
Introduction	to
Status	of

ALPACA
Andes	Large	area	PArticle detector	

for	Cosmic	ray	physics	and	Astronomy

Design	of	ALPACA
Prototype	array	ALPAQUITA

Takashi	Sako (ICRR,	Univ.	of	Tokyo)
for	the	ALPACA	Collaboration

12018/10/8 SGSO	meeting@Heiderberg



IIF, UMSA, Bolivia
Martin SUBIETA, Rolando TICONA, Hugo RIVERA,
Mirko RALJEVICH, Pedro MIRANDA

Faculty of Education, Utsunomiya Univ., Japan
Naoki HOTTA

Japan Atomic Energy Agency, Japan
Harufumi TSUCHIYA

Dept. of Physics, Shinshu Univ., Japan
Kazuoki MUNAKATA, Chihiro KATO, Yoshiaki 

NAKAMURA

ICRR, Univ. of Tokyo, Japan
Masato TAKITA, Munehiro OHNISHI, Kazumasa 

KAWATA, Takashi SAKO, Takashi K. SAKO

College of Industrial Technology, Nihon Univ., Japan
Atsushi SHIOMI

Tokyo Metropolitan College of Industrial Tech., 
Japan

Toshiharu SAITO

National Inst. of Informatics, Japan
Masaki NISHIZAWA

RIKEN, Japan
Norio TAJIMA

Faculty of Engineering, Kanagawa Univ., Japan
Kinya HIBINO, Shigeharu UDO

Faculty of Engineering, Yokohama National Univ., Japan
Yusaku KATAYOSE, Takanori ASABA, Mikihiro KATAOKA,
Takuro SASAKI, Masaru SUZUKI, Miho WAKAMATSU

College of Engineering, Chubu Univ., Japan
Akitoshi OSHIMA, Shoichi SHIBATA

Faculty of Engineering, Aichi Inst. of Tech., Japan
Hiroshi KOJIMA

Graduate School of Science, Osaka City Univ., Japan
Shoichi OGIO, Yoshiki TSUNESADA, Rosa MAYTA

Faculty of Engineering, Osaka Electro-Communication Univ., 
Japan

Yuichiro TAMEDA
Graduate School of Information Sciences, Hiroshima City 
Univ., Japan

Koichi TANAKA
2

Japan               some BASJE +
some GRAPES-3＋
some Tibet ASγ

Bolivia： Universidad Mayor  De San Andres

The ALPACA Collaboration
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UMSA CR Observatory
5200 m a.s.l.

ALPACA site
4740 m a.s.l.

La Paz
3

4,740	m	above	sea	level	
(16゜23’	S,	68゜08’	W)



ALPACA	exposure	(hours/year)
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• Assuming	𝜃<45∘
• Geometrical	decrease	(cos𝜃) is	taken	into	account

● TeVCat Objects
●Major	TeV	Objects

" 𝐜𝐨𝐬𝜽𝒅𝒕
𝜽)𝟒𝟓°



ALPACA	exposure	(hours/year)
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Figure 5: Effective exposure time (hours/year) of the celestial objects as a function of the
declination. Zenith angle limit, θ <45◦ and the reduction of geometrical are by cos(θ) are
taken into account.

Table 3: default

Object name Declination Exposure (hours/year)
(degree) θ <45◦ θ <60◦

Crab 22.0 1171 2299
W51 14.2 1634 2565
W28 -23.3 2331 3125

Galactic Center -29.0 2322 3162
RX J1713.7-3946 -39.8 2176 3154

Vela -45.6 2016 3099
RX J0852.0-4622 -46.4 1989 3090

RCW86 -62.4 0 2759
LMC -67.6 0 2438
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• Galactic	Center,	RX	J1713 :	>2,000 hours/year (𝜃<45∘)
• >1,000 hours/year	for	Crab
• 𝜃<60∘ allows	3000 hours/year

• Effects	on	threshold	energy,	resolution	must	be	studied



ALPACA	exposure	(hours/year)
𝜃<60∘
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ALPACA array design

AS

MD

401	of	1m2 scintillation	counters	
cover		300mx300m (82,800	m2)

96	units	of	56m2 (5,400m2)	water	
Cherenkov	muon	detectors	2.5m	
under	ground
• Good	p/𝛾 separation
• Good	composition	study



Sr vs SNµ (simulation)

10TeV 100TeV 1000TeV

CR

Gamma

0



Survival Ratio After Muon Cut
100TeV10TeV

ü Cosmic	rays	will	be	rejected	
by	~99.9%	@100TeV

ü Gamma	rays	will	be	kept	over	
90%@100TeV

MC	simulation
(AS	83000m2 +	MD	5400m2)
Muon	cut	optimized,	assuming
Crab-like	spectrum	at d=-30°

g

CRs
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Tibet	MD (100m2)	prototype	real	data

MD. This fact assures that our MC simulation for the full-scale
MD array is valid, at least up to ∼20 TeV.

We next search for steady gamma-ray emission from the
Crab Nebula above ∼100 TeV. To estimate the numbers of
background events (NOFF) and signal events (NON), we adopt
what we call the equi-zenith angle method (Amenomori et al.
2009), in which the search window radius is fixed at 0°.4.
Table 1 summarizes the statistics of the data that remain within
the 0°.4 radius window centered at the Crab Nebula. Note that
the NONs and NOFFs are the numbers of events that remain after

the Nμ-based event selection by the 100 m2 MD. No significant
excess is found, and the upper limits at the 90% confidence
level are obtained on the Crabʼs differential and integral flux, as
shown in Figures 4(a) and (b), respectively, according to a
statistical prescription (Helene 1983). Figure 4(b) also includes
upper limits at the 90% confidence level obtained by the
CASA-MIA experiment (Borione et al. 1997). It can be seen
that this work provides the most stringent upper limit above
140 TeV.
During the whole period of the 100 m2 MDʼs operation,

there were two gamma-ray flares from the Crab Nebula
reported above 100 MeV (Abdo et al. 2011; Tavani
et al. 2011); one lasted ∼16 days in 2009 February with a
flux of four Crabs, and the other occurred for 4 days in 2010
September with a flux of six Crabs. Unfortunately, the Tibet
AS array was briefly not in operation at the times of those
flares.

5. CONCLUSIONS

The 100 m2 water Cherenkov MD was successfully
constructed in 2007. We find that our MC simulation is in
good agreement with the experimental data. Using the data
collected by the 100 m2 MD from 2008 March to 2010
February (438 live days), we search for continuous gamma-ray
emission from the Crab Nebula above 100 TeV. No significant
excess is found, and the most stringent upper limit is obtained
above 140 TeV.

Figure 2. Charge distribution recorded by one of the two PMTs in a cell of the
100 m2 muon detector extracted from air shower data (open squares), along
with the corresponding photo-electron distribution obtained by our MC
simulation (solid line).

Figure 3. Fraction of the number of background cosmic rays that survive the
Nμ-based event selection, as a function of åρFT. Open diamonds represent the
fraction obtained by our detailed MC simulation (Sako et al. 2009) for the full-
scale (10,000 m2) MD, while closed circles indicate the fraction calculated
from the experimental data of the 100 m2 MD. Open squares show the fraction
by MC simulation for the 100 m2 MD.

Table 1
Data Statistics of the Search for Gamma Rays From the Crab Nebula by Means

of the Equi-Zenith Angle Method (Amenomori et al. 2009)

Differential

åρFT Bin Energy
(TeV)

NON NOFF Excess Flux Upper Limit
(90% C.L.)
× 10−17

(cm−2 s−1 TeV−1)

1700 �å
ρFT < 3000

170 59 68.9 −9.9 3.89

if 0 6.65
3000

FT- rå <
4500

300 12 11.3 +0.7 2.75

if 0 2.55

Integral

åρFT Bin Energy
(TeV)

NON NOFF Excess Flux Upper Limit
(90% C.L.)

× 10−15 (cm−2 s−1)

�1700 �140 75 83.5 −8.5 4.61
if 0 6.95

�3000 �270 16 14.6 +1.4 4.10
if 0 3.58

Note. The representative energy for a differential upper limit is the logarithmic
mean of the primary gamma-ray energies in the correspondingåρFT bin, while
the representative energy for an integral upper limit is the mode of the primary
gamma-ray energies in the corresponding åρFT bin. The NONs and NOFFs are
the numbers of events within the 0°. 4 radius window centered at the crab nebula
after the Nμ-based event selection by the 100 m2 MD. The upper limits
assuming zero excess counts are also written.
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The Astrophysical Journal, 813:98 (5pp), 2015 November 10 Amenomori et al.

Amenomori et	al.,	ApJ,	813:98	(2015)

• ALPACA	MD	design	5,400	m2

• Tibet	result	of	full	MD	is	coming	soon. 10
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*Based on MC simulation  
  for the Tibet AS+MD 

 Sensitivity to the Point Source

CTA Review by Kubo (JPS 2015) 
M. Daniel, Proc. of 28th Texas Sympo. (2015)
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11Dedicated	ALPACA	MC	on	going



ALPAQUITA
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• Prototype	array	with	100	SDs
• 20%	coverage	of	full	ALPACA
• No	Muon	Detector	at	this	stage	

• Establishing	procedures	in	Bolivia
• Construction
• Import/Export
• Infrastructure

• Some	sciences
• MD	prototype	in	discussion	

Ver.0.4
M. Ohnishi

3) 50 kVA Transformer (J)

(Underground) (B)
13) 1000BASE−SX

Antenna (B)

ALPACA Land Design

Line (B)

10) Road (B)

2) Electronics Hut (J)

9) Gate (B)

8) Perimeter Protection Wall (B)

7) Dormitory

1) ALPAQUITA

ALPAQUITA Phase2

11) 8 Lightning Rods (B)

6) Transformer
for Living (B)

12) Long Distance Wifi

4) 9 kV
Line (B)

5) 9 kV

Area (B)



ALPAQUITA	&	infrastructure
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• Refurbish	power	line	to	the	Chacartaya
observatoty

• Fence	
• DAQ	room,	workshop	and	guardians	hut	
• Water	system	for	life	and	MDs

15
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ALPACA

2.2km

Existing	line	to	
Chacartaya observatory	

DELAPAZ	station

Power	and	water

14



ALPAQUITA	schedule
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7月 8月 9月 10月 11月 12月 2019年1月

物品輸送
(20ftコンテナx2)

7kV送電線

フェンス

(160m x4)

エレキハット／

番人小屋

検出器架台

避雷針／

WiFiアンテナ

検出器
組み立て／設置

DAQ／較正

横浜
チリ

観測
サイト

インフラ整備

ALPAQUITA スケジュール

装置建設

• 2018年度末にテスト観測開始、2019年度初期に最終調整、の予定



Schedule	of	ALPAQUITA	(no	MD)

Oct Nov Dec Jan Feb Mar Apr May

Infrastructure

Shipping

Construction

Commissioning

Operation

16



ALPAQUITA	MC	Results	
(preliminary)
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• Assuming	dN/dE∝ E-2
• Any4,	>1.2	MIPs
• Core	in	array
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• ∼100%	efficiency	at
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misreconstruction



Lateral Distribution of g-ray Induced AS (MC)
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g-ray AS dominated by the EM component à Fitting by original NKG function

Exp Astron

code [7] for response of each scintillation counter, respectively. The air showers are
generated by the CORSIKA with EPOS LHC [8], as a hadronic interaction model
assuming the following energy spectra of primary particles. A spectrumwith a power-
low index of −2.0 is assumed for the primary gamma-ray spectrum above 0.3 TeV.
A primary cosmic-ray spectrum and its mass composition are sampled mainly from
the direct observational data above 0.3 TeV [9]. The core locations of generated air
showers are uniformly distributed within a 300 m in-radius circle centered at the
array. Subsequently, generated secondary particles in the air shower are fed into the
detector simulation based on the GEANT4 code, and are analyzed in the same way
as the experimental data to reconstruct the energy and the arrival direction.

4 MC data analysis

The reconstructed core location of an air shower on the AS array is estimated by the
density weighted position as follows,

(Xcore, Ycore) =
(∑

i ρ
2
i xi∑

i ρ
2
i

,

∑
i ρ

2
i yi∑

i ρ
2
i

)

, (1)

where (xi , yi) and ρi are the coordinates and the number density (m−2) of detected
particles, respectively, of the i-th counter. The errors of core location at 10 TeV and
100 TeV are estimated to be 10.0 m and 4.7 m, respectively, corresponding to 68 %
confidence level.

The primary gamma-ray energy can be estimated from the lateral distribution of
particle density from the air shower core location determined by (1). To estimate air
shower size (the total number of particles in an air shower at the altitude of the site),
we fit the lateral distribution of particle density measured by the AS array using the
following Nishimura-Kamata-Greisen (NKG) function [10, 11].

ρNKG(r) =
Ne

r2m

"(4.5 − s)

2π"(s)"(4.5 − 2s)

(
r

rm

)s−2 (
1+ r

rm

)s−4.5

, (2)

where r is the distance from air shower axis,Ne (the total number of particles in an air
shower observed at an altitude) and s are free parameters denoting the air shower size
and the age of the air shower, respectively, and rm (Moliere unit) is a fixed parameter
set to be 130 m. The counters located closer than 10 m from the air shower axis are
not used for this fitting because of a small number of counters in this area and a large
fluctuation of particle density due to the error in core location determination. Also FT
(D) counters detecting more than 15 (5,000) particles are not used, because the PMT
linearity fails for such high particle density. Figure 1 shows typical event display
maps, and lateral distributions of gamma-ray events generated by the MC simulation.
Each point in Fig. 1b, d is the averaged particle density by counters within a circular
ring of $r width including “silent” counters. The hardware threshold of each “silent”
counter is approximately 0.2 particles / counter. The generated energies and zenith
angles of these events are 21 TeV and 19.0◦ for (a)(b), and 102 TeV and 15.8◦ for
(c)(d), respectively. The angular resolutions at 10 TeV and 100 TeV are estimated

S50 : particle density at 50 m from the AS axis
(often used in the UHECR experiments AGASA:S600, TA:S800)

Ne : Air shower size Kawata+ Exp Astron (2017)
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Fig. 4 Energy resolution (σln∆E) vs the Sr parameter, which is ρNKG(r) in Eq.2 at different three energy ranges,
1.0 < log(E[TeV]) < 1.5 (green triangles), 1.75 < log(E[TeV]) < 2.25 (red squares) and 2.5 < log(E[TeV]) <
3.0 (blue circles). σln∆E is the standard deviation of the logarithmic Gaussian function. All results assume the
case of the zenith angle θ < 20◦.

Figure 3 shows the energy resolutions as a function of the reconstructed energy using S50, Ne and∑
ρ. The resolution is estimated by fitting a logarithmic Gaussian function to ln∆E = ln(EREC/EGEN)

distribution obtained by using each estimator. The vertical axis denotes the standard deviation (σln∆E)
of the logarithmic Gaussian function. The energy resolutions using S50 at 10 TeV and 100 TeV gamma
rays are estimated to be approximately σln∆E = 0.40 and 0.16, which correspond to (−33/+49)% and
(−15/+17)%, respectively, in linear scale. We find S50 giving a better energy resolution than Ne and∑

ρ, which have been used so far, above 10 TeV. We also investigate different Sr parameters, which
are ρNKG(r) in Eq.2, from r = 10 to 100 every 10 m in Fig. 4. As a result, the energy resolutions using

ü ln(EREC/EGEN) Gaussian fitting
à standard deviation：σlnΔE

Kawata+ Exp Astron (2017)

100<EREC(TeV)<178

q<20°

Energy Resolutions by Different Estimators (MC)



Summary

• ALPACA	is	a	proposal	of	new	array	in	Bolivia
• At	16∘S,	4740m
• 82,800m2 covered	by	401	scintillation	counters
• 5,400m2 underground	water	Cherenkov	detectors	
Optimized	for	100TeV	gamma-ray	observations

• Prototype	array	ALPAQUITA	is
• 20%	surface	coverage	of	ALPACA
• No	muon	detector	(under	consideration)
• Infrastructure	construction	started
• Array	construction	starts	early	2019
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