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Eleven Science Questions
for the New Century*

Question 6: How Do Cosmic
Accelerators Work and What
Are They Accelerating?

*”Connecting Quarks with the Cosmos: Eleven Science
Questions for the New Century Committee on the Physics
of the Universe”, National Research Council , ISBN: 0-309-
50569-0 (2003)



Cosmic Ray Flux x E?

1012 |~

10 = %‘**h

ATIC ’ ‘7.,‘1"

108 [— Proton .
RUNJOB

* Tibet AS-y (SIBYLL 2.1)
KASCADE (QGSJET 01)

o KASCADE (SYBILL 2.1)
KASCADE-Grande 2009

E2dN/dE (eV m2s15sr1)

10% [~

L A HiRes|
19 A HiRes Il
@ Auger 2010

ankle

z
10 12 14 16

Kotera, AO 2011 Log E(eV)

13



Challenging Accelerators

to reach 1020 eV

LHC magnetic field,
radius ~ 107 km (Sun - Mercury)

or 10 GT fields!




“Known unknown”
Cosmic Magnetic Fields

R =kpc Z' (E/ EeV) (B/ UG)"
L= kpe 27 (B[ EeV) (B ] HG) 1 EeV = 10" &V

R, =Mpc Z' (E / EeV) (B / nG)"

Extra-galactic B?

weak deflection

E > 101%V

B < nG

Galactic B deflection
<< 10° Z (40 EeV/E)
anisotropic in sky
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The Fluorescence Technique has a colorful history

LA-$408-18 Supplement
UC-34, PHYSICS
T T
FILEASEY 708 AVNOUNCEMEXT
O3 1S
T3 BUCLEAR SCISNCE MBSTRACES | -
BC $200, 2y 75

LOS ALAMOS SCIENﬂT'LFIC LABORATORY
of
University of California

LOS ALAMOS « NEW MEXICD

Report written: September 1565
Beort distributed: May 4, 1966

Prompt Air Fluorescence Ex;:itedby ‘ Orlglnal Fly S Eye 1981- 93
High Altitude Nuclear Explosions




Atmosphere Components

Molecular (Nitrogen, Oxygen, Argon + traces)

Described by Molecular Scattering
Density(z) from Radiosonde Balloon Data (P, T,z)
Global Data Asymillation System (GDAS)

Aerosols  (Haze, Dust)

Clouds

(Ozone) Not a factor for Fluorescence
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What is Vertical Optical Depth?

T= e-VOD

T= e-VOD/Sine

VAOD - Vertical Optical Depth of Aerosol Component
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. _
@\ NATIONAL CLIMATIC DATA CENTER ®

MATIOMAL OCEANIC AND ATMOSFHERIC ADMINISTRATION

Home Climate Information Data Access Customer Support About NCDC

Quick Links HOME > DATA ACCESS > MODEL > DATASETS
Land-Based Station Global Data Assimilation System (GDAS)
Satellite o . ;
The Global Data Assimilation System (GDAS) is the Water equivalent of accumulated snow depth @ Ground or water surface
Radar system used by the Global Forecast System (GFS) G
B Madel model to place observations into a gridded model
B Datasets pace for the purpc-.se of starting, or initializing
weather forecasts with observed data. GDAS adds
CFSRR

the following types of observations to a gridded,
NARR 3-D. model space: surface observations, balloon
data, wind profiler data. aircraft reports. buoy

R1/R2 , _ :
observations, radar observations, and satellite
GDAS observations. GDAS data are available through
GEFS NOMADS as both input observations to GDAS and
. GES gridded output fields from GDAS. Gridded GDAS
I Dutput data can be used to start the GFS model. Wales qulé]ﬁﬂ|?n1 of accumulatied snow dej J“.ﬁ Ground or walber wlfn:..elkg.llﬂi
NAM Due to the diverse nature of the assimilated data : = 163 148 201 23
RAP types‘ input data are available in a \,rariety of data A plot of GDAS output showing the amount of water in snow covering the
S _ ground on February 1st, 2042 at 00UTC. This image was produced by
RUC formats, primarily Binary Universal Form for the visualizing GDAS output data with MASA's Panoply visualization toal.
Representation of meteorological data (BUFR) and
CM2.X Institute of Electrical and Electronics Engineers
CMIPS (IEEE) binary. The GDAS output is World Meteorological Organization (WMO) Gridded Binary (GRIB).
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An Amazi ng Event: 1980-1993 Fly’s Eye Experiment
(Dugway Proving Ground)
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The 320 EeV Event Revisited

Still the Highest Energy “Record”
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Original Fly’'s Eye

5 degree pixels
25 uS integration gate used

Room for extra light to be “counted”
- multiple scattering




arbitrary unit

Scintillation Photons
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1990’s (AGASA ground Array)
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High Resolution Fly’s Eye Stereo Event E ~50 EeV

HiRes1 HiRes2
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e At 1999 ICRC - Preliminary results from monocular

measurement of CR energy spectrum ~6 super
GZK candidates

At 2001 ICRC - HiRes reported monocular
measurement of CR energy spectrum

~2x statistics, but ~2 super GZK candidates

What Happened?



Why the Atmosphere Matters

1999 (Desert Aerosol Model)
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Measurement of Vertical Aerosol Optical Depth
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Why the Atmosphere Matters

1999 (Desert Aerosol Model)
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Detector 2
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The “Goldilocks” Plot
Plot AN VS AR using Data and different corrections

T{(model)=0.001
Slope=0.0176
+0.0027

T{(model)=0.040
Slope=—0.0004
+0.0039

T(model)=0.100
Slope=—0.0168
+0.0023




The “Goldilocks” Plot
Plot AN VS AR using Data and different corrections

T{(model)=0.001
Slope=0.0176

Too Clear
+0.0027

T{(model)=0.040
Slope=—0.0004
+0.0039

“Just Right”

T(model)=0.100
Slope=—0.0168
+0.0023

Too Hazy




Conclusions

We used EeV cosmic rays to measure the atmosphere.

1200 air showers over 4 years.
% of (0.042 4+ 0.006(stat) £ 0.014(sys))

Added confidence we were not making a large mistake in the
atmospheric corrections for the HiRes experiment
(1999-2004)

Is this an application of EeV cosmic rays??? Yes
works at night, global, through out troposphere

Is it a practical application?
seems unlikely
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A Measurement of Time-Averaged Aerosol Optical Depth using
Air-Showers Observed in Stereo by HiRes

R.U. Abbasi,! T. Abu-Zayyad,! J.F. Amann,? G. Archbold,! R. Atkins,! K. Belov,!
J.W. Belz,? S. BenZvi,” D.R. Bergman,® J.H. Boyer,* C.T. Cannon,' Z. Cao,’
B.M. Connolly,” Y. Fedorova,! C.B. Finley,> W.F. Hanlon,! C.M. Hoffman,?
M.H. Holzscheiter,? G.A. Hughes.® P. Hiintemever,! C.C.H. Jui,! M.A. Kirn?

B.C. Knapp.! E.C. Loh.! N. Manago,” E.J. Mannel,* K. Martens,! J.A.J. Matthews,®

J.N. Matthews,! A. O'Neill,® K. Reil,! M.D. Roberts,® S.R. Schnetzer,® M. Seman.?
G. Sinnis,? J.D. Smith,! P. Sokolsky,! C. Song,® R.W. Springer,' B.T. Stokes,!

S.B. Thomas,! G.B. Thomson,® D. Tupa,? S. Westerhoff,> L.R. Wiencke,! A. Zech®
(The High Resolution Fly’s Eye Collaboration)
Corresponding author email: wierncke®cosmentathrednr—

January 4, 2006 lwiencke@mines.edu

ABSTRACT

Air fluoreseence measurements of cosmic ray energy must be corrected for attenuation of the
atmosphere. In this paper we show that the air-showers themselves can yield a measurement of the
aerosol attenuation in terms of optical depth, time-averaged over extended periods. Although the
technique lacks statistical power to make the critical hourly measurements that only specialized
active instruments can achieve, we note the technique does not depend on absolute calibration of
the detector hardware, and requires no additional equipment beyond the fluorescence detectors
that observe the air showers. This paper describes the technique, and presents results based on
analysis of 1258 air-showers observed in stereo by the High Resolution Fly’s Eye over a four year
span.

Subject headings: HiRes, extensive air-showers, atmosphere, aerosols, aerosol optical depth



Installed a laser 34 km from HiRes2 Detector.
Equivalent light production to ~20-100 EeV shower

“GZK Test Beam”
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PRL 100, 101101 (2008) PHYSICAL REVIEW LETTERS 14 MARCH 2008
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First Observation of the Greisen-Zatsepin-Kuzmin Suppression

R.U. Abbasi,! T. Abu-Zayyad," M. Allen,' J.E. Amman.,” G. Archbold,' K. Belov," I.W. Belz.' S.Y. Ben Zvi,?
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Y. Fedorova,' C.B. Finley.3 R.C. Gray__1 W. F. Hanlon,' C. M. Hoffman,> M. H. Holzscheiter,” G. Hughcs,4
P. Hiintemeya‘,1 B. F Jones,' C.C. H. Jui,' K. Kim,' M. A. Kirn,” E. C. Loh,' M. M. Maestas,' N. Manago.ﬁ L.J. Marek.”
K. Martens,' J. A. J. Matthews,’ J.N. Matthews.' S. A. Moore,' A. O’Neill,® C. A. Painter,” L. Perera,* K. Reil,' R. Richle,'
M. Roberts,” D. Rodriguez,' N. Sasaki,® S.R. Schnetzer,* L. M. Scott,* G. Sinnis.? . D. Smith,' P. Sokolsky,! C. Song.?
R.W. S]:-ringcr,1 B.T. Stokes,' S. B. Thomas,' J. R. Thomas,' G. B. Thomson,”* D. Tupa__2 S. Westerhoff,” L. R. Wiencke,'
X. Zhang,?' and A. Zech®

(High Resolution Fly’s Eye Collaboration)

Phys Rev Lett. 2008 Aug 8;101(6):061101. Epub 2008 Aug 4.
Observation of the suppression of the flux of cosmic rays above 4 x 10 (19) eV.

P. Abreu et al. (The Pierre Auger Collaboration)
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Can we see molecular effects?

From Rayleigh Scattering theory

do
—— oC
dQ

Polarization Il to Scattering Plane

2
e ® Excal

inc scat

Polarization | to Scattering Plane

Ratio should be ~ cos?®
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Change the Atmosphere

Kashiwa Air (May 30-June 2) Pure Nitrogen




4000

2000
1000

4000
3000
2000
1000

Scattering (Kashiwa Air replaced by Pure Nitrogen)
1.

s A 1

:‘?ﬁ June 2 2002;

0 2000 4000 6000 8000 10000
Shots (1 Hz)
. 45135 degrees
June 1 2002
| | | | | |
0 2000 4000 6000 8000 10000
; 90/90 degrees
__ ........................... d| ........................... d| .................................... M ...... 302002 ..... :
0 oC [— Fa(6) + —(1+ cos” (6?)) Y
B Lica Ly
3 :
| | | | | |
0 2000 4000 6000 8000 10000
135/45 degrees

pmt2
(S
pmtl

N\




Calibration of Photomultiplier Tubes for the
Fluorescence Detector of Telescope Array Experiment
using a Rayleigh Scattered Laser Beam

Shingo Kawana®*, Nobuyuki Sakurai®, Toshihiro Fujii®,

Masala Fukushir‘rla‘:=d._ Naoya Inoue®, John N. Matthews®, Shoichi Dgiob,
Hiroyuki Sagawa®, Akimichi Taketa®!, Masato Takita®, Stan B. Thomas®,
Hisao Tokuno®", Yoshiki Tsunesada®, Shigeharu Udo',
Lawrence R. Wiencke’

arXiv:1202.1934
[astro-ph.IM]
Energy probe LED G?'S oyl inder Table 1: Systematic uncertainties of the CRAYS calibration.
Error
p Polarizer Shutter
g;ﬂ:gure . . Cross-section (op, dop/dS) and polarization) | 2.8%
ris ris
Molecular density ('I" and P) 1.3%
Measurement of laser energy 5.0%
1l a
K ) Geometric aperture calculation 3.0%
Signal integration (¥apc) 2.0%
Retardation
plate (A /4) Nz Laser Background and noise subtraction (Xapc) 1.9%
ND filter Effect of geomagnetism 1.0%
Vacuum Slit
pump ' Baffle Total (quadratic sum of above) 7.2%
PMT Thermistor Energy probe
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http://arxiv.org/abs/1202.1934

L.R. Wiencke et al. | Nuclear Instruments and Methods in Physics Research A 428 (1999) 593 -607 603
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Fig. 10. Geometry of the radio-controlled flasher array. The
solid lines in the top panel denote the field of view in azimuth of
two HiRes mirrors.




LR. Wiencke et al. [ Nuclear Instrumenis and Methods in Physics Research 4 428 (1000) 503 -607 605
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Telescope Array
Area: 680 km?
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complete and operational as of ~1/2008.
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1600 surface detectors
Water-Cherenkov Tank
1.5 km spacing

4 Fluorescence Detecto
(24 telescopes total)
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FD Coihueco: FD Loma Amarilla: 3000 km2 DeteCtOF

7/§ 1600 Cherenkov Detectors
4 fluorescence Detectors
eXtreme Laser Facility o 3 =
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Balloon . * - - Central Laser Facility
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Aerosols

Callbratlon

itt Pierrat, Blake KnoII (CSM)




XLF (eXtreme Laser Facility)
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R&D Site

compare the bi-static LIDAR with a
Raman LIDAR.

Combined System

Data SI0. NOAA US. Navy, NC
@20 3

Plerre Auger

Laser Beam

AMT ' LIDAR

To better understand the bi-static LIDAR,
we designed an experiment at the Pierre
Auger Research and development site to

66



Elastic Bi-Static LIDAR

Raman LIDAR
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Why Raman LIDAR?

A Elastic %ﬁ Raman
0
AN

v v

| =5 pum B0 & o 2 Unknowns 1 Unknown
Electron Scanning Images Transmission oW
of Aerosol Particles from _ Transmission
Pierre Auger Observatory Scattering

(M. Micheletti) 68



Elastic Side-Scatter vs Raman LIDAR techniques Aerosol Optical Depth @ 4.5 KM

EI 'fr—ll I L1 1 l 11 | I 11 1 I 11 1 I 11 | II
8 km 00 0.02 0.04 0.06 0.08 0.1 0.12
Tppr (4.5 km)

38.8 km

AMT: Laser/
Detector Raman

LIDAR




Pierre Auger Atmospheric Super Test Beam - Status

Calibration Thermal \
Reservoir Batteries

Nev DeWitt Pierrat, Blake Knoll (CSM)

Installed at CLF site First Light May 24t 2013
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D
3-Channel LIDAR Recelver
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L. Valore, A. Tonachini, et al.

ARCADE: Atmospheric Research for Climate and

Astroparticle Detection

LIDAR (elastic + Raman) and telescope for side-scattering measurements
(Atmospheric Monitoring Telescope). The laser source is common.

LASER and LIDAR Can Tilt Toward The AMT

Turin + Naples

AMT Laser 355 nm Laser LIDAR

Telescope






An observatory for ground-based
Cta gamma-ray astronomy

cherenkov telescope amay

CONTENT Atmospheric Monitoring And Calibration

> Home Atmospheric monitoring and calibration is focused towards atmospheric monitoring, associated science and

» CTA Instrument instrument calibration with the goal of better understanding the atmosphere as part of the detector and the
calibration of the optical properties of the telescopes. This will result in the reduction of systematic

© CTAScience uncertainties, which could be a limiting factor given the high sensitivity of CTA, and in an increase of the

* The CTA Consortium effective livetime of the telescopes. Significant development is underway by participants to develop Lidar

* The Preparatory Phase systems and analysis methods to monitor the aerosol and molecular atmosphere, with very promising results.

Atmospheric monitoring and calibration .... will result in the reduction of systematic
uncertainties, which could be a limiting factor given the high sensitivity of CTA, and
in an increase of the effective livetime of the telescopes. 2



A&A 464, 235-243 (2007)

DOI: 10.1051/0004-6361:20066381

Primary particle acceleration above 100 TeV in the
shell-type supernova remnant RX J1713.7-3946 with
deep HESS observations
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http://cdsweb.u-strasbg.fr/cgi-bin/bibobj?2007A&A...464..235A&RX+J1713.7-3946

A pioneering mission to measure the
highest energy cosmic rays from space

Lawrence Wlencke

Colorado Schoo Mme




Nadir (2 yrs)
= 350 tilt (3 yrs)

~ Fluorescence only
. .~ 20% duty cycle
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Optical Test Beams and Optical Cosmic Ray Detectors

’ High R(’esolutlon Pierre Auger JEM-EUSO
Fly’s Eye Fly’s Eye Observatory 2017->
(1980-1993) 1992-2004 2003-Present

JEM-EUSO
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Calibration Aerosol Optical Depth  Aerosol Profiles, Clouds, Pointing, Timing,
Atmospheric Clarity Clouds, Diagnostics Timing, Calibration Calibration tests ....



How many UHECRs > 60 EeV?

Auger w/ 3,000 km?
(annual exposure of 6,000 km? sr
~20 events > 55 EeV/ yr
Telescope Array w/ 700 km? g
(annual exposure of ~ 1,400 km? Sl
~4.6 events > 55 Ee\.{% .tr@ |
Earth — Iz}nd@ﬁ% km? =5 10% Auger
— 106 events/yr

- full surface ~5.1 108 km?= 1.7 10° Auger
3.4 10° events/yr




Some Concluding Remarks

Atmospheric Monitoring has an established a history of critical contributions to UHECR

Also atmospheric science results and methods are interesting (and can be published) on their
own!



Some Concluding Remarks

Atmospheric Monitoring has an established a history of critical contributions to UHECR

Also atmospheric science results and methods are interesting (and can be published) on their
own!

To those working on atmospheric monitoring..
Establish a quantitative connection between
A) atmospheric monitoring program and
B) the gamma-ray and/or cosmic-ray science
and write it down. Figure out what really matters!
Consider the interdisciplinary uses for your system, and how to report results



Some Concluding Remarks

Atmospheric Monitoring has an established a history of critical contributions to UHECR

Also atmospheric science results and methods are interesting (and can be published) on their
own!

To those working on atmospheric monitoring..
Establish a quantitative connection between
A) atmospheric monitoring program and
B) the gamma-ray and/or cosmic-ray science
and write it down. Figure out what really matters!
Consider the interdisciplinary uses for your system, and how to report results

Looking ahead:
Next generation instruments pose interesting atmospheric challenges
CTA (atmospheric precision frontier)
JEM-EUSO (atmospheric global frontier)
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