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Abstract

We discuss accelerator production of neutrinos in underground laboratories via the
12C(p,n)'2N reaction. Proton beams within the reach of current accelerator design
and economic constraints can produce fluxes up to ten times that attributed to the sun.
Intense neutrino fluxes in low-background environments would open up new possibilities
for calibrating and developing solar neutrino detectors and for other low-energy neutrino

physics.

The ‘puzzle’ of the missing solar neutrinos has aroused considerable and sustained
interest because of its implications for stellar evolution and particle physics!. This
interest intensified with the discovery of the Mikheyev-Smirnov-Wolfenstein (MSW)
mechanisin: neutrino mixing characterized by small neutrino masses and mixing angles
can alter the flux, spectrum, and flavor of solar neutrinos?. There has also been con-
siderable progress on the experimental front. Measurements from the Kamioka I1 (KII)
detector®, which is sensitive to the high energy portion of the ®B solar neutrino flux,
and the first results from two radiochemical gallium detectors?, which are primarily
sensitive to the low-energy pp neutrinos, have been added to the twenty-year data set
from the Homestake Mine 37Cl detector®, which primarily measures the flux of the *B
and "Be neutrinos. Within the next few years SNO® and SuperKamiokande? should
be taking data. These new direct-counting detectors will be the first to provide high
statistics, and will also be able to more clearly characterize the flavor and direction of

the astrophysical neutrino flux.

Both the importance and difficulty of direct calibrations of solar neutrino detectors
with terrestrial neutrino sources have long been appreciated. The very-low-energy re-
sponse of radiochemical detectors can, in principal, be tested® with radioactive sources
such as 31Cr,%Zn, or 37Ar. The reactor physics and safety issues associated with the
production, handling, shielding, and transportation of sources of the requisite inten-
sity ( ~ 1 MCi) are considerable. For this reason the Homestake detector has never
been directly calibrated. Calibration of the GALLEX detector will soon be attempted
with a 3!'Cr source produced from isotopically enriched %°Cr in a French reactor and

transported to the Gran Sasso laboratory. Plans exist for a similar calibration of SAGE.

A novel alternative calibration scheme was suggested in 1973 by Marrs et al.?,
who explored the feasibility of testing the response of the 37Cl detector to high energy
neutrinos by using a small accelerator to produce short-lived ®B at the detector site. A
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the analog 15.11 MeV transition in 12, These corrections reduce the low-energy tail of
the neutrino spectrum by ~.5% and increase the high énergy tail by ~ 3%. The 5.45%
of the decays that populate excited states in 12C generate less energetic neutrinos with
correspondingly smaller detector cross sections. Their contributions to the spectrum of
Fig. 1 have been calculated in the allowed approximation. The ®B spectrum is from

Bahcall and Holstein'?.

The spectrum of Fig. 1 will be augmented by activities produced by other p+!2C
reactions. In this regard the situation is more complicated than that for the 3He + SLi
reaction considered by Marrs et al., where the only significant activity accompanying
8B production was "Be (which produces EC neutrinos at 862 and 384 keV). For p+!2C
at E, < 50 MeV the additional activities include 13N (B* neutrino endpoint of 1.709
MeV), !'C (8*, 1.709 MeV endpoint, 99.76%; EC, E, = 1.982 MeV, 0.24%), '°C (8,
1.911 MeV endpoint, 98.5%; 0.889 MeV endpoint, 1.46%), °B, and "Be.

For definiteness, we address the low-energy activities in the context of a possible
37C] detector calibration. The low-energy activities can only excite the traunsition to
the 37Ar ground state, whose strength is fixed by the 37 Ar lifetime. We will return to
the high energy activities (*2N,*B) later. One expects the cross section for 12C(p,v)*N
to be < 1 mb, so this activity is unimportant. The 12C(p,pn)''C cross section has
been measured and is large, peaking at ~ 100mb near 45 MeV!3. The resulting relative
11C/12N yields are 40 and 31, respectively, at E, = 50 and 40 MeV. However the cross
section for 1! C neutrinos to produce 37 Ar is small, 4.25 x 10747 cm?, so that their net
effect on a 37Cl calibration would be ~ 0.1% that of the '?N neutrinos. The ?C(p, z)"Be
cross section is also known!?, peaking at ~ 20mb at E, ~ 40 MeV. The thick target
7Be/'2N yields are 6.0 and 3.6 at E, = 50 and 40 MeV, respectively, and the 37C1 "Be
cross section is 2.34 x1074¢ cm?. Thus, as in the case of the Marrs et al. proposal,

the net effect of 7Be neutrinos on a 37Cl calibration is < 0.1%. The cross section for

5

12¢(p, pnn)'®C, Q = -31.84 MeV, does not appear to have been measured, but with a
neutrino cross section on 37Cl of 8.59 x 10~4¢ cm?, its contribution to a calibration will

be similar to the other cases we have discussed.

In contrast, any significant production of 8B would be important. The relative
yields of 8B and '?N activities from proton bombardment of thin C targets have been
measured at the Paul Scherrer Institute!®>. The ratio o(®B)/o('*N) is 0.28 aud 0.36
at E, = 50 and 70 MeV, respectively. A measurement of the thick-target yickl of B
at energies of interest (e.g., 40 MeV) would be useful. The results of Ref. 15 can be
combined with the cross sections given below to estimate that at E, = 50 MeV, the
contribution of 8B v’s to the calibration of the 37Cl and KII detectors will increase the

counting rates by 12% and 11-13%, respectively. This, of course, is a welcomed result.

We now consider the effects of the high energy activities (**N,®B) on two existing
detectors, KII and Homestake. We take the KII resolution and efficiency functions
from the parametrizations of Ref. 16. The KII experimenters make software cuts on
the apparent energy, €4, of recorded events to improve the signal/background ratio.
Results have been reported for €4 = 9.3 and 7.5 MeV, and with €}** = 15 MeV; we

have adopted these values in our calibration estimates. The *7Cl detector response is

computed from the 37Ca f3 decay ft-values measured recently by Garcia et al'm.

Folding the normalized ®B neutrino flux with the 37Cl detector response yields
(0(®B)) = 1.09 x 10742, while the corresponding value for 2N v’s is (o('*N)) = 2.46 x
10742, a factor of 2.26 larger. This is a result of the harder '*N spectrum and the high
effective threshold of the 37Cl detector. (Most of the transition strength is carried by
the analog state which lies ~ 5 MeV above the 37Ar ground state.) The corresponding
values for the KII detector are (0(*B)) = 2.86(5.52) x 107** cm?* and (o('*N)) =
7.35(11.87) x 1075 cin? for €'

= 9.3 (7.5) MeV, so that the cross section ratio is 2.57

(2.15).
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work best.

The importance of this extends beyond the calibration of existing detectors to
the development of new ones. For instance, the radiochemical '?"I detector has the
attractive features of a large counting rate (about 10 times that of *”Cl) and extremely

20,21 But there are substantial cross section uncertainties. In

low background rates
such a case one could perform a calibration with a small-volume prototype detector,
given the beams we have discussed. Another possibility is the modification of water
Cerenkov detectors by adding various dissolved salts?! to open up new channels (nuclear
7 ray cascades, spallation neutrons) for neutral current interactions: the flavor content
of the solar neutrino flux is a crucial issue. As such modifications would alter both
the neutrino signals and the optical properties of the detector, the ability to calibrate
prototypes would be essential. Finally, one should not rule out the possibility that
intense underground neutrino sources might allow one to use existing detectors in low-
energy neutrino experiments where background rates would be an inhibiting factor if
attempted above ground. Possibilities might include searches for the electron neutrino
magnetic moment or for isoscalar weak axial transitions in nuclei.

We are indebted to Jean Browman and Don Liska for describing recent accelerator
advances at Los Alamos. This work was supported in part by the US Department of
Energy, by NASA under grant #NAGW2523, and ww the NSF under the US-Australia
Cooperative Program (grant #INT-9215650). The hospitality of CERN (EGA) and the

University of Melbourne (WCH) is gratefully acknowledged.

10.
11.
12.

13.

References

J. N. Bahcall and R. K. Ulrich, Rev. Mod. Phys. 60 (1988) 297; R. Davis, Jr., A.
K. Mann, and L. Wolfenstein, Ann. Rev. Nucl. Part. Sci. 39 (1989) 497.

S. P. Mihkeyev and A. Yu. Smirnov, Yad. Fiz. 42 (1985) 1441 [Sov. J. Nucl. Phys.
42 (1985) 913] and Nuovo Cimento 9C (1986) 17; L. Wolfenstein, Phys. Rev. D17
(1978) 2369 and D20 (1979) 2634.

K.S. Hirata et al., Phys. Rev. Lett. 63 (1989) 16 and 65 (1990) 1297.

GALLEX Oc:wrc—.&.—:::q Phys. Lett. B285 (1992) 376 and 391; SAGE Collab-
oration, A. I. Abazov et al., Phys. Rev. Lett. 67 (1991) 3332; T. Bowles, talk
presented at the APS Division of Nuclear Physics meeting, Santa Fe, October, 1992,
R. Davis, Jr., in Proc. 21st Int. Cosmic Ray Conf., ed. R. J. Protheroe, vol.
12 (Univ. Adelaide Press, Adelaide, Australia, 1990) p- 143; R. Davis, Jr,, D. S.
Harmer, and K. C. Hoffman, Phys. Rev. Lett. 20 (1968) 1205.

G. Ardsma et al,, Phys. Lett. B194 (1987) 321; G. T. Ewan ct al., Sudbury
Neutrino Observatory Proposal SNO-87-12, 1987.

M. Koshiba, Physics Today 40 (1987), no. 12, 38.

R. S. Raghavan, Brookhaven National Laboratory Report No. 50879 (1978), vol.

2, p. 270; L. W. Alvarez, Lawrence Radiation Laboratory Physics Notes, Memo

No. 767 (1973); W. C. Haxton, Phys. Rev. C38 (1988) 2474.

. R. E. Marrs, D. Bodansky, and E. G. Adelberger, Phys. Rev. C8 (1973) 427.

J. Browman and D. Liska, private communications.

F. Ajzenberg-Selove, Nucl. Phys. A506 (1990) 1.

J. N. Bahcall and B. R. Holstein, Phys. Rev. C33 (1986) 2121.

R. L. Aamodt, V. Peterson, and R. Phillips, Phys. Rev. 88 (1952) 739.

I. R. Williams and C. B. Fulmer, Phys. Rev. 154 (1967) 1005.

10



‘AB19ud uojoid juapOUL Y} JO UOIPUN] B FB uaAtd are ja81e) UOqIEd

DI B WO} WG S, U/ 0] JO XNY OULIINAU N, © Buronpoid 10§ sjuennd ureag g Iy

‘soutrynou (paysep) gy pue (durf pios) Ny Jo e1poads pezijeutou ayJ, [ ‘814

suonyde) aandig

1

‘paystiqndun ‘ejeeuty "H pue uolxel D ‘M %%
"892 (8861) 09 1197 "A9Y 'sAyd ‘UoIXeH D "M I
‘uo1yed UNWWOod 9yeaud ‘opuer] 'y pue “If ‘stae(q Y ‘weuwning ‘Y ‘02
‘1 'd (¥861 10X MIN ‘dIV) 921
‘ON "901d JUoD) JIV ‘19jmoq 'Y ‘M Pue ‘opuer ‘) ‘Auay) T W 2 ‘Awouonsy
OuLINON pUT SOULIINAN Ie[og UL “If ‘staR( Y PUE ‘puePAd[) "L 'd “Ae[moy ) ‘[ 61
"19¢ (8961) 80TV 'sAyd ‘PNN ‘1ysiq 'S 'd pue ewwiy "W 'd "8I
'$99¢ (1661) L9 1371 a3y 'shyd “v 32 BwILH 'Y "Ll
‘16 (6861) OV A2y 'sAYd ‘UoIxey ‘D ‘M PU® [[edyed ‘N ‘£ ‘91
'26¢ (1661)

, €ESVY SAYJ '[PUN 72 12 WYOIT " OS[E 398 ‘UOIJWOIUNUILIOD ajeaud ‘sewoy], ouy QT



N(E,)

Current(maA)

0.125

0.100

0.075

0.050

0.025

TIITllll"llllll|1|‘lll1||l

JIll|llll|llll|lllllllllll

0.000
E, (MeV)

Figure 1

100 T T T T U T T l T T T T




