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Neutrino absorption cross sections fdGa are calculated for all solar neutrino sources with standard energy
spectra, and for laboratory sources®€r and *’Ar; the calculations include, where appropriate, the thermal
energy of fusing solar ions and use improved nuclear and atomic data. Thdjabbmeasuredin GALLEX
and SAGH to calculated®Cr capture rate iRR=0.95+0.07 (expd+ 333 (theon. Cross sections are also
calculated for specific neutrino energies chosen so that a spline fit determines accurately the event rates in a
gallium detector even if new physics changes the energy spectrum of solar neutrinos. Theoretical uncertainties
are estimated for cross sections at specific energies and for standard neutrino energy spectra. Standard energy
spectra are also presented fop and CNO neutrino sources in the appendix. Neutrino fluxes predicted by
standard solar models, corrected for diffusion, have been in the range 120 SNU to 141 SNU since 1968.
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[. INTRODUCTION cross sections, which are a function of neutrino energy, limit
the ultimate interpretation of the observed results. Therefore,
Gallium solar neutrino experiments are, at present, thé devote a large part of the present paper to evaluating quan-
only detectors capable of detecting the fundameppaheu- titatively the uncertainties that exist in the calculations of
trinos, which constitute about 90% of the neutrinos predictedeutrino absorption cross sections.
by standard solar models to come from the Sun. The pioneer- | begin by summarizing in Sec. Il the most important
ing gallium solar neutrino experiments, GALLENX] and  experimental data regarding th€Ga-"'Ge system. | de-
SAGE[2], are also unique in having been directly tested forscribe in Sec. lll how | evaluate the atomic effects of elec-
efficiency of neutrino detection with a radioactive source,tron exchange and imperfect overlap between initial and final
S1cr [3—6]. Moreover, the good agreement between the reeigenstates, as well as the forbidden nuclear beta-decay cor-
sults of the two independent experiments, one of which userections. | make use of new Dirac-Fock calculations of the
gallium in chloride solutionfGALLEX) and the other in a electron density at the nucleus in“4Ge atom, in order to
metallic form(SAGE), has led to increased confidence in theevaluate more accurately than was previously possiblé the
measured event rates. The results of the gallium experimentalue for "*Ge electron capture. In Sec. 1V, | calculate the
provide fundamental constraints on solar models and chakross section for the absorption ByGa of neutrinos from
lenge the prediction of minimal electroweak theory that es->!Cr beta decay and compare the calculated value with the
sentially nothing happens to neutrinos after they are creategalue inferred by the GALLEX and SAGE experiments and
in the center of the Sun. with the previous calculation. | describe in Sec. V the pro-
The Gallium Neutrino ObservatofGNO) Collaboration  cedure | use to evaluate the uncertainties due to excited state
[7] has recently been formed to measure the solar neutrinpansitions. | make conservative assumptions about the BGT
event rate in a gallium detector over many ye@tleast one (proportional to square of GT matrix elementalues that
solar cyclg and with increased precision. The experiment,are determined byg,n) reactions and follow Anselmanret
which may ultimately involve 100 tons of gallium, is de- al. [3] and Hata and Haxtof8] in using the results of the
signed to reduce both the systematic and the statistical erro®Cr experiments performed by GALLEX and SAGE to con-
so that an accuracy of about 5%, or 4 SNU, will be achievedstrain the neutrino absorption cross sections for transitions
if the final best-estimate event rate is 80 SNU. from the ground state of'Ga to the lowest two excited
Motivated by the great importance of gallium solar neu-states of 'Ge for which allowed captures are possible. |
trino experiments and the improvements possible with GNOgdescribe in Sec. VI the contributions to the energy spectra
my goal in this paper is to calculate as accurately as possiblieom the thermal energy of the fusing particles that produce
the cross sections for absorption of solar neutrinos in a galreutrinos; these thermal energy contributions are included
lium detector and to explore more broadly the constraints omere for the first time in the calculation of the absorption
solar nuclear fusion provided by existing and future galliumcross sections.
experiments. The theoretical uncertainties in the capture If standard solar models and the minimal standard elec-
troweak theory are correct, then the neutrinos provide the
largest predicted contribution to gallium solar neutrino ex-
IA SNU is a convenient product of flux times cross section firstperiments. In Sec. VII, | evaluate the absorption cross section
defined in footnote 10 of Ref8], in 1969, to be 10% interactions  for pp neutrinos including for the first time the effect of the
per target atom per sec. thermal energy of the fusing protons. | present in Sec. VI
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the results of calculations of the cross sections for the beta
decaying source$B, N, 1°0, and 'F, emphasizing the
uncertainties caused by transitions to excited statésGe. |
present the cross section for the highest-energy solar neutri
nos, thehep neutrinos, in Sec. IX. 3/

The average cross section for the absorption of tBe 0500
neutrino lines is important in understanding the implications
of gallium solar neutrino measurements. | calculate in Sec. X 5/2-
the average cross sections for tige neutrino lines and for 0.175
the pepline, including the thermal energy of the solar elec- 1/2-
trons and ions. | also calculate in Sec. X the cross section fol Ge 1
absorption of neutrinos from a laboratory source %8Ar 32 0.233 MeV
neutrinos. ¢

. . . . 71
Particle physics explanations of the solar neutrino mea- Ga

surements generally result in a modified neutrino energy T 7 . .
spectrum for the electron-type neutrinos. Therefore, in Sec FIG. 1. The "Ga-"Ge transitions for low energy neutrinos.

XI. | present calculated best-estimate cross sections and 3Only the ground state and the first two allowed excited state tran-
| P sitions contribute to the absorption pp, "Be, and®'Cr neutrinos.

different cross sections for a representative set of specifiq,he 88, CNO, andpep neutrinos all give rise to excited state tran-

neutrino energies. sitions that are unconstrained by tR¥r neutrino absorption mea-

In Sec. XII, I calculate the event rate predicted by thegyrements and for which the(n) measurements provide the only
current best standard solar model and compare the resulignpirical guide to the relevant BGT values.

with the rates measured by GALLEX and SAGE. | show in a
figure the rates predicted by all standard solar models caIClﬁtomiC massA="71 of "!Ga: the measured electron capture
lated by collaborators and myself since 1963. | also deter '

- . 7 . .
mine the rates predicted by solar models with crucial nucleaI fetime _Of ‘Ge, Ty, t'he 'ne.utrlno er]er%y threshold
threshols @nd the electronic binding energies ifGa.

reactions artificially set equal to zero. | summarize and dis- e
y q The lifetime for "'Ge electron capture has been measured

cuss the main results in Sec. XIll. curately by Hampel and Remsberg angis]
This paper also presents some additional data that are 6F y by P 9

general use in stellar evolution studies or for solar neutrino 1= (11.43+0.03d. 1)

investigations. The average energy loss for each neutrino en-

ergy source, which is important for stellar evolution calcula-  The energy threshold has been measured in a number of

tions, is given in the text that discusses the absorption crosgifferent experiments. The value @ eshoi™ 233.2+0.5

section for that particular source. | tabulate in Appendix AkeV due to Hampel and Schlof22] was used in the previ-

the pp solar neutrino energy spectrum and in Appendix B thegus calculation§13,14] of gallium absorption cross sections.

energy spectra for the CNO neutrino sources. There have subsequently been three additional measurements
Unless stated otherwise, all nuclear détecluding life-  in the context of the search for a possible 17 keV neutrino;

times, branching ratios, and mass differences, as well as thefiey are 229.£0.6 keV [15], 232.1+0.1 keV [16], and

associated uncertaintiesand also atomic binding energies, 232 65 %17[17]. The result from the first of these three mea-

are taken from the 1996 8th edition of tfiable of Isotopes suremer('){tlsz is somewhat uncertain since these aufiéis

[10]. found evidence for a 17 keV neutrino in their internal brems-

strahlung spectrum. A weighted average of all the available

measurements, including estimates of systematic errors, has
| summarize in this section the basic data for the gallium-been computed by Audi and Waps{r8], who find

germanium system that are needed for the calculation of so-

lar neutrino cross sections. | begin by listing in Sec. Il A the Einresnoid™ 232.69-0.15 keV. @)

best values and uncertainties for the most important meal—_

sured atomic and nuclear quantities. Next, | calculate in Sec,

[l B the characteristic dimensional cross section faetgfor

gallium-germanium transitions. | conclude by discussing in

Sec. Il C what is known fromg,n) measurements about the

matrix elements for transitions from the ground staté’@a B. Calculation of o7

to different excited states of'Ge. Neutrino absorption cross sections from the ground state
Figure 1 illustrates the most important neutrino transitionsof "'Ga to the ground state of'Ge are inversely propor-

for a gallium solar neutrino experiment, provided that thetional to theft value for the inverse process, the electron

incident neutrino flux is dominated, as expected on the basigapture decay of''Ge to "*Ga. The precise form of this

of standard solar models, by neutrinos with energies lesge|ation is given in Eq(11) of Ref.[19], which defines a

than 1 MeV. characteristic neutrino absorption cross sectignin terms

of the electron capture rate from the ground state of the

daughter nucleus produced by neutrino capture. The quantity
The principal input data needed for the calculation of theoy is used as an overall scale factor in detailed numerical

neutrino cross sections are the atomic numei31 and the calculations of neutrino absorption cross sections.

II. GALLIUM-GERMANIUM DATA

he s-shell binding energies of th¢, L, andM electrons in
1Ga, which are needed below for the calculatiorvgf are,
respectively, 10.37 keV, 1.30 keV, and 0.16 keV.

A. Measured nuclear and atomic properties
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Inserting the best available estimates for the electron cap- TABLE I. Gamow-Teller strength functions if'Ge as mea-
ture lifetime, Eq.(1), and energy threshold, E@), in Eq.  sured by p,n) reactiong23,26.
(11) of Ref.[19] yields

Eeyx BGT/(BGT)ys.
1.2429< 10" *cn? - (MeV)
0o= ,
° 3.9°g? 0.0 1.000
0.175 <0.056
where ;= Egyesnol Ebindingi @nd g is the square of the 0.50 0.146
radial electron wave function, averaged over the nuclear vol- 0.80 0.451
ume, for theith atomic state in"'Ge . The numerical coef- 1.25 0.404
ficient in Eq.(3) is appropriate when; is measured im,c? 1.75 0.485
andgi2 is measured in#(/myc) 3. 2.5 0.443
| have recalculatedy using the results of a special series 2.75 1.101
of evaluations of the’'Ge electron wave functions gener- 3.25 1.680
ously performed for application to this work by |. Grda0], 375 2746
W. Johnsoret al. [21], and M. Chen[22]. All three of the 4.25 3.300
calculations use relativistic, self-consistent Dirac-Fock codes 4.75 3.380
that include the effects of finite-sized nuclei, the Breit inter- 5.05 3.265
action, vacuum polarization, and self-energy corrections. De- 575 5 387
tails of the codes used are supplied in the references just 6'25 5'944
cited. | have averaged the valuesgjfover the nuclear vol- 6'75 4'924
ume using data supplied by Grant, Johnson, and Chen. The 7'20 1'573

total spread among the three calculations is onl§.2%,
which does not contribute significantly to the overall error

budget of the cross section calculations. _ most important, | have presented the estimated BGT values
Using the new relativistic Hartree Fock calculatid@®— e ative to the BGT value of the ground-state to ground-state

22] and the slightly improved energy threshold given in EqQ.yansition. The resolution obtained in the experiments of

(2), 1 find Krofchecket al. is about 300 keV; this resolution is not al-

ways sufficient to identify the particular final stégein "‘Ge

to which the strength of thep(n) reaction refergcf. the

with an overall (effective 3r) systematic uncertainty of .?_';gl"tf::s?ti%fnt?i f;gsgéﬁ?rtls?ne;%ritfdezgg 'Qﬁég;%ﬂ

0.4% that is common to all cross sections quoted in this xcitation enerav of 175 keV was too weak to be measured
paper and which should be treated as an additional theoretf: 9y

) 1 : : and only an upper limit was determined. In the discussion
cal uncertalnty(not included glsewheygln precise error at follows, | shall use for definiteness a BGT value that is
analyses of gallium solar neutrino experiments. The value o S .

. X . one-half of the measured upper Ilimit, i.e.,
oo given in Eq.(4) is about 0.5% less than the value of BGT(175 keV)/(BGT),.=0.028
00=8.8012< 10 *® cn? that | have used since 1984ee 45=0.028.

. ; ) | follow Anselmannet al.[3] and Hata and Haxtof9] in
Refs.[13,14,23). All the published calculations on the im- .
plications of gallium solar neutrino experiments with which | using the GALLEX[3—5] and SAGE[6] measurements of

5 : . - ;
am familiar have also made use of this previous determina—lcr neutrino abso_rptlon bylga to constrain the BGT val-
tion of o, ues for solar neutrino detectigeee Sec. IV

The short-distance high-momentum loop radiative correc-
tions are automatically taken into account by scaling all of Il OVERLAP, EXCHANGE, AND FORBIDDEN EFFECTS
the neutrino capture cross sections relative to the electron | symmarize in this section how | calculate atomic overlap
capture rate that determineg [24,29. The additional radia-  and exchange effects and nuclear forbidden effects.
tive corrections are expected to be smaller than the short
distance corrections and therefore significantly less than
other uncertainties estimated in this pafs).

0,=8.611x10" %6 cn?, (4

A. Overlap and exchange effects

The change in nuclear charge by one unit in beta decay
and in neutrino capture causes the initial and final atomic
eigenstates to overlap imperfectly, which is known as the

The most important uncertainties in the calculation of ab-‘gverlap” effect in atomic beta decay. Antisymmetrization
sorption cross sections for solar neutrinos incident’®a  between bound and continuum electrons, the “exchange ef-
are related, for all but the lowest-energy neutrinos, to theect,” has a measurable effect in determining electron cap-
transition matrix elements to excited states' iGe (see, e.g., ture ratios and decreases the calculated cross sections for
Refs.[13,19,9). In what follows, | shall make use of the neutrino capture reactions by a small, calculable factor.

BGT values for transitions to excited states’dGe that are Overlap and exchange effects were first discussed in de-
estimated by studyingp(n) reactions. The BGT values de- tail in Ref.[27] and applied in Ref[19] to the calculation of
termined by Krofcheck and his colleague8,2§ are listed neutrino capture cross sections. Experiments on electron cap-
in Table 1. In order to help make clear which transitions areture ratios provide strong evidence for the validity of the

C. Transitions to excited states
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electron exchange correctiofsee Ref[28] for an early dis-  5!Cr Neutrino Decay

cussion. | use Eq.(13) and Eq.(14) of Ref.[19] to evaluate

numerically the atomic overlap and exchange effects. In pre- 7/2"

vious calculations, | have been content with showing that 81Cr
these corrections are small, less than or of ordef 194 and 427.19 (8.95%) _

have not included them explicitly in the numerical calcula- 432.02 (0.93%)

tions.

The imperfect overlap between initial and final atomic 3/2~  320.085 keV < 747.27 (81.63%)
states adds 0.09 keV to the usually tabulated mass differenc 752.10 (8.49%)
between neutral atoms for the case of neutrino capture b
gallium; this small energy difference, which slightly in-
creases the threshold energy, is not included in(Bqbut is
taken account of in the numerical calculations described in
the present paper.

The overlap effect is not significant for our purposes.
Even for the low-energypp neutrinos, the overlap effect bidden corrections as described in R&0].
decreases the calculated absorption cross section by less than! adopt three times the best-estimate forbidden correction
0.1%. as a ¥ uncertainty due to forbidden corrections. | ignore the

Exchange effects between the final continuum electrorf@lculated sign of the forbidden corrections and instead as-
and the electrons bound in the initial atom interfere in a waysUme that both the estimated minimum and the estimated
that reduces slightly the calculated capture {2 19. In maximum cross sections have a contribution from forbidden

the calculations described later in this paper, | evaluate thirms of equal magnitudéadded quadratically with other

exchange effect for gallium cross sections by using (E4) uncertainties

. o . Fortunately, for solar neutrino cross sections, the forbid-
of Ref. [19]. For thepp cross section which is evaluated in den corrections are never fractionally very large. For all

Sec. VI, exchange effects reduce the calculated cross SeCti%%ses except for thep neutrinos, the uncertainties due to

by 0.4%. In all other cases, the calculated effects of elecrrc’_ﬂansitions to excited states are much larger than the uncer-

exchange are negligible, because the characteristic energiggnties due to forbidden corrections. However the uncertain-
of solar neutrinogMeV) are much larger than the character- ties become very large, about a factor of 3, above 25 MeV
istic binding energies of the atomic electrofsV). (see Sec. Xl

7/2" 0 \

FIG. 2. The®'Cr decay scheme.

B. Forbidden corrections IV. CHROMIUM NEUTRINO ABSORPTION

Forbidden corrections to nuclear beta decay have been CROSS SECTION
calculated by many workers. | follow here the prescription The overall efficiency for the detection of neutrinos with
due to Holstein and Treimd29], which has been applied by radiochemical gallium detectors has been measured directly
Bahcall and Holsteifi30] to solar neutrino problems. | use in two historic experiments by the GALLEX3-5] and the
for the best-estimate calculations presented in the prese®AGE [6] solar neutrino collaborations using inten$tCr

paper the approximations that are described in the Appendigources of low-energy neutrinos. Originally proposed by
of Ref.[30]. Kuzmin [31] and Raghavamh32], these calibration experi-

Since the forbidden corrections involve estimates of un/NeNts show that the neutrino detectors work as expected.

measurable nuclear matrix elements, | regard the calculateHqe (ler r?e“"'r]!f‘.’ sources are ﬁspeﬁlally_useful fOF testing
corrections as only an indication of the likely size of forbid- the i etection e _|C|etnC);hsmce tde7|§ romllum netu_trmost are
den effects. With the Bahcall-Holstein approximations, the\?\;méﬁrﬂlg ea“ﬁ&?;egetgctoiparznmostesesrf)sﬁirvgem gg%?tio% to
forbidden effects vary slowly between 2% and 2.5% at neu, g :

tri e | th bout 10 MeV and th h -~being the first direct tests of solar neutrino experiments with
rno energies Iess than abou eV and then change SIgly, yiificial source of neutrinos, the calibration results also

becoming approximately zero at 15 MeV. This cancellationynroye by more than an order of magnitude previous limits

near 15 MeV'is presumably an artifact of the choice by Bahn Am? for electron-neutrino oscillation experiments at ac-

call and Holstein of characteristic nuclear parameters thatejeratorg33]. Moreover, Anselmanet al.[3] and Hata and

were intended to apply approximately over a wide range oHaxton [9] have shown that the test results provide useful

nuclei. In the energy regime relevant to supernovae neutrinogirect constraints on the BGT values for excited state transi-

but just beyond the reach of nearly all solar neutrinos, 15-3@ons from the ground state dfGa to excited states dfGe

MeV, the calculated forbidden corrections rise rapidly, ap-that must otherwise be inferred from the less-easily inter-

proximately proportional to the square of the recoil electronpreted @,n) experimentgcf. Sec. I).

energy. Figure 2 shows the four neutrino lines that are produced
For the purpose of estimating uncertainties, | adopt thévy the decay of*Cr [10].

conservative approach of replacing the decrease in the calcu-

lated forbidden corrections in the region 10—15 MeV by a A. Experimental results

monotonic estimate of 0.02§(10 MeV)? for neutrino ener- The experimental results oNCr neutrino absorption are

gies above 10 MeV. This procedure ignores the cancellationeported 3,4,6] as a ratioR of the measured cross section to

that occurs near 15 MeV, but otherwise gives a relativelythe value of the cross section calculated by Bahcall and Ul-

accurate numerical representation of the higher-energy forich in 1988[13]. Thus



5
_ a( 1Cr)measured

. (5)
o(*'CNgygs
The value of the previous standard cross sectidd 3%
o(®'Cr)guge=59.2x 10 *41+0.1) cm?, 30, (6)

where the total theoretical error quoted in Ef) is an ef-
fective 3o uncertainty.
The measured values, with their quoted Errors, are
[3.4]
R(GALLEX)=0.92+0.08, 1o (7)
and[6]
R(SAGE)=0.95+0.12, lo. (8)

The weighted average value fBr (R), obtained by combin-
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oretical estimate for the average cross section®f@r neu-
trinos given in Eq(12) is 2% smaller than the previous value
[cf. Eqg. (6)]. The value computed here is 5.4% lardkrss
than 1o largen than the best-estimate experimental value of
55.1x 10" %6 cn? [cf. Eq. (9)].

Most of the computed cross section comes from transi-
tions between the ground state 8f5a and the ground state
of "Ge. The fraction of the total cross section that arises
from ground-state to ground-state transitions is

0'(51Cr)g_s_/cr(51Cr) pest= 0.95. (13

D. Uncertainties

The largest uncertainty in the prediction of th&Cr ab-
sorption cross section arises from the poorly known matrix
elements for the transitions from the ground staté’@a to
the excited states of'Ge[13,19,9. | have used as best es-

ing the results from the two experiments, is very similar totimates for excited state transitions the BGT values that were

the GALLEX value. One finds
(Ry=0.93+0.07, lo. 9

The errors quoted in Eq§7)—(9) for the experimental results

do not include the uncertainty in the theoretical calculation

that is given in Eq(6).

B. Measured quantities characterizing chromium decay

determined from |§,n) measurements by Krofcheck and his
associate$23,26 (see Table )L | have taken the minimum
contribution from excited states to be zero and regard this
decrease,—4.8%, from the best-estimate value as a 3
change.

For the maximum & contribution from excited states, |
have multiplied the BGT values determined hyy,1f) mea-
surements by a factor of 2. More explicitly, | multiplied the
measured [§,n) upper limit BGT value to the first excited

The Q value or atomic mass difference between thestate, BGT/BGT < 0.056, by a factor of 2 and the measured

ground states oP'Cr and ®V is

Q=752.73t0.24 keV. (10
A preliminary result from the remeasurement of Qesalue
using internal bremstrahlung from tRéCr decay carried out
by Hampel[34] gives a result in good agreement with Eq.
(10).

As shown in Fig. 2, electron capture BYCr leads to the
ground state ofV with a branching ratio of 90.12% and to

value to the second excited state, BGT/BG¥0.146, also

by a factor of 2. In all ten cases in whicp,f)-inferred BGT
values for weak transitions have been compared to accurately
measured beta-decay matrix elements, tha) values are
about equal to or much larger than the true beta-decay matrix
elements. It is possibl@] that this consistent trend is due to

a special selection rule operating in all ten of the cases in
which both the beta-decay ang,6) measurements have
been made accurately. However, there is additional informa-
tion available to support the procedure adopted here. The

the first excited state with a branching ratio of 9.88%. Theyyo cases which are most relevant to the current discussion

neutrino energy released in the electron capture reactiogecyr in the decay of’Ca to

leading to the®'Cr ground state iQ—E(K)=747.27 keV,
whereE(K)=5.46 keV is the binding energy of th¢ elec-
tron in ®v. The neutrino energy correspondingliccapture
is Q=752.73-0.63 keV or 752.10 keV. The neutrino ener-
gies that result fronK and L captures to the first excited

state of >V are 432.02 keV and 427.19 keV, respectively.

The measured capture ratio[35]

L/K=0.104*0.003, lo. (11)

C. Best estimate

%K; these are the only two
cases with which | am familiar in which the corresponding
beta decay matrix elements are very small, comparable to the
BGT values determined by the(n) measurements for the
weak transitions to the first two excited states’&Ge. For
these two weak transitions, the measured BGT values from
beta-decay are between one and two orders of magnitude
smaller than the BGT values inferred from,() measure-
ments[9]. Therefore, the upper limit change,8.4%, deter-
mined by multiplying the ,n)-inferred BGT value, and the
upper limit BGT value to the lowest excited state, both by a
factor of 2 seems like a reasonable effective Bpper limit

The best-estimate neutrino absorption cross section avefo the contribution of excited state transitions to the best-

aged over the four neutrino lines 6fCr is

T (*'CNpes=58.4175039 X 10 *® en?, 1o, (12)
In computing the cross section given in Efj2), | have used
the Q value for the chromium decay given in EQ.0), the
gallium threshold given in Eq2), and the characteristic gal-

lium cross sectionr, given in Eq.(4). The current best the-

estimate value.

The next largest uncertainty is from forbidden corrections
to the beta-decay matrix elemen89]. Omitting entirely the
forbidden corrections decreases the calculated cross section
by 2.3%. | regard this decrease asa Uncertainty, which in
principle could either decrease or increase the cross section,
since the magnitude of the forbidden correction is only an
estimate[30].
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The uncertainty in thé@'Cr Q value causes an uncertainty 12 and 7 times the indicateg(n) BGT values are consis-
of =0.05%, the”'Ga threshold+0.2%, and the’'Ga life-  tent with the constraints suggested by Hata and Haxton.
time =0.3%. These 3 upper limits are probably unrealistically conserva-
Combining all of the uncertainties described above, | findtive since the available evidence shows tham( reactions
an effective Ir uncertainty of+3.6% (—2.8% in the theo- overestimate the strength of two very weak beta-decay tran-
retical prediction of the cross section for absorptiond®r  sitions(see Sec. IV D and Ref9]). | have also implemented
neutrinos by’'Ga. Three times thed uncertainties quoted the 3o limits in a conservative way: | use the upper limit
here are comparable to the previously estimafeg] effec-  value for BGT(500 keV)[with BGT(175 keV)=0] when-
tive 30 uncertainty of 10%. The excellent agreement with ever the 500 keV state is above threshold, since ¥@r
the measured value GALLEX and SAGE valué&s4,q| is limit allows a somewhat larger BGT value for a 500 keV
not significantly affected by the recalculation described inexcited state than for a 175 keV excited state. | use the upper
this subsection. limit value for BGT(175 keV) below threshold of the 500
The 3o lower limit from excited state contributions that is keV state. This simplistic prescription causes a slight discon-
adopted here, namely, the zero contribution, is absolutelyinuity in the upper error estimate near 500 keV.
reliable. There is no way of giving a similarly relialileeo-

retical upper limit for the contribution of excited states. In V. UNCERTAINTIES DUE TO EXCITED STATE

fact, Hata and Haxton have argued that the only convincing TRANSITIONS
upper limit is determined by thé'Cr measurements them- o _
selves. | calculate the allowed @ lower limit for all neutrino

sources except the high-eneréB andhepneutrinos by set-

ting equal to zero the matrix elements for all excited state

transitions. For the & upper limit to the weak transitions to
Anselmannet al. [3] and Hata and Haxtor9] have  the first two allowed excited statéBig. 2), | follow Hata and

shown how the measurements by GALLEX and SAGE ofyaxton[9] and use the constraint provided by th€r mea-

the capture rate by'Cr neutrinos can be used as a constraintgyrements that is given in E@l4). As discussed in Sec.

on the strength of the absorption transitions leading to they g this 51Cr constraint allows one of the transitions to be

5/27 state at 175 keV and the 37$tate at 500 keV The an Order of magnitude |arger than indicated by tlpeno

measured capture rate, given in £8), Eq.(6), and Eq.(9),  measurements; a difference this large has not been observed

can be written as the ratio of the contributions to the groundp, any case in which accurate beta-decay measurements

state, the first excited state at 175 keV, and the excited statg,yid be compared with the results qf, (1) experiment$9].

at 500 keV, all divided by the ground-state to ground-statqndeed, for intrinsically weak transitions like the ones we are

cross section. The ratio of the previously standard cross Se@liscussing, thef{,n) experiments overestimate by an order

tion, Eq.(6), to the best current value for the ground-state tog¢ magnitude the BGT values in the two cases for which a

ground'state transition,0(51CI’)g_S_= 55.3x 10746 sz, is Comparison has been possibie_

1.071. With a little algebra, one finds For higher-energy neutrinos that can excite the many
other GT transitions, | determine as before the Bwer
6 BGT(175 keV) +0.220W limit by dividing by two the BGT values determined by
BGTys. BGTys. (p,n) experiments and thec3upper limit by multiplying the
— —0.004-0.075 (14) (p,n) BGT values by a factor of 2. This is also an extreme
' o range since for moderately strong transitions a good correla-

where the ratio of the cross sectiom175 keV) /oy s would tion exists between the forward-anglp,) cross sections
be 0.669 if the BGT values for the two transitions were equafd the measured-decay strength37]. _
[and (175 keV) oy s would be 0.220 if the BGT values The I|n_1|ts given later in this paper repres_ent maximal
were equal Equation(14) implicitly assumes that the detec- phanges in that | assume that all of the excited states are
tion efficiency for the gallium experiments is close to unity; increased together, or decreased together, to their extremal
this assumption is based upon independent tests for the dé@lues. | combine linearlyrather than quadraticallythe un-
tection efficiency that are described in the original experi-Certainties from different excited states.
mental paper§l,2].

The coefficients in Eq(14) are slightly different from VI. SOLAR THERMAL EFFECTS

those given by Hata ar_1d Haxton, reflecting the slightly im- The neutrino energies for laboratory weak interactions are
proved data described in Sec. II. In what follows, | shall use

e ) ; shifted by small amount\E, due to the thermal energy of
Fhe pres.crlptlon _of'th.e Particle Data Grol§6] for estimat- the particles that produce the neutrino emission. In general,
ing confidence limits; namely, | shall assume that the error

E. Constraint on excited state transitions

shown in Eq(14) are normally distributed with a mean value ne can write

at —0.004 but with a renormalized probability distribution Jo =0+ AE, (15
that is nonzero only when the manifestly positive quantity

between the brackets in E(lL4) is positive. where g5, and g are, respectively, the neutrino energies

At the 3o limit, Eq. (14) allows maximum values of emitted in laboratory experiments and in the solar interior.
BGT(175 keVy,=12xXBGT(175keV), , and BGT(500 The energy shifts are negligible for isolated nuclei, Ifke,
keV)s,=6.8XBGT(500 keV),, where the values of N, 'O, and ''F, that beta decay in the SUB8]. The
BGT,,, are described in Sec. Il C. These maximum values ophysical reason for the smallness of the thermal effects in
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these cases is that the initial decaying state contains only ldsing the same four solar models cited above in connection
single nucleus, unlike the situation in thEp reaction in  with the evaluation of the weighted averagp energy shift,
which two fusing protons use their initial kinetic energetic to| find for the hep thermal energy shift
enetrate the Coulomb barrier between them. The random
gature of the thermal velocities causes all first order effects AE(hep=4.76+0.02 keV. (20
in the velocities of the ions to vanish. Therefore the changerhe 20 eV model dependence of thep energy shift is
in shape is of order the temperature divided by the typicahegligible compared to the 18.8 MeV endpoint energy.
neutrino energy or keV over MeV. | have performed elsewhefd0] a detailed calculation of
However, when two or more particles are involved in neu-the shape of the energy profile of neutrinos produced iy
trino production, e.g., thep reaction or’‘Be electron cap- electron capture in the Sun. The average energy for a neu-
ture, the thermal shifts can produce small changes in th&ino emitted in the Sun can be expressed as the sum of the
neutrino energies and therefore neutrino absorption crosgnergy for a laboratory decay plus a small correction due to
sections. These shifts due to the addition of the stellar theithe solar thermal energy. | firj@0]
mal energy to the Iaporatory deca})_/ energy are close to the(q@(7Be)>=861.8 ket 1.28 keV=863.1 keV, 89.7%,
level of current experimental sensitivity. (21)
The energy shiftAE have previously been included in
the energy balancgl3], at least in the nuclear energy gen- (qe(’Be))=384.3 ke 1.24 keV=385.5 keV, 10.3%.
eration code that | have written and made publicly available (22

[39]. However, the extra thermal energy has not been previg hen the energy shifts were evaluated using different solar

ously included in the calculated absorption cross sections. odels, the spread in energy shifts was found to be less than
summarize in this section the expected thermal energy shiftf0 eV [;10]

that will be used in the following sections. The energy shifts The energy shift for theep neutrinos has not yet been

have been calculated in Refd.3,38,40. _calculated accurately, but this does not cause any significant
The most important thermal contributions to the neutrinoyncertainty in the predicted solar event rates siiieg the

energy spectrum are for the abundant, low-engrgyieutri-  cajculatedpp flux is about 400 times larger than thepflux
nos. An explicit calculation for the average center-of-massand the’Be flux is about 40 times larger.

energy contributed by the two fusing protons yidl@8], Eq.
(52), VII. pp NEUTRINO ABSORPTION CROSS SECTION

In standard model calculations, the largest predicted con-
tribution to the event rate of gallium solar neutrino experi-
ments is from the flux ofop solar neutrinog14]. In this
section, | reevaluate the neutrino absorption cross section for
whereT is the ambient temperature. The average indicated ipp neutrinos including for the first time the effect of the
Eq. (16) by the angular brackets is taken over the temperathermal energy of the fusing protons and making use of the
ture profile of the Sun weighted by the fraction of the 5ICr constraint described in Sec. IV. | include overlap and
flux, de,,(T), that is produced at each temperature. Thisexchange effects according to the prescription derived in
average is insensitive to the details of the solar model. Refs.[27,19. Exchange and overlap effects reduce the cal-

| have calculated the average for four different solar mod-culatedpp cross section by about 0.4% and by less than
els: the 1992 Bahcall-Pinsonneault modg#d] with and  0.1%, respectively.
without helium diffusion and the 1995 Bahcall-Pinsonneault Appendix A contains a numerical representation offiipe
models[42] with and without helium and heavy element neutrino energy spectrum that should be sufficient for most

diffusion. The results for the four models can be summarizedparticle physics applications. In the calculations reported on
as follows: here, | have used a more detailpg spectrum, available

elsewhere[39], that contains the relative intensity at 8000
different energies.

Theq value for thep p reaction can be computed from the
accurately known and tabulat¢dO] masses of the neutral
where the error shown is an indication of the systematic unatoms and is

certainty. Thus the thermal energy shift for thp neutrinos
is Qlap=420.220-0.022 keV. (23)

AE(pp)=3.6X(de,,(T)(T/15x 10° K)?3) keV,

(deppp(T)(T/15x 10° K)#%=0.8820.004, (17)

Since hydrogen is ionized in the Sun, the mass difference for
AE(pp)=3.18+0.02 keV. (18)  neutral atoms should be increased, for solar calculations, by
the binding energy of & electron, 0.014 keV. Adding the
The variations in the energy shift from one solar model tothermal energy contributed by the fusing protdsee Eq.
another that are indicated in E(.7) are only about 20 eV, (18) or Ref.[38]] and theK-shell binding energy, one finds,

which is less than 0.01% of the totpp energy. for the end point energy of the solpp energy spectrum,
For the much higher energyep neutrinos, the thermal .
energy shift ig38], Eq. (53), Jo=423.41-0.03 keV. (24

The average energy loss from a star per emitted neutrino
AE(hep) =5.4X(dpped T)(T/15X 10° K)2’3) keV. for an unmodifiedpp energy spectrum is an important datum
(19 for stellar evolution calculations and is
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(qo)=266.8 keV. (25 atic uncertainties in this cross section are large, because there
has not been any significant improvement in our understand-
The best-estimate’’Ga absorption cross section for ing of the relation betweenp(n) reactions and Gamow-
pp-electron-type neutrinos with a standard model energyfeller transition strengths.
spectrum incident is The principal uncertainty in estimating the cross section
for 8B neutrinos is caused by the dominant contribution of
o(pp)=11.771.0-0.023 10 *® cn?, 1o. (26) excited states to the total cross section. BBmeutrinos, the
ground-state to ground-state transition accounts for only 12%
Nearly all of thepp cross section arises from ground-state toof the best-estimate total cross section. Since transitions to
ground-state transitions. Only 0.05% of the calculated crosgany different excited states contribute to & absorption
section given in Eq(26) is estimated to arise from transi- cross section, it is reasonable to assume that the stronger
tions to the first excited state dfGe. transitions dominate. In estimating the uncertainties from ex-
The value of thepp cross section given in Eq26) is, as  cited state transitions, | have taken advantage of the fact that
a result of a number of canceling changes, only 0.7% lesfor relatively strong GT transitions the measurggn() cross
than the previously calculated val{i3,14. Adding the so-  sections give BGT values that agree reasonably well with
lar thermal energy to the laboratory value increases the BGT values determined directly from beta de¢y. | have
cross section by about 1.6%. The more precise evaluation gherefore followed my usual practifé4] and estimated the
ay (cf. Sec. Il B, due primarily to improved calculations of 34 upper uncertainties for excited state transitions by dou-
the electron wave functions and a more precise energling the contribution estimated fronp(n) reactions and the
threshold, decreases, by about 2.2% . The smaller thresh- 34 lower uncertainty by halving the calculated contribution
old increases the calculated phase space, and exchange £6m excited states. The uncertainties due to the shape of the
fects reduce the capture cross section, both by about 0.4%B neutrino energy spectrum and to forbidden corrections

Other corrections result in smaller changes. (see Ref[43]) are much smaller, only 1.5% and 2.4%, re-
The largest & uncertainties in calculation of thep cross  spectively.
section are caused by forbidden corrections2(3%, the The neutrino energy spectrum frofi8 beta decay does

matrix element from the ground state 6fGa to the first ot have a sharp cutoff because the predominantly populated

excited state of 'Ge (+0.19%, —0.02%, the lifetime of final state in®B is broad. The average neutrino energy emit-
IGe (+0.26%, and the*Ga-"*Ge neutrino energy thresh- ted is

old (=0.1%. | have taken thet 1o uncertainty due to for-

bidden corrections to be equal to the decrease in the calcu- (ge)=6.735 MeV+=0.036 MeV, (28
lated cross section when forbidden terms are set equal to

zero. The ¥ lower limit due to excited states was evaluatedwhere the error estimate representsaauncertainty, as de-
by setting equal to zero the matrix element for the only exfined in Ref.[43], in the standard neutrino energy spectrum.
cited state transition that is energetically allowed. The upper

limit was determined by evaluating the maximum allowed B. CNO neutrinos

excited state contribution that is consistent with the con-

straint imposed by th&!Cr measurementsee Eq(14]. | recalculate the cross sections for CNO neutrinos in this

subsection. The changes from previous best-estimate values
o P . [13] are small in all cases. The estimated uncertainties given
Vill. B, hep, N, **0, AND *’F NEUTRINOS here are larger than | previously estimated because | now use

The calculation of the absorption cross sections for neu€Xtreme criteria for determining the allowed range of contri-

trinos from the beta-decaying sourcé®, 13N, %0, and  butions from excited state transitiofsee Sec. Y.

17k s simpler than for th@p neutrinos because the shapes N Appendix B, | present the calculated spectral energy

of the neutrino energy spectra are changed by at most orflistributions fqr the three CNO neutrino sources. These span—

part in 16 by solar effect§38]. dard_ energy distributions are usefpl for many_partlcle physics
The effects of excited state transitions are significant fo@PPlications, but I have not previously published the CNO

all of the neutrino sources considered in this section, agaif€utrino energy spectra. . _

unlike the pp reaction in which the neutrino energy is too | "€ best-estimate absorption cross sectionfr neutri-

low for there to be a significant probability for exciting the NS 1S

final nucleus. o(*N)=60.41.03%x 107 cn?, 1. (29

8 H . . .
A. "B neutrinos The cross section given here corresponds to a spectrum with

For the ®B neutrinos, | use the recently determined best-2 maximum neutrino energy of
estimate neutrino spectrufd3] and the improved gallium
input data(see Sec. )Ito obtain a best-estimate absorption 0o=1.1982+0.0003 MeV, (30

cross section of o )
which is about 1 keV smaller than | have used previously. |

o(®B)=2.401.0°932x10°* cn?, 10.  (27)  have taken account in the present calculation of the differ-
ence in binding energies between initial and final neutral
The value given in Eq(27) is essentially identical to the atomic states in the laboratory. The average energy loss ac-
cross section calculated in Ré#3]. However, the system- companying™®N beta decay is
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(qo)=706.3 keV. (30 (4o)=9.628 MeV. (40)

The upper-limit uncertainty is dominated by our lack of
knowledge of the transition rates to excited states. The 3 X. 'Be,pep, AND *Ar ABSORPTION CROSS SECTIONS
upper limit is chosen so as to yield the maximum possible |n this section, | present the calculated cross sections for
cross section fof*N neutrinos consistent with the constraint, the solar neutrino lines fromiBe electron capture and from
Eq. (14), from the *!Cr experiment. The uncertainty from the pep process, electron capture during the reaction. |
forbidden corrections is added quadratically, but is relativelyalso calculate the cross section for absorption of neutrinos
small. The 3 lower limit is determined by setting to zero from a %’Ar laboratory radioactive source, which emits a

the cross sections for all excited state transitions and by muheutrino with a similar energy to the dominant neutrino line
tiplying by 3 the change in the cross section that results fromfrom “Be electron capture in the Sun.

ignoring all forbidden corrections. The effects of dropping
excited state transitions and of ignoring forbidden correc-
tions have been added quadratically.

The best-estimate absorption cross section'far neutri- ~ The "Be neutrinos are the second most significant con-
nos is tributor to the calculated event rates in gallium neutrino ex-

periments, according to the predictioris}] of the standard
o(**0)=113.71.0'93x 107 cn?, 10. (320  solar model and the standard electroweak theory. The best-
estimate cross section, weighted according to the branching
The maximum neutrino energy of tM€O neutrino energy ratios indicated in Eq(21) and Eq.(22), is
spectrum is

A. Neutrino line from "Be electron capture

o('Be)=71.71.0°3%3x 10 % cn?, 1o, (41
Jo=1.73170.0005 MeV, (33
which is about 2% smaller than calculated previoydlg].
after taking account of the difference in binding energiesThe inclusion of the thermal energy of the interacting elec-
between initial and final neutral atomic states in the laboratron and ’Be ion[cf. Egs.(21) and(22)] increases the cross
tory. The upper-limit and lower-limit uncertainties are deter-section by only 0.2%. Excited state transitions contribute ap-
mined as described above fdPN neutrinos. The average proximately 6% of the total best-estimate cross section given

energy loss accompanyingO beta decay is in Eq. (41).
The uncertainties given in Ed41) represent, at the 3
(do)=996.4 keV. (34 |imit, extreme values. The & lower limit (—9%) was ob-

tained by setting equal to zero all excited state contributions
and by decreasing the best-estimate cross section by 3 times
the calculated contribution from forbidden corrections. The
uncertainties were added in quadratures. Theupper limit

177 =113.91.0" %121 1076 cn 1o, 35 (+21%) correspoan to maximizing the BGT value allowed,
o("P 91.0%55 Lo (39 at 30, by the experimental constraint, E(.4), on the ob-

The cross section calculations f&iF neutrinos are almost
identical to those for'®0 since the end point energies are
almost the same. | find

The maximum neutrino energy is served capture rate from chromium neutrinos. This maximi-
zation is equivalent to multiplying by seven thp, ) esti-
go=1.7364+0.0003 MeV, (36)  mate for the BGT value leading to the 500 keV excited state
in "'Ge (see Anselmanret al. [3] for a similar argument
and the average neutrino energy emitted is using the initial results of the GALLEX source experiment
The smaller uncertainty due to forbidden corrections, 2.4%
(4o)=997.7 keV. (37 (10), was combined quadratically with the excited state un-
certainty.

IX. hep NEUTRINOS

. . B. Neutrino line from the pep electron capture reaction
The calculations for the rafgepsolar neutrinos are analo- pep P

gous to the calculations for th#B neutrinos, which are dis- The flux of pepneutrinos is about 400 times less than the
cussed in Sec. VIII A except that the thermal energy shiftflux of pp neutrinog/14]. Hence, it is not necessary to know
given in Eq.(19) must be included for theepneutrinos. | accurately the cross section fpep neutrino absorption by
find "'Ga, which is fortunate since the uncertainties, dominated

primarily by the unknown strengths of transitions to excited
o(hep=7.141.033)x10°% cn?, 10. (39 states, are relatively large.
The best-estimate cross section for gepreaction is
Only 7% of the best-estimate cross section is from ground- 047 46
state to ground-state transitions. o(pep)=2041.00037]1x 107 % cn?, 1o, (42

The maximum neutrino energy is o _
which is about 5% smaller than calculated previoydig].

0Jo=18.778 MeV, (39 Much of this change is due to uncertainty in where to locate
the (p,n) transition strength that was found experimentally
and the average neutrino energy is [23,26] to be somewhere between 1.0 MeV and 1.50 MeV
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excitation energy in*Ge. In my earlier calculationd 3,14, cross section for Be neutrinos described in Sec. X A. | find

| assumed that this transition strength was centered on the a7 007 s

1.095 MeV excited state iA'Ge. For the calculations in this o(¥Ar)=70.01.05503] X 10 * cn?, 1o,  (44)
paper, | have assumed that strength is located at about 1.25

MeV, at the midpoint of the experimentally allowed region Which agrees well with the previously published value of
and close to the exited state at 1.30 MeV excitation energy if2X 10~ “° cn [14]. The calculated total cross sections for
IGe. Moving the presumed location of this transition > /Ar and ‘Be neutrinos differ by only 2.4%f. Eq.(41) and
strength from an assumed excitation energy of 1.25 MeV td=d-. (44)]. As stressed by Haxton, if one varies the assumed
an excitation energy of 1.10 MeV increases the calculate@nergy of the dominant excited state transition, e neu-

cross section by 3.8%. trino absorption cross section tracks the cross sectiofBer
About 18% of the best-estimate cross section arises frorfiéutrinos remarkably well. Considering three extreme cases,
excited state transitions. i.e., no excited state transitions, the maximum allowed

The 30 lower limit is determined by setting equal to zero strength for the transition to the 175 keV excited state, and
the cross sections for all excited state transitions and by mufhe maximum allowed strength to the 500 keV excited state,
tiplying by 3 the change in the cross section that results fronihe total spread in the ratio of théBe to the *’Ar neutrino
ignoring all forbidden corrections. Theo3upper limit was ~ absorption cross sections is only 0.6%.
determined by(1) allowing the maximum contribution from  The contributions of the two energetically—allowed tran-
the first two excited states dfGe that is consistent with the Sitions to excited states dfGe (see Fig. 1 are proportional
constraint/see Eq.(14) ] from the "’Cr experiment(2) lo- to the BGT values for those excited state transitions. Thus
cating at 1.10 MeMthe lowest possible energyhe excita- One can write
tion strength to’'Ge excited states observed to be between

1.0 MeV and 1.50 MeV excitation energy, at®) doubling BGT(175 keV)

a(3"Ar)=| 66.2+ 46.

the BGT value determined from the,n) reactions for the BGTys.

other relevant excited states. The different contributions to

the uncertainty embodied in thes3upper limit were added +17. BGT(500 keV) X 1074 cm 2. (45)
quadratically. BGTys.

The amount of thermal energy that the combining electron
and two protons contribute, on the average, togh@ neu-  The best-estimate cross section given in Et) was ob-
trino energy has not been calculated accurately. Fortunatelyained by using in Eq(45) the BGT values indicated by
this is unimportant for our purposes. The neutrino end poin{p,n) reactions(see Sec. Il and Tablg.|Excited state tran-
energy neglecting thermal energies is known precisely and isitions contribute 5% of the best-estimate cross section for
1.442 232 MeV, when account is taken of the extra 13.6 e\2’Ar neutrinos, very similar to the 6% contributed by excited
binding energy that is included in the tabulations of the neustates to the best-estimatBe neutrino absorption cross sec-
tral atoms masses. If we augment this nuclear mass diffetion. The uncertainties in the calculated cross section that are
ence by the same amount of thermal energy, 5 keV, as fashown in Eq(44) were calculated in the same way as for the
the pp reaction, which is a plausible approximation, we ob- ‘Be line (see Sec. X A

tain
XI. ABSORPTION CROSS SECTIONS
Jo=1.445 MeV . (43 AT SPECIFIC ENERGIES
The best-estimate cross section given in @@ was calcu- Neutrino absorption cross sections at specific energies are

lated using the approximate neutrino energy given in Eqrequired in order to calculate the capture rates predicted by
(43). The calculated cross section is decreased by only 0.69glifferent scenarios with new physi¢s.g., neutrino oscilla-
of negligible importance for solar neutrino experiments, iftions with a variety of mixing parametgra which the en-
the entire estimated 5 keV thermal energy is dropped.  €rgy spectrum of solar neutrinos is changed from the stan-
dard neutrino energy spectrum. In this section, | provide the
required cross sections as a function of energy and, for the
first time, also present the uncertainties in the cross sections
Haxton[44] has suggested using a laboratory radioactiveas a function of energy.
source of ¥Ar to test the efficiency of radiochemical solar  Table Il gives the best-estimate neutrino cross sections at
neutrino detectors. The neutrino energy of tHAr K-shell  a set of strategically chosen energies. The cross sections
decay is 0.811 MeV; the-shell energy is 0.813 MeV. Thus were evaluated according to the precepts described in the
neutrinos from3’Ar decay in the laboratory have energies previous sections. Using a cubic spline[#5] to the cross
within several percent of the enerf863 keV; see Eq(21)] sections as a function of energy that are given in Table II, |
of the dominant’Be line. As Haxton has emphasized, anhave verified that the numbers given in the table are suffi-
experiment carried out with an intenséAr source would cient to reproduce to an accuracy of 1% or better the best-
therefore provide a valuable additional test of the overallestimate cross sections calculated in the previous sections for
efficiency of gallium detectors in observing the importantthe standard neutrino energy spectra.
'Be neutrinos. The uncertainties in the neutrino cross sections depend
The calculation of the absorption cross section $6&r upon neutrino energy since the number of accessible excited
neutrinos is very similar to the calculation of the absorptionstates increases with energy and the forbidden corrections

C. Neutrino line from 3Ar electron capture in the laboratory
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TABLE Il. Best-estimate absorption cross sections for specific TABLE Ill. The 3¢ lower-limit cross sections. The energigs
energies. The energiesare expressed in MeV and the cross sec-are expressed in MeV and the cross sectiensin units of
tions o, in units of 10746 cm? 1074 cn?.

q o q o q o q o q o q o

0.240 1.31x10' 1.500 2.24%1(° 10.000 5.71& 10" 0.240 1.22410' 1.500 1.88x1(* 10.000 3.04%10%
0.250 1.35%10' 1.600 2.55%10? 10.500 6.70% 10" 0.250 1.26%10" 1.600 2.12Xx10°> 10.500 3.54k10*
0.275 1.49%10' 1.700 2.88&1(° 11.000 7.78k10* 0.275 1.40x10' 1.700 2.37&%1(® 11.000 4.08x10%
0.300 1.66x10' 1.750 3.06x10° 11.500 8.93%10* 0.300 1.55K10' 1.750 2.51%x1(¢° 11.500 4.65%10%
0.325 1.83&% 10" 2.000 3.97X1(* 12.000 1.01%X10° 0.325 1.71410' 2.000 3.16X10° 12.000 5.26%10%
0.350 2.01& 10" 2.500 6.49%10° 12.500 1.14&10° 0.350 1.88410' 2.500 4.97x10° 12.500 5.90X 10
0.375 2.20% 10" 3.000 9.90%1(° 13.000 1.28%10° 0.375 2.06x10' 3.000 7.31%10° 13.000 6.56&10°
0.400 2.40&10" 3.500 1.46410° 13.500 1.43X10° 0.400 2.24410' 3.500 1.04x10° 13.500 7.26&10°
0.425 2.64%10" 4.000 2.12%10° 14.000 1.58%1C° 0.425 2.46%10" 4.000 1.45610° 14.000 7.97%10%
0.450 2.86X10" 4.500 3.07410° 14.500 1.74%10° 0.450 2.66410' 4.500 2.01%10° 14.500 8.70& 10
0.500 3.31%10' 5.000 4.38x10° 15.000 1.91x1C° 0.500 3.08%10" 5.000 2.76610° 15.000 9.45%10*
0.600 4.30x10' 5.500 6.13%10° 15.500 2.08%1C° 0.600 3.996&10" 5500 3.74%10° 15.500 1.02X10°
0.700 5.39%10' 6.000 8.43%10° 16.000 2.26%10" 0.700 5.01k10' 6.000 5.00x10° 16.000 1.09&1C°
0.800 6.84% 10" 6.500 1.14410° 18.000 3.04&10° 0.800 6.24%10' 6.500 6.61%10° 18.000 1.40& 1C°
0.900 8.27&10" 7.000 1.53x10* 20.000 3.89%10° 0.900 7.50%10' 7.000 8.65%10° 20.000 1.68%1C°
1.000 9.83x10' 7.500 2.00%10* 22500 5.06%10° 1.000 8.86%10' 7.500 1.11%X10* 22.500 1.95%1C°
1.100 1.22&10? 8.000 2.576&10*° 25.000 6.29&10° 1.100 1.07&10° 8.000 1.41X10* 25.000 2.05& 1C°
1.200 1.44x10° 8.500 3.23x10° 30.000 8.78%10° 1.200 1.25K10° 8500 1.75X10* 30.000 1.48%10°
1.300 1.67Xx10° 9.000 3.96% 10" 1.300 1.43%10° 9.000 2.13& 10

1.400 1.92K10° 9.500 4.79%10¢° 1.400 1.64Xx10° 9.500 2.56& 10"

also increase with energy. The energy dependence of thargely in the Reviews of Modern Physics and the investiga-
cross section uncertainties has not, so far as | know, beetions prior to 1989 are summarized in Neutrino Astrophysics
taken into account in the previously published comparison$14] (for recent improvements s¢d1] and[42]).
of the calculated and observed rates in neutrino experiments. |n this section, | provide two different ways of assessing
In order to provide the data with which to include the the robustness of the theoretical predictions. In Sec. XII A, |
energy-dependent cross section uncertainties in future analyeview all of the published standard solar model calculations
ses, | have combined quadratically the uncertainties frongince 1963 in which my colleagues and | have been involved.
different sources, as indicated in the discussion in the previThe variation over time of the standard model neutrino fluxes
ous sections, and have calculated Bpper and lower limit  provides an intuitive feeling for the reliability of the theoret-
cross sections at the same energies at which cross sectiogal calculations. In Sec. XII B, | present the results of a
are listed in Table II. series of new solar model calculations in which different
The 30 limit cross sections are given in Table Il and nuclear reaction rates are set equal to zero in order to mini-
Table IV. | have also verified that a cubic spline fit to the mize artificially the calculated total event rate for gallium
cross sections given in these tables may be used to evaluateutrino experiments. These solar modedankenexperi-
the cross section uncertainties in the rates predicted by phygents provide a different indication of how difficult it is to
ics scenarios with nonstandard neutrino energy speétig-  lower significantly the predicted solar model event rates.
ure 4, below, shows the calculated cross sections and the
estimated & uncertainties as a function of neutrino energy. o
For energies above 25 MeV, the uncertainties become so A. Standard solar model predictions
large as to make the calculated cross sections not very use- Figure 3 shows the event rates computed for all the neu-
ful.) trino fluxes predicted by the then best standard solar models
which | and my collaborators have published since the first
such model appeared in 19686]. To isolate the effects of
solar models, the rates shown in Fig. 3 were computed in all
The event rates measured by the GALLEX and SAGE  cases with the absorption cross sections determined in the
[2] solar neutrino experiments are significantly less than thg@resent paper for standard solar neutrino energy spectra. The
standard solar model predictions if nothing happens to the&ncertainties indicated in Fig. 3 are the Errors due just to
neutrinos after they are produced in the center of the Surthe cross section uncertainties estimated in the present paper.
How can we assess the significance of this deficit? | have assumed that the uncertainties from different excited
Over the years, | have given a formal guantitative meastate transitions add linearly and coherently; i.e., the cross
sure of the reliability of the theoretical predictions by deter-sections for the individual neutrino sources are simulta-
mining errors in the calculations based upon the recognizedeously increasedor decreasedto their maximum(mini-
uncertainties in the input data. This work has been publishechum) allowed values.

Xll. PREDICTED SOLAR NEUTRINO EVENT RATES
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TABLE IV. The 30 maximum cross sections. The energies 3071111 —T"—T"—T"—T"T™
are expressed in MeV and the cross sectiensin units of - ]
10746 cn?. 250 [ “ Predicted 7'Ga Rate vs. Time -
q o q o q o % 200 3
0.240 1.39%10' 1.500 3.31kx10? 10.000 1.12%1C° T is0f ] ]
0.250 1.446(10" 1.600 3.82%10° 10.500 1.32Kk10° 2 g b1 b1k
0.275 1.59&%10' 1.700 4.39%x10° 11.000 1.53&1C° 100 v ]
0.300 1.77Xx10" 1.750 4.68%10* 11.500 1.76&10° 3
0.325 1.95&10" 2.000 6.33& 10> 12.000 2.01%1C° 50 | .
0.350 2.15%10" 2500 1.07%10° 12.500 2.27%1C° [
0375 2.35%10" 3.000 168%10° 13.000 2.55%10° 0 os 65 75 76 80 81 85 02 95
0.400 2.56%10" 3.500 2.55%10° 13.500 2.84%1C° Year of Publication
0.425 3.10Kx10' 4.000 3.80%10° 14.000 3.15X10°
0.450 3.36X10° 4500 5.60%10° 14.500 3.47%10° FIG. 3. Predicted solar neutrino gallium event rate versus year
0500 3.92K10' 5.000 8.12%10° 15.000 3.81K10° of publication. The figure shows the event rates for all of the stan-
0.600 515410 5500 1.15%X10° 15500 4.16K10° Qard solar model calculations that my colleagues and | have pub-
0700 65310 0000 LoOXI0' 16000 aso1f MECL24G5AE The iosssecton o e resen poer
0.800 8.26X10° 6500 2.19410° 18.000 6.11%10° to predicted capture rates. The estimateduhcertainties reflect in
0.900 1.03K1¢® 7.000 2.95410' 20.000 7.916:1C° all cases just the uncertainties in the cross sections that are evalu-
1(1)88 iégz 1822 ;ggg gggz ig ;éggg 121? ig ated in the present paper. For the 35 years over which we have been

calculating standard solar model neutrino fluxes, the historically

1.200 1.996&10° 8.500 6.31610° 30.000 1.936x10° lowest value(fluxes published in 196%orresponds to 109.5 SNU.

1.300 2.36&10° 9.000 7.77%10'
1.400 2.76&10* 9.500 9.42x10°

This lowest-ever value is 5o6greater than the combined GALLEX
and SAGE experimental result. If the points prior to 1992 are in-
creased by 11 SNU to correct for diffusi@is was not done in the

figure), then all of the standard model theoretical capture rates since
The predicted neutrino fluxes have been remarkably cont968 through 1997 lie in the range 120 SNU to 141 SNU, i.e.,
stant in time over the last three decades. Prior to this time, if131+11) SNU.

the first several years of solar neutrino studies that are rep-
resented by the earliest points in Fig. 3, the cross sections for
the low energy nuclear physics reactions were not well
known and the reaction rates calculated with the then-current
nuclear cross sections led to large values for the higher-
energy, more easily detectable neutrinos. In 1964, when the
chlorine solar neutrino experiment was propof&d 48, the

rate of the®He-2He reaction was estimatdd9,50 to be 5
times slower than the current best estimate and the uncer-
tainty in the low-energy cross section was estimdt&@ to

be “as much as a factor of 5 or 10.” Since tHéle-*He
reaction competes with théHe-*He reaction—which leads

to high-energy neutrinos—the calculated fluxes for the
higher energy neutrinos were overestimated in the earliest
days of solar neutrino research. The most significant uncer-
tainties, in the rates of théHe-3He, the 3He-*He, and the
’Be+p reactions, were much reduced after just a few years of
intensive experimental research in the middle and late 1960s
[51].

The event rates for gallium appear even more robust when
account is taken of the fact that prior to 1992 the standard
solar models did not include the effects of diffusion. Using
cross sections calculated in this paper and neutrino fluxes
predicted by the 1995 Bahcall-Pinsonnegu4®] standard
model (which includes helium and heavy element diffusion
and the 1995 best estimates for the nuclear reaction)rates
well as recent improvements in radiative opacity and equa-
tion of state[52], the calculated event rate is
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FIG. 4. Absorption cross sections for gallium as a function of

standard solar model capture rate with diffusion energy. The figure displays the best-estimate cross sections as well
as thex 30 cross sections. Numerical values are given in Table I,

=135 SNU, (46) Table lll, and Table IV.
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1 SNU less than calculated with the previously used cross TABLE V. The minimum solar neutrino rates if selected nuclear
sectiong42]. Omitting diffusion, but otherwise using all the reactions are set equal to zero. The (ncertainty in the chlorine

same code and data to construct a standard solar rigjel ~ "ate is about=0.01 SNU in all three cases.
the calculated rate with the gallium cross sections given in

; ; Reactions set equal to zero Ga rate Cl rate
this paper is q SNU SNU
standard solar model capture rate without diffusion
*He(a, y)'Be 88.1732 0.7
=124 SNU. 4 : 24
7 *He(a,y)Be, C(p,7)"N 79.7t§;§ 0.3
Comparing the results given in E@6) and Eq.(47), we see  “He(e,)'Be, all CNO reactions 79.53% 03

that the effect of including diffusion is to increase by about
11 SNU the standard solar model prediction for the gallium
solar neutrino event rate. higher-energy neutrinos, like théBe, 8B, and CNO neutri-
Helioseismological measurements show that element difd0s. The first such calculation was performed by Bahcall,
fusion is occurring in the Sun, confirming theoretical expec-Cleveland, and Davi§53], who minimized the rate subject
tations. The present-day surface abundance of helium calc@nly to the condition that the nuclear energy released by
lated from solar models is in excellent agreement with thdusion in the solar interior equal the present-day solar lumi-
helioseismologically determined value only if diffusion is Nosity. Allowing only pp and pep neutrinos and using the
included[42]; the comparison of the computed and observedPrevious best estimates for gallium neutrino absorption cross
depth of the convective zone also requires that diffusion b&ections, these authors obtained a minimum allowed rate—
included in the solar modelg!1,42. More recently, it has for standard neutrino physics—of 80 SNU.
been showrj52] that the sound velocities of the Sun deter- In Table V, | summarize the results of a series of solar
mined by helioseismological measurements from BT  Model calculations that were made by setting equal to zero
0.95R,, agree to within 0.1% rms with the sound velocities selected nuclear reactions. The models were constructed in
calculated from a standard solar model provided that diffufhe same way as the best Bahcall-Pinsonneault solar models
sion is included in the model calculations. The mean-squaretf*2], except that specific nuclear reactions were artificially
discrepancy for a model without diffusion is 22 times largerSet €qual to zero in the nuclear energy generation subroutine.
than for the standard model with diffusion, indicating that ~ The most dramatic decrease in the predicted gallium event
models without diffusion are inconsistent with helioseismo-ate is achieved by setting to zero the rate of the well-known
logical measuremen{s2]. He(*He,y) 'Be reaction, which leads in the standard solar
If the values prior to 1992 in Fig. 3 are increased by 11model to the neutrinos froMBe electron and proton capture,
SNU to correct for the omission of diffusion, then the cor- the SO'Ca”eOeB and 7Be neutrinos. With this reaction equal
rected values since 1968 through 1997 all lie in the rangé0 zero, the only way in thep chain of completing the

120 SNU to 141 SNU, i.e., fusion of protons into alpha particles is by the low-enepgy
reaction, with an occasionat0.2% by neutrino fluxpep
total historical range corrected for diffusion reaction.

The calculated event rate is
=120 SNU-141 SNU, 1968-1997. (48

_ _ no°He(*He,y)"Be reactions-88.1°32 SNU,  (51)
The observed event rate in the GALLEX detectofi$ '

with 1o errors on the neutrino absorption cross sections. The

GALLEX observatior=70+8 SNU, (49 corresponding rate in the chlorine solar neutrino experiment
is 0.73-0.01 SNU, which is more than #0less than the
and the rate observed by the SAGE detectd@is observed raté54] of 2.54+0.20 SNU. The rate, 0.0 SNU,

predicted for the Kamiokande solar neutrino experiment is
80 less than the observed rate in the Kamiokande experi-
ment[55]. Nevertheless, the gallium event rate of 88 SNU

d - calculated in this concoctedclearly incorreck model is
The difference between the predicted rate, &), and about 2.5 standard deviations larger than the combined ob-

the observed rates, E¢9) and Eq.(50), is the essence of . )
the contemporary gallium solar neutrino problem. Moreover,SerVEOI rate of 70.5 SNU in the GALLEX and SAGE experi-

the GALLEX observation is, by itself, more tharrSelow ments. : :
all the standard solar model results shown in Fig. 3 sinc§ The primary reason that the rate given here is larger than

1968, if the values prior to 1992 are corrected for the effect he value calculated by Bahcall,_ Cleveland, a_nd Dévg is .
of diffusion. hat some of the solar luminosity and neutrinos are coming

from the CNO fusion reactions. The calculated event rate in
the gallium experiments can be reduced somewhat further if
one sets equal to zero simultaneously the rates of both the
3He(*He,y) 'Be reaction and thé?C(p,y)**N reactions. In
The neutrino absorption cross sections are a monotonkhis case, the CNO neutrindfrom N, *°0, and *F de-
cally increasing function of energgf. Table I)). Therefore, cay9 are all greatly reduced in flux and théBe and 2B
the minimum conceivable event rate is achieved if one artineutrinos are completely absent. Table V shows the the cal-
ficially sets equal to zero the nuclear reactions that produceulated rate for this case is 79.%7_3 SNU.

SAGE observatios 72+ 13 SNU. (50

The weighted average observed rate is ZO/5SNU.

B. Models with selected nuclear reaction rates
set equal to zero
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TABLE VI. Neutrino absorption cross sections for standard energy spectra. All cross sections are given
in units of 10746 cn? except for®B andhep neutrinos, for which the unit is T¢? cn?. The uncertainties
indicated are effective & uncertainties.

Source pp pep hep 7Be B BN %0 S Siar - Slcr

Best 11.72 204 7.14 71.7 2.40 60.4 113.7 113.9 70.0 58.1
lo. (%) 2.3 17 32 7 32 6 12 12 0.07 0.04
lo_(%) 2.3 7 16 3 15 3 6 6 0.03 0.03

The minimum rate is achieved by simultaneous settingcalculations of the thermal energy from neutrino-producing
equal to zero the reaction rates for thide(*He,y) 'Be reac-  reactions that occur in the solar interior. This thermal energy

tion andall the CNO reaction.In this case, | find increases by 1.6% the calculated absorption cross section for
pp neutrinos, but is unimportant for all other cases consid-
minimum rate=79.5'33 SNU, (52)  ered in this paper.

The cross section fop, absorption by®'Cr calculated
where the uncertainties are agaior Errors. This extreme here agrees to better thaw With the independent measure-
hypothesis also predicts 0.0 SNU for the Kamiokande exments by the GALLEX[3,4] and SAGE[6] experiments.
periment and 0.3 SNU for thd'CI experiment; the latter However, the measured rates in the GALLEX and SAGE
value is 11 standard deviations less than the observed captugelar neutrino experiments differ by more thaar fom all
rate in the chlorine detect¢b4]. the standard solar model predictions of my colleagues and

The solar neutrino fluxes that produce the minimum neumyself since 1968 provided the values published prior to
trino  capture rate in gallum detectors are 1992 are corrected, as required by helioseismology, for the
#(pp)=6.50<10""cm? s ! #(pep=1.61x10° cm ?  effects of diffusion(see Sec. XII A.

s} andg(hep=1.4x10° cm 2s ™1,
2. Particle physics applications

XIll. SUMMARY AND DISCUSSION Many particle physics explanations of the observed solar

| first summarize the calculations of neutrino absorptionneutrino event rates imply that the energy spectrumvof
cross sections and then discuss the event rates predicted B{far neutrinos is altered by new physics. In order to calcu-
standard solar models and by extremely nonstandard soli#t€ the rates expected from the variety of proposed non-
models. In the last subsection, | suggest an answer to th@andard neutrino energy spectra, one must have available
guestion, what will GNO show? neutrino cross sections, and their uncertainties, as a function

| present in Appendix A the standapp neutrino energy  ©f neutrino energy. | have not previously published uncer-
spectrum that was calculated with the inclusion of the theri@inties in the cross sections calculations as a function of

mal energy of fusing ions and also present in Appendix B the2nergy. Therefore, in the many papers in which empirical
standard CNO neutrino energy spectra. analyses of solar neutrinos were made using nonstandard

neutrino energy spectra, the theoretical errors in the cross
section calculations were, of necessity, either ignore@ner
correctly set equal to the published uncertainties for cross
1. Best estimates sections with standard, energy spectra.

Table Il presents the required neutrino cross sections at a
set of neutrino energies that were chosen to permit, with the
aid of a cubic spline fit, accurate calculations for any speci-
rT{i_ed neutrino energy spectrum. | have also calculated 3
different minimum and maximum absorption cross sections,

A. Cross sections

Table VI summarizes the best estimates and threuh-
certainties of the neutrino absorption cross sections that we
calculated in the preceding sections fd5a targets. All of
the cross sections given in Table VI were evaluated assu

ing standardv, energy spectra and the input data for the

lGa-"'Ge system that are summarized in Sec. Il. The which are presented in Table Ill and Table IV. -
value for "Ge electron capture used here makes use of new Figure 4 displays the cross sections and their uncertainties

Dirac-Fock self-consistent-field calculations of the electronga daaﬁjg(i:ftflgrr:ar(\)tfc?glsjglggct(?gr?;gyi.vgr?Iir:?trtzeta:)beiz; es::;ni'fns
wave functions that include finite nuclear size, the Breit in- 9 ’

teraction, and the most important QED correctic28—23. calculate the uncertainties in predicted neutrino event rates

In addition, | have taken account of atomic overlap and ex-for an arbitrarily changed solar neutrino energy specirum.

change effectgésee Sec. ll), effects for which | have previ-
ously only estimated upper limits.
| have also included here for the first time the thermal Since gallium solar neutrino experiments test fundamental

energy contribution of the fusing particles to the neutrinoaspects of physics and astrophysics, | have adopted ex-

absorption cross sections. Section VI presents the results afemely conservative criteria for the estimated uncertainties.
In most cases, the largest uncertainties arise from the poorly
known strengths of transitions to excited statesiGe.

2In this case, one requires zero cross sectionsStm(*He,y)"Be, For low- and moderate-energy neutrino sources,pthe
12C(p, y) N, 3C(p, )N, ¥N(p,y)™0, and *N(p,y)*°0. pep, 'Be, 1N, '°0, and ''F neutrinos, | have set equal to

3. Uncertainties
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TABLE VII. The pp neutrino spectrum. The normaliz@gp neutrino energy spectru(q) is given in
intervals of 5.0406 keV. The neutrino energy,is expressed in MeV anB(q) is hormalized per MeV.

q P(a) q P(a) q P(a) q P(a)

0.00504 0.0035 0.11089 1.2477 0.21675 3.2300 0.32260 4.0356
0.01008 0.0138 0.11593 1.3417 0.22179 3.3094 0.32764 4.0114
0.01512 0.0307 0.12097 1.4370 0.22683 3.3859 0.33268 3.9794
0.02016 0.0538 0.12601 1.5335 0.23187 3.4594 0.33772 3.9391
0.02520 0.0830 0.13106 1.6310 0.23691 3.5298 0.34276 3.8900
0.03024 0.1179 0.13610 1.7291 0.24195 3.5966 0.34780 3.8316
0.03528 0.1582 0.14114 1.8278 0.24699 3.6599 0.35284 3.7632
0.04032 0.2038 0.14618 1.9267 0.25203 3.7194 0.35788 3.6842
0.04537 0.2543 0.15122 2.0258 0.25707 3.7749 0.36292 3.5937
0.05041 0.3094 0.15626 2.1247 0.26211 3.8262 0.36796 3.4907
0.05545 0.3691 0.16130 2.2233 0.26715 3.8731 0.37300 3.3740
0.06049 0.4329 0.16634 2.3214 0.27219 3.9154 0.37804 3.2422
0.06553 0.5006 0.17138 2.4187 0.27723 3.9529 0.38309 3.0932
0.07057 0.5721 0.17642 2.5151 0.28227 3.9854 0.38813 2.9246
0.07561 0.6469 0.18146 2.6105 0.28731 4.0127 0.39317 2.7330
0.08065 0.7250 0.18650 2.7044 0.29235 4.0344 0.39821 2.5136
0.08569 0.8061 0.19154 2.7969 0.29740 4.0505 0.40325 2.2589
0.09073 0.8899 0.19658 2.8877 0.30244 4.0605 0.40829 1.9567
0.09577 0.9761 0.20162 2.9766 0.30748 4.0644 0.41333 1.5832
0.10081 1.0647 0.20666 3.0634 0.31252 4.0617 0.41837 1.0783
0.10585 1.1553 0.21171 3.1479 0.31756 4.0522 0.42341 0.0000

zero the matrix elements for all excited state transitions in 4. Correlations among the uncertainties

order to determine the 3 minimum cross sections. | have  How are the uncertainties correlated between cross sec-
calculated the @ upper limit for the important transitions to tions calculated for different energies? Some of the sources
the 175 keV and the 500 keV states itGe (see Fig. 2 by  of uncertainties are fully correlated; e.g., the characteristic
using the constraint from the GALLE)K3-5] and SAGH 6] oo defined by Eq(3) and Eq.(4) is a common scale factor
measurements of théCr absorption ratfsee Eq(14)]. This  for all the cross sections. On the other hand, some sources of
prescription results in @ upper limit cross sections that are, Uncertainties are uncorrelated; uncertainties in matrix ele-
respectively, 7 and 12 times the values inferred using th&1€Nts to highly excited states ifiGe affect the cross sec-

measured §,n) cross section¢see discussion in Sec. IV E E?QSSS fgéc:'g::;gr}gggr gilétrrmoseg?rzn?)z not influence the
which are probably unrealistically large uncertainties since 9y . :
I recommend the most conservative procedure: Assume

;heeveBer;:rexﬂﬁ:r\l/r;fg;:)e(ejxgggjpén)lapqgizs;gﬁgetﬂftrzzvge | errors are fully correlated and add the uncertainties lin-
ylarg arly not quadratically. This is the procedure that | have

values determined by beta-decay experiments. followed in calculating Table 1l and Table IV. For standard

I have also taken a skeptical attitude toward the calculateg,,je| predictions, i.e., standard solar models and nonoscil-
values of the forbidden corrections, and have adopted 1 |ating neutrinos, adding the uncertainties linearly and qua-
uncertainties from forbidden effects equal to the bestyraically will give approximately the same answer because
estimate values for the forbidden corrections. For the lowthe uncertainties are dominated by the higher-energy neutri-
and moderate-energy neutrino sources, the forbidden corregos from 8B. However, for nonstandard neutrino scenarios,
tions are always between 2% and 2.5%. The uncertain-  such as the MSW effect or vacuum neutrino oscillations, the
ties estimated in this way are significant for th@, ‘Be,  two procedures may give significantly different results. To
13N, 3"Ar, and 5ICr neutrino cross sectionigf. Table VI)  test for the sensitivity of the error estimate to the prescription
but, with the exception of thpp cross section, only for the adopted, one can combine the errors quadratically and also
lower limit value. linearly and compare the difference error estimates. In cer-

The largest uncertainties in theCr calculation are from tain cases, it may be reasonable to break up the calculations
excited state transitionsH2.8% and—1.6%, 1) and for-  into different energy groups, e.g., below or above 2 MeV,
bidden corrections=£2.3%, 1r). | have also calculated the and assume that the uncertainties are correlated within each
cross section for absorption 8fAr neutrinos, since, as Hax- 9roup but not between groups.
ton [44] has discussed, the close similarity between e
and "Be neutrino energies makes argon a theoretically attrac-
tive possible calibrator for the detection efficiency ftBe Figure 3 shows the event rates calculated using all of the
neutrinos. standard solar model neutrino fluxes that my colleagues and

B. Predicted event rates
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TABLE VIII. The 3N neutrino spectrum. The normaliz&8N neutrino energy spectruf(q) is given in
intervals of 14.264 keV. The neutrino energyis expressed in MeV anB(q) is normalized per MeV.

q P(a) q P(a) q P(a) q P(a)

0.01426 0.0018 0.31381 0.5787 0.61336 1.2865 0.91291 1.2732
0.02853 0.0071 0.32808 0.6185 0.62763 1.3066 0.92718 1.2472
0.04279 0.0157 0.34234 0.6583 0.64189 1.3248 0.94144 1.2186
0.05706 0.0275 0.35661 0.6981 0.65616 1.3413 0.95571 1.1875
0.07132 0.0422 0.37087 0.7378 0.67042 1.3558 0.96997 1.1538
0.08559 0.0596 0.38514 0.7771 0.68469 1.3684 0.98424 1.1175
0.09985 0.0796 0.39940 0.8160 0.69895 1.3790 0.99850 1.0784
0.11411 0.1020 0.41366 0.8544 0.71321 1.3876 1.01276 1.0366
0.12838 0.1267 0.42793 0.8922 0.72748 1.3940 1.02703 0.9918
0.14264 0.1534 0.44219 0.9293 0.74174 1.3983 1.04129 0.9440
0.15691 0.1820 0.45646 0.9656 0.75601 1.4005 1.05556 0.8931
0.17117 0.2124 0.47072 1.0010 0.77027 1.4005 1.06982 0.8387
0.18544 0.2444 0.48499 1.0353 0.78454 1.3983 1.08409 0.7805
0.19970 0.2777 0.49925 1.0686 0.79880 1.3937 1.09835 0.7183
0.21396 0.3124 0.51351 1.1008 0.81306 1.3870 1.11261 0.6512
0.22823 0.3482 0.52778 1.1316 0.82733 1.3778 1.12688 0.5785
0.24249 0.3849 0.54204 1.1612 0.84159 1.3664 1.14114 0.4987
0.25676 0.4226 0.55631 1.1893 0.85586 1.3526 1.15541 0.4094
0.27102 0.4609 0.57057 1.2160 0.87012 1.3364 1.16967 0.3057
0.28529 0.4997 0.58484 1.2411 0.88439 1.3178 1.18394 0.1766
0.29955 0.5391 0.59910 1.2646 0.89865 1.2967 1.19820 0.0000

| have published since the first solar model calculation 0fl968, by which time the largest initial uncertainties in deter-

neutrino fluxes in 1963. In order to isolate the effect of themining the nuclear fusion cross sections were greatly re-
solar model predictions, | have used the absorption crosduced[51].

sections derived in this paper for all the points plotted. The In the 35 years that we have been calculating neutrino
event rates have been remarkably constant, especially sinfleixes from standard solar models, many improvements have

TABLE IX. The 0 neutrino spectrum. The normalizéeD neutrino energy spectruf(q) is given in
intervals of 20.615 keV. The neutrino energyis expressed in MeV anB(q) is normalized per MeV.

q P(a) q P(a) q P(a) q P(a)

0.02062 0.0014 0.45354 0.4372 0.88647 0.9227 1.31939 0.8354
0.04123 0.0056 0.47416 0.4663 0.90708 0.9341 1.34001 0.8136
0.06185 0.0123 0.49477 0.4954 0.92770 0.9441 1.36062 0.7902
0.08246 0.0214 0.51539 0.5242 0.94831 0.9527 1.38124 0.7652
0.10308 0.0328 0.53600 0.5528 0.96893 0.9597 1.40185 0.7386
0.12369 0.0463 0.55662 0.5810 0.98954 0.9652 1.42247 0.7106
0.14431 0.0617 0.57723 0.6088 1.01016 0.9692 1.44308 0.6809
0.16492 0.0790 0.59785 0.6360 1.03077 0.9716 1.46370 0.6497
0.18554 0.0979 0.61846 0.6626 1.05139 0.9725 1.48431 0.6170
0.20615 0.1184 0.63908 0.6886 1.07200 0.9717 1.50493 0.5827
0.22677 0.1402 0.65970 0.7138 1.09262 0.9693 1.52555 0.5467
0.24739 0.1634 0.68031 0.7381 1.11324 0.9653 1.54616 0.5091
0.26800 0.1876 0.70093 0.7616 1.13385 0.9596 1.56678 0.4697
0.28862 0.2129 0.72154 0.7840 1.15447 0.9523 1.58739 0.4283
0.30923 0.2391 0.74216 0.8055 1.17508 0.9434 1.60801 0.3846
0.32985 0.2660 0.76277 0.8259 1.19570 0.9329 1.62862 0.3384
0.35046 0.2936 0.78339 0.8451 1.21631 0.9207 1.64924 0.2888
0.37108 0.3217 0.80400 0.8632 1.23693 0.9069 1.66985 0.2348
0.39169 0.3502 0.82462 0.8800 1.25754 0.8914 1.69047 0.1737
0.41231 0.3790 0.84523 0.8956 1.27816 0.8744 1.71108 0.0998

0.43293 0.4080 0.86585 0.9098 1.29877 0.8557 1.73170 0.0000
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TABLE X. The F neutrino spectrum. The normalizédF neutrino energy spectruf(q) is given in
intervals of 20.671 keV. The neutrino energyis expressed in MeV anB(q) is normalized per MeV.

q P(a) q P(a) q P(a) q P(a)

0.02067 0.0014 0.45477 0.4375 0.88887 0.9223 1.32297 0.8323
0.04134 0.0056 0.47544 0.4666 0.90954 0.9337 1.34364 0.8103
0.06201 0.0123 0.49611 0.4957 0.93021 0.9436 1.36431 0.7866
0.08269 0.0214 0.51679 0.5245 0.95089 0.9521 1.38499 0.7614
0.10336 0.0328 0.53746 0.5531 0.97156 0.9590 1.40566 0.7347
0.12403 0.0463 0.55813 0.5813 0.99223 0.9645 1.42633 0.7064
0.14470 0.0618 0.57880 0.6091 1.01290 0.9683 1.44700 0.6765
0.16537 0.0791 0.59947 0.6363 1.03357 0.9706 1.46767 0.6451
0.18604 0.0980 0.62014 0.6629 1.05424 0.9713 1.48834 0.6121
0.20671 0.1185 0.64081 0.6888 1.07491 0.9704 1.50901 0.5776
0.22739 0.1404 0.66149 0.7140 1.09559 0.9679 1.52969 0.5414
0.24806 0.1635 0.68216 0.7383 1.11626 0.9638 1.55036 0.5035
0.26873 0.1878 0.70283 0.7617 1.13693 0.9580 1.57103 0.4638
0.28940 0.2131 0.72350 0.7841 1.15760 0.9506 1.59170 0.4221
0.31007 0.2393 0.74417 0.8056 1.17827 0.9415 1.61237 0.3782
0.33074 0.2662 0.76484 0.8259 1.19894 0.9308 1.63304 0.3317
0.35141 0.2938 0.78551 0.8451 1.21961 0.9184 1.65371 0.2818
0.37209 0.3219 0.80619 0.8631 1.24029 0.9044 1.67439 0.2275
0.39276 0.3504 0.82686 0.8799 1.26096 0.8888 1.69506 0.1663
0.41343 0.3793 0.84753 0.8954 1.28163 0.8716 1.71573 0.0927
0.43410 0.4083 0.86820 0.9095 1.30230 0.8527 1.73640 0.0000

been made in the input data for the solar modelse.g., the If we artificially eliminate all nuclear reactions that lead

nuclear reaction rates, opacities, equation of state, and heaty ‘Be and®B neutrinos[i.e., assume that the cross section
element abundanceand in the sophistication and precision measured in laboratory experiments for thide(e,y)*He
of the stellar evolution codege.g., the inclusion of diffu- reaction is completely wrong and the reaction is forbidden
sion). Throughout this whole period, the historically lowest for some unknown reasgnthen the rate calculated from
rate corresponds, without diffusion, to 109 SNkke the standard solar models is 8835 SNU. This rate is about 2.5
lowest point in Fig. 3, which occurs in 1969hich is more o larger than the measured rate in the GALLEX and SAGE
than 5o larger than the combined experimental result from€Xperiments. Moreover, the same solar model predicts an
the GALLEX and SAGE experiments. event rate of 0.730.01 SNU for the chlorine experiment,
Detailed calculations and helioseismological measureWhich is more than 8 less than is observed.

ments both showj41,42,52 that we must correct for the One can consider solar models in which obviously incor-
effects of diffusion the neutrino fluxes calculated prior to"€Ct @Ssumptions about nuclear reactions are made for a num-

1992 (cf. discussion in Sec. XII A All of the standard ber of different fusion reactions. If one assumes that not only

3 4 H
model fluxes that my colleagues and | have calculated in thgoes the*He(e, y)"He reaction not occur, but also all four

30 years since 1968 lie in the range 120 SNU to 141 SNU, iPf the (P, ) reactions in the CNO cyclésee footnote 2do
: ) . not occur, then one can calculate a solar model for which the
the effects of diffusion are included.

The disagreement is robust between the predictions cfapture rate is 7955 SNU. This capture rate corresponds

standard solar models—supplemented by the assumption th%\)tthe minimum rate that is pos§|ble, ignoring all Of.the phys-
) . ICs of solar models and making false assumptions about
nothing happens to the neutrinos after they are produced—

and the results of gallium solar neutrino experiments nuclear reactions, if one requires that the sun is currently
9 . P ) roducing thermal energy from nuclear fusion at the rate at
How much could one conceivably reduce the calculate

t rate | li i . ; ; ¢ hich it is radiating energy via photons escaping from its
event rale in galium neutrino experiments assuming stang,, tace Even this most extreme model predicts an event rate
dard neutrino physics, but nonstanda¢dr impossiblg

. - .. that exceeds the current best-estimate rate, aboutt70.5
nuclear physics? The most efficient way to reduce art|f|C|aIIySNU observed by GALLEX1] and SAGE2]. The chlorine
the calculated counting rate is by sefting equal to zero th.'leate p’>redicted by this most extreme model is 0.3 SNU, which

nuclear reaction rates that lead to higher-energy neutrinos 1 inconsistent with the observed rate of 25120 SNU
the solar model computations. This arbitrary procedure iT54]

physically impossiblgthe relevant nuclear fusion rates are
measured in the laboratory to be comparable to rates that are
not set equal to zejobut illustrates the extreme difficulty in
reducing the calculated event rate to a rate close to what is Gallium solar neutrino experiments are the only estab-
measured in gallium solar neutrino experiments. lished way of detecting the great majority of solar neutrinos,

C. What will GNO show?
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the low-energy neutrinos from the fundamera reaction. ACKNOWLEDGMENTS

Therefore, astronomical inferences and particle physics ap-

plications of solar neutrino studies rely strongly on the mea- | am grateful to T. Bowles, B. Cleveland, A. Dar, S. El-
sured rates in gallium experiments. These inferences and ajiott, R. B. Firestone, N. Fortson, W. Hampel, W. Haxton, N.
plications will become more stringent as GNO reduces thélata, P. Krastev, P. Kumar, K. Lande, W. Marciano, J. Rap-
statistical and the systematic uncertainties in the measurd@aport, and L. Wolfenstein for valuable comments or discus-
gallium rate. sions. | am indebted to I. P. Grant, W. R. Johnson, and M.

The most exciting result that GNO might obtain is, in my Chen for performing Dirac-Fock self-consistent-field calcu-
opinion, to find a capture rate that is more than 8maller lations of the electron wave functions AGe. This research
than the minimum rate, 7953 SNU, calculated in Sec. is supported by NSF Grant No. PHY95-13835.

XII B. This minimal rate is obtained by setting equal to zero

five well-measuredand appreciab)enuclear reaction rates,

and ignoring everything we know about the Sun except its APPENDIX A

total luminosity. If a number significantly less than 80 SNU

were obtained, | believe that GNO by itself would establish ~ Table VII gives the normalized unmodified energy spec-
that we require nonstandard neutrino physics in order to extrum P(q) for the pp neutrinos. The end point energy in-
plain solar neutrino experiments. In fact, | think the samecludes the average thermal energy of the fusing protons.
conclusion would be drawn if GNO ruled out by more than

30 the unrealistically low rate of 8833 SNU obtained by

arbitrarily excluding the nuclear reactiofble(a, y) "Be that APPENDIX B

lead to ‘Be and®B neutrinos.

Will GNO find, after improvements in the statistics and in ~ Table VIII gives the normalized unmodified energy spec-
the systematic errors, that the best-estimate capture rate tigim P(q) for the *N neutrinos. Table IX gives the normal-
significantly less than 88 SNU, or even less than 80 SNU?zed unmodified energy spectruR(q) for the O neutri-

No one really knows, which is one of the reasons why thenos. Table X gives the normalized unmodified energy
experiment is so important. spectrumP(q) for the 1F neutrinos.
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