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Brief History of Cosmic Ray Physics

1912: Hess discovered ionizing radiation increased rapidly
with altitude.

1934: Milikan dubs the term “Cosmic Rays”.

1934: Rossi & Auger measure coincidences in cosmic ray
measurements, discover extensive air showers.

1934: Bethe & Heitler develop EM cascade theory.

1985: Fly’s Eye, the first successful air fluorescence
detector.

1992: Beginning of AGASA

1999: High-Resolution Fly’s Eye complete
2004: First light at Pierre Auger Observatory
2007: All FD’s at Telescope Array on-line
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Shower Profile

Gaisser & Hillas suggested

that the number of "
particles in an extensive 19 Llﬁ ‘W ‘
air shower as a function : { Hﬂh |
of atmosphere crossed 6 } M mﬂ\
should take the form: 4 W{M I
P 1y |
N(X) =Nmax( XX_ _XX] . W/

depth (g/cm?)



Fluorescence Detectors (FDs)
— detect the fluorescence light

- emitted as high-energy secondary
particles ionize the atmosphere.

Surface Detectors (SDs) detect cosmic

ray secondary particles that reach the
ground.
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http://www.telescopearray.org/internal/gallery/main.php?g2_itemId=16412&g2_imageViewsIndex=2�

Fluorescence Detector

r I — The FADC FDs consist of 18-
\ [ 4 segment spherical mirrors
\V-\y ] projecting onto 16x16 arrays
o /Y of photomultiplier tubes.
N\ Each FD station contains 12
{J‘J - telescopes arranged with six

4 viewing from 3-18° elevation
' and the rest viewing from 18°
to 33°.




Signal-Finding
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The Signal Digitizer/Finder (SDF) scans the waveforms of each photomultiplier channel. A channel is flagged
as “hit” if the SDF finds a S/N ratio greater than 6 within a 25.6 us time window.
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scans for patterns of “hit” PMT
channels. When a pattern is

matched in either a 5x5 window in

1 camera (left) or a 4x4 pattern in
two adjacent cameras (below), the

FADC buffer from every channel of
every camera in the site is read out.

Examples of the trigger patterns

Fig. 4. Schematic diagram of the track finding process.
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Fig. 5. Schematic diagram of the partial track searc

h near the boundary of a camera.



Calculating the UHECR Flux

Distribution of observed
event energies

1 N(E. 1
'](El) — ( z)
AE, T Ap(E,)
Aperture —
Net detector on-time Computed using the

Monte Carlo method



Shower Geometry Fit Fit the S-D Plane
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Shower Profile Fit
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0 |- Fit the S-D Plane .

Integrate to find E_,
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Quality Cuts

Geometry Cuts

Geometry fit failed or is not
downward event

N</N:<3.5% (good tube
fraction)

Noe/Dx<25 deg?
pseudo-distance <1.5 km
cos*n,>80° (SDP angle)
R,<500 m

Y>130°

At<6.5 us

SW>36°

tangent fit y2>10

Ax<7° (10° if R, seen in ring 2)
U>70°

t,>25.6 pys

R,<5 km and At<6 ps

Profile Cuts
Profile fit failed to converge

X,<150 g/cm? or X;>1200
/cm2
AX<150 g/cm?2

X, Not directly observed
(bracketmg cut)



Data Set

Observation Period 3/29/2008 —9/6/2011 3/30/2008 — 8/8/2011
# Good Weather Nights 436 417
# Good Runs 4581 3793
Gross On-Time 2077.00 hr 1727.27 hr

Dead Time Fraction 7.6% 8.7%

# Triggers 17.3M 16.2M

# Downward Events 835,195 806,597
# Good Geometry 10,983 10,441

# Good Events 7318 7479

18



Cosmic Ray Energies
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Monte Carlo is Used For...

e ...calculating aperture
o fittingN__ & X ., (IMC)

e ...measuring parameter resolution

Max



TRUMP

Telescope Array Reversible and
Updateable Monte Carlo Program

Library of Gaisser-Hillas fits to air
showers simulated with CORSIKA

dE/dX from Nerling (2006)

Fluorescence Yield from
Kakimoto (1996) and FLASH
(Abbasi, 2000)

Composition from HiRes/MIA
(Abbasi, 2005)

Input energy spectrum from the
UHECR flux measured by HiRes
(Abbasi, 2008)

EAS
Simulation

=
¥

Ray-Tracing
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R, and W Resolution

Ry Resolution

Reconstructed energy > 101> eV.
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Energy Resolution
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UHECR Energy Spectrum
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Combining Data Sets

* To improve statistics, the BR and LR data sets
may be combined.

* The sites are separated by more than 30 km,

but there is some overlap in their exposures
above 10%° eV.

e Atandem-stereo MC is needed.



Combining Data Sets

The total number of unique events observed by
BR & LR will come from the union of their
exposures.

NBRULR (E) = XBRULR (E)-J(E)

NBRULR — NBR + NLR _NBRmLR

Xpror (B) = Appr (E) Ty + Apr (E) Ty —APpratr (B)  Tog ik
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Combined Energy Spectrum
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Combined Energy Spectrum
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Cosmic Ray Energy Spectrum
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Sources of Systematic Error

Uncertainty from Experimental Apparatus

Detector Optics 10%
Electronics 10%
Detector On-Time 1%

Uncertainty from “Laboratory” Environment

Attenuation by Aerosols 10%

Uncertainty from Physics Models

Fluorescence Yield 10%

Mean dE/dX 1%

Missing Energy Correction 5%
Total Systematic Uncertainty in Energy Estimates 21%
Systematic Uncertainty in Flux Measurement 35%




Summary

* This dissertation focuses on data collected by
the FADC-driven FDs at BR & LR.

* FD sensitivity is calculated using TRUMP, a
Monte Carlo simulation program.

* The UHECR flux shown here is in agreement
with other measurements within Telescope

Array as well as with previously published
measurements.



UFPEJWERSITY B KB LK F IS &]TGERS

OF UTAH

- . . THE STATE UNIVERSITY
EHIME UNIVERSITY CE e

[ — ..'l_‘_l'.'

H BRI EXRF
Tokyo Institute of Technology Utahstate i‘h«‘ft‘q DI E}D:I II_EHﬁI__,
University (G557 EWHA WOMANS UNIVERSITY

B FEAS

Chiba University

& HANYANG UNIVERSIT

_-iﬁ%‘ﬂﬁi;ti

TOKYD CITY UNIVERSITY

CNU 2=

\A\\JERSITEH
> [y
§ % {7 KANAGAWA UNIVERSITY
& &
N . 1 &
Universitv of Yamanashi % Vincese © KEK - Institute of Particle And
Nuclear Studies
f:ﬁ;"!}"ﬁ. == |m|
) I STHILKF an
sa S0 HIRO SHIMA =il 9 %@
{iTokyo University of Science e LBHEY

‘‘‘‘‘‘‘‘‘‘‘‘‘

. R ational University Corporation
< SHIBAURA INSTITUTE OF TECHNOLOGY cinki university A& Kochi University

f\y . . . ﬁﬁ‘s Mational Institute of Radiological Sciences
7 Saitama University < URATEIN LTS el B


http://www.utah.edu/portal/site/uuhome/menuitem.cb2928bd4df5a119d45eb7c8d1e916b9/?vgnextoid=2c04bfdc1eba3110VgnVCM1000001c9e619bRCRD�
http://plus.cnu.ac.kr/cnu/U01/index.jsp�
http://www.ehime-u.ac.jp/index.html�
http://www.ewha.ac.kr/kor/index.jsp�
http://www.hanyang.ac.kr/english�
http://www.kindai.ac.jp/english/�
http://www.tcu.ac.jp/�
http://www.saitama-u.ac.jp/en/index.html�
http://www.shibaura-it.ac.jp/index_e.html�
http://www.titech.ac.jp/�
http://www.sut.ac.jp/en/�
http://www.icrr.u-tokyo.ac.jp/index.html�
http://www.u-tokyo.ac.jp/�
http://www.usu.edu/�
http://www.yonsei.ac.kr/eng/index.asp�
http://www.osaka-cu.ac.jp/�
http://en.wikipedia.org/wiki/File:VUB_schild2.png�

	Measurement of the UHECR Flux by the TA FADC Fluorescence Detectors
	Contents
	Brief History of Cosmic Ray Physics
	Cosmic Ray Energy Spectrum
	Slide Number 5
	Shower Profile
	Slide Number 7
	Slide Number 8
	Fluorescence Detector
	Signal-Finding
	Slide Number 11
	Calculating the UHECR Flux
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Quality Cuts
	Data Set
	Slide Number 19
	Monte Carlo is Used For...
	TRUMP
	RP Data/MC Comparison
	Ψ Data/MC Comparison
	Nmax Data/MC Comparison
	RP and Ψ Resolution
	Nmax Resolution
	Energy Resolution
	Slide Number 29
	Slide Number 30
	Combining Data Sets
	Combining Data Sets
	Slide Number 33
	Slide Number 34
	Slide Number 35
	Slide Number 36
	Slide Number 37
	Cosmic Ray Energy Spectrum
	Sources of Systematic Error
	Summary
	Slide Number 41


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



