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Abstract

The High Resolution Fly’s Eye EHE cosmic ray detector (HiRes) was operated for over two years (prior to November
1996) in a two-site prototype configuration. This paper describes the development and testing of an event reconstruction
method for extensive air showers (EAS) viewed in coincidence by both sites (stereo viewing). The reconstruction accuracy
was directly measured through the use of a UV laser mounted on a telescope that generated airshower-like events with
known geometries. For events observed with stereo opening angles greater than about 10° {most events) the median error
in the reconstructed laser direction was 0.4° with 95% of events being reconstructed with errors of less than 0.9° (which
degrade to 0.8° and 1.8°, respectively, for smaller opening angles). A limited investigation of the likely performance of the
HiRes Stage 1.0 detector was undertaken. Reconstruction accuracy is likely to be only slightly degraded compared with the
prototype results. © 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

The High Resolution Fly’s Eye (HiRes) is a second generation atmospheric fluorescence detector for ex-
tremely high energy (EHE) cosmic rays (E > 10'® eV) [1]. It builds upon the experience gained with the
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Fig. 1. The basic HiRes data acquisition system.
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Fly’s Eye detector [2] and has been designed with the specific goals of (a) increasing the data rate above
10" eV to > 200 events per year; (b) improving the depth of shower maximum ( Xm,x) resolution to less than
20 g cm~2: and (c¢) improving the angular resolution and acceptance of the detector so as to increase sensitivity
to point sources. These goals will be achieved through the construction of a two-site detector utilising improved
optics, electronics, and analysis techniques [3]. The purpose of this paper 1s to describe the analysis techniques

developed for reconstruction of stereo observations of EAS. Tests performed with the prototype detectors will
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In this paper we will begin with an overview of the HiRes detector before describing the reconstruction
analysis techniques. This will be followed by a discussion of the testing of the reconstruction programs and
the results of the testing process. Finally, the likely reconstruction accuracy for the HiRes Stage 1.0 detector is
briefly investigated.

Twe ) 2 5 £3 » JRPRN

2. The High Resoiution Fiy’s Eye cosmic ray detector (HiRes)

The High Resolution Fly’s Eye cosmic ray detector [4,5] is an optical detector designed to measure the
isotropic nitrogen fluorescence light generated by the passage of a cosmic ray induced EAS through the
atmosphere. The detector is located at Dugway Proving Grounds in Utah, USA, and consists of two sites
separated by 12.6 km. Each site houses a number of mirror units. Each mirror unit consists of a fixed 4.2 m?
spherical mirror which focuses light onto an array of 256 photomuitiplier tubes (PMT) located behind a UV
bandpass (300-400 nm) filter. Each PMT within the array has a fixed fieid of view of approximately 1°. The
mirrors are arranged to form a composite eye (analogous to a fly’s eye) which passively views a section of sky
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the aperture, operation is limited to dark sky (moonless) conditions. An overview of the system is presented
in Fig. 1.

Global Positioning System-based clocks are used at each site to ensure relative time synchronisation to within
50 ns (and absolute time to within 340 ns of UTC) [6,1]. PMT trigger thresholds are dynamically adjusted to
maintain a constant trigger rate and PMT trigger times, within mirrors, are recorded to nanosecond accuracy.

PMT signals are passed through two integration (sample -and- hold) channels (after a delay to allow tngger
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distant showers. Intermirror trigger times are recorded to 25 ns accuracy {7,8,1].

The HiRes-2 site is located 12.6 km to the south-west of the HiRes-1 site [9] and the two eyes have
overlapping fields of view towards the northeast of HiRes-1 as indicated in Fig. 2. The prototype configuration
consisted of 4 mirrors at the HiRes-1 site (in 5 elevation “rings” covering 3°-70°) and 4 mirrors at the
HiRes-2 site (in 2 elevation “rings” covering 3°~30°). The two site prototype detector ran for almost two years
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Fig. 2. A plan view of the location of HiRes-l and HiRes-2 at Dugway Proving Ground and their fields of view. The dashed circles
represent distances of 5, 10 and 15 km from HiRes [, the crosses indicate the positions of the Laserscope used tor testing the reconstruction
programs. and the square denotes the sire of the CASA/MIA arrays.

before being shut down in November 1996 to make way for construction of the Stage 1.0 detector.

The stage 1.0 detector consists of 22 mirrors at HiRes-1 forming a full azimuthal ring of mirrors covering
elevation angles from 3°-17°, and 42 mirrors at HiRes-2 comprising of two stacked full azimuthal rings
that cover elevation angles from 3°-30° [10]. HiRes-1 mirrors will utilise the sample-and-hold electronics
of the prototype, whilst HiRes-2 mirrors will be instrumented with newly developed Flash ADC (FADC)
electronics [11.12].

3. Reconstructing trajectories for stereo viewed Extensive Air Showers (EAS)

An extensive air shower moves through the atmosphere at the speed of light, isotropically emitting fluores-
cence light as it develops along an axis that points back to the arrival direction of the primary particle (Fig. 3).
Correct determination of the trajectory is vital for analysing all information from an event. It goes far beyond
simply determining the cosmic ray arrival direction. A precise trajectory is the first step towards an accurate
reconstruction of the longitudinal shower development profile and the primary cosmic ray energy. This is duc
to the fact that one has to take into account the propagation and attenuation of light from the shower to the
detector.

Determination of the EAS trajectory is, in principle, straightforward. At each site viewing the EAS, a serics of
triggered PMTs will define a great circle on the celestial sphere. One can then define the Shower-Detector Plane
(SDP) as the plane containing this great circle and the detector, as shown in Fig. 3. The shower trajectory can
now be found using information from either one. or two sites (mono and stereo reconstruction, respectively).
Mono reconstruction utilises PMT triggering times to determine the orientation of the shower within the SDP
(illustrated in Fig. 4) whilst stereo reconstruction uses the intersection of SDP’s from two sites to obtain the
shower trajectory (illustrated in Fig. 5). If sites are well synchronised and timing systematics are accounted
for, PMT trigger time information from two sites may be combined to reconstruct the EAS trajectory (known
as “timing” reconstruction). In practice, complications arise due to effects such as triggers on sky noise.
atmospheric scattering, finite shower width, trigger time slewing, and optical aberrations. There is. however.
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Fig. 3. Geometry of an EAS illustrating the Shower-Detector Plane (SDP) for a single site. Light is emitted from the EAS and is viewed
by a PMT with a light emission angle theta. Each PMT has a 1° fixed field of view hence views only a section of the EAS denoted by
dé. A succession of PMTs will view the EAS, and their pointing directions combined with their light intensity information can be used to
determine the SDP.

obvious scope for combining elements from stereo and timing techniques.

Experience with the Fly’s Eye detector indicated that stereo reconstruction (using only geometrical informa-
tion from the two eyes) was superior to mono reconstruction (using geometrical and timing information from
one eye), except in the small opening angle case. When the opening angle, a, between the two SDP’s ap-
proaches zero, stereo reconstruction breaks down. Monte Carlo simulations of the Stage 1.0 HiRes detector have
indicated that the best reconstruction accuracy should be achieved with techniques utilising both geometrical
and timing information from the two sites (stereo-timing fitting) [13].

A combined stereo-timing fitter was developed for the prototype detector. The approach taken was to develop
a composite y? function and use the downhill simplex method [14] to find the true trajectory. This required
searching over five dimensions - four to define the trajectory (zenith angle, azimuth angle, and the (East,
North) core location in the plane tangent to the surface of the earth at HiRes-1) and one for the clock
synchronisation offset between the two sites. The downhill simplex method begins by selecting a trial trajectory
and a synchronisation offset. A y? value is then determined using a function which compares the measured
light amplitudes and trigger times for the firing PMTs with those expected for the trial geometry. To ensure
success, one aims to use a y° function which closely approximates the true detector response.

The composite stereo-timing x? is a function given by

2 _ 2 2 2 2 2
XTotal = X1 Stereo T X2 stereo + X1 Time 1+ X2 Time T X5 offeer - (1)

The X? gereo aNd X3 siereo terms represent the stereo contributions to the fit from the two sites. The y7 ;.. and

X3 1ime terms are the time fit components from the two sites and the X?—z Offeer [T TEPrESENtS the fit to the

time synchronisation offset between the two sites. Stereo fitting utilises only the first two terms, whilst time
fitting utilises only the last three.
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Fig. 4. The mono method for estimating the shower trajectory. Determining the time lag for a PMT viewing an emission angle of # within
the SDP. The origin of time is assumed to be the time at which a planar shower front (of infinite extent) passes through a point representing
the detector. The equation returns the arrival time of light at a PMT. The shaded region represents the field of view of the PMT. which
needs to be taken into account if the track segment is relatively bright (or dim) as this causes the PMT to trigger earlier (later) than
expected (since the effective emission angle differs from the nominal value given by the PMT’s pointing direction). The orientation of the
trajectory within the SDP is defined by the impact parameter R, and the angle, ¥, between the trajectory and the ground.

Site A Site B

Fig. 5. The stereo method for estimating the shower trajectory. The shower is viewed by two sites each of which determine a shower—detector
plane. The EAS trajectory is then the intersection of these two SDP’s. The stereo opening angle, « (indicated) is actually the angle between
the normal vectors of the two SDPs.

Several functional forms for the stereo x> component were investigated with the best results obtained using
an amplitude weighted form given by

> _ (PMT; amplitude — Expected Amplitude)?

X, = Wi ) N
a
here PMT; Amplitude
where w; = - )
Average PMT Amplitude

Expected Amplitude = Ray Tracing Response x Average Flux at PMT; .
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and ¢? = PMT; Amplitude + Sky Noise + 0.05 x Expected Amp. (2)

Here w; represents the amplitude weighting term. Amplitude weighting is a simplistic fitting method which
works on the assumption that PMTs will trigger provided the EAS passes through their field of view, and that
those PMTs with the largest amplitudes are those most directly viewing the central axis of the EAS. Amplitude
weighting seeks to prevent the fitter from being biased due to the effects of atmospheric scattering ( which may
be non-uniform about the track), noise PMTs (which are weak but randomly placed), and low light intensities
at the start or end of an EAS.

The numerator in Eq. (2) is the x? function for comparing measured and expected light amplitudes for a
trial SDP. The expected amplitude takes into account the way the light spot crosses the PMT (e.g. a track
through the tube center or a track just clipping the edge) and the angular offset of the PMT from the EAS track
(the PMT’s “off plane” angle). Ray tracing calculations and empirical measurements of the PMT photocathode
response have been performed and combined to produce the estimated response of a PMT to a constant light
flux for a given trial plane. These estimated responses are then scaled to the actual light flux over the mirror
when a given PMT is triggered. This flux is estimated by averaging the flux from all PMTs within 3° of the
PMT in question on the assumption that the flux should change smoothly along the track.

The o error term in Eq. (2) takes into account Poisson fluctuations in the measured PMT amplitude, the
effect of sky noise during the PMT integration, and an arbitrary 5% error in the estimated amplitude. This last
term is due to uncertainty in the estimated flux and errors in the calculated PMT response. Recent work with the
Laserscope (described below) in measuring the response profile of PMTs [15] has indicated some deficiencies
in the PMT response parameterisation used. Further work is underway to improve the PMT response profile
estimates. However, for the present analysis, the original response profile results have been used together with
the above 5% error term.

To derive the timing x> components we turn to Fig. 4 which illustrates the orientation of an EAS within a
SDP. A PMT which views the EAS at an angle 8; triggers at a time #(#;) with respect to the time at which the
shower front would pass through the detector (assuming, as above, it was both flat and infinite in extent). This
time lag is given by (R,/c) tan(6;/2) (noting that the values for R, and 6; will depend on the geometry of
the trial trajectory). Another fitted parameter is a timing offset, fofrr. The measured times are referenced to the
time of the first PMT trigger, to. Hence, a timing x? function can be constructed by comparing the expected
triggering times (which will depend on the trial trajectory) with the actual triggering times,

2 {[(Rp/c) tan(6;/2) — tofrse] — (i — 1‘0)}2
i = 0_% .

(3)

This technique relies upon a good knowledge of PMT triggering times. As indicated by Fig. 4, each PMT
actually views an extended section of the EAS trajectory. To correctly estimate the triggering time of a PMT,
one must determine the emission angle, 8, of light from the EAS at the time of triggering. This is equivalent
to estimating what fraction of the light spot has crossed the tube aperture at the time of triggering. To a first
approximation the emission angle can be set to the angle between the trial shower axis and the pointing direction
of the PMT center. However, since a tube trigger is based on its current exceeding a pre-set threshold, bright
tracks will trigger the PMT soon after the light spot starts crossing the PMT, whilst dim tracks may trigger
significantly later, an effect known as time-slewing. To properly compensate for this systematic effect, one must
know the pulse shape in the PMT. This is partly determined by the energy (amplitude) and distance (crossing
time) of the EAS. Pulse shape information was unavailable with the sample-and-hold electronics used by the
prototype detectors, but will be available with the new FADC electronics of the Stage 1.0 detector. Attempts
have been made to compensate for the effects of time slewing, but the difficulties and uncertainties eventually
limit the usefulness of time fitting with sample-and-hold electronics [1].

It should be noted that time fitting is problematic for EAS with small observed angular track lengths. In such
cases the tan(#/2) function is approximately linear over the small angular range of measurements and errors
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in fitting for R, and ¥ become correlated (see Kidd [ 16] for details). For time fitting to be eftective, the data
are required to exhibit curvature in (8, (t; — tp)) space. Note that o, represents the uncertainty in the triggering
time of the PMT. Whilst, within a mirror, relative PMT triggering times are precise to several nanoseconds,
mirrors are only synchronised to within 25 ns, somewhat increasing the trigger time uncertainty.

Finally, the last component in Eq. (1) describes the synchronisation offset between the clocks at the two
sites. It has the form

R (HiRes | — HiRes 2 Clock Offset)? )
Xjo2 offser = '
- ot A Offset
where 0, _, ., 1S an estimate of the synchronisation uncertainty.

4. Reconstruction accuracy

A telescope-mounted UV laser known as the Laserscope [ 15] was used to produce a set of laser shots with
known geometries for testing the reconstruction accuracy. The laser fires a collimated beam into the atmosphere
from which light is scattered towards the detector producing a track very similar to an EAS track. The two
main differences between EAS and laser shots are that laser shots are upward going instead of downward
going and the shower development profile is different from that of a cosmic ray induced EAS. The advantage
of the system is that it is capable of producing a large data set of events with accurately known geometries.
These events can be reconstructed, and the space angle between the actual and reconstructed trajectory can be
determined. The distribution of space angles thus provides a direct estimate of the reconstruction accuracy of
the fitting process.

The data used to check the accuracy of the reconstruction program were taken on the 12th and 15th of October
1996 and covered a wide range of geometries. A total of 4343 acceptable events covering stereo opening angles
from 7° to 35° were taken on the 12th, and 6811 events covering stereo opening angles from 2° to 11° were
taken on the 15th. Due to problems with the initial design of the Laserscope mount, the pointing accuracy of
the Laserscope was 0.1°-0.3° for the 12th and 0.1°-0.5° for the 15th. These errors arose because the laser
was not mounted rigidly enough, leading to a decrease in pointing accuracy as the telescope approached the
zenith (the 0.1° was the measured error when the telescope was pointing horizontally). This effect was larger
on the 15th due to a heavier Nitrogen laser being used in place of a YAG laser. Unfortunately this problem was
only detected (and fixed) after data were taken. A sample Laserscope event and its reconstructed trajectory is
presented in Fig. 6.

Space angle integral error distributions for the different reconstruction techniques applied to data from the
12th and 15th of October are presented in Figs. 7 and 8 and summarised in Tables 1 and 2. respectively.
The crrors in core location (in this case the Laserscope position) for data from the 12th are also presented
in Table 3. Distributions of the component y?’s and the total y*'s (Eq. (1)) were also obtained with results
for the total x> per degree of freedom summarised in Tables | and 2. Well reconstructed events had small
v°'s and approximately balanced components. These reduced x>’s were generally larger than 1, indicating that
the expectation functions used were not perfect. Poorly reconstructed events generally had large x*’s. allowing
quality cuts to be made on the data by rejecting events with large x? values. Requiring that the y* per degree
of freedom be less than 50 on stereo-timing data was found to suppress the tail in the space angle distribution
as seen in Figs. 7 and 8 and Tables 1 and 2. Such a cut reduced the number of reconstructable events from
4343 10 4110 on the 12th and 6811 to 5743 on the [5th.

Stereo fitting performed well for large opening angles, with the accuracy degrading as the opening angle
decreased. This opening angle effect is clearly visible when comparing space angle distributions from the two
nights. Reconstruction of data taken on the 12th has a much tighter space angle distribution than data taken on
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Fig. 6. An example of a Laserscope event showing the reconstructed shower-detector planes (indicated by lines on the the representation of
the celestial sphere). Circles represent PMT signals, with larger circles denoting larger signals. This event was reconstructed with a space
angle error of 0.42°. The space angle error is marginally worse at 0.43° if the event is reconstructed using the Stage 1.0 configuration

(where we use only mirrors in the lowest elevation ring at HiRes-1).
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for data taken on the 12th of October 1996. Note how stereo performs slightly better than timing, and how reconstruction accuracy improves

significantly when they are combined in stereo-timing fitting.
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Table 1
Reconstruction results tor stereo viewed laser shots taken on the 12th of October 1997

Fit type Space angle Fit y* value

50% 90% % > 2° Median FWHM
Stereo 0.65° 2.5° 13% 6 7
Timing 0.8° 2.3° 12% 8 ]
Stereo-timing 0.4° 0.9° 1.7% 14 10
Stereo-timing x* < 50 06.4° 0.85° 06.7% 14 i0

The space angle is the angle between the fitted and actual trajectories. Integral error distributions were obtained and the values containing
50% and 90% of the data are presented. Note how stereo performs better than timing, and that by combining the two in stereo-timing
greatly increases the reconstruction accuracy. All quoted y? values are per degree of freedom. Placing a cut of y” < 50 enabled rejection
of poorly reconstructed events (5% of the total number of events).

the 15th which have much smaller opening angles. Apart from any opening angle effects, the distribution from

tha 18th tad ta b, lLioht] th that £ o
the 15th is expected to be slightly worse than that from the 12th due to problems with the Laserscope mount.

Time fitting was also investigated, and found to be slightly worse than stereo in most cases. Whilst time fitting
was not subject to opening angle effects present in stereo fitting, uncertainty in the PMT triggering times meant
that time fitting did not perform better than stereo in the case of small opening angles. It is interesting to note
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Table 2
Reconstruction results for stereo viewed laser shots taken on the 15th of October 1996

Fit type Space angle Fit y” value

50% 90% % > 10° Median FWHM
Stereo 2.75° 11.5° 13% 10 12
Timing 3.3° 14.7° 17% 8 7
Stereo-timing 0.9° 2.9° 3% 19 I2
Stereo-timing x* < 50 0.8 1.8° 0.05% 19 12

Note the poor resolution with either stereo or timing reconstruction due to small opening angles, and how stereo-timing improves the
reconstruction accuracy. Placing a cut of y% < 50 enabled rejection of poorly reconstructed events (16% of the total number of events).

Table 3
Reconstruction results for stereo viewed laser shots taken on the 12th of October 1996

Fit type {X core) t1or (km) {Y core) +io (km) R core error

50% % > 0.25
True position 1.459 6.708 (km) (km)
Stereo t.451 £ 0.06 6.659 +£0.11 0.065 9%
Stereo-timi 1.452 £ 0.04 6.682 £+ 0.08 0.050 3%
Stereo-timing x> < 50 1.452 +0.04 6.682 £+ 0.08 0.050 2.5%

Fitted mean and I X and Y core locations are shown compared to the true position. Integral error distributions were obtained for the
radial error (R = VX2 + ¥2) and the distances containing 50% of the data points, and the percentage of points outside 0.25 km of the
true core location are presented.

Table 4
Reconstruction results for stereo, timing and stereo-timing techniques on 300, 3 EeV Monte Carlo showers performed by Elbert [13]

Fit type Space angle error

Median (50%) 90% Level
Stereo 0.5° 5°
Timing 0.7° 40
Stereo-timing amplitude weighting 0.24° 0.8°
Sterec-timing amplitude fitting 0.12° 0.6°

Reconstruction was performed assuming the HiRes detector consisted of 54 mirrors in two azimuthal rings at each of two sites, and that

aii nmmg systemaucc were understood (which should be the case for the FADC electronics ).

that the results for the timing fit from October 12th presented in Table 1 (with opening angles generally greater
than 10°) are comparable to those obtained with the Monte Carlo simulations by Elbert (see Table 4) [13].
The simulation assumed a two site detector comprised of two full azimuthal rings covering from 3°-30° in
elevation. Importantly, Elbert assumed that the sites were well synchronised in time and all timing systematics
were accounted for. This assumption is appropriate for the FADC electronics system to be used at HiRes-2, but

RY3 o v Ntvesa atantaen Wa bl | M,
is not necessarily true for the sample-and-hold systcmns used by the prototype detector. We believe we have been

partially successful in correcting for time slewing systematic effects, with time fitting results not too different
from the Monte Carlo predictions for the detector.

As was suggested by this earlier Monte Carlo work [13], stereo-timing fitting overcomes many of the small
opening angle problems present in stereo fitting to provide generally more accurate reconstruction. At small
opening angles, stereo fitting alone was found to systematically shift the fitted core location away from the
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Fig. 9. Space angle error as a function of opening angle for stereo-timing fit for combined Laserscope data from 12th and [5th of October
1996. Application of a y~ < 50 cut reduces the 95% error level so that most events are reconstructed to better than ¥ (note the use of a
log scale on the y-axis).

detectors (by as much as 1 km in the data from the 15th) in conjunction with increasing the zenith angle.
resulting in a larger space angle error. Stereo-timing fits improve the situation because the fitter is restricted
by the PMT triggering times — moving/twisting the trajectory away from the detector will have a detrimental
effect on the timing x> component thus preventing such behaviour.

The reconstruction accuracy, as a function of opening angle. for stereo-timing is presented in Fig. 9. Thesc
figures plot the median space angle and the 0-95% range as a function of opening angle (this range is effectively
the 2 error). before and after applying a x> < 50 cut. The y* < 50 cut was used to reject the occasional
cases that failed the fitting process. After application of the x* < 50 cut, it can be seen that the median error
is almost always less than 1°, and is generally around 0.4° for opening angles greater than 10°. The 95% error
is also generally less than 1°, increasing slightly as opening angle decreases (at small opening angles the poor
performance of stereo does have a limiting effect on the performance of stereo-timing fitting).

Encouragingly, these results are not significantly poorer than those obtained with the Monte Carlo simulations
(Table 4) which were performed with a much more tavourable opening angle range (0° to 180%) and an as-
sumption that time slewing effects were completely compensated for. Indeed, the stereo geometries encountered
in the prototype data set, with their small opening angles, are severe tests of any stereo technique. These results
give us confidence that we can accurately reconstruct the arrival directions of EAS to within one degree ar least
95% of the time.

5. Reconstruction accuracy for HiRes stage 1.0
The configuration of the Stage 1.0 HiRes detector is significantly different from that of the prototype. HiRes

Stage 1.0 consists of a single ring of mirrors at HiRes-1 (3°-16.5° in elevation, 360° in azimuth) and two rings
of mirrors at HiRes-2 (3°-30° in elevation. 336° in azimuth) designed to maximise the high energy aperture.
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Fig. 10. Space angle error distributions using the HiRes Stage 1.0 configuration (both rings at HiRes-2 and only ring I mirrors at HiRes-1).
Note how the tail of badly reconstructed events is eliminated by application of the x> <50 cut.

Whilst the reconstruction programs were written for the reconstruction of prototype data, it is obviously of
interest to examine how they might perform on data from the Stage 1.0 configuration. Such an analysis was
performed on the data set already described, by rejecting all information from the top four elevation rings of
HiRes-1. All information from HiRes-2 was retained. This restriction reduced the number of reconstructable
events from 4343 to 2835 on the 12th, and from 6811 to 3819 on the 15th. The space angle error distributions
for these events were calculated for both the Stage 1.0 configuration and the prototype configuration. The results
from October 12th are summarised in Table 5 and the results from October 15th are summarised in Table 6.
Space angle error distributions for Stage 1.0 results are presented in Fig. 10 (for both nights, before and after
the x? < 50 cut).

The results are encouraging as they illustrate that fitting does very well despite the loss of 54° of zenith
coverage. The majority of events were well reconstructed although there was a large number of events at small
opening angles that were poorly reconstructed. These events were investigated and it was found that the majority
of them occurred when the laser tracks were clipping the outside vertical edge of a mirror. Given that Stage 1.0
of the HiRes detector will consist of full azimuth rings, such gaps will not exist. This edge clipping prevents
the observation of the full lateral width of the shower and, as the fitting is geometrically based (it uses the
off-plane angle to estimate the PMT amplitude), it represents a loss of information. Such clipping also limits
the tracklength and the number of PMTs in the event making reconstruction more difficult.

Again, the reader is reminded that the range of laser geometries represented in this data set poses a real test
for any reconstruction technique. The real Stage 1.0 data set will contain many events with more favourable
opening angles.
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Table 5
Reconstruction results for Laserscope data from the 12th of October

Space angle error 50% 90% Jo > 2%
Prototype configuration 0.45° 0.9° 2%
Stage 1.0 configuration 0.5° 1.37 6%

After y? < 50 cut
Prototype configuration 0.4° 0.8° 0.3%
Stage 1.0 configuration 0.5¢ 1.0° 1%

Stage 1.0 contiguration consisted of using ring | mirrors at HiRes 1 (mirrors 5 and 7) and all four HiRes 2 mirrors. The same set of 2835
cvents was used to produce all the statistics.

Table 6
Reconstruction results for Laserscope data from the [5th of October

Space angle error 50% 0% P > 2° G o107
Prototvpe configuration 0.75° R 12% 3
Stage 1.0 configuration 1.0° 57° 3% 22G.
After y? < 50 cut

Prototype configuration 0.75° 1.3 2.5% 0

Stage 1.0 configuration 0.75° 2.0° 10% 0

Stage 1.0 configuration consisted of using ring | mirrors at HiRes 1 (mirrors 5 and 7) and all four HiRes 2 mirrors. The same set of
3819 events were used to produce all the statistics.

6. Contribution to energy and shower maximum measurements

Errors in the geometrical reconstruction will contribute to errors in the determination of cosmic ray energy and
depth of shower maximum, Xpy,. However, there are other sources of uncertainty which will be as important,
or more important. Measuring energy and Xp.x requires a good measurement of the shower’s longitudinal
development profile. Uncertainties in that profile may derive from atmospheric attenuation uncertainties related to
the presence of aerosols; calibration uncertainties; statistical fluctuations in the number of received photoelectrons
and the night sky background; and uncertainties in the fluorescence production efficiency, These topics are being
addressed and will be discussed in forthcoming publications on energy and Xm,x measurements.

The effect of geometrical errors on these parameters can be estimated in simple ways. In the energy
measurement the main geometrical effect will be to introduce an uncertainty in the attenuation of light between
the shower and detector. For a distance error of Ar the fractional change in the attenuation correction will be
approximately ¢3”/* where A is the attenuation length of the light. Simulations of the Stage 1 aperture show that
the average attenuation length at 350 nm for 10'? eV showers is approximately A = 13 km, averaged over all
viewing angles. Even if we take a distance uncertainty of 0.25 km (large compared with the core location errors
discussed in this paper) we get a resulting attenuation correction change of only 2%. This is small compared
with estimated uncertainties in the attenuation length itself (leading to energy uncertainties of’ order 10%), and
uncertainties in calibration, also of order 10%.

In X..x Measurements, an uncertainty in the zenith angle of the shower axis can lead to an uncertainty in the
position of shower maximum. Given a photomultiplier with a direction towards Xmay, an error in the angle of
the track within the shower~detector plane will lead to an incorrect assignment of the depth viewed by the tube.
Consider a simple example of a shower at a zenith angle of 45° contained within a vertical shower-detector
plane (ie. angle ¥ = 45°). An error of 1.0° in this angle (an extreme value from Table 5) would lead to a
15 ¢ em ™2 error in Xy for a typical mean value of 850 g cm™2. This is an extreme case with all of the space
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angle error present as an error in ¥ within the shower—detector plane. It also ignores the fact that we have stereo
views of the profile allowing for investigation of these effects. Simulations of Stage 1 have indicated that the
expected r.m.s. Xnax uncertainty, including contributions from geometry and photon statistics, is approximately
30 g em™2 [3].

7. Conclusions

The geometrical reconstruction accuracy of the HiRes detector has been investigated using Laserscope gen-
erated events viewed in stereo. Fitting results using the HiRes prototype indicate a median space angle error of
0.4° with 95% of errors below 0.9° for shower-detector plane opening angles down to a few degrees. Results
for the Stage 1.0 detector are expected to be only slightly degraded.

Geometry reconstruction errors form a component of the total error in other parameters of interest such as
primary energy and Xmax. Whilst it is a component, we have been able to show that geometrical accuracy is at
a level that does not dominate these errors.
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