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Measuring supernova neutrino temperatures using lead perchlorate
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Neutrino interactions with lead produce neutrons in numbers that depend on neutrino energy and type. A
detector based on lead perchlorate, for example, would be able to measure the energy deposited by electrons
and gammas in coincidence with the number of neutrons produced. Sorting the electron energy spectra by the
number of coincident neutrons permits the identification of the neutrino type that induced the reaction. This
separation allows an analysis which can determine the temperaturesanid v, from a supernova in one
experiment. The neutrino reaction signatures of lead perchlorate, and the fundamentals of using this material as
a neutrino detector, are described.

PACS numbsd(s): 97.60.Bw, 25.30.Pt

[. INTRODUCTION 7 neutrinos and their antiparticles. The predicted values of

. the average energies for the three neutrino classes differ a
Recently a number of groups have expressed an interest in

using Pb as a target for neutrino interactions to study supedeat deal, and are estimated tobg=11 MeV, E, =16
novae[1,2] or oscillations[3], and this inspired an estimate MeV, andE, =25 MeV [8,9].

. . . M T
of the cross sectiofil]. The interest arises because of the Although not strictly thermal, the supernova neutrino en-

large cross section and the low relative cost of Pb. As gy spectra can be described well by a thermal distribution,
result, additional cross section calculations were done re-

cently by Fuller, Haxton, and McLaughli@] (hereafter re-
ferred to as FHM and Kolbe and Langanke,6] (hereafter 1 Eﬁ

referred to as KL f,.== ,
g L . . . —n)+
Interesting neutrino interactions with Pb consist of ToFa(7) eXpE, /T, =) +1

ve+208Ph = 208gjx 4o (CO wheref, is the normalized neutrino spectral shae,is an
1 effective neutrino temperaturg,, is the neutrino energy, and
7 is the degeneracy parametehemical potential divided by

208-ypi T
Bitxytyn, T,). Forv, andv,, the supernova model predictions for the

v +20%Ph = 208ppy 4 v (NC) flux is- well fi'g with =3, Whereas.fonz_ﬂvf the flux is better
described withnp=0. The normalization factoF,(7) has
U the valuesF,(0)=1.803 andF,(3)=18.969. Thetotal
208-YPp+ xy+yn. neutrino fluenceF, from a supernova can be estimated by
Figure 1 shows the energetics of these transitions. The num- I I 24 MeV
ber of neutrons emitte@, 1, or 3 depends on the neutrino 3n —— -T- €
energy, and on whether the transition is induced by charged Ist
current(CC) or neutral currentNC) interaction. The nuclear opy [r— 18
physics of this system was described in detail in Refs]. L GT. -+
An ideal lead-based neutrino detector would have an ap- 2n — / IAS
preciable density of lead atoms and the capability of detect- 12
ing the electrons, gammas, and neutrons produced in the re- 1st -+
action. Lead perchlorat¢Pb(ClO,),] has a very high 1y [—
solubility in water[500 g PKCIO,) »/ 100 g H,O [7]], and
the mixture is transparent. This transparency raises the hope Rl —— -4 8
that a Grenkov detector can be assembled. Additionally, the GT
presence of a neutron moderatbiydrogen and a neutron
capture nucleug®Cl) provides a method for observing the L0
neutrons. The high-energ{B.6 MeV), neutron-capturey Pb Bi

rays from Cl would Compton scatter in the fluid and be

observed via the “?e”"o" light of;ihe recoil electrons. labeled GT indicate the Gamow-Teller resonance, IAS indicates the
Supernovas emit on the order10 of all types. The av- isobaric analog state, arigstindicates the states populated by first

erage energies of neutrinos emitted by a supernova follow g iqden transitions. The one-, two-, and three-neutron emission
hierarchy,EVe< E..< EV# . wherev,, ; indicates eithep or  thresholds are indicated by the labéls 2n, and3n, respectively.

FIG. 1. The level scheme of @%b - 2°%Bj system. The levels

0556-2813/2000/68)/0658027)/$15.00 62 065802-1 ©2000 The American Physical Society



S. R. ELLIOTT PHYSICAL REVIEW C 62 065802

E MeV|[10kpc 2 TABLE I. The neutron capture cross section for the various
F,=2.8x10" cm? B ( ) , species in PILCI0,) , the number of species in solution relative to
10°3 erg T, D Pb for an 80% solution concentration, and the neutron-capture rates

relative to hydrogen.

whereEg, is the released energy, abds the distance to the

supernova. Isotope  Neutron capture Relative number Relative neutron
The supernova, spectrum is too soft to produce a large cross sectiortb) density capture rates

number of multiple-neutron invers@-decay events in Pb. 1.

However, if the higher energy, . oscillate intove, the 2045, 0.70 0.01 0

hardening of the spectrum will greatly alter the expectedzoapb 0.03 0.24 0

number of two-neutron evenid]. Thus the response of a Pb 207py,

S . 0.70 0.22 0.04
dete_ctor is intriguing beca.luse'll’fpe is found t.o be Ia.rger than 208, 0.02 0.52 0
T, it would be strong evidence that neutrino oscillations areg 2.
taking place. However, the uncertainties in the neutrino en3sc| 44.00 1.52 18.3
ergy distribution as predicted by the supernova models mayicj 0.43 0.48 0.06
complicate the interpretation of a measurement of the speg 13.6 0
tral parameters. 160 0.00 13.57 0

The FHM paper demonstrated that the NC and CC inter47q 0.23 0.01 0
action rates in Pb are sensitive probesTgL o Tug and 18y 0.00 0.03 0
T;e. This paper further discusses the details of studying Sug 0.32 11.3 1
pernova neutrinos with Pb. In particular, the use of the added™ N.A. 234 N.A.

data arising from observing the product electrons and gam=
mas in coincidence with neutrons is described. These data

permit the separation of the NC and CC rates and a furthefelating the electron energy to the incoming neutrino energy
division of CC v, and v, events. This collection of data can by a comparable amouia few MeV).

be interpreted in terms of the three temperatures of interest. Because solutions of P6IO,) , contain a great deal of
The CC event division is discussed here in detail. Althoughwater and Cl, the neutron thermalization and capture time is
any Pb-based experiment that measures electrons, gammaéthe order of 10—-10@s. This time scale is short compared
and neutrons might apply the techniques described hereit@ the v detection rate during a supernova, but long enough
the example of using lead perchlorate as a target material i identify whether there are zero, one, or two neutrons in
discussed. coincidence with a primarg™ or vy.

II. PHYSICAL AND OPTICAL PROPERTIES 11l. CROSS-SECTION MODELS

To build a reasonably large detector viewed by photomul- The FHM [4] paper pointed out the importance of
tiplier tubes from the periphery, the attenuation of trer-C  the?®®b - » cross section and the production of neutrons.
enkov light must be minimal. Therefore the transmission OfThey noted that the total number of neutrons produced by
light through the medium is critical. To understand the transneutrino interactions with Pb is sensitive to the effective tem-
mission, measurements were made at several wavelengtpgrature of the supernova energy spectrum especially for
through several concentrations of (BtO,), [10]. The reactions which produce multiple neutrons. However, they
maximum achievable transmission is still under study, withdid not consider detection schemes that could measure the
attenuation lengths exceeding 2.5 m having been measureghergy released in the form of electrons and gamma rays
in an 80% solution. A large mass detector may require seghereafter referred to as the electromagnetic eneiggutral
mentation to minimize adverse effects from light loss. current events release a large number of neutrons but very

The Cerenkov response of the medium depends on théttle electromagnetic energy. Hence NC events can be iso-
index of refraction, which for RICIO,) , is 1.5 for an 80% |ated from CC events by measuring the electromagnetic en-
solution by weight. The density of this solution is 2.7 g&m ergy in coincidence with the neutrons.
the corresponding®®b number density is 1:7107cm?, The papers by FHM and KL provided effective cross sec-
and the hydrogen number density is 8.80°4cm®. Some tions for neutrino-lead interactions averaged over the neu-
additional pertinent data for RBIO,4) , are given in Table I.  trino energy spectra and summed over all the product

The number of @renkov photons emitted by an energetic nucleus states. It is just these distributions, however, which
electron in PKCIO,) , is about 185/cn{11] in the wave- are needed to simulate the response of a detector and to
length region of interest for phototubes. The stopping powebptimize its design parameters. This section summarizes the
of 80% (50%) PK(CIO,), is about 0.2 cm/MeM0.33 cm/  nuclear physics model implemented to calculate these distri-
MeV). Hence a 15-MeV electron will emit a total of about butions. In Sec. IV, these distributions and their use in ana-
550 (920) photons in 80%(50% PK(CIO,),. Due to the lyzing the neutrino spectra are described.
modest light yield, the resolution~20%) will be modest. Specifically, the energy dependence of the five primary
The resonance widths will also contribute an uncertainty intransitions of interest as identified by FHM is calculated: two
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TABLE Il. A description of the levels used in the simulation.

The two-neutron rate from the NC first forbidden transition is not
critical to the analysis. The neutron number branching ratios used 1000
here were motivated by results from FHM. 5
S — 30x10
Transition Product nucleus  Fraction Fraction Fraction %1 00 -
energy level decays decays decays “‘E )
with respect to Pb  with @ with 1 n with 2 n o° — 20 °
I, 10 §
CC IAS 17.53 MeV 0 1 0 T Ul
CCGT 17.9 MeV 0 0.9 0.1 5
CCfirstforh.  24.1 MeV 0 0 1 $ 1 ~ 10
NC GT 7.32 MeV 0.55 0.45 0
NC first forb. 14 MeV 0 ~1 ~0 0.1 o

0 40 80 120

for the NC interaction and three for the CC interaction. The Energy (MeV)

parameters describing these transitions are given in Table Il. FiG_ 3. The CC cross section as a function of energy plotted on
For the isobaric analog statéAS) CC and Gamow-Teller the left axis(solid line). A normalized thermal neutrino energy
(GT) NC and CC transitions, the analytical expressions andpectrum T, = 6.27 MeV, = 3) is plotted on the right axis
matrix element values from Reff4] are used. For the first (dashed ling Note that the cross-section scale is logarithmic,
forbidden transitions, the cross section cannot be written in ahereas the spectrum scale is linear.

closed form. Software to calculate that contribution to the

cross section as used by FHM was obtai[ﬂaﬂjl and hence the first forbidden transition, which leads to the emission of

the cross-section calculations presented here agree wifW0 neutrons. _ _
FHM by design. Tables lll and IV show some cross sections and relative
Figure 2 shows the cross section overlaid on a normalizefiteraction rates for the various components of@G0,) . It
thermal flux distribution T, =2.76 MeV, »=3). Figure 3 IS clear that the interactions with Pb and H dominate. Con-
vg=2- : :

. . tributions from ClI, O, and elastic scattering of electrons are
shows the same for a higher neutrino temperattlite=£6.27 . i
N at the few percent level. The CC interactiom@fon protons

MeV, %=3). The origin of the large increase in the interac- is a major contribution because the hydrogen density is large

tion rate with temperature is clear from a comparison of:n PKCIO,), solutions. For other isotopes found in

these plots. The onset of the Pb cross section Ile_s betwe.%HCIO4)2 but not listed in the table, FHM noted that the
these two temperature extremes. As a result, the interaction . .

. o g o i cross-section models vary liké-Z or NZ/A. For Pb, these
rate in Pb is highly sensitive f, . This is especially true for

TABLE lll. Cross sections forv, interactions on several iso-
I B T T topes, for various energy spectra and authors. The column labeled

a DAR indicates an average of the cross section over the muon
" 3 .
1000 — — 80x10 decay-at-rest energy spectrum for electron neutrinos. The column
labeled SN is for a Fermi-Dirac distribution of energies with= 3
S andT, = 6.266 MeV E, ~ 25 MeV). The cross sections are in
%1 00 —:1 — 60 -~ units of 10 %° cm?2. For reference, various other cross sections are
NE i B given.
G HH =
%, 10it - 40 S Isotope At30 MeV  DAR SN
w [ 20%h(p, e )X 31.[5], 44 59.6[6] 34.[6], 47.5[4]
O 1 _
5 1 L 5 81Cl(ve,e7) ¥'Ar 1.0[12]
: 5Cl(ve,e7)X 0.62[4]
i 3Cl(ve,e")X 0.14[4]
01 = I\_i__l__l__l__l__l_ o 180(v,,e7)X 0.01[13] 0.11°[13]
o 40 80 120 80 (v, vp) X 0.03[5]
Energy (MeV) D(ie e )X 0.41[14] 0.53[15] 0.4[14]
_ _ _ H(ve,e")n 0.6[16] 0.5
FIG. 2. The CC cross section as a function of energy is p|°ttedue(e,e’)ué 0.003[17] 0.0023°[13]

on the left axis(solid ling). A normalized thermal neutrino energy
spectrum Q'Ve=2.76 MeV, »=3) is plotted on the right axis 2This value was calculated by the author using the formalism of
(dashed ling Note that the cross-section scale is logarithmic, Ref.[4].

whereas the spectrum scale is linear. bThis value is forp=0 andT,=8.0 MeV.
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TABLE IV. The neutrino interaction rates for 30-Me, for ] ] ] ] ]

the dominant reactions. The values are given relativét#®b. The
cross-section value for Pb corresponds to that of FHM. .
1.5x10° — —
Element Relative rate %
=
29%Ph(ve ,€) 100 o
CI( vy ,€) 2.0 § 104 -
160(,,€) 0.6 S’.ro
H(ve,e")n 32 =
ve(e,e) v 3.1 5
e 1 e . B 05 o -
-o>
dependencies are small for the naturally occurring isotopes.

Hence one can anticipate that their response to neutrinos will 0.0 I | | |

be S|mllar. This is _not the case for C3I7 H(_)we\_/er, the differ- d o0 46 ES S8 760

ence in cross section betwée@l and *’Cl is still probably Energy (Mo}

smaller than other uncertainties and thus the Cl interaction 9y

rate is small. FIG. 4. The energy observed in the detector due to electrons
from the CC interaction that are found in coincidence with two
neutrons E,). This plot is forTVe=2.76 MeV andn=3.

IV. ELECTROMAGNETIC ENERGY

A detector based on lead perchlorate would be able tdore the one-neutron spectrum provides data onvthenergy
measure the energy deposited &y and y in coincidence distribution. The two- and one-neutron spectra thus relate
with the number of neutrons produced. The energy depositedirectly to the spectral features of the incident neutrino flux.
in the detector due t@~ and vy is referred to here as the Figures 4—7 show spectra of the electromagnetic energy for
electromagnetic energy, to contrast it with that resulting fromevents in coincidence with one or two neutrons for two dif-
neutron capture. To identify a particular class of neutrinosferent neutrino energy distributions. These spectra have been
one sorts the e|ectr0magnetic energy Spectra by the numb@pﬂVO'Ved with an estimate for the detector resolution.
of coincident neutrons. CC events always produce an elec- For NC events, only GT excitations can produce an event
tron which can have substantial energy in coincidence withVith no neutrons as the resonance straddles the neutron sepa-
neutrons. NC events produce either a high-energyith no  ration energy. Ay ray of approximately 7.3 MeV is then
neutrons or neutrons with little or ng energy. emitted. This would produce a line in the zero-neutron elec-

First consider the separation of NC from CC events. Thdromagnetic energy spectrum. NC transitions can also pro-
product nucleus from the neutrino interaction can producéluce one-neutron events and a modest number of two-
zero, one, or two neutronﬂ?artide decays other than neu- neutron events. As there will be little eleCtromagnetiC energy
trons(alphas and proton®f the product nucleus states have in coincidence, the one-neutron events will be interpreted as
a much lower branching ratigsee KL, and are ignored
here] When the interaction does produce a neutron, the neu- l l l l

trons carry away the available energy and there is little elec- 012
tromagnetic energy produced. Hence for the NC events, the
electromagnetic energy is only appreciable when zero neu- = T8 B
trons are emitted. Thus events which do have appreciable 2
electromagnetic energy in coincidence with neutrons are in- N§ 0.08 — —
dicative of 2°%Pb - v, or H - v, CC interactions. §

Next consider the separation of the CC events int@r § 0.06 —
ve events. The two-neutron event rate is dominated by 8
ve-induced CC transitions to the first forbidden level in Bi. '50.04 —
Since the electromagnetic energy for the CC reactions is re- %
lated to the incoming neutrino energy, the two-neutron event “0.02 — -
spectrum provides data on the incidentenergy spectrum.
In contrast, the IAS and GT transitions induced fypro- 0.00

| | | |
0 20 40 60 80 100
Energy (MeV)

duce mostly one-neutron events. Furthermore, although
do not have an appreciable CC cross section on Pb, they
have a large cross section on H. The one-neutron spectrum is

therefore generated by r_eactions induce_:dvp)an_djg._ But FIG. 5. The energy observed in the detector due to electrons
those are the only reactions that contribute significantly tGrom the CC interaction that are found in coincidence with two
the one-neutron electromagnetic energy spectrum, and therseutrons E,). This plot is forT, =6.27 MeV andy=3.
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FIG. 6. The energy observed in the detector due to electrons FIG. 8. A contour plot .OEl (solid lines andE, (dashed lines
from the CC interaction that are found in coincidence with one®S & function of the neutrino temperatures. In both cases, the aver-

neutron €,). This plot is forT, =2.76 MeV, T, =4.01 MeV age energy was calculated for events depositing at least 5 MeV.

and »=3. The dashed line represents the contribution dugeto

on H n=3, the NC rate of two-neutron events will be comparable

to the CC raté¢4,6] because, although the NC cross section is
o much smaller, there are four times as many,'s as v,'s
an 8.6-MeV line in the zero-neutron spectrum. The strengthgng their temperature is much higher. Thus at by, this
of these two lines in the zero-neutron spectrum provide §,,cxqround must be separated. Note that because there are
measure of the. NC rate. Due to the resolunon_, these twgeveraly sharing the energy and photons Compton scatter
lines will most likely be blended. These rates will be large jore than once before losing all their energy, therankov
even for low-temperature profiles. light produced by neutrons capturing on Cl will be isotropic
One background to the CC one-neutron spectrum comeg comparison to electrons from inverse beta decay. This
from two-neutron NC events. One of the two neutrons WOUIdCOU'd lead to a technique for Separating this background_
be taken as a neutron, but the second would be mistaken f@itherwise an electromagnetic energy threshold of 10 MeV
electromagnetic energy. FGr,,wVT=6.27, Tve=2.76, and would eliminate it.
With the spectra in hand, one deduces theemperature
by relating it to the average electromagnetic energy from the

one-neutron spectrumg(l) and the two-neutron spectrum

— (E,) (Fig. 8. One also counts the total number of one-
neutron eventsN;) and two-neutron eventd\G) in these
spectra(Fig. 9). The ratio R=N,/N;) depends strongly on
the temperatures of the two types of neutrinos but is insen-
sitive to uncertainties in the supernova distance scale. Using
these parameterE(, E,, N,, N;, R), the pair of neu-
trino temperatures that fit the data are determined.

If the electron neutrino temperature is clearly greater than
that of the electron antineutrino temperature, it would be
considered strong evidence fog-v, or ve-v, oscillations.

— This condition is satisfied by the top left-hand section of
these two-temperature plots. It should be noted that the con-
tour plots were done for thermal spectravloscillates, the

s
80x10™°
60

40 —

f do/dE(10™* cm”/MeV)

’
.

20 —

o
»
v
]
]
0
I LY
)
’
.
N
’

-

I
0

20 40 60 80
Energy (MeV)

100

spectral shape could be complicated depending on the oscil-
lation conditions, and this analysis would have to be ex-
tended.

To use this set of figures to determine the temperatures

FIG. 7. The energy observed in the detector due to electronsvith some precision, one must estimate the uncertainty in the
from the CC interaction that are found in coincidence with onemeasured parameters. These uncertainties are mostly deter-
neutron €,). This plot is forT, =6.27 MeV, T, =4.01 MeV,  mined by the number of events observed. Regions in Figs.
and 7=3. The dashed line represents the contribution due,to 8-10 are defined by the values of these parameters and their
on H. uncertainties. The boundaries of these regions indicated on
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TABLE V. Some cross-section comparisons between FHM and
KL. The cross sections are given in units of 78 cm?. In most
cases the two calculations have fair agreement. The selection here
was chosen to emphasize the differences.

Transition and FHM KL
spectral input

Electron Neutrino Temperature (MeV)

Pb(re.€)X T, =4.0 MeV, 7=3. 6.9 6.7
Pb(ve.€)X T, =8.0 MeV, 7=0. 58 43
Pb(r,»')X T, =4.0 MeV, 7=3. 0.66 0.23
Pb(r,»')X T, =8.0 MeV, 7=0. 4.5 1.4
Pb(v,e)X =" decay at rest 91 59.6

| | | | #This value was calculated by the author using the formalism of

2 4 6 8 FHM.
Electron Anti-Neutrino Temperature (MeV)

L ) tures is small, and the precision improvesTif is larger
FIG. 9. This is a contour plot of the count rates as a function of e

the neutrino temperature for a 24-kt(PhO,) , detector. The solid because the event rate is higher.
lines are for the number of one-neutron CC events, and the dashed
lines are for the number of two-neutron CC events. A threshold of V. SUMMARY

5 MeV was used. The Sudbury Neutrino Observator{SNO) [19] and
Super-Kamiokand€SK) [20] experiments are operating. In

the axes provide the corresponding temperature ranges thié#e event of a supernova, Super-Kamiokande experiments

describe the data. For a commonly considered supernova ®ill observe a large number of.-H events ¢(-10000 for

10 kpc, with 3< 10° erg of released energy and a 10-kt PbT, =4.01, n=3) and SNO will observe a number of-D

detector(24 kt of lead perchloraje one expects to measure events (90 for T, =2.76, 7=3). The average energy

E,=11.0 0.5 MeV,E;=19.6 = 0.2 MeV,N;=1530, measured for these two reactions could be compared in a

N,=82, andR=0.053 £0.006 fornonoscillating spectra two-temperature plot in a similar analysis as described

(T, =2.76, =3, EV =11, T, =4.01, »=3, and E; above. Due to the smaller number of events, the uncertainty
e e e

=16). Theuncertainties for the average energies were esticomparng these energy distributions would be determined

mated by calculating the variance of the distribution, anoby the SNO measurement. For thesesmperatures, a 24-kt

dividing by the square root of the number of observed, XClO4) 2 experiment would count a number of two-
counts. The resulting statistical uncertainty in the tempera[1eUtr0n ve events comparable fto the number of .SNO
' D(ve,e )pp events. Thus the average energy analysis of a
Pb(CIO,) , experiment would have a sensitivity similar to
the SNO-SK comparison. But the total number of counts in a

/ PK(CIO,) , experiment is much more sensitive to the neu-

trino temperatures. SNCPH(CIO,) ,] observed about three
(60) times as manyD(v.,e”)pp (two-neutron events at
T,=6 than at 2.76 MeV. This extra handle on the data adds

a powerful redundancy to the analysis.

It is obvious from Table V that there are still large uncer-
0.9 tainties in the nuclear physics of these interactions. Further-
0.5 — more, reactions on the other Pb isotopes were not considered,
05— although they would tend to increase the signal. Therefore,
4 — the response of such a detector should be measured in a

prototype. Thev, spectrum from a stoppegt™ decay is
0.1 ’ comparable to that from supernovae. Thus the two- and one-
_f neutron spectra could be measured at a beam stop facility

[21] without the influence ofv,. Since theve-proton reac-
tion is well understood, it does not need additional study and
the measurement would focus on what is currently poorly
Electon Anti-Nawtrino TegperatureS(Mev) known: the nuclear physics parameters of the lead reactions.
Thus the theoretical uncertainties in the cross section could
FIG. 10. This a contour plot oR as a function of the neutrino be diminished by a beam stop experiment.
temperaturesR is the ratio of two-neutron events to one-neutron  The details of the analysis presented in this paper will
events. A threshold of 5 MeV was used. alter as the nuclear physics of this system becomes better

[00]
|
\2.'1
2
.

\

Electron Neutrino Temperature (MeV)

M)
l
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