function

il
\

L= H (Msn's)s e~ Hshs (.U'd(’;b'd)d e~ Hana
EX L2

0 HL
o} £y 1 —(log pra—log pis)*
£ q“i&@ﬁgﬂ'fa fa Varg P 207 i
o 9=0.9£,=0.5 e, . . : ;
) 4=09,=0.3 " The product is over all emitters and all time bins of re-
107 - - ceivers.uq(t;) andu,(t;) are the expected values of pho-

ton counts per event in data and simulation, and are deter-
mined by maximizingC with respect to these. The first two
b b b e b b L terms in the product are the Poisson probabilities, and the
550 600 650 700 750 800 850 900 950  thirg term describes the systematic uncertainties infteren
time of flight [ ns | in the simulation. The last terti represents regularization

) o o constraints of the solution values with depth and with each
Figure 5: Photon arriving time distributions at a DOMgther.

125 m away from the flasher, simulated for several valu
of ¢ = (cosf) and fs . The difference in peak position
simulated withg = 0.8 andg = 0.9 is of the same or-
der (~ 10 ns) as that between sets simulated with differe
values of the shape paramefer.

eSqtarting with the homogeneous ice described with
b.(405) = 0.042 m~! anda(405) = 8.0 km~! (average

f [4] at detector depths) the maximum 6fis found in~

0 steps. At each iteration step the value$4f05) and
a(405) are varied in consecutive ice layers, one layer at a
time. Five flashing DOMs closest to the layer, which prop-
in slower simulation, while yielding values of the effec-erties are varied, are used to estimate the variation ofthe
tive scattering., and absorption. coefficients that change Figure 6 shows ice properties after each of 20 steps of the
by less than 3% as determined in [4], which could also b@inimizer. The general agreement of the model and data is
concluded from Figure 5. good as shown in Figure 2.

5 Fitting the flasher data 6 Dustlogger data

Data from all pairs of emitter-receiver DOMs (located inSeveral dust loggers [5] were used during the deployment
the same or different ice layers, altogetheB88700 pairs) ©Of seven of the IceCube strings to result in a survey of the

contributed to the fit of~ 200 ice parameters (scatteringStructure of ice dust layers with extreme detail (with the
effective resolution o~ 2 millimeters). These were then

matched up across the detector to resultiitt anap of the



CHIRKIN et al. ICE TRANSPARENCY

0.4¢ (4052 measured with flashers
0.35 - t averag€ dust log (scaled to position of hole 63) 0.2 5
r -7
0.3 } reliminar /\
T oap Y W "
e 0.25 \ [ L
= oz | W
o 02¢ 0.05 & f- b R f : 20
§ ‘\r“ ”I J\ l"'\‘ I\“‘ [‘\ ' :"'A : 25
%0.15 0.03 \\j \\/ \V/ \.f o M A a3
01 (g A y /
Voo WAL
0.05 \A/ L 70
O Clv v b b b e b v Ty 0.01 100
1200 1400 1600 1800 2000 2200 2400 2600 o e 1mn omo aeon . omon

1400 1600 1800 2000 2200 2400

depth [m] b,(405) [ m™ ] vs. depth [ m]

Figure 7: Comparison of the average dust log with the
effective scattering coefficierit (405) measured with the ~ 0.05 /"\ 20
flasher data. preliminary [ 2
0.03 i 33
. . . 0.02 A \ 50
South Pole ice, as well as a high-detarkrage dust loga V\ i
record of a quantity proportional to the dust concentration \I\ /l\ //\ /1\ / \ : 7o
vs. depth. Additionally, the EDML (East Dronning Maud  0.01 “.,}”:’.' T / 1 ’{'Y‘\ A 120
Land, see [5]) ice core data was used to extend the dust ¥ \V V" \w/"? Ju”\ ; \ / \\ - °
record to below the lowest dust-logger-acquired point. 0.005 \ 1¥ HL\II ‘\"/l 200
The correlation between the effective scattering coefiicie Y V250

measured with the IceCube flasher data and the average
dust log (scaled to the location of string 63) is excellest, a
shown in Figure 7. Within the depth range 1450 m - 2450
m instrumented with DOMs all major features match, havgIgure 8: Values ob, (405) anda(405) vs. depth for con-

the right rise and falloff behavior, and are of the same mag/erged solution shown with solid lines. The updated model
nitude. Some minor features are washed out in the flash&r[4] (AHA) is shown with dashed lines. The uncertainties
measurement. of the AHA model at the AMANDA depths af730 & 225
Having established the correlation with the average dugi are~ 5% in b, and~ 14% in a. The scale and numbers
log, the EDML-extended version of the log was used tg the right of each plot indicate the corresponding eftecti

build an initial approximation to the fitting algorithm de- scatteringl /b, and absorption /a lengths in meters.
scribed in the previous section. This resulted in a solution

that is determined by the scaled values of the extended log

(instead of by the somewhat arbitrary values of the initidReferences
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