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Outline

TA Detectors & Commissioning
TA results updated

Energy Spectrum
<Xmax> : UHECR Mass Composition
Anisotropy

Stepping further
ELS: Electron Lights Source
Bistatic Radar at TA
TA: TA Low Energy Extension



Telescope Array

A follow-up to HiRes and AGASA

Millard county, Utah, US

507 scintillation counters in ~700km2 

12 + 12 + 14 fluorescence detectors

Full operation since May 2008



3 FD stations

SD Array
507 counters

Millard county Utah, US
N 39.1o , W 112.9o 

1350~1500 m

30km

CLF

“MD”

“LR” “BR”

Y.Tsunesada @ 7AFWS, Coimbra, Portugal 2010/Sep/22

20km

14 HiRes-I detectors

~880g/cm2



TA Surface Detectors (SD)

•507 detectors
•~700 km2

•1.2km separation
•3m2 / SD
•Double layer plastic scintillators, 
1 PMT for each layer

T.Nonaka et al., Poster 0984

Solar panel

Anntenna



TA Fluorescence Detectors (FDs)

!"#$%&'()"* !" #$%$&'()$&*&#+#,(-

+, -.$/%"(0"10" 2"3"03/%(
#%/4 5'!"( 6 ./0 123&4'+5$6+

78&$69+#,(-&
&,-'$ :!;4.;;<

Middle Drum

7"8 -2(

/=. 5.

7"8 -2(
78&$69+#,(-
&,-'$
:!!4.;;<

!. #$%$&'()$&4&#+#,(-
>7?:!/@!AB$C 4$+

Long Ridge

Black Rock Mesa

78&$69+#,(-

0=A 5.
:! 5.

78&$69+#,(-
&,-'$ :04.;;<
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TA Commissioning

~95% DC

8~9% DC
(good weather)

SD

FD

Exposure:
•SD: ~1.7 AGASA

•FD: ~1/3 HiRes-I

SD&FD Full operation since May 2008

(0.x Auger)



TA Shower Analyses

 FD: Longitudinal shower profile -> Calorimetric measurement

•D.Ikeda: Oral 1264 (Aug12)
•D.Rodriguez: Poster 1303
•D.Bergman: Poster 1300
•S.Stratton: Poster 1299
•T.Abu-Zayyad: Poster 1312
•M.Allen: Poster 0699
•D.Ivanov/B.Stokes: Oral 1297 (Aug12)
•B.Stokes: Poster 1288
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TA Shower Analyses

 FD: Longitudinal shower profile -> Calorimetric measurement

 SD: Lateral distribution of particles at the ground
•   Energy estimator: “S800”

Lateral fitting using 
the AGASA LDF

Look-up table (S800, secθ) by 
MC for first SD energy 

estimation

•D.Ikeda: Oral 1264 (Aug12)
•D.Rodriguez: Poster 1303
•D.Bergman: Poster 1300
•S.Stratton: Poster 1299
•T.Abu-Zayyad: Poster 1312
•M.Allen: Poster 0699
•D.Ivanov/B.Stokes: Oral 1297 (Aug12)
•B.Stokes: Poster 1288



TA Energy Scale

E’SD

EFD  Use EFD as reference: calorimetrically 
determined energy

 EFD - E’SD plot for hybrid events
�
E�

SD

EFD

�

hyb

= 1.27

 Rescale the SD energy:
ESD =

1�
E�

SD
EFD

�

hyb

E�
SDEFD/E’SD

•D.Ivanov/B.Stokes: Oral 1297 
•B.Stokes: Poster 1288
•Y.Tsunesada: Poster 1270

Source ΔE/E

Fluorescence
 yield

11%

Detector 10%

Atmosphere 11%

Reconstruction 10%

Total 21%

FD energy uncertainty



Energy Spectrum



TA Spectra: MD, BR/LR Hybrid, SD

•“MD”: FD mono
•“Hybrid”: BR/LR mono 
+ 1-SD timing
•“SD”: SD self-trigger 
events

•All are consistent 
within a few % level.
•Consistent with 
HiRes.

•D.Rodriguez, Poster1303
• D.Ikeda, Oral 1264
• B.Stokes/D. Ivanov, Oral 
1297



TA-SD Spectrum
B.Stokes/D. Ivanov, Oral 1297



TA-SD Spectrum

•Broken power-law fit
Eank = 1018.69 eV
Ecut = 1019.68 eV

(E1/2 = 1019.69 eV)

E-3.33

E-2.68
E-4.2

1018.69 eV

1019.68 eV

B.Stokes/D. Ivanov, Oral 1297



TA-SD Spectrum

•Broken power-law fit
Eank = 1018.69 eV
Ecut = 1019.68 eV

(E1/2 = 1019.69 eV)

Nexp = 54.9

Nobs = 28

28�

i=0

Poisson(i;µ = 54.9)

• Significance of the 
event deficit

= 4.75× 10−5

3.9σ

B.Stokes/D. Ivanov, Oral 1297



AGASA, HiRes, Auger, TA

•TA spectra are 
consistent with HiRes.
•-20% AGASA
•+20% Auger

 9% difference from 
the FLY model 
(Kakimoto et al. in TA/
Nagano et al./AirFly   : 
Tsunesada Poster 1279)

 ~22% total 
systematic uncertainty 
in both TA & Auger



Towards UHECR Mass Composition



<Xmax> Analysis

CORSIKA prediction

Proton

Iron

Y.Tameda, Oral  1268

•Compare model prediction 
and data : should be bias-free s



<Xmax> Analysis

CORSIKA prediction

Proton

Iron

CORSIKA prediction
+ TA-FD aperture, Reconstruction & Selection

•Compare “biased” model 
prediction and “biased” 
data

Y.Tameda, Oral  1268

•Compare model prediction 
and data : should be bias-free s



<Xmax> Analysis

CORSIKA prediction

Proton

Iron

CORSIKA prediction
+ TA-FD aperture, Reconstruction & Selection

•Compare “biased” model 
prediction and “biased” 
data

•BR/LR stereo events
•Consistent with proton-
dominated composition

Y.Tameda, Oral  1268

•Compare model prediction 
and data : should be bias-free s

29 66
68

49 33
23 8

3

1

BR/LR stereo
(~22g/cm2 acc.)



Xmax Distribution: logE=18.2 ~ 19.0

logE=18.2-18.4 logE=18.4-18.6

logE=18.6-18.8 logE=18.8-19.0

QGSJET-II Proton
QGSJET-II Iron



Xmax Distribution: logE=19.0 ~ 19.8

logE=19.0-19.2 logE=19.2-19.4

logE=19.4-19.6 logE=19.6-19.8

QGSJET-II Proton
QGSJET-II Iron



Anisotropy



Anisotropy Analyses

Use SD events    (1.27 scaled)

2008/05/11 - 2011/05/01: 1086 days

Zenith angle < 45deg

Array boundary cut

Angular resolution: 1.5o     (E > 1019 eV)

Number of events:

E > 10 EeV: 854

E > 40 EeV: 49

E > 57 EeV: 20



TA Event Map

δ α

Galactic 
Coord.

(E > 10EeV) (E > 10EeV)

•Looks isotropic 
in (α, δ) 
       (E > 10EeV)

AGN

SD event, 
> 57EeV
(3.1o radii)

Okuda/Tkachev 
Oral 1311



• 8 of 20 correlated

Correlation with the VCV Catalog  Objects ?

Binominal Correlation of event energy > 57EeV,
 with Veron AGN 12th. Zmax=0.018 (472AGN), Within 3.1deg.

Expectation from PAO / Science (2007) 

68% --->
 73% for TA aperture

Isotropic (25%)

• 4.8 for isotropic

• Compatible with 
both isotropy and 
AGN correlation 
hypothesis.

Ntot

Ncor

Okuda/Tkachev Oral 1311

• (Auger result has   
    been updated: 
    68% ---> 38%)



Search for Large-Scale Anisotropy

 2MASS galaxy redshift catalog (XSCz), 5Mpc ~ 250Mpc
• Uniform intensity beyond 250Mpc

 Proton primary, injection spectrum E-2.2

 Interactions/redshift TA exposure taken into account
 Smearing angle parameter: ~20o (Magnetic deflection, angular resolution etc.)
 GC region excluded (|b| < 10o, | l | < 90o)
 Compare TA data and the expected CR density map

Tinyakov/Kido Oral  1317

CR Prop. TA Exp.

Smearing



Search for Large-Scale Anisotropy

!"##$%&'(")*+,('-+.//

01

!"#$%#&'('#)*'+#,--.#(/#*'+#,-0012#3456(#7389#:/4;(<#)=9;4(6#';539#>#?@/1
2!34560 2!3407 2!34819!3:;1+9$<=++++++++++++++++++++++++9!3:01+9$<=++++++++++++++++++++++9!3:6>+9$<=

?&%&@'(@+@""#A()&'$*

A$$#B/&932
B+?&%&C($*++D,*"$$#C$D= @&'&%"E=+EF/B#@#*:G (/#,@-#*:G F
B+G-$+H%IC+J$K")A+861+LM@N+I)(H"#O
B++HF/(/; M#(O&#($*+&**IO$A
B+P%%+()'$#&@'(")*+&)A+#$A*-(H' %"**$*+&#$+&@@"I)'$A+H"#

1"QR1"

S71"

T71"

U&#V$#+E#&K+#$E(")+()A(@&'$*+%&#E$#+H%IC+B
9&@-+#$E(")+&O")E+H(W$+#$E(")*+@")'&()*+;X6+"H+'-$+'"'&%+H%ICB

E > 10EeV E > 40EeV E > 57EeV

Nevt = 854 Nevt = 49 Nevt = 20

Tinyakov/Kido Oral  1317



TA Events & LSS: KS Test
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•Compatible with isotropy for all energy regions
•Also compatible with the structure hypothesis at 40/57 EeV w/ or w/o GMF
•Not compatible with LSS for E > 10EeV, without strong/extended halo field

Smearing angle 0 ~ 25o

95% C.L.



We also presented...

• UHE Photon limit: G. Rubtsov, Oral Talk 1266
• Anisotropy: autocorrelation: T. Okuda, Oral Talk 1311 
• MD hybrid analysis: M.Allen, Poster 0699
• Shower MC with GPU: T.AbuZayyad, Poster 1329
• Detailed Shower MC: CORSIKA & COSMOS: J.Kim, Poster 
0812
• Hybrid triggering system: H.Tokuno, Poster 1275
• FD cross-calibration: T.Stroman, Poster 1301
• Atmospheric monitoring: LIDAR: T.Tomida, Poster 1279
• Atmospheric monitoring: CLF-LIDAR: D.Oku, Poster 1278
• Atmospheric monitoring: IR camera: F. Shibata, Poster 1277



ELS: Electron Accelerator

ELS

BlackRock 
Fluorescence Site

100m

Electron beam

Event Display of ELS Shower 
Data  :  Sep.5th .2010.  AM04:30 (  UTC  )

Energy : 41.1MeV

DATA

First Shot              
in Sep.2010

•40MeV, 109 electrons
•E2E calibration of FD 
energies
•First shot in Sep.2010
•Analysis ongoing

T.Shibata
Oral 1252 (Aug 17)



Bistatic Radar at TA
J.Belz: Oral 1314
J.Belz et al.: Poster 1315

  Air shower plasma should reflect 
low-VHF (~50 MHz) radiation 
(Blackett and Lovell, 1940).

  Low-cost remote sensing 
technique

MD

LR
BR



Bistatic Radar at TA

2kW Transmitter
2011 Jan.

To be updated to 40kW

Receiver at the TA siteUnique signature 
for EAS echoes



TALE: TA Low-Energy Extension
G.Thomson et al.: Poster 1307

Importance of 1016~18eV

<Xmax>

Proton

Iron

•Drastic change of composition at 
~1017eV?
•Galactic-to-extra-galactic transition?
•Second knee?
•LHC √s !



TALE: TA Low-Energy Extension
G.Thomson et al.: Poster 1307G.B. THOMSON ET AL., TALE 2 

spectrum + composition study:  if the feature appears in 
the heavy component of the composition it would be a 
strong argument for a galactic origin. 
 
The composition of ultrahigh energy cosmic rays is a 
subject of considerable debate.  The HiRes collaboration 
saw a consistently light (protonic) composition [6] above 
1018 eV, whereas the Auger collaboration sees a trend 
toward heavy nuclei [7].  An independent result from the 
TA collaboration should adjudicate between the two, and 
that will be presented in paper 1268 in this conference. 
 
The TALE measurement of the composition will be very 
interesting.  To take the HiRes-MIA measurement [8] as 
a guide, TALE should see a trend in the mean depth of 
shower maximum, <Xmax>, from heavy to light.  This 
trend merges with a protonic result at about 1x1018 eV.  
The state of the art in measuring and interpreting Xmax 
has improved since HiRes-MIA.  For example, the im-
portance of the width of the Xmax distribution at a con-
stant energy has been recognized.  In the region of the 
galactic-extragalactic transition if the composition is 
galactic iron plus extragalactic protons the distribution of 
Xmax values will be very wide.  This will be an unmis-
takable signature. 
 
Anisotropy in the 1017 and 1018 eV decades is likely to be 
galactic in origin.  The critical energy of the galactic 
magnetic field is thought to be in the middle of the 1017 
eV decade.  If there were any protons of galactic origin at 
this energy anisotropy in the form of a galactic dipole 
moment or an excess near the galactic plane could result. 
 
Experiments at the LHC plan to measure cross sections 
that are important for modeling the air showers produced 
by ultrahigh energy cosmic rays.  After the new informa-
tion is included in such models, experiments like TALE 
will provide very useful measurements to test the models.  
In particular, since the proton-proton total cross section 
will be known at 1x1017 eV, a more accurate simulation 
of Xmax can be made.  This will be very important for 
ultrahigh energy cosmic ray experiments. 
 
3  TALE Fluorescence Detectors 
 
The TALE fluorescence detector is designed to operate 
intimately with the TA Middle Drum FD.  They will 
trigger together and data will be reconstructed using both 
FD’s together.  Events will have long tracks, since the 
joint detector system will cover from 3° to 59° in eleva-
tion.  Fluorescence detectors that cover up to 31° in ele-
vation, such as existing detectors of HiRes, Auger, and 
TA, cannot make a bias-free measurement of <Xmax> 
below about 1x1018 eV.  The TA+TALE FD system will 
be able to operate without biases more than an order of 
magnitude lower in energy.   
 
The region of coverage for the TA+TALE FD, in azimuth 
and elevation, is shown in Figure 1.  Both FD’s consist of 
reconditioned telescopes from the HiRes experiment.  
The TA telescopes came from the HiRes-I detector.  The  

 

 
Figure 1.  Coverage of the TA and TALE fluorescence 
detectors in elevation and azimuth.  The darker areas 
represent the TA Middle Drum FD, and the lighter areas 
show the coverage of the TALE FD. 
 
TALE FD telescopes are coming from the HiRes-II de-
tector.  As of this writing improvements are being made 
to the DAQ system, and telescopes will be ready to de-
ploy this calendar year. 
 
The building to house the TALE FD is now being de-
signed, and will generally resemble the Middle Drum FD 
building.  Its plan will be in the form of an arc, and tele-
scope bays will hold two telescopes each and have roll-
up doors. 
 
4  The TALE Infill Array 
 
In front of the TA+TALE FD detectors will be an infill 
array.  This detector is designed to operate from 3x1016 
eV, up to the highest energies.  All of the scintillation 
counters of the infill array will be similar to those of the 
TA SD.  The infill array consists of three parts.  One has 
45 counters with a spacing of 400 m.  This part is closest 
to the TALE FD (1.5 km at its closest point), and is de-
signed to have 10% efficiency at 3x1016 eV.  Since most 
events in the 1016 eV decade that are seen by the FD fall 
within 3 km of the FD, in order to cover more area, for 
distances between 3 and 5 km we change the spacing to 
600 m.  At this spacing the infill array is 10% efficient at 
1x1017 eV.  The excellent TA analysis and simulation 
techniques have been used to predict these efficiencies.  
We have shown that these techniques are bias-free at this 
efficiency level.  For larger distances we use the spacing 
of the main TA SD array, 1200 m.  Figure 2 shows the 
outline of the TALE infill array, plus how it connects 
with the main TA  SD array.  The light colored circles are 
the new SD’s, and the dark colored circles are the north-
west corner of the existing TA SD. 
  
The TA infill array is designed to work as a stand-alone 
detector, or in hybrid mode (as is the TA SD).  It should  

MD

MD

TALE
High-elevation FD

TALE Infill 

Arra
y

CLF

TALE 

Infill A
rra

y

•SD: Infill array near MD
• 400/600m separation
• >10% efficiency for E > 1016.5eV

•FD: High-elevation telescopes
• Up to 59o

• HiRes-II

MD



Conclusion
• 3 years TA full operation
• Energy Spectrum:

• Consistent with HiRes
• SD/FD energy scale difference 

• Ankle at 1018.69 eV
• Cut-off at 1019.68 eV: Deficit: 3.9σ

• Proton dominant composition up to the cut-off energy
• Anisotropy: Need more statistics!

• Compatible with both isotropy and AGN/LSS correlation hypothesis



Conclusion
• 3 years TA full operation
• Energy Spectrum:

• Consistent with HiRes
• SD/FD energy scale difference 

• Ankle at 1018.69 eV
• Cut-off at 1019.68 eV: Deficit: 3.9σ

• Proton dominant composition up to the cut-off energy
• Anisotropy: Need more statistics!

• Compatible with both isotropy and AGN/LSS correlation hypothesis

• Question: Have we seen the GZK cut-off?
• Consistency between composition and the position of Ecut ?
• Anisotropy: CR horizon? zmax dep.? B-field? Spectral shape around 
Ecut?



Backup
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Understanding Our Detectors
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•S.Stratton: Poster 1299

•D.Ivanov/B.Stokes: 
     Oral 1297 (Aug12)
•B.Stokes: Poster 1288
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• Spectral lines and their relative intensities are from Abbasi et al. Astropart. Phys., 29 77-86 (2008)
• Defined in 300-420nm
• Scaled to the Kakimoto’s yield in 300-400nm, Kakimoto et al. NIM A, 372 527-533 (1996)
• (The total yield of the TA FLY model in 300-420nm is slightly larger than Kakimoto’s.)

TA FLY Model 2011/Mar/04 Y.Tsunesada, K. Hayashi (TokyoTech)

Some lines of small but 
non-zero intensities

(not seen, but included 
in calculation)

FLASH lines > 400nm 
are also used

Used for scaling: 300-400nm



• Spectral lines and relative intensities are from FLASH:

• The scaling factor      is obtained as

Abbasi et al. Astropart. Phys., 29 77-86 (2008) 
Figure 9.

•                  ([ph/MeV]  or [ph/m]) is defined by scaling  FLYTA(λ) fFLASH(λ)

FLYTA(λ) [ph/MeV] ≡ αfFLASH(λ)

α

α

�
400

300

fFLASH(λ)dλ = K = Kakimoto�s

FLYTA(λ) ≡ K
�

400

300
fFLASH(λ)dλ

fFLASH(λ)
• Therefore

� 420

300
FLYTA(λ)dλ > KNote that

@ 1013hPa/293K

�
420

300

fFLASH(λ)dλ = 1



SD Analysis:
Data Quality Cuts
Good data fits:

 χ2/d.o.f.:  > 4.0
 Pointing direction resolution: < 5o

 Fractional S800 uncertainty: < 25%
Good shower geometry:

 Border Cut > 1200m
 Zenith Angle Cut: < 45o

3 years, 10,997 events



SD Analysis:
Data/MC Comparisons

Azimuthal angleZenith angle



SD Analysis:
Data/MC Comparisons

Core Position (E-W) Core Position (N-S)



Data / MC comparison

BR

LR

Rp

Rp

Zenith

Zenith

Xmax

Xmax

Red points: Data, Blue histograms : MC
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Signal Characteristics

 Assume 20 kW transmitter

 Prediction for received power for 1018, 1019, 
1020 eV showers, 30° from zenith, typical TA 
distances and antenna gain.

 Horizontal line: Galactic noise floor        (4 
MHz B.W.)

Signal-to-Noise Phase Modulation

 Predicted signal for 1019 eV shower, 30° 
from zenith; frequency vs time.

 Rapid movement of “target” produces 
Doppler-like frequency shift.

 Unique signature for air shower echoes! 



TA-MD & HiRes Spectra

•Three years data of TA-MD, 
refurbished HiRes-I detector

• ~1/3 HiRes-I exposure

•Excellent agreement between 
HiRes and MD: HiRes is still 
alive!

D.Rodriguez et al., Poster 1303



44Slide: D. Ikeda



Auto-correlation: Event Clustering?

E > 40EeV

E > 57EeV

Pr
ob

ab
ili

ty

•Event counting as a function of angular distances
•No significant clustering found
•Clustering at 57EeV in 10~20o ?    < 3σData

Iso.



UHE Photon Limit by SD
G.Rubtsov, Oral  1266

Photon search strategy

proton-induced EAS gamma-induced EAS

Deep shower maximum and shortage of muons⇒ curved front

� Linsley’s shower front curvature parameter “a” is used for
photon/hadron separation

Grigory I. Rubtsov for the Telescope Array collaboration Photon and neutrino search 3

Photon flux limits
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Grigory I. Rubtsov for the Telescope Array collaboration Photon and neutrino search 13

•Gamma-showers have 
curved front.
•Use SD 3 years data

•Flux/Photon fraction limits 
obtained (95% CL)    
(Rubtsov 1266 Aug12)



SEARCH FOR
LARGE-SCALE

ANISOTROPY OF
UHECR WITH
TELESCOPE

ARRAY

M. Fukushima,
E. Kido,

T. Nonaka,
T. Okuda,

M. Pshirkov,
G. Rubtsov,
H. Sagawa,
A. Taketa,

P. Tinyakov,
I. Tkachev

for the Telescope
Array

Collaboration
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� Statistical power to

tell isotropy from

structure at different

energy and number

of events


