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ABSTRACT

We describe the current status of the search for proton decay on earth, emphasizing the
decay mode P -> K+v and discuss the possibility of detecting this mode with a single detector
on a lunar base station. The same detector could be used to search for neutrino bursts from distant
supernova using the neutral current signature i^,r+ N -» n+ ut by detecting the produced neutrons.
The key advantage of the lunar experiment is the low neutrino flux and possible low radioactive
background.
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The search for proton decay on earth is nearly stalled. The current lifetime limits on key

decay modes are shown in Table 1. It is generally assumed that

(a) SU( 5) is ruled out by the large lifetime of P - n r ° e+ and by the current value of sin 2 0B =
0.23 ± 0.0048 compared to the SU{ 5) prediction of 0.214.

(b) Supersymmetric SU( 5) is still viable and one expects that the F —• k*u will prevail.

The best chance to extend P -+ k*vto lifetimes beyond 1032 years on earth appears to be the
ICARUS detector being constructed for the Gran Sasso laboratory. However it is unlikely that any
earth bound experiment can reach limits of r > 1 0 n years for relatively unconstrained decays
such as P —> k*i> due to the large neutrino background. The neutrino background on the moon
should be reduced by more than 200 over that on earth. The limit for proton decay on earth is due
to neutrino backgrounds and is given in Table 1.

A lunar based experiment that utilizes moon dust for the bulk of the detector and a low
mass sensor system could extend the search to the 1035 year level as shown in Tables 2 and 3.

The basic idea is to search for proton decay through the process

L neutrons
the proton decay products being detected by a charged particle detector and the spallation neutrons
by a BFi neutron detector. Due to the possible low radioactivity of lunar dust the neutron detection
could be background free. Present measurements are so far inconclusive on this issue. The relative
neutrino background can be estimated from the ratio of the density of the earth's upper atmosphere
to the density of moon dust where the neutrinos would be produced on the lunar surface. This ratio
is approximately 10 ~3. A more precise estimate has been carried out in Reference 5 and is shown
in Figs. 1 and 2 as a function of energy. Additional more precise calculations are needed.

The detector principle used could be similar to that required to detect supernova neutrino
bursts following a scheme by D. Cline ci at. (paper reproduced in Appendix 1). Fig,3 shows a
schematic of the detector concept that utilizes an inexpensive neutron/tracking detector. In such an
experiment proton decay would be signalled by coincidence between the neutrons spallation due
to the sudden breakup of the nucleus and the decay final state of K* followed by K* -»ir* JT° or
K* —> ft+v. A key problem is the ratio of mass of the sensor detector to the total mass. For present
detectors this ratio is usually > 10 ~3 whereas the lunar detector would require ~ 10 ~~*. Such low
mass structures will require an R &. D programme of study.

In Table 2 we have estimated the background rejection that can be achieved using a lunar
base detector. The cuts applied are those that are applied usually in current proton decay experi-
ments to reduce the atmospheric neutrino background. As we have seen there is still appreciable



background of this type on the moon and similar cuts would be required. In Table 3 we estimate

the sensitivity that could be achieved in 106 ton lunar detector. The use of neutron spallation could

improve the rejection by an additional factor of 5 or more. The most serious detector problem is

the compacting of the lunar dust into a suitable structure for the detector configuration.

Monte Carlo calculations will be required to calculate the background to such a signature

due to the breakup of the nucleus. It is possible that the neutron energy distribution would be

characteristically different for the nucleon decay and the neutrino interaction due to the large energy

the recoil nucleus gains from the neutrino interaction.

The lunar base proton decay detector could also be used for a supernova neutrino burst

detector. It would be possible to detect one or more of the neutrino interactions from the neutrino

burst. For example, as shown in Appendix A, the detection of the neutral current reaction

I , neutrons

is very sensitive to p and T neutrinos. However, it is difficult with a single detector to measure all

the properties of the neutrino burst (direction, individual neutrino species, energy spectrum etc.).

We attempt to summarize the limitations of the neutrino telescopes that will be available in the

1990's in Table 4 to emphasize this point
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Table 1 Table 2

Current Experimental Limits on Proton Decay
Lifetime and Future Prospects

• A Comparative Summary of Earth
vs Lunar Nuclear Decay Detectors Background Rejection

(Decay Mode Independent)

Mode

p - K+v

Limit

2 - 3 x 103V

(1-6 ) x 103V

~ 102*!/

Ultimate Limit
on Earth

~ 1033j/

5 x 1032y

- 1030j/

Detectors

1MB'
KAMIOKA

-Superkamioka

FREJUS'
KAMIOKA
- ICARUS

Radiochemical
- neutron

burst
detection

Lifetime

1033!/

1034s/

1035j,

Nuclear
Decays in
10* Tons

600

60

6

v Induced
Events with

Topological Cuts
(Earth)

£„= 1 ±0.2Gev

500

500

500

v Induced
Events with

Topological Cuts
(Lunar Base)

Ev= 1 ±0 .2 Gev

2.5

2.5

2.5

See Reference 3.

This is an example of a nuclear decay mode that depends on a radiochemical or inclusive
search. Such modes may be searched for in the future by using a signature that arises
from the disintegration of the nucleus after nuclear decay liberating a burst of neutrons.
See Reference 4 for more information.



Table 3

p DECAY (Future Prospects)

Site

Earth

(1995)

Lunar Base*

(2010)

Mode

(present)

(present)

p -* TTV

Detector Size

10" Tons

3 x 103 Tons

10s Tons

105 Tons

Tp Limit

5 x 1032 ~ lO33;/
~ 3 xlO33i/

~ (1 - 6 ) x 1031

~ 3 x 1032if

6 x 1035 ~ 10"

6 x 103< ~1O34

* The v flux is ~ 10 3 less on the moon - thus if sufficient mass is available it should be
possible to increase limits by at least 10 2.

Table 4

Supernova Neutrino Detection in 1990's
-SUMMARY-

Reaction —>
1

Parameters
Measured

Cross Section

Neutrino
Energy

v Direction

Time
Down time

Max.
Detector

Size

Backgrounds

ucp -> e+n

Large
(KII. S.K.

1MB, LVD)

Yes
~ Ec

No

Yes
> 10%

2 x 105 tons
(fTiO) LENA

<10* TonsLiq.

Scint.(LVD)

Small if
e+ andn

capture detected
-OKfor# 2 0
galactic signal

Small
~ El

(ICARUS)

Partial

Yes

Yes

~ 2 X 105 tons
{Hi)

~ 103 Tons

Cryogenic
(ICARUS)

Small if
Direction

used to reject
background

vzN -+ vxN

Large
for coherent

process

No

No

Yes

Kilo tons
No detector

proposed
so far

Large
at high £„,

SNO

No - but a
threshold may

No

Yes
(Could be small)

- 106 - 1 0 7

TonsofCaC02
or

~ 103 Tons
D20

Depends on
radioactivity

of mater.
- can be large



Figure Captions

Fig 1 Hux of muon neutrinos and anti-neutrinos. The terrestrial fiux is shown for the case of no
geomagnetic field, for vertically downward and upward neutrinos at the Homestake and
1MB sites and for downward neutrinos in India in the direction of maximum geomagnetic
shielding. The lunar flux is calculated (light line) for ir and K meson decays; the heavy
line takes into account the effect of low-energy K and high-energy charm decays.

Fig.2 Ratio of the neutrino flux on the moon 10 that on earth as a function of the neutrino energy.

Fig.3 A proton decay and supernova neutrino detector on a lunar base.
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A New Method for
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Neutrino Bursts
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ABSTRACT

We study the feasibility of astrophysical neutrino detectors based on
the detection of neutrons produced in neutrino-nucleus inelastic scattering
events. We discuss how collective nuclear effects greatly enhance the relevant
interaction cross sections over those of single particle interactions. These
effects can help to reduce the mass required for neutrino detectors. We
present an example of a simple detector baaed on CaCO* neutrino targets and
BFj neutron counters. We discuss neutron background limitations and also
consider the possibility of forming a coincidence between neutrino detectors
and future gravity wave detectors.
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The fledgling field of neutrino astronomy can count two major successes
to its credit: the detection of solar neutrinos and neutrinos from Supernova
1987a.1'2'31* However, the detectors used in these efforts and proposed for
future experiments are based on weak interaction processes involving charged
current neutrino capture or charged plus neutral current scattering on single
nucleons, electrons, or deuterons. These fundamental processes have cross
sections typical of single particle weak interactions (cr *- 10~<J cm2), and
this represents an inherent limitation in expanding the size and efficiency of
the current detector designs.

By contrast, it has recently been shown that collective effects in nuclei
can increase the neutral current neutrino inelastic scattering cross sections
on nuclei by at least one order of magnitude (for T > 10 MeV neutrinos)
over single particle values.8 We therefore propose to use neutrino inelastic
scattering on nuclei together with subsequent neutron emission from the ex-
cited nucleus as the basis of an astrophysical neutrino detector. The process
involved would be

i/,+A(Z,N) (1)

where i/x is either a f,,^, or vT since we use the neutral current channel,
A(Z, N) is a nucleus of mass number A with Z protons and N neutrons, n is
the final state free neutron, and v'x is the scattered final state neutrino,

The advantage of such a detector over current designs rests on three
points. The first is of course the enhancement of neutrino scattering cross
sections due to nuclear collective effects. The second point involves using
neutrons as the tracer of neutrino induced events. The efficiency of neutron
detection (~20%) is inherently smaller than that of the Cerenkov detector
schemes (~100%) currently used in water detectors, but this decrease in
efficiency is offset by the enhancement in the scattering cross section dis-
cussed above. We will argue that it will ultimately be cheaper to scale up
our proposed detector than an equivalent water detector because of the rela-
tive inexpensiveness of BFj detectors as compared to Cerenkov counters.We
note, however, that the neutron detector efficiency is limited by the natural
background. Finally, our third point is that geologically large, relatively pure
deposits of suitable neutrino detector material (CaCOj or Na Cl) may exist
in nature in shielded sites.



A kfy olcinciit in our scheme is the expected relatively high energy spec-
trum of the Vp and i/r neutrinos in the stellar collapse, being well above
the threshold energy for reaction (1). In contrast, the ve neutrinos gener-
ated in supernovae have lower energy spectrum, below the threshold energy
of reaction (1). This leads to a selective detection of v^ and vr supernova
neutrinos.

Detailed shell model calculations of neutrino-nucleus inelastic scattering
are now becoming available.5 These calculations show that the interaction
cross sections in such events are enhanced by collective nuclear effects. In
principle it may also be possible in the future to use electron scattering
experiments to obtain the electromagnetic form factors for various nuclei. A
minimum of theoretical input then allows a calculation of the appropriate
weak neutral current form factors.5 Thus, eventually, it should be possible to
get accurate, semi-empirical results for the inelastic cross sections of various
nuclei.

For the purpose of discussing astrophysical neutrino detectors, we have
modeled inelastic neutrino-nucleus scattering with a scaled-up version of
charged current interactions of neutrinos and nuclei and fitted our model
to the shell model calculations of Haxton.5 We then use this model to com-
pute cross sections for neutral current interactions on various target nuclei.
Figure la shows the cross section per nucleon computed for the excitation of
40Ca to an energy of 24.15 MeV (corresponding to two oscillator levels) by
inelastic neutrino nucleus scattering.[Note the rapid rise of the cross section
above 15 MeV neutrino energy {TVftVr ~ 5 MeV).] This cross section folded
with a neutrino energy distribution emitted from a blade body at T=10 MeV
is shown in the curve labelled at x iv of Figure lb. The corresponding cross
sections for carbon and oxygen axe close to that of calcium.

The nuclei excited by neutrino inelastic scattering are then allowed to
decay via proton, neutron, or gamma emission. The spectrum of neutrons
emitted from *°Ca is shown in Figure lc. We then compute an average
cross section for a CaCOj molecule by summing the individual nuclear cross
sections weighted according to their frequency of occurrence in the molecule.
For a spectrum of neutrinos coming from a black body at T=10 MeV, we
find a flux-averaged total inelastic cross section for a CaCOj molecule of
CT ~ 1 x 10~*2 cm2 per nucleon and a cross section for neutron production
of crn ~ 2 x 10~43 cm2 per nucleon.
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We consider for illustration a. possible detector configuration using a
geological CaCOj formation as the neutrino interaction medium {Figure 2).
Cylindrical BFj detectors of radius ri are inserted into the CaCOa material
and the neutrinos are detected by the reaction

( 2 )

A neutron thermalizing material [nfCHj)] is inserted into the CaCO3 mate-
rial around the BF3 detector with radius t2- We have calculated the efficiency
of neutron detection by varying the parameters ri, r2 and the radius r3 of
the CaCOa medium that is the primary neutrino target. A detailed neutron
propagation computer program for all the materials was developed at LLNL
and used for the calculation. For example, the calculations give an overall
neutron detection efficiency of ~ 20% for the array of Figure 2, with rj =
20cm, rj = 22cm, and rs = 60cm. We can now calculate the number of
detected neutrons (Ncunti) from a supernova at distance R (kpc). For an
overall detector of volume V (m3) of CaCOj, assuming N* = 6 x 10s7 from
the supernova and an ~ 2.0 x 10~43cm2 per nucleon for CaCOj we find
the following expression for the number of counts detected, accounting for
neutron detector efficiency:

Ncounls — r>2

For supernovae in our galaxy (R ~ 20 kpc) we find

(3 )

, ~ 0.05 x V (4 )

A modest detector of size 10m x 10m x 10m detects about 50 counts. These
counts occur in a time interval of (10 - 20) seconds. For the local group of
galaxies

R ~ 1000 kpc (5 )

and we find

Ncount, ~2x 1(TSV (6 )

16



A detector of lOOiu x 100m x 100m gives about 20 counts. However, this
signal may or may not be above background (to be discussed below),

We have also considered NaC£ and S1O2 as possible detector media.
NaC^ is somewhat poorer regarding neutron transport than CaCOs, but is
better than CaCOj for neutron production by inelastic neutrino scattering.
S1O2 is much better than CaC03 as regards neutron transport, and about the
same for neutron production. We note that, as regards the NaC£ detector,
(Ref. ?), some salt mines have very low neutron backgrounds.

We now turn to the question of backgrounds. The most important char-
acteristics of the neutron detection is its time correlation to the neutrino
burst, We have calculated the time of propagation of the neutrons in the
detector and find that 90% of the neutrons are counted in the first millisec-
ond after production. The neutrino signals are expected to have durations
of about ten seconds with the intensity peaked towards early times. Thus,
the detector time response is quite adequate. However, because the neutrino
signal is spread out over several seconds it is necesary to have a very small
neutron background rate.

The detection of a supernova neutrino event would rely on slow coinci-
dence counting of neutrons from the neutrino interactions in more than one
BF3 detector. High energy cosmic ray muon induced photo-nuclear excita-
tions, nuclear fission of heavy elements and other sources of background could
be rejected because the neutrons produced in these events would be localized
in one or a few BFj detectors and not in coincidence in many detectors, and
would not show the time structure of a supernova neutrino event.

In order to estimate the rate of background events from the heavy ele-
ment impurity in the CaCOa we use recent measurements of the neutron flux
at the Gran Sasso Laboratory in Italy (the Gran Sasso Mountain is largely
made of CaCOj)*. From these measurements we estimate that the neutron
count rate in a 10 m length of BF3 detector is (10~s — 10~3) sec"1. However,
this estimate may not apply to the material in undisturbed sites and the
background could be lower there.

A 103 ui* detector would then give an average background rate of (10~] —
1) sec"1. Over a ten second interval this gives between one and ten counts.
The signal from a galactic supernova is about 50 counts, which is above the
background. ForalO* m3 detector, the background is (102 —103) sec"1 or 103
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to 104 counts in a ten second burst. A galactic supernova would give 50,000
counts, an impressive number to study u^ and vT supernova neutrinos. This
background would, however, swamp the 20 count signal from the local group.
Clearly, backgrounds are the major limitation to the power of the
detector.

If a purer target material is found, however, the distance out to which
one could observe a supernova with such a neutrino detector could be greatly
increased. It is clearly importent to carry out experimental studies of the
backgrounds in various geological formations. If materials of low backgrounds
can be found, this technique could lead to the detection of supernova neutrino
bursts from the local group with the possibility of detecting a cosmologically
significant i/^ or vT mass.

These considerations show that the overall detection efficiency for super-
nova neutrino bursts using inelastic neutrino scattering detectors is roughly
comparable to that of the present water detectors. We feel that the advan-
tage of our design is in its possible inexpensiveness compared to the water
detectors. Although BF3 counters on the scale contemplated here have not
been produced, the materials are readily available. We thus expect that if
neutrino detectors on scales considerably larger than the currently existing
ones are to be built in the future, it will be less expensive to produce and
insert BF3 counters into the target material than to use many new expensive
photomultipliers for water detectors. Furthermore, large deposits of target
materials exist (e.g. CaCC>3 in the Grand Sasso and NaC£ in salt mines) so
that preparation of the target material may be relatively inexpensive. We
also note that if the detectors are set up in the Grand Sasso tunnel or deep
in salt mines, they would be well-shielded from the bulk of cosmic rays.

There is going to be considerable improvement in gravitational wave
detectors in the near future for both the large bar detectors and the laser
interferometer detectors.7 These detectors may in the next decades become
sensitive to stellar collapse in the local group. In this case we propose to
form a coincidence between gravitational wave detectors and the detectors
of a correlated neutrino/neutron burst using the technique proposed here.
If a gravity wave is detected, then using that event to determine the initial
time will greatly enhance the chances of picking up the neutrino signal. Con-
versely, if a clear neutrino signal is observed, the search for a gravity wave in
the gravitational wave detector signal would be more reliable.

13



We lmvc illustrated a neutrino detector technique in tliiH letter, D<-
tiulcd calculations and study of various types of naturaJ materials must IK-
carried out before the construction of such a detector could be proposed.
However, we believe our preliminary calculations demonstrate the feasibility
of this approach. If geological formations of low backgrounds can be found,
this technique could lead to the detection of supernova neutrino bursts from
the local group with the possibility of detecting a cosmologically significant
fM or vT mass.

ACKNOWLEDGEMENTS

We would like to acknowledge most valuable discussions with Drs. J.
Bahcall, S. Woosley, J. Ferguson, R. Bauer, W. Haxton.

REFERENCES

1. For a review see: K. Lande, "Recent Results in Solar Neutrinos", I4'h

Texas Symposium on Relativisitc Astrophysics, Dallas, Texas, 1989, (to
be published by the New York Academy of Sciences.)

2. K. Hirata, et al. Phys. Rev. Lett, gg, 1490 (1987).
3. R. Bionta, et al. Phys. Rev. Lett. £§, 1494 (1987).

4. For a review of the neutrino emission from Stellar Collapse and SN
1987A, R Mayle and J. R. Wilson, Ap. J. sub 1987, and A. Burrows
and J. Lattimer, Ap. J. (Letters) 218, L63 (1987), and D. Joutras and
D. Cline, Astro. Lett, and Communications, 1988 Vol. 26, pp 341-347
(1988).

5. T.W. Donnelly, Phys. Lett., 43fi, 93 (1973), J. D. Walecka, in "Muon
Physics", Vol. 2, ed. V. W. Hughes and C. S. Wu (Academic Press, New
York, 1975), M. Fukugita, Y. Kohyama, K. Kubodera, IAS, preprint,
1988, W. Haxton, U. W. preprint, 1988.

6. B. Bellolti, et al. "New Measurements of the Rock Contamination and
Neutron Activity in the Gran Sasso Tunnel", preprint, Univ. Milano,
(1985).

7. For a review seer W.O. Hamilton and W. Johnson, "Present and Future
Bar Detectors I", W. Fairbank and P. Michelson, "Present and Future
Bar Detector 11", R. Drever, "Laser Gravity Wave Detectors", Proc.
Symposium on the Next Supernova: Astrophysics, Particle Physics, and
Detectors, Santa Monica, California, 1989.

0

MeV
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neutrino black body spectra at temperature TV,,*,-
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Figure l b . Neutrino spectrum, !„, from a blade body at T = 10 MeV
and total inelastic neutrino scattering croea section off 40Ca multiplied by U
versus neutrino energy adjusted to peak at one.

Figure lc . Energy spectrum of neutrons emitted from excited 40Ca.
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