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A monocular spectrum analysis using FADC timing at HiRes

D. R. Bergman, for the HiRes Collaboration
Dept. of Phyiscs and Astronomy, Rutgers University

Abstract. The High Resolution Fly’s Eye detector (HiRes) think that with one long-exposure, monocular spectrum and
employs an FADC data acquisition system at one of its sitesone shorter-exposure, stereo spectrum would be enough, but
This data acquisition system allows for the binning of light the design and DAQ of HiRes-2 offer several advantages over
from an EAS in equal duration time bins in time along the ob- what is available at HiRes-1. First, there are two rings of
served track. Time binning leads to different (and hopefully mirrors at HiRes-2, covering 3—31n elevation. This allows
smaller) systematic uncertainties than the traditional binningfor a more robust determination of the EAS geometry from
by individual tubes and their angles. In addition, time bin- timing alone. Second, HiRes-2 employs an flash analog-to-
ning has much finer longitudinal resolution for distant EAS’s. digital converter (FADC) DAQ system, which allows one to
We present the details of this analysis and a preliminary spechin the light in time bins, rather than by photomultiplier tubes
trum. (PMT’s). This leads to a more robust determination of the
shower profile, especially for distant EAS which are seen in
only a few tubes but are visible for an extended time. This
allows one to extend the spectrum to lower energies.

1 Introduction

In the reconstruction of an extensive air shower (EAS) using
air fluorescence, the energy determination is quite sensitivg

to the inferred geometry of the event. With one viewing lo- . . . .
cation, itis straightforward to determine the plane containingEaCh PMT at HiRes-2 is sampled every 100 ns at high-gain
by an FADC. Analog sums, by rows and columns, of the

the detector and the EAS, but difficult to determine the angIePMT outputs are also sampled at low- and high-gain by an
of the EAS with respect to the ground within that plane. This FADC. The high-gain sums are used for triggering while the

ambiguity leads one to construct multiple viewing IocationsI . df dund . f h
so the EAS can be viewed in stereo. However, for any sepa—OW'galn sums are used for redundancy In case one ot the

ration between viewing locations there are numerous eventg"gh'g‘elln PMT channels is saturated. If the trigger is sat-

which can be seen by only one; these events cannot be i sfied, a 10us window of FADC readings about the signal
nored ' ulse of all the active channels in a mirror is written into the

The High Resolution Fly's Eye (HiRes) detector is astereodata stream. Thus, for each active tube, we have essentially

EAS detector, with a separation between the two sites o 10 MHz digital oscilloscope reading of its response to the

12.6 km. The first site to be constructed, HiRes-1, has oneEAS' Two example FADC profiles are shown in figure 1.

ring of mirrors covering elevation angles of 3-<21dnd uses a
sample-and-hold data acquisition (DAQ) system. It has been ining th fth
running for four years. A monocular spectrum using data3 Determining the Geometry of the EAS

from this site is being presented at this conference (HiRes
2001a) ap ( The first task of the analysis is to find the EAS signal among
With the construction of a second site, HiRes-2, stereo de_the noise events. The principle used in our analysis was that

termination of the EAS became possible. We have been coI?n EAS should result in a collection of tubes and their times

lecting stereo data for one year. A stereo spectrum is also bél_nearly associated in space and time. For this, and in deter-

ing presented at this conference (HiRes, 2001b). One mighfmn'ng the geometry OT the EAS fro_m timing, .each channel’s
pulse is averaged to give a mean time. In this way, the anal-
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R, ¢ andty, all of which are quite correlated, making@
minimization difficult. To deal with this, we note th&t, and
to are linear parameters and thus easy to determine for fixed
1. Thus, we scanned in 1° steps from 5 to 175 for each
event, determining thg? at each angle step. To determine
the x2, timing uncertainties for each tube were calculated
using the RMS of the FADC slices in the pulse and the total
NPE observeds; = tppms/VANPE. The factok was ad-
justed using MC events to give a megf/DOF of one and
appropriate fractions of events where f{teat the generated
value ofvy was within 1, 4 and 9 of the minimum. The best
1 value was chosen by minimizing thé from the scan.

The errors on the geometric parameters (and later the pro-
file parameters) were taken from the uncertaintyiwhich

was determined by finding the value forwhere thex? had
increased by one from the minimum. It was assumed that this
was that the dominant error and the errorsignandt, at a
fixed ¢» were insignificant. This is indeed the case for most,
if not all, events.

A sample event (the same event as in figure 1) is shown
in figures 2 and 3. Figure 2 shows the tubes in elevation and
Fig. 1. A picture of two FADC profiles from the same event. The @Zimuthal angle. The size of the tube represents the NPE
upper plot is from the center of the EAS, whereas the lower plotWhile the color represents the time. The blue and red circles
from an adjacent PMT just to the side and down. The two sequencedt the edge of the mirrors represent the row and column sums
have been arranged to have the same actual times aligned verticallfor the trigger and for low-gain (at somewhat arbitrary po-

sitions on the plot, but corresponding to the respective row

or column). Figure 3 shows the time of each selected tube
from a sample-and-hold DAQ system, except that one has thgand some excluded ones) versus its angle in the shower-
mean time of the pulse rather than the leading edge. detector plane. Overlain are a linear fit, a fit to equation 1

To pick out signal channels among the noise we used avith 1) = 90° and a fit to equation 1 witky = 45.9°.
seeded clustering algorithm. The seed for the cluster was
chosen acounting for both a PMT’s total number of photo-
electrons (NPE) and its proximity to other active tubes. Ad-4 Looking at the Shower Profile
jacent tubes with overlapping (in time) pulses were then at-
tached to form the initial set of tubes. The elevation and az-With the geometry of the EAS determined, one can relate the
imuthal angles of all the selected tubes in the cluster were fiNPE of the PMT's to the number of photons generated by the
to determine the shower-detector plane. EAS at a given instant as it passes through the atmosphere.

The existence of a shower-detector plane implies an orderSeveral factors go into this calculation, some of which are
ing of the tubes: the angle within the plane. This angle wasstraightforward, such as the solid angle of the mirror with re-
required to be locally linearly dependent on the time of thespect to a point in the shower, the reflectivity of the mirrors,
tube. The times of the tubes within five degrees of a giventhe transmission of the UV filter and the quantum efficiency
tube were fit to a line. If the given tube, was not itself on this of the tube. The difficult factors to determine are the geomet-
line, it was rejected. This insures that the selected tubes havec acceptance of a given time bin, the fraction of the light
the appropriate linear time dependence. which is transmitted through the atmosphere from the EAS

The tube times were then required to be globally consistenaind the fraction of light comes from nitrogen fluorescence as
with the expected timing for light from an object moving at opposed to scattering of the Cerenkov beam. Each of these
the speed of light, is discussed below.

Itis in determining the acceptance of a given time bin that
the FADC binning method really shines. Because a nhumber
2 of PMT's contribute to the signal in any time bin, the effect of
wheret; andy; are the time and angle of théh tube, and  any given tube is diluted. This is important for two reasons.
R, andy are the impact parameter and the angle with respecFirst, a given tube may have only a small acceptance, lead-
to the ground of the EAS within the shower-detector plane.ing to a large, poorly determined correction factor. However,
Events with enough tubes (5) satisfying these requirementsvhen this tube is combined with other PMT’s with larger ac-
and moving apparently towards the horizon were kept for ourceptances, the total acceptance is much better determined.
spectrum sample. One can then restrict oneself to time bins where the total ac-

There are three parameters to be determined in equation teptance is large and well understood. The second advantage
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Fig. 2. A picture of the PMT'’s and their response as projected ontoFig. 3. A plot of the selected PMT signal showing their time (in

the sky. Each dot represents one PMT. Active PMT'’s has a coloredLO0 ns units) vs the angle in the detector shower plane. Some non-

circle whose area is proportional to the NPE it observed. The colorselected signals are plotted as well. The three lines represent fits to

of the circle represents the relative time, going from blue to red.a line, a tangent fit with) = 90° and a tangent fit with) = 45.9°.

The blue and red circles on the edges represent the trigger and low-

gain sums corresponding to rows or columns. (The two tubes from

figure 1 are in the fourth and fifth rows from the top, being the third orescence. Here, as in all the transmission calculations, the

tube from the left in each case.) light is divided into wavelength bins of 1 nm, from 300-420
nm, which covers the transmission of the HiRes UV filters.
The yield of photons per charged particle per meter are taken

of time binning in acceptance is that the uncertainty in ac-from the measurement by Kakimogbal (Kakimoto, 1996).

ceptance is often correlated between tubes, with what is 10Sthjs uncorrected number of charged particles in the shower

from one being gained by its neighbor. By summing over all gt 5 given slant depth in the atmosphere (determined from the

the tubes at a given time we thus reduce the overall SySte”’?eometry an time) is fit to the Gaisser-Hillas profile

atic uncertainty associated with the geometric acceptance o

the tubes. X - X, Xp—Xo Xy — X
exp [ CM = )

The attenuation length of light in the atmosphere has twolVe(X) = Nvs—+ \
principle components: Rayleigh scattering from air molecules M 0
and Mie scattering from aerosols suspended in the air. ThavhereX is the slant depth in the atmosphelg, is the slant
former is quite constant and easy to model while the later isdepth of the first interactionX,, is the slant depth with
quite variable. For this analysis the aerosol horizontal scatthe maximum number of charged particles aNg, is the
tering length was assumed to be 20 km, with an exponentiahumber of charged particles at this point. In our fits we set
scale height of 1.2 km, which is indicative of the average X, = 40 g/cn? because we aren’t very sensitive to the be-
conditions at Dugway Proving Grounds. This compares toginning of the shower and take= 70 g/cn?.
the molecular horizontal scattering length of 17 km with a  Once we have the preliminary profile, the Cerenkov contri-
scale height of 7.5 km. Since the highest energy showers arbution is computed by iteration, using the previous profile fit
several tens of kilometers away, the aerosol content of the aito give the number of charged particles in the shower and thus
can have a significantimpact on the reconstructed energy anthe number of Cerenkov photons in the beam at any point.
longitudinal profile of an EAS. Because the Cerenkov contribution is small for most recon-

The Cerenkov beam accompanying an EAS depends ostructible events, this iteration proceeds quickly and only two
the number of charged particles at each stage. The light fronadditional iteration are allowed. The result for the same event
the beam is scattered into the detector, confounding the calshown above is shown in figure 4.
culation of the shower size from the NPE. We want to find the By integrating the number of charged particles versus the
shower size at each point, but we also need to know it to calslant depth and multiplying by the average energy lost per
culate the NPE from scattered Cerenkov light. We solve thisparticle, 2.19 MeV/(g/c#) (Song, 2000), we find the energy
problem by first assuming that all the light comes from flu- of the initial particle. To compute the flux of cosmic rays,
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Fig. 4. A plot of the longitudinal profile of an EAS. The top
plot shows the reconstructed number of electrons in the shower
as a function of the atmospheric depth the EAS has traversed (in
glen?). The small blue circles represent the number of elec-
trons before a Cerenkov correction was applied. The lower plot
shows the observed NPE in each corresponding time bin along with
the expected number of photoelectrons from fluorescence (green),
Cerenkov scattering (blue) and their sum (red).

we must divide the observed number of events at a given en-
ergy by the aperture of the detector at that energy and the
exposure time. The aperture of the detector was determined
using a sophisticated Monte Carlo simulation of our detector
combined with a shower library generated with Corsika. De-
tails of the Monte Carlo will be presented in another paper at
this conference (HiRes, 2001c). The input spectrum used by
the Monte Carlo simulation was based on the measured Fly's
Eye stereo spectrum.

The final event selection criteria and the resulting spec-
trum will be presented at the conference.



