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ABSTRACT, -~ ‘Two errays - proposed the 1980 < (DUMAND - Summer

mwm, ‘mamely & "MINI" hrray whth 10m s pacing,’ ‘100m overall

- dmewsion, ‘and & ™MIDI" array sith 50n spacing, SO0k overall ' dimendion,

b have been evpluated By weans ‘'of Morite Carlo studfes, for thely #btiity to
detect and determine the direction of single muons. Other properties,
such as cascade detection or multiple muon detection, have not been con-
sidered. The studies -indicate that the 10m-spacing 18 ‘uneconomically
small; the MINL' avydy shliould have at least 15my perKaps 20m spacing.
The MIDI array, evaluated on. the assumption of the avallability of a Sea
Urchin or other sensor with a sensitivity S = 6, can have a 50 - 55m
spacing 1f the water transparency (attemation length for Cerenkov light)
is 25m, somewhat less if only 20m., The use of timing fuformatiom meteri-
elly improves angular resolution. The MINI array resolution should be 8
-~ 10mr, the MIBE Ser.Higher sensitivity thdn § = 6is 'not particularly
useful, mor are wery large array spacings. - Rith larger ariidye (more sen-
sor planes), considerable higher angular accuracy: is<poseible, up to 1.5
mre _

.. The primary mede of uge of DUMAND in neutriro astmnbny me&rs to be the
detection of muon neutrinos by means of  the -muons . they produce in
charged-current ‘interactiéns. The dirdction of theumon ‘1 guitd close to
that of the neutrino, and thus it is desirable for theé.ardray te be able to
measure wuon direction to the limit set by the difference between muon and
neutrino directions.

me backgtdiﬂd Lor ,the sisnal f rém e‘r.tsatermstﬁm mtriﬂbs :I.s ut by

the rneutrino: ‘flux .produced :in the atmosphere by cosmic rays.. Although the -
primary 'flux isg intwdpic, “the neutrino flux 1's not, emcept &t . very  low  and

very - -high .emszgiss. It s, ‘however, ' diffuse; - and: congeguently, . the
_signalwto-noimd ratio for a polnt extraterrestrisl sourcd will Dbe ~isvarsely -
-proportional to  the squave of the amgular error of the detector. ~Thus good

anguiar resolation -for muon tracks is the major design criterion for this pur-

.poses: :For ~an extended ‘discussion of -the effect of nnguhr resohnt:l.'on on -exi-
.t.raterrest:ti.al ai@nal; detection, gee Ref. 5. . Lo

1f tha anmht resolut:ion is l(.‘mr, the. fraction of t‘ne avamge tnckgrouml
within that angle 1is 8.0x10 ©; at 5mr it is one-fourth as much. Since the
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meximm expmtod emsﬂwm neutrino rates for a l-km3 detector are less l:han :
~10% /year, the backgrounds will be less than one event/yr. Thus, the limit on
detecting extraterrestrial negtrinos will not be the . atmaspheric background,
but the strength of the observed e:lgnal provided t.he angular resolutiong dis-
cussed can be oltatned. i _ PR IRE & B

In thie report we present the reaulte of cowaral:ive Monte Carlo studies
.performed since the Summer symposium, representing an attempt to answer some
of the questions raised theye. and ‘distussed tncother: papers in these proceed- -
ings. Many of the results of: this work. have Meen obtalned , in less detall,
in previous woxk by one of us (VIS) (3-4, also these procesdings). ..

2. .Variebles of the Problem.

The variables that define the properties of .a : DUMAND -array svent fall

- ieto two - classes: - properties of " the arcay.and extersal propesties. The

latter include -the optinal atteoustion length of. the water and the enexgy and

direction. of. the‘ : ine:l&ent SO 'l'he erray permteu mg be emmted as

follnwa. L o Cmewiel 0w

l Army me.; emﬁmreuon, em-! apde:laig cowdF e al

2 -Modile sensitivity and threshold triggeting levelu bl
3:. m Qor eeeaor) t::l:ne ueolut‘i%an.e- R ST P LY SR U

o !h, m th mme._ : B P PR 1,_;:;’::\

1;. l'he mu‘ber and pbeiﬂm of the smﬁbrs tﬂgynd, * ‘x.'a'
- 2» 'Bve. mmsbex of photoelectrons: ;medum ar uchuem,
o 3. metﬂaeofartivalat -the “signal,

The track reconstruction has two compbnents*

-fipace. Phes usdng only data: m local:inn ‘of mqﬂe t!iggmred and
the size -of the signal in each. _

2.7 Xime Fits . Uses in nddi,tion to epacendﬂta the, ebeemd tine of.

ml‘ Dfr m'lﬂ 3'18'!1‘1. Lo o gy Lo o7 HE -

The task is to explore the multi-dimensional space defined by all these
wariables. e availalle tool is the Monte Catlo program: mmum over
the last: m yeare, £irst bw A.. Boberts at Fermileb'{i);, anditheni wach mdrxe
axtensively by i:Stemger and Taylor (2), .and. 'by- Stenger (3,4).at Hawail.

Originally  the program merely simulated muon tracks in gses+yetar, ipiorder: to

doveatigate the jpessiblility iof messuring muon enargies :in DWMAND. . :Btenger and

Teylox added an array-mimulating program and the technlque for: patting arbi-
trary mbone through the array, caleulating the- energy losees:anditheir cengom-

itant optical eignals in the .array sensors. This.defined:the array. response.
Next, bubble chamber techniques-for.tmek---racoﬂs:mcbiéne'mmes.adapted_feos.;the
reconstruction of the muon tracks. Comparison of the "measured" and "true"

‘ttseki ’w.'hew gv:telda a measure ef uhe accuracy of traelt recmtmaeion;

s trgnd _ : : i
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Fits to the reconstructeéd ttack have been made by two procedures. One
uses only the mmber and position of t:ri.ggergd sensors and the magnitrude of
the sensot qupotiae “¢his 48 the "space" fit. 'A second uses in addition the
infomtioﬁ ‘on “the “time pf arrival of the sigrial at each sensor, to which a
gaussian eérvor desctibed by 1ts standard deviation (TRES) ia added at . random.
With this information, improved fits can be obtained as ve shall see. This
is the “time" fit. - .

The explorat:lon of “the multi-dimensional space is necesaarily m exten~
sive one; with 10 dimepsions and only 4 values for each, ve negd, lk } or 106
_points for a complete exploration. Fortunately, many parameters do ‘not need
to be explored in that detail; and the problem can be narrowed down to a re-
adily manageable size. . T

B

3. Initial Array Parameters.

3 1 Use of Cubic Arrays.

e arrayé proposed at the 1980 DIHAND %rkshoplSymposim aemd .as_ the
initial meterial for this study. For simplicity, both are ‘taken as cublc;
hexagonal arrays with the same volume and base surface aresa have approx:lmately
a 107 ‘smdlleér DMAX than a cublc array, where DMAX is the largeat distance from
a point tnside the atjray t6 the nedrest sensor. In a ‘eabic  drray  with 10m
spacing, ~PMAX ‘16 °8.66m; fn'a hexagonal array with spacing 10.75w ‘(to get the
same base area) DMAX is 7.96m. This is equivalent to an increase in the
'trausparency ‘of the water of about 10%, an effect that may be appratsed by
"lookiug 21: the- c&ma shm:hrg the effect of varying t!re attemmtion leugth
(Pigs. 8). ' . . T

3.2 Definition of Initial Arrays. oL

_ The two cub:l.,c agrays thal: served as a atarting point, ag defined l.-gy the
1980 Vorkshop. (67, were: N o e -

. A cube tﬂ&n on a side, with 100 spacing. - THis gives gl 86080T8. per
“side, or’ 1331 tqtai& am‘l a cros aectiona‘.l. ares of 10" w2 or 0.01 kn?,
" and s “volume ~'of 10 or 103 km3, Th:ls a’rray 18 called  the

HI‘HI-DMD or lfIN’I.

2. ‘A cubé scaled up ‘ffom MINI by a factor of five: 500m on & si&e, w:lt:h
50m spa‘c‘iﬁg, 1351 é’énsors, a base area’ of 0.25 10!2, and a volujne of 0.125
k3, This array is cdlled MIDI. '

 In-addition, many othéy arrays were exdmined, to test the . importance of
sensor ‘spacing and @ensot genmsitivity. The sénsitivity of availible or ex—
pected sensors is shown in the following table, which 1is taken from DIHAND
Note 80-18 (7).
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Table 3.1 Semsor Sengid:i.vj.ty. L

B T AREA, u? ('No. of pho 19;1:,1'01;; g __ooq_(,z
- T L _"_ o . at 202 ocg,t d,g afiicienc_y)
. a) m sl ct-vi . . Lo - L . ‘

S F LR

g" mr . .0314 0.63

.cynndmal L e

4:1,0.5 Ce.h T 80

'b) HLS sensors T ' e
Sea Urchin® 0.3 equiv. 6.0 R

*See Refs (8-10)

Since 8" tubes have been produced in some quantfty, ‘and the 13" tube 1s
now undqrgoing evaluatian of samples prior to goiqg :lm;o ptpdtxqt;qn, it seems
reasonable’ to regard t.'hese a8 awailafale- e et

" For MINI, the 13"-tube seems an obvicus chofce. Sinc.e £he aen 1;;&1:3 of
a hemigpharical-chthode ‘PMT £8 not fsotropic, dvopping to half at right a,nglas
to the axj.)e, e, a.squmd a sena;l.tivit;y of 1. 0 sl:enqqr to, be on, thq ,qafe aide- §

1In com:mst, a widp-apmd array 1i.ke MIDI needs a w.ore nsil;ive dgtqc-
tor. - ‘The only avp;l.la,hle one at present is Se.a Urchin, with._ ng sgqsit,gvi,ty of 6
stengers. This was accordlngly adopted. The proposed cylindrica} direch—vm
PMT is still on the drawing board (11).

Pt

3.3 Track Variation.

ALl the foregoing data'were taken with s:lngle nuon trsém; wg l;aqe .net
yet investigated in more detail than previous studies (6) the perfomnce with
multiple tracks. With r.ha exception of one short .xun in #he. digection
waB, vari.ad,. all the dats weve taken with a single mtr‘l pat)h through the
array, one that was nearly diagomal. “The initial pmﬂq—raq@ou guatier  (seed)
was always the same, so that when an array paramet.el: WA q}teqﬂ,z Jtho cowpari- y
son was always made with a set of identical tracks. Since the
- track-genexating .. routipa - uses pseudo-randenm .nuphers te.generate interactions
" along i;he t.ncks. auccagpive. tracks are different ,fr@, each _other, wt two
rung starting from the same pseudo-random aaed wfil :[dem::l.dalo - _

A short run in which the muon direction was varied showed no. ;.arge wvaria-
-tions beyond t.hose expaqr.ad h' chance, and t.he chaqge of t);ack lsngt.h .

‘4. Time Fit.,

The results of a run in which the time vresolution TRES is varied are
shown 4n Fig. 1. TRES is the standard deviation of a gaussian, and is thus
about -one~third the full time spread. The largest value in Fig. 1, TRES =

“«15nsec, corresponds to a rise time of about 40Onsec, and gives little or no im-
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provement over the space fit,. Below that value .thes improvement is marked, the
final angular error.being proportional to TRES. ' Tha drnpec value adopted for
most further wozk conreaponds to the observed time sppead.. for . venstiaorblind
dynode photomltipliers, the sort we expect to use, and is thus realistic. In
Pig. 1, the change of slope between MINI2 and MIDI . arrays 1is merked; - the
wider Spaced arrays appear to be 1nherent1y more accurate. T

. 'm-ta cbsemuon ;I.s nf gmat: significanca in consi.datim the use of Sea
Uzehin,. - m:hnat&z a worst case overall time spresd of 22 .ns in the light
. xeaching tha cantral BT £ rom a plane wave incident an Sea Drchin at right an~
glea to the axis. ;< This corresgonds to a TRES of ca. ' 7naj . adding:this in
‘quadratura.to the 4ns time resolution of the T, we obtain an effective TRES
m 8ns for Ses Urshin, worst case. From ¥ig,. 1, we see that.this gives a fac-
tor of .2 loss in angular resolution. Fox the case ‘of 1ight . lncident axfally
{the  diregtion. nﬁ naxionm sena:l.tivity), the worst case ught sp:end 13 11 ns,
_ giv:l.ng an effact:l.we TRES of éns. . Voo =

5. Initial Perfomnce Data.

The first runs were taken Hith reaspnable values for. the several parame-
ters, and the event parameters ~ particularly fhe muon energy ~ varied. The
time fit pammetep, TIES, was set at 4ns for ne.arly all mns, unless. othetwise.
noteds . . . .. S . .

5.1- | MINI Ferforuance' Int‘.roduction of HINI.Z.

For raamable valuga of t.hﬂ parametexs, the MINI arraar 13 clearly
over-sensitive. . Rven w!.n}.mn—ionizj.ng tracks were found to trigger >50: sen-
Bors when the th:ea,l;olc} wae set at 2 photoelectrons. As.we. will see below,
only 10 - m sensore..are. neaded to glye. a.good track £it. in armya of this
size, Bo that this represents a considerable waste. Since ap array: . for . mucn
detection should be no denmser than requi.red for a good t:rack fit, we :lncreased
the sensor spacing to 15 meters. p et " . :

The reaulting array, 1500 on a side, was nmed HIHIZ, and taok thg plaae
of MINI in subsequent work. Its performance, {f anything, was superlor to
that of MINI; it worked well over a wider, range of energies, from.5Q GeV to
at least 10 TeV. Both were satisfactory doém to at least 50 GeV; below that
the .muon. xange .18 too short.  Data on MINL and MINIZ. performance ' at . .Narious
‘energles .are. giwen . dn: Figs. .2 and 3., The enprmous improvemeat comsequent
upon the use of timing information is immediately apparent. The transparency
for Figs. 2 - 7 1is 25m.. - - S

- 5. 2 MIDI, an.d w:l.der spanings.

" Initial results on the HIDI vartay are. alwbm :Ln Fi,g. 4. The number of
" points on a MIDI track is considerably less than for a MINIZ track; but if
anything, the fits are bettexr, and the energy range wide; MIDI is_;googl_,up to
100 TeV. , Results with 75n and 100m ppacing are shown in Figs. 5 and 6. At
75 the, number of points on r.he, track is insufficient to abtajn a gaod. fit
below 100 TeV, and at 10011 ppacing a good fit is newver obtained.: _ -

. Hg. 7 shows the npmber of points on a _l:r_a_:d: as.a  function .of energy,
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for different spueings.” In most cases, the nmbu’r 1m:t€ases ‘atiove’ a‘ few ?&V, _
as the rate of energy: :lmw ‘of the mioh increases. ‘ At' 'FO0n -spactug - the mly
: sighi‘h aé!en ure**those &e* t‘&*tufhts, and t:he Erai:! ﬁt”i‘a W deutﬂtu'ble. |

N 6. Watkr Transparéncy.

R

The variation in the mmber of points on the track w.lth water tmnsparen-
ey for & fimed spaving is shows in Fig., 8. The ¢ffect ¥# significint; but
the chatige of-spscing for the-array to compensate LoF tle ‘chdvge of trivspir-

enecy 4l nob: linsar; provided wa: take the time: £1¢ as the :a¥iterivdi. - Theé ef-
fect wast de examined iwn detsil For ‘each cave. If ‘the spacting 1s shrgival at
25a° transparency, - it-wmay be ¢fcestive at 20m. This effect ‘{s {Tlustrated in -
Fig. = 9; vhich shows the angalar resoiution (time fit) as '’ ‘Ajactton ‘of ‘tran—
sparency - for seversl’diffsrent ‘spactngs.  For 50 spacing,: ther# s merely a
gradadl- improvement: of time Fiti a2t 65a & lavge effect ‘is o’ﬁw ‘since:the
number of pointe on the track drops below & criticalY 'waite, ~ The change
between 25m and 30m 18 equally remarkable. The histograqs o_f Fig. 10 llus-
trate the effect. R SR TN R URHI SO

74 ‘Jntiatio& uf A’rray Bpuei.n;_ wlth Hmd Senhiciv‘!:ty. =

. Hgs. 1T and 12 show for § = 6 and § =1 respect:lvel?‘ *tﬁe variation
with spacing of the number of points NPT and the angular reeolution, for ‘two
different values of water attemnuation. Dotted lines are added to guide the
eye. It is notable that as the spacing incresses, the' tﬁm‘fni‘ Tesolution re—
"nains nearly constant until a critical value is reached (which we have called
~"nee" of the corve), at which'it deteriorates ﬂmrplj' 'ﬂi%w i an ap-
.praeitble #fference bétween ‘the Iocalsitms of the knee at %0m and 2% tram-
‘sparehcies; ' the kiiee'moved ‘From about 4Om at 20m tradspaveticy, to 55 at 25m
. trahsparevey.’ The' bteak does mt. occut at the aw vﬂuﬁ uf‘ m".r, but they sre
';-,..‘not matkedly d’l’!ﬁeﬁ:ent o

Fig. 12, ahow:lng the data for §s= 1, scems t& Lﬁudicitémt q*u:l.te . 3
large a d:l.fference, the kne.ea at 20@ and 25n transparency occur at 22.5 and
2& rewtiﬂly‘t - O R . S SET Lt T IE .

8. Variat‘i.on of Sensor ’Stnsitivhy. Coe _- SRR £ f;-;a"-:_':_.s_;-'

‘me affects bf wmying thé .sensor- sensitMty‘ t‘re o! g'léeat ‘Inpbttance,
- since they uﬂmdly a*ffeet the cost of che sensur and 1:3 cﬁqleﬁty. e

A!: 100m spac:lng I:he mmber of photoelectrons per. *‘ir.tt.* 18 signiﬁcant’ly
higher than at smaller spacings. This means that imn general the muon track
itself is invisible, and signals are recorded only when s bifdt dedirs on the
.track. Increasing sensitivity doesn’t help much; the optical at;,t;gmation is -
mrﬂ;’d‘lﬁg 'ﬁg. 13 ﬂms the ﬁerfomnce data. T RRE e TR

!‘13‘. lfo ahﬂwu the rm‘ber of -points per l:rack as'a f\mction of smitm-
ty for spacings bf 50 t6 '100m. The straight Ithek do mot extmvh;afe to zero
at zerd sensitivi¥y. At 100m no pood fit 1is obtalned even &t 'S 20 wh:lé,h
‘appears to rule ‘tut the array suggested by Cline (127. s -

TPRg. lS*‘slmt'hm'the time fit varies with "sehs-itivi'fy “‘ag ' the water
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transparency or array size is changed. Note that a good operating point - the
"knee“ of l:he curve - :I.s readily found for each case. -

Fig. léfﬁhows 'a’set - of histograms of ‘the ti‘me £1it for ISm Bpacing,- as

the sensitfvity 1§ changed; fig. 17 doés the same for the opaﬁe fit.

9. Effect of Increasing_ Arrgy Dimensions.

Figs. 18 and 19 show the improvement in angular acmracy that can  be
achieved by doubling the dimensions of the array. Sych an array, vith eig'nl:
‘times as many séfisors, L& of course far more expensi.ve- but 4t shows that a
sufficiently large DﬂEANB array is’ pro‘bah].y capable of meaam:ing the" direction
of the recoil muon with all the precision wartanted by the fadt that the muon
1s  not exact:ly in the ‘same di.rection as the 1ncident neutrino, even at very
hi.gh enetgies- o

10. Graded Arrays.

A graded drray, ‘ds suggested at the 1980 Workshop, comb’tnes ‘both MINI and
MIDI into a single array with high density at the centeér, less at the ‘asteide,
We have not evaluated such arrays as yel:' the present programs will require
‘gome: modification to-do so. ° : S '

11, Summary.

l. The 10 - 12 ns rise-time of venetlan-blind PMT’s will y:leld highly sal:is-
factory &ﬁgul#r resolntions‘ 8-10 mr for HINI Smr for HIDI. A

2. MINI Arrar the minimum desirable array spacing is 1l5m. At 15m Bpacing,
the eitérgy rafige of the’ array is 50 GeV = 10 Tev or mote, and the ang:lar ac-
curacy 8-10mr for 25m water::® i

3. MIBL Arviéy:  ‘With 50m spacing, S = 6, 25m vater, the energy range is 300
Ge¥ (limtted by wmuon Yange) to 100 TeV.  The accuracy is 5 wr-if the time re—
golution is TRES = 4ns, the value appropriate to venetimnblind ‘tubes.: With
Sea Urchin, wvalues of TRES range from 5.5 to 8 ng in the wors-t cases‘ and
 thus the attainable resolution 1s probably 7-8 mr. : '

" 4. All array ?arameters mst be tailored to the water transparency. Thus
‘kndwledge - of “‘the long-term ‘atabltity of both water transparency and sensor
sensitivity is essential.

5. Increase of sensitivity beyond 8 = 6 is not partioularly useful.

6. 5 =1 is perfectly adequate for MINI axrays. Accuracy increases slightly
with increasing S.

7. Very large spacings ( >75m for 25m water) are no good at any S.

8. With very 1orge arrays (twice as many detector planes, or 8x as many sen-
sors,) angular accuracles as high as 1.5 mr can be achieved.
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Fig. 1. Bffect on the angular resolution of varying the time resolution
~ TRES, the standard deviation of a gaussian time spread. Note the linear
: - relation. '
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Fig. 1. Variation of- the number of hits and the time fit with array spacing,
for two different watér transparencies. Sensor sensitivity is conetant at

§ = 6, muon energy at 1 TeV. The dotted lines are added to guide the eye.
.Note, e.g., that for 25m transparency, the time fit remains good until the
- spacing exceeds 55m; this defines the "knee" of the resolution curve.
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