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ABSTRACT

Part I. Nuclear reactors, due to their large flux of low energy
electron antineutrinos, are profitable locations for studies of anti-
neutrino induced reactions and possible neutrino oscillations. The
calculation of the reactor antineutrino spectrum is presented, together
with predictions for weak-interaction experiments performed at nuclear
reactors. It is demonstrated that such experiments provide constraints

on the parameters describing neutrino oscillatioms.

Part IT. Due to interference of atomic processes with nuclear
electromagnetic transitions, the emitted radiation acquires a phase
shift. The knowledge of accurate values for this phase shift, also
called the interference parameter, must be included 1in the analysis
of time-reversal and Mgssbauer absorption experiments. Theoretical
expressions for the interference parameter are presented, and calcu-
lated values are compared with experiment. Satisfactory agreement is
obtained. In particular, an apparent violation of time-reversal invariance

191

in the 129 keV transition of Ir is fully explained by these atomic

interference effects.
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PART I

STUDIES OF ANTINEUTRINOS AT NUCLEAR REACTORS



CHAPTER 1

SEARCHES FOR NEUTRINO OSCILLATIONS AT

NUCLEAR REACTORS



SEARCHES FOR NEUTRINO OSCILLATIONS AT NUCLEAR REACTORS

1. INTRODUCTION

In recent years, there has been substantial theoretical speculation

concerning the possible non-conservation of individual lepton numbers.
A violation of this type could manifest itself in several ways, one of
which is the possible decay of the muon into an electron and photon. It
has been suggested that another consequence might be the existence of
oscillations between neutrinos of the electron, muon, and tau varieties.
Experiments have been designed to search for this possibility at various
locations, including high energy accelerators, intermediate energy meson
factories, and nuclear reactors. A thorough review of both theory and
experiment may be found in Ref. 1.

Nuclear reactors, due to their large flux of low energy antineutrinos,
are profitable locations for studies of antineutrino induced reactions
and possible neutrino oscillations. The calculation of the antineutrino

spectrum presented in Chapter 2 was primarily motivated by an experimental

search for oscillations by a Caltech-Munich-Grenoble collaboration.?

This experiment is presently being conducted at a research reactor located
at the Laue-Langevin Institute in Grenoble, France. Reactor experiments
have also been performed and are being continued at the Savannah River,
South Carolina 1location by Reines and his collaborators.3_5 If these
experiments are not successful in actually observing neutrino oscillatioms,

they will nevertheless provide valuable constraints on the parameters involved.



In this chapter we first discuss a phenomenological model for
oscillations between neutrinos of different flavors. Mixing of only
two neutrino types will be described, although the analysis can be
easily generalized to include more flavors. We then consider the
possible consequences of neutrino oscillations for nuclear reactor
experiments. It will be demonstrated that various experimental results
may be used together to determine or limit the oscillation parameters.

2. MODEL FOR NEUTRINO OSCILLATIONS

There have been in the past 25 years several suggestions for
possible physical transformations between neutrino types. These have
included oscillations between neutrinos and their antiparticles, and
the decay of one neutrino type into another type with the emission of
a third particle. Recent theoretical discussion has also concerned
the possible mixing of neutrinos from various families. Today the
families include those of the electron, muon, and tau with the possi-
bility of additional families. The existing experimental data on the
properties of these neutrinos hardly restrict their masses to be zero,
an assumption widely employed in the past.

The phenomenon of mixing between particles is known from both
the neutral kaon and quark systems. Mixing results from the total
Hamiltonian containing two parts, one part violating the quantum
numbers conserved by the other. For the case of quarks, the weak eigen-
states, d' and s', are orthogonal combinations of the strong eigen-
states, d and s, with the mixing characterized by the Cabibbo angle.
For the neutral kaon system, the strong eigen-states, K° and ﬁ? are

superpositions of the weak eigen-states, KL’ and KS. Because the KL and KS



have slightly different masses, their time development is determined by
different frequencies. This results in transformations between the K°
and its antiparticle, the K°.

Extending these examples to the case of neutrinos, we assume that
the neutrino eigenstates of the weak interaction (ve, vu, vT...) are
orthogonal combinations of the mass eigenstates (Vi, V2, V3...). The
following discussion, which also applies to the antineutrinos is similar
to that of Mann and Primakoff.® We consider explicitly the case of two

neutrinos, ve and Va’ writing them as linear combinations of v; and wVvj3:

cos 8 sin B\ [V

(1)

=
Yy -sin 6 cos 6 |\ V2 .

Requiring K° and K°to be CP eigen-states necessarily fixes the mixing
angle in the neutral kaon system at 45°. However, for neutrinos, as
is the case for quarks, there is no strong compelling reason at the
present time to prefer a sbecific value for the angle of mixing. It
remains a parameter of the oscillation to be determined.

A beam of electron type neutrinos of momentum p produced via the
weak interaction will, provided the following conditions are met,
oscillate into the other variety '"u":

1) the mixing angle is non-zero (6 # 0)

2) the masses of the mass eigen-states are unequal (m; # mz). The

probability P(ve, d) of observing an electron type neutrino at distance

d away from the source can be shown to equal:



l (EZ_El)d
P(v ,d) = P(v_,d=0) {1 - = sin? 26 |1-cos |———— . (2)
e e 2 Fe
where
- 2 2 2 4

IEZi /p c +mic (3a)
mic3

~ pc + (3b)
2p

Equation (3b) is valid for pc >> m,c? which is likely satisfied at

i

reactor neutrino energies of a few MeV.

One is then able to rewrite Eq. (2) as:

2
P(v_,d) = P(v_,d=0) {1-% sin? 26 <l-cos [%])] , 4)

where A?= (m% - m% )c* is measured in eVz, d is measured in meters, and
E\) is the energy of the original neutrino measured in MeV.

The difference of the squared masses, Az, is the second parameter
necessary for the descripfion of oscillationms. The sensitivity with
which it can be determined in an experimental search for oscillatioms is
determined by the neutrino energy and the distance between source and
detector. That is, a rough estimate of the minimum value of A2 ob-

servable in a given experiment can be obtained by setting the argument

of the cosine equal to 2T7:

A% R — (5)

A2 il is again given in eV ? when E, is measured in MeV and d

in meters. A?;nin is n 3x10 -2 for reactors and v 3x10-! for meson



factories and high-energy accelerators.!

Therefore, two parameters are required for the description of
mixing between two neutrinos: sin? 26 is the amplitude of the oscillation,
and A% gives the dependence upon distance and neutrino energy. The present
experimental 1imits on neutrino oscillations can be simply expressed in
terms of A%, if maximal mixing (6 =45°) is assumed. The analysis1 of
the Nezrick and Reines" inverse neutron decay measurement yields A% £ 1 ev?
for Ge -+ anything. Results of the Gargamelle collaboration’ on vu > ve

and Gu+ Ge also limit A% € 1eV?. Recent analysis of a Los Alamos

experiment8 constrains A2 £ .64 eV? for the oscillation channel Gu-+5e-

3. EXPERIMENTAL CONSEQUENCES OF OSCILLATIONS FOR REACTOR EXPERIMENTS

The sensitivity of reactor experiments to small values of A? makes
them particularly attractive for neutrino oscillation searches. Reactor
searches are also very desirable because they look for the transforma-
tion of Ge into anything else, and are therefore not limited to
observing a specific product of the oscillation.

As is clear from Eq. (4), the existence of oscillations will cause
the spectrum of antineutrinos produced at a reactor to change shape as
a function of distance from the source. If the core dimensions are
small relative to d, we may employ this expression to generate Fig. 1
showing the cﬁange in spectral shape for specific wvalues of A% and 6.
The spectrum of Gés at distance d from the reactor is n(EG)'P(Es, d), where
n(EG) is the spectrum in the absence of oscillationms.

In Sect.4 of Chapter 2 the four antineutrino induced reactions

conducted at nuclear reactors are discussed in detail. Here we only



consider the effect of possible neutrino oscillations upon these
measurements, and show how the experimental results may, in principle,

be used to constrain the parameters A and 6.

Inverse Neutron Decay (Ge-+p + n+ e+)

Only electron type antineutrinos are capable of producing the
positrons observed in this reaction. The existence of oscillations would
modify the expected yield of positronms Y(Ee+, d) of kinetic energy Ee+

at distance d:

Y(Ee+s d) = n(EG) P(EG’ d) G(E;)’ (6)

where U(EG) is the cross section for monoenergetic antineutrinos, and
Ee+ = EG - 1.8 MeV. 1In Figure 2 the affect of oscillations upon the
expected positron spectrum is shown. The values of A%, 8, and d were
chosen identical to those of Figure 1.

If one assumes that the reactor Ge spectrum is known, then it is
possible to exclude certain regions in the A%, plane by comparison
with measured positron spectra. In Figure 3, a x2 test of agreement
between oscillated spectra and a hypothetically measured e+ spectrum
demonstrates how the parameters A? and sin? 26 may be constrained. One
difficulty with this procedure is its dependence upon the assumed Ge
spectrum, yielding quite different results for the Davis—Vogel9 and Avignone10
spectra. This can perhaps be remedied by measurements of the positron
spectrum at two distances; a departure of the total cross section from

the expected lz dependence would, at the least, demonstrate the
r

existence of oscillations. Further experimental studies of this reaction



by the Caltech-Munich-Grenoble and Irvine groups are now in progress.

@-+d+n+n+eﬂ
Charged and Neutral Current Deuteron Disintegration

We+d+n+p+vg

Since the publication of our paper on reactor antineutrino spectra,9

Pasierb et aql’ have observed the weak neutral and charged current
deuteron disintegrations. The measured cross sections, expressed at
ratios to our predictions in Table 1 of Chapter 2, are 0.8 £0.2 (neutral
current) and 0.7 £0.2 (charged current). The respective ratios for the

Avignone spectrum11

are 0.55% 0.1 (neutral current) and 0.4 0.1 (charged
current).

The charged current deuteron disintegration depends upon the
electron character of the incoming antineutrino. In contrast, the
neutral current disintegration is assumed to be insensitive to neutrino
oscillations between families. That is, even if the ;e changes into
either GU or GT, the standard Weinberg-Salam model predicts the neutral
current couplings for all three antineutrinos to be equal. It is possible
to use each of these deuteron experiments to test the existence of
oscillations as was done for the inverse neutron decay. However,
the conclusions drawn from such an analysis severely depend upon the
theoretical 53 spectrum employed. (We note that it is disturbing that
Avignone's neutral current ratio is so far from the value of one, expected
even in the event of oscillations).

12 that the

It has been noticed by Reines and his collaborators
sensitivity of such an analysis to the antineutrino spectrum can be

substantially reduced by considering the following ratio:
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0" C* (exp) a""C* (exp)
Gc'c'(theor) On'c'(theor)

R =

(7)

Based on the experimental results of Ref. 5, we obtain R= 0.9+0.3 for

the Davis-Vogel spectrum, and R = 0.75%0.2 for Avignone.11

A determina-
tion of which values of Az, 6 are consistent with specific values for

R yields constraints such as those shown in Figure 4. The shaded region

indicates the oscillation parameters allowable for R between 0.6 and 0.9.

The Davis-Vogel spectrum was employed for this comparison although similar

results are obtained with other Ge spectra.

Antineutrino-Electron Scattering (384-e- -+ 5&4-e-)

For incident electron type antineutrinos, this reaction has
contributions from both the charged and neutral current portions of the
weak interaction. A comparison of theory with experiment permits deter-

nination of the Weinberg angle ew.3

If mixing occurs, the product of the
oscillation interacts only via the neutral current. This modifies the

cross section for the production of electrons of kinetic energy T to be:

oo
do [ do, (E5)
dT I n(E\-)) P(E\-;, d) dE\-)
E__min
v
® 4o (o)
g E- 8
+ —2__V ,(g-) [1-P(E-, d)]dE=- . (8D
—_— daT V) V) Vv
E_
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do do

In equation (8), :ﬁs and :ﬁ? are the differential cross sections for

" ", n

antineutrinos of ''electron' and "o'" type respectively, and Efin is the
V

minimum energy required to produce an electron of kinetic energy T.
The observed electron spectrum depends differently upon the Weinberg

angle in the event of oscillations due to the occurrence of GW in

do do
both <f; and dél . By requiring that the theoretical electron spectra

agree with experiment for accepted values of sinZBw, it is possible to
constrain Az, 6 as in Figure 5. This was obtained by requiring the cross
section for production of electrons with kinetic energy between 1.5 and
3.0 MeV to be consistent (within a one 0 limit) with sin® BW <0.25. This
procedure can also be conducted for comparison with Reines' other

neasurement of electrons between 3.0 and 4.5 MeV.?®

4. CONCLUSIONS

We have demonstrated that reactor experiments on antineutrino
induced reactions provide Eonstraints on the parameters describing
neutrino oscillations. If these experiments are considered together,
it may be possible either to determine the values of A%and 6, or to
suggest the incompatibility of one particular experiment with the rest.
This analysis is more difficult if one considers the generalized mixing
among three neutrinos. For this case, however, the limits on other
channels of mixing provided by accelerator and meson factory experiments

nay be employed to simplify the analysis.
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FIGURE CAPTIONS

The effect of neutrino oscillations on the reactor anti-
neutrino spectrum. Oscillations characterized by
A%= 0.4 ev?, sin? 260=1.0, d = 11.2 m. Full curve-

without oscillations; dashed curve-with oscillations.

Effect of oscillations on positron spectrum in inverse
neutron decay. Oscillated reactor Ge spectrum charac-
terized by A% = 0.4 ev?, sin® 26 = 1.0, d = 11.2 m.
Ee+ is positron kinetic energy; rate is in arbitrary
units. Full curve-without oscillations; dashed curve-

with oscillations.

Values of Az, 0 consistent with hypothetically measured
e+ spectrum - dashed region. Obtained by x2 test with

theoretically oscillated spectra of Davis-Vogel.

"Experimental" e+ spectrum has nearly the same shape as
the full curve in Fig. 2. It lies somewhat below the curve

for Eé+>>4 MeV, and has average experimental errors v 257.

Values of A%, 8 consistent with R between 0.6 and 0.9-
dashed region. R is defined for the deuteron disintegra-
tion reactions by Eq. (7), and the spectra used are those

of Davis-Vogel.

Values of A%, 8 consistent with measured antineutrino-
electron scattering cross-section, and sin? Qw < 0.25.
Dashed region- allowed values with cross section within
one standard deviation of experiment for electron kinetic

energy between 1.5 and 3.0 MeV.
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CHAPTER 2

REACTOR ANTINEUTRINO SPECTRA AND THEIR APPLICATION

TO ANTINEUTRINO INDUCED REACTIONS

This Chapter, with few modifications, originally appeared
June 1979 in Physical Review C, Volume 19,

pages 2259-2266.
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Reactor Antineutrino Spectra and their Application

to Antineutrino Induced Reactions

B. R. Davis, and P. Vogel
California Institute of Technology
Pasadena, California 91125

F. M. Mann and R. E. Schenter
Hanford Engineering Development Laboratory
Richland, Washington 99352

Abstract:

The knowledge of reactor antineutrino spectra is necessary for the
interpretation of weak-interaction experiments located at nuclear reactors.
We calculate the antineutrino and electron spectra accompanying thermal
neutron fission of 2%°U and 2%°Pu for various irradiation times. It is
stressed that the higher energy part (E 2 4 MeV) of the spectra depends
sensitively on the beta-decay characteristics of fission products with
experimentally unknown decay schemes. We also discuss the accuracy of a
semiempirical conversion of the electron spectrum into the antineutrino
spectrum. The resulting Ge spectra are used to calculate cross sections
and reaction rates for the inverse neutron beta decay, weak charged and
neutral current induced deuteron disintegration, and the antineutrino-
electron scatteriﬁg.

Keyword abstract:
RADIOACTIVITY, FISSION 2%%u, 23°Py; antineutrino and electron spectra

calculated. 0 for V induced reactions analyzed.
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1. INTRODUCTION

Valuable information about the structure of weak neutral and charged
currents can be derived from the study of neutrino induced reactionms.
These reactions may be also used as a source of information about the
fundamental properties of the neutrinol), such as possible neutrino oscil-
latipns. Nuclear reactors, as sources of electron antineutrinos, give
fluxes of the order n, 10!% V/cm?-sec at distances ~ 10 m from the reactor
core. These antineutrinos have an energy spectrum peaked at very low
energies (V0.3 MeV) and extending up to ~ 10 MeV, characteristic of
the B decay of the fission products.

Table 1 1ists the antineutrino induced reactions studied at nuclear
reactors. Three of the reactions listed in the table were actually
observed. The first one, the inverse beta-decay of the neutron, was
observed in the pioneering work of Reines and his collaborators. The
most recent measurement of the total cross section®) has an accuracy of
15%. The charged current deuteron disintegration was observed by Jenkins
et al.?) with v 50% accuracy, and W-electron scattering was recently
observed by Reines et al.,“) with 25% accuracy. All four reactions listed
in the table are currently being studied again in a new generation of
experiments, and more detailed information is expected. For example,
it seems feasible to determine not only the total cross section of the
inverse neutron beta-decay, but also the positron spectrum with accuracy
better than 10%.

In order to make useful conclusions about the underlying fundamental
weak interactions, one has to know the spectrum of antineutrinos impinging

on the target, with accuracy comparable to, or better than, the accuracy of
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the measured cross sections. Thus a considerable effort was devoted in
the past to the problem of determining the antineutrino spectra.

There are basically two methods of approach. The first onme,
developed in Refs. 5 and 6, uses the experimentally determined electron
spectrum and converts it into the antineutrino spectrum. We shall
discuss this method in greater detail in Section 3. The second method is
seemingly the obvious one. A catalog of all fission fragments and their
yields is made, including all the beta decay branches. Using the allowed
Coulomb corrected spectral shape, one adds the contributions of all of them.
Such a calculation was first performed by King and Perkins’).

Later calculations, with more complete experimental data, were reported

by Avignone and his collaborators, Refs. 8-10, and by Borovoi, Dobrynin
and Kopeikinll). The main problem, as will be seen below, is insufficient
knowledge of beta decay schemes of fission fragments with large Q values
and correspondingly short lifetimes.

In this work we report the results of our calculations of antineutrino
spectra and their application to the interpretation of antineutrino induced
reaétions. Our results differ substantially from those of Refs. 9-11.

We also believe that the previously reported theoretical uncertainties?®)
are too optimistic, and we attempt to estimate these uncertainties in a
more realistic way. Preliminary results of our work were reported earlier!?),

While our calculations were in progress, we learned that another group,
Rudstam and Aleklettls), also calculated the reactor antineutrino spectra.
Their conclusions are quite similar to ours; in particular they predict

fewer high energy antineutrinos than Refs. 9-11.
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In the past it was customary to normalize the calculated spectra
and cross-sections per fission antineutrino. However, while the number
of fissioning nuclei per second is usually accurately known, the total
number of antineﬁtrinos is much more uncertain. Moreover, as seen in
Table 1, only the approximately 307 of V's with energies above Vv 2 MeV
are relevant for our purpose. Thus, in the following we report all our
results ''per fission" and avoid the largely misleading normalization

"per antineutrino".

2. CALCULATION OF THE SPECTRA

The antineutrino spectrum is given by

n n i 1
N(ES) =Z XZ’ACZ’A(t)an’i(EO) P(Eg, EL, 7). (1)
n i

Here C;.A(t) is the concentration of nucleus Z,A after

exposure time t and A\? 'is the corresponding decay constant, In our
b

calculation we have used the thermal neutron fission yields of the
nuclear data file ENDF/B-V (Evaluated Nuclear Data File version Y.
The effect of delayed neutrons was included explicitly. The transmuta-
tions of fission fragments by reactor neutrons was also included; neutron
flux of 3 x 10'°n/cm? sec was assumed. The fission yields of the nuclei
with large Q values are almost independent of this effect.

The quantities bn,i(Ei) in Eq. (1) are branching ratios for the
i-th branch with the maximal electron energy Ei = Qn+-mec2- Eixc’ where

Qn is the Q-value of the species n, and E:;c is the excitation energy in

the daughter nucleus. They are normalized such that E bn 1(Ei) =1, except
b
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for isomeric states, where the sum is smaller than one due to the Y-decay.

We assume that all branches have the allowed spectral shape, i.e.,

_2__2 T
P(E;, Eo’ Z) = kE‘)(Eo EV) G(EO Ev, Z)s (2)

where P is normalized to unity (k is the normalization constant). The
function G in Eq. (2) is related to the usual Fermi Coulomb function.

It depends on Z and on the total electron energy EB= Eo.-EG (PB is the

electron momentum).

G(EB, Z) E(PB/ES) F(E_,Z). (3)

B

In our calculation we use usually a simple analytic approximation

to G which agrees to within Vv 5% with the corresponding exact expressionm.
We used the beta-decay data of ENDF/B-IV!'*). This file contains

710 fission products (including isomers), of which about 200 have

complete experimentally.determined decay schemes. The remaining ("unknown')

were treated in the following way:

a) The Q values were checked and replaced by new experimental or
systematic data whenever appropriate.

b) For Vv 60 nuclei the continuous B-feed distributions of Aleklett
et all®) were used. These additional nuclei contribute ™ 20%
of the neutrino spectrum for energies above 4 MeV.

c¢) For the remaining nuclei, out of which ~ 80 have large enough

yields and Q values to contribute significantly to V spectra

above 4 MeV, various prescriptions were used, as described

below.
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In the past, a simple two-branch formula®’!'') was used for the nuclei
with unknown branchings. It was assumed that there are no branches to
levels above the pairing energy in the daughter nucleus (except for the
odd-odd daughter nuclei). Such a prescription probably overestimates
the actual branching with large endpoint energies, as demonstrated by the
experimental results of Ref. 15.

Thus we adopted the assumption 15) that the average reduced transition
rate is constant, independent of the excitation energy in the daughter
nucleus. This leads to the following expression for the beta feeding

probability:

b(E) = k'p(Q+ mecz ~E)) £(E_, Z+1) (&)

where k' is the normalization, p(Eexc) is the nuclear level density and
f(Eo, Z+1) 1is given by (note that Z is the parent nucleus charge)
E
° 2 2
£(E,, 2+1) = / Eg (EO-EB) G(EB, Z+1) dEB. (5)
m”c?
e
For the nuclear level density we used the formula of Ref. 15 and parameters
of Ref. 16, evaluated for I = 1 as a typical spin value. The final result
is only weakly dependent on this assumption (the spectrum changes by at
most 1% when I = 1 is replaced by I = 3)., Formula (4) is used for excita-
tion energies above the pairing energy P and the b(Eo) for these energies
are normalized to

Ib(E) =a'. (6)
exc > P
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The values of a' were found by averaging the results of Ref. 15. We
use o' =1 for odd-odd daughters, a' =0.53 for nuclei with Q-P>5 MeV
and A<110, o' =0.36 for Q-P >5 MeV and A >110, and o' =0.28 for the
remaining nuclei. The remaining branching 1 - a' was equally dis-
tributed among three hypothetical states with energies 0, P/3, 2P/3.

That the average reduced transition rate is approximately constant,
is an empirical fact which follows from the studyls) of neutron rich
fission products with large Q values, i.e., the nuclei similar to the
"unknown'" set. Two opposing influences affect the transition rate. The
level density used in Eq. (4) is an overestimate, because only states
obeying the quasiparticle selection rules contribute to B decay. On the
other hand, one expects an increase of transition rate with excitation
energy as unhindered configurations, or the giant Gamow-Teller resonance,
become populated. It is our belief that the just described prescription
for estimating the unknown branching ratios is more realistic than those
used before in the literature.

Examples of the calculated antineutrino and electron spectra are
shown in Tables 2 and 3. Columns 2-4 in both tables are based on the
present prescription for treatment of the '"unknown" decay schemes. They
illustrate the dependence of the spectrum on the exposure time. Note
that at higher energies (E_Z3 MeV) the spectra are essentially independent
of the exposure time. Indeed, the high energy electromns and v's come from
the B decay of fission fragments with large Q values and correspondingly
short lifetimes. Such nuclei reach equilibrium in a short time, and

their fission yields in Eq. (1) are simply the corresponding cumulative

yields.
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Columns 5 and 6 in both tables illustrate the sensitivity of the
results to the prescription used for treatment of unknown nuclei. 1In
particular, column 6 shows the upper bound spectrum, where we assumed
(unrealistically) that all unknown nuclei decay directly to the ground
state. The results in column 5 were obtained using our data file together
with the two-branch prescription of Ref. 8. The differences between
these results and Ref. 8 are apparently caused by the differences in
input data. In particular, we include as "known'" the nuclei studied
in Ref. 15.

The last columns in Tables 2 and 3 show the Ge and electron spectra,
corresponding to the thermal neutron fission of 239py. As noted earlier!? !1)
such spectra are considerably softer. Thus, for practical applications it
is very important to know the relative amount of 235y and 23°pu fission
for each particular experiment.

In column 7 of Table 2 we show the latest results of Avignone and
Hopkinslo). Their spectfum contains considerably more high energy 5;5
than in any other similar calculation.

The electron spectra accompanying fission may be directly measured.

"zero cooling

However, only few accurate measurements were pe:formed for
time'" relevant for our calculations. Column 7 of Table 3 shows an example
of such a spectrum measured by Tsoulfanidis et al.!”). Our calculated
spectrum for the same 3 hour exposure time does not agree very well with
the data, particularly at lower energies (E<2 MeV). Actually, we
verified that at these low energies our calculations predict "~ 30% fewer

electrons at all exposure times t <8 hours, independent of the prescription

used for the "unknown' nuclei. The situation is better at higher energies,
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which are more relevant for the antineutrino reactions. For 2<E<6 MeV,
the calculated spectrum using our prescription (Column 2, Table 3) is
only ~ 107 below the datal?). We can only speculate about the source
of the low energy discrepancy. Let us note, however, that the exper-
imental electron spectra were actually determined in two separate exper-
iments. The low energy data come directly from Ref. 17, while the high
energy electrons were measured earlier!?®) and reanalyzed. It seems that
the earlier spectra of Ref. 18 contain fewer electrons than the corres-
ponding numbers in Tables I and II of Ref. 17. The discrepancy between
the exposure time dependence of the low energy electron spectra calculated
by us and measured in Refs. 17 and 18, stresses the need for new accurate
measurements.

There are various sources of uncertainty in the resulting spectra.
One possible source of error is the actual experimental error in branchings
for "known" nuclei, and in the fission yields and Q values of all nuclei.
Another source of error is associated with the experimental continuous beta-
feed distributions of Aleklett et aZ.ls). We did not attempt to include
these uncertainties in our analysis, but we estimate that the corresponding_
error is about 107 and that it does not vary substantially with the neutrino
(electron) energy. In our judgment the major uncertainty is related to
the value o' (Eq.(6)) characterizing the beta-feeding above the pairing
energy. Fig. 1 illustrates the corresponding spread of the resulting
spectrum. The error in o' was estimated from the width of the &' distri-
bution of nuclei studied in Ref. 15. Thus we used 40% uncertainty in o'
for Q-P> 5 MeV and 80% in o' for Q-P <5 MeV. Fig 1 also shows how far the
spectrum of Avignone and Hopkinslo) is from our present calculation.

Fig. 2 illustrates the crucial role played by the "unknown' nuclei.
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These nuclei contribute relatively little to the integral quantities,

such as the total number of electrons (or Ge)’ the total electron energy,
and the total fission yield. Their contribution to the high energy tail
of the spectrum is, however, greatly enhanced. This crucial role of the
"unknown'' nuclei was not sufficiently stressed in previous studies of

the probiem 6—11).

The actual form of the theoretical beta-feed function b(Eo) (Eq. (4))
is illustrated in Fig. 3 and compared with experiment!®). The agreement
in this particular case is excellent. The qualitative features of b(EO)
are similar in all nuclei. They are related to the fast increase of the
nuclear level density p(Eexc)’ which competes with the fast decreasing
N (Q-+mec2--Eexc)5 spectral shape factor. Our results are relatively

insensitive to the distribution of the 1-¢' feeding among the states

below the pairing energy P.

3. RELATION BETWEEN REACTOR ELECTRON AND ANTINEUTRINO SPECTRA

In the B decay of a fission product with a given Q value two
particles are emitted: An electron of total energy EB=Q+m(__2<:2 -E-\-) and
an antineutrino with energy E_ . Obviously, both spectra are determined

V
by the same function n(Z, E==Q-+mec2) which describes the distribution
of end points in Z and E. The question arises whether, given an
experimentally measured electron spectrum, one can infer the function
n(Z,E) and determine the antineutrino spectrum. It was our objective

to study quantitatively the accuracy of this method, first proposed by

Muelhause and Oleksa®), and further developed by Carter et al.%).
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Following Ref. 6 we shall neglect the Z dependence of n(Z,E) and

assume that the number of electrons per MeV is equal to

© 2
— L ] 2 -
Y(Eg) = f dEn(Z, E) k(Z,E) EB(E Eg) G(Eg,2), (7)

Eg

where k(Z,E) is the normalization for the allowed spectrum.

The endpoint distribution n(Z,E) is then equal to

L e e |
2k(Z,E) 4E3 EZG(E,Z)I

n(Z’E) = e (8)

An example of the resulting endpoint distribution n(Z,E) is shown in
Fig. 4 for two extreme values of Z. We see that this function is

practically independent of Z, thus giving a posteriori justification

of Eq. (7). We have verified that the function n(Z,E) depends only
slightly on Z in all the cases we studied.

"universal" endpoint

Thus it appears that we have arrived at a
distribution function, which can now be applied to generate the reactor

antineutrino spectrum

o 2
L] 2 - — - —
X(Z,E\-)) f dE ?(Z,E) k(Z,E) ET) (E E\)) G(E EV,Z). 9)
E-+ m _c
Vv e
Since the 235U fission products are distributed in two peaks at low and

high mass regions, it seems reasonable to express the reactor Ge spectrum
as the average of the two spectra evaluated at the mean charge of each peak.

The final antineutrino spectrum: depends only slightly on the actual
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prescription for this averaging, as long as both peaks in the fission
fragment distribution are included with equal weight.

We tested quantitatively the accuracy of the above procedure for
various electron spectral shapes Y(EB). This was done by generating
both the electron and antineutrino spectra using the program described
in Sect. 2, and then converting the electron spectrum into the anti-
neutrino spectrum. We find that the conversion program has accuracy
of better than 10% at each energy up to ~ 7.5 MeV for typical electron
spectra. This is illustrated in Fig. 5, where the relative error of

conversion is plotted:

Reomre 90 = Negnoe, &

A= (10)
(E3)

N
gener.  V

Such a conversion method, together with an accurate experimental
e spectrum, may be a valuable tool in the attempt to derive a correct

Vo Spectrum.
4, APPLICATION TO ANTINEUTRINO INDUCED REACTIONS

In this section we apply the resultant antineutrino spectrum to the
calculation of the corresponding reaction rates. We discuss in more
detail the four antineutrino induced reactions listed in Table 1. To
stress the sensitivity of the results to the shape and magnitude of the
reactor antineutrino spectrum, we compare our present results with the
most recent calculations of Ref. 10. We do not show the "theoretical

error" in our plots. One should remember, however, that we estimate
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| theoretical uncertainty gradually increasing from ~ 107 at
:;) = 2MeV to "~ 30% at E; = 8 MeV.

The inverse neutron beta decay, 5e+-p->n +e+, is the reaction
rith the largest cross section on our list. For monoenergetic anti-

leutrinos, the cross section is given by the expression

(Eg) = 8.85x107** (Eg-(M - Mp)cz) [(Es -(M M) e2)? - (mecz)z] ‘en?, (11

there energies are measured in MeV and

1.0 x10-°

atc?)’ o
pC

2
3.85x 10~ % cm/Mev? = G?(ﬁc)2 (£2+3g2), g/f=1.23, G=

ig. 6 shows the cross section for a given positron kinetic energy Ee+
(the small neutron recoil is neglected), that is (11) multiplied by the
rorresponding ;e spectrum. When integrated over all positron energies

~4% em?/fission equal

ne obtains the total cross section in units of 10
o 60 for the Ge spectrum calculated here and 80 for the Ge spectrum
>f Ref. 10. The experiment?) gives 56 8. This reaction is also of
interest as a proposed detector of possible neutrino oscillations!®’2?).
The antineutrino electron scattering, 5e+-e_+ Ue+ e , is perhaps
the most interesting on our list. By measuring the differential cross
section, i.e., the electron recoil spectrum, one can obtain valuable
information about the structure of the weak interaction Hamiltonian.

For monoenergetic Ge's and electron recoil kinetic energy T, the cross

section is given by the expression“)
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dG(EG) szecz ) . .
= R C,+C )+ (C_-C 1-—) +
i or (Re)™ {(C,+C )"+ (Cy d & ) -

fe-¢4 ) . O

Here CV(CA) is the vector (axial vector) coupling constant. In the

Weinberg-Salam theory one has CA =-1/2, Cv==1/2+-251n26w- The

observable electron spectrum is proportional to the cross section

(o]
do (E=)
w [ L
aT ot~ N(Ep) dEj , (14)
Egin
V

where E;min is the minimum antineutrino energy allowed by kinematics.
In practice, the antineutrinos in the vicinity of minimal energy give
the largest contribution to the integral (14). Fig. 7 shows the cross
section (14) integrated over an interval 1.5 MeV wide in the electron
kinetic energy. Future accurate measurements of the recoil electrons
in these energy intervals, combined with an accepted antineutrino
spectrum, may constitute an effective test of the Weinberg-Salam theory
in the leptonic sector.

The two deuteron-disintegration reactions have higher thresholds
(2.23 MeV for the neutral current induced reaction, 4.03 MeV for the charged
current reaction) than the inverse neutron beta decay. This is one of
the reasons for the corresponding cross sections being smaller. Another
reason is the small overlap between the initial bound and final continuum
state. Only the axial vector part of the weak current contributes to the
deuteron disintegration at reactor antineutrino energies. 1In our

calculation we use the cross section formulas of Ahrens and LangZI). The
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formulas were derived assuming zero effective range of the nuclear
forces. The meson exchange effects, known to contribute Vv 107 to the
related n-p radiative capture, are also neglected, All of these approxi-
mations do not affect the main features of our results,

For the charged current reactiom, V+d+n + n + eT we show in

Fig. 8 the predicted positron spectrum:

dO'(E_—)
do _ v
dE_+ aE , N(E dEg, (15)
e e

E4 + By

where ET is the reaction threshold.

0~** cm?/fission is equal to 1.2 for

The total cross section in 1
the present Ge spectrum and 2.1 for that of Ref. 10. The large dif-
ference between these two cross sections is related to the threshold;
the Ge spectra differ more at higher energies. The experimental cross
section®) is 1.8+0.9.

For the neutral current deuteron disintegration, G-Pd-*p +n+V, we

show in Fig. 9 the reaction rate

R = O(E\—)) . N(EG). (16)

The total cross section in 10~** cm?

is equal to 2.9 for the present
Ge spectrum and 4.3 for the Ge spectrum in Ref. 10. There are no exper-

imental data on this reaction at the present time.
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5. SUMMARY

We have verified that the high energy tail of the antineutrino and
electron spectra depends sensitively on the treatment of nuclei with
unknown beta decay schemes. The simple two branch formula for such
decays, used in previous calculations, considerably underestimates beta
branching to states above the pairing energy and, consequently, over-
estimates the number of high energy antineutrinos and electronms.

Besides using the most up-to-date experimental data available on
known beta decay schemes, fission yields, nuclear masses, and Q-values,
we also include in our calculation the continuous beta-feed results of
Ref. 15. Thus our calculation reduces, to the greatest extent possible,
the uncertainties present in the resulting spectra. Our treatment of
the "unknown'' nuclei is based on experimental studies of neutron-rich,
high Q-value nuclei, and would thus appear to be quite realistic.

We stress the potential importance of experimentally determined
reactor electron spectra. An accurate spectrum can be compared with
our results, testing our input data and prescription for unknown nuclei.
It can also be used, in conjunction with the semiempirical conversion
procedure discussed in Sect. 3, to obtain the antineutrino spectra directly.

The application of our calculation to antineutrino induced reactioms
shows how sensitively the final measured cross sections depend on the
input spectrum. Among the reactions we discussed, the situation is most
critical in the case of the charged current deuteron disintegration, where
the total cross section differs by a factor of two between our results

and those of Ref. 10. On the other hand, the difference is considerably
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less (Vv 30%) in the inverse neutron beta decay and in the antineutrino

electron scattering.
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TABLE 1. Reactor Antineutrino Induced Reactions

Reaction O ok in 107** cm2/fissiona) Threshold in MeV
v+ pPp~>n+ e+ 60 1.8
V+d->n+n+ e+ 1.2 | 4.0
V+d>n+p+V 2.9 o 3
SHe U+ e 0.4 1.7

a ;
)Based on our present calculation of the antineutrino spectrum for 30 days

exposure time.

b)For the Weinberg-Salam theory with sinzew = 0.25.

C)Thzl.s is a "practical" threshold assuming that electrons with kinetic energy

below 1.5 MeV are impossible to observe.
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Fig. 2

Fig. 3

Fig. 4

Fig. 5
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FIGURE CAPTIONS

Upper and lower limits of the present calculated antineutrino
spectrum (dashed curves) -see text for explanation. The

full curve shows, for comparison, the spectrum calculated in

Ref. 10.

The relative role of "unknown" nuclei at various antineutrino
energies. "f" is the fraction of the antineutrinos emitted
from nuclei with unknown decay schemes. The full curve
corresponds to the ground state decay of "unknown' nuclei;
dashed curve was calculated with the two-branch formula of
Ref. 8; dot-and dashed curve calculated with the present

prescription, Eq. (4).

Beta-feeding for the decay of 8¢Br, Q = 8.0 MeV. The full
histogram shows experimental data of Ref. 15 and the dotted

histogram shows the calculated results using Eq. (4).

The endpoint energy distribution function n(Z,E), Eq. (8)
in arbitrary units. The full curve is calculated for Z = 60,
the dashed curve for Z = 32. As input the electron spectrum

of 235U in Column 4, Table 3 is used.

The deviation A in percent, Eq. (10), for the 23°U fission
(3 years exposure time) -full curve, and 23°Pu fission (7 day

exposure time) -dashed curve.



Fig. 6

Fig. 7

Fig. 8

Fig. 9
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Cross section for the reaction V + p>n + e+ folded,

with the antineutrino spectrum, in lO‘““cmz/MeV-fission.

The present spectrum was used to calculate the full curve, the
spectrum of Ref. 10 was used in calculation of the dashed

curve.

The cross section for the reaction V+ e -V + e as a
function of the Weinberg angle GW. The lower set of curves
corresponds to the integral over final electron kinetic
energies T = 3 - 4.5 MeV. The upper curves are for T=1.5 -
3 MeV. 1In each case the full line was calculated with the
present Ge spectrum and the dashed line with the Ge spectrum

of Ref. 10. The horizontal lines give the experimental limits

of Ref. 4 recalculated '"per fission".

- + A
The cross section of the reaction V+ d2?n +n+ e in 10 ¥

cm?/MeV-fission. See notation of Fig. 6.

The reaction rate U(EG)~N(E<p for the reaction V + d+n+p+ V

in 10~*°cm?/MeV-fission. See notation of Fig. 6.
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PART II

ATOMIC FINAL STATE EFFECTS IN TESTS OF T-VIOLATION
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CHAPTER 3

TIME REVERSAL TESTS IN NUCLEAR TRANSITIONS
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TIME REVERSAL TESTS IN NUCLEAR TRANSITIONS

1. INTRODUCTION

Present studies of fundamental physics are deeply rooted in the
identification and application of invariance principles. These
principles reflect whether the laws describing a physical system are
changed by the continuous or discrete transformation of certain variables
or fields. 1In this section we discuss the discrete transformation of
time-reversal and, in particular, its application to electro magnetic
transitions in nuclear systems.

Gimlett et al.! have recently reported the measurement of a non-
zero phase shift in the 129 keV mixed E2-M1 transition in ML,

The observed value was in significant disagreement with the phase expected
from atomic effects as calculated by Goldwire and Hannon.? This dis-
crepancy represented an apparent violation of time-reversal invariance.

A calculation of Davis, Koonin, and Vogel,3 presented as Chapter 4 of

this thesis, has since removed this disagreement; however, we wish to
consider whether the magnitude of the apparent violation (at the level

of 1 x 10~3 in the phase) was inconsistent with other tests of time-
reversal invariance.

We conclude that the correlation experiment referred to
above, does in fact represent a highly sensitive test of time-reversal
invariance at levels not ruled out by other evidence. Thus, an accurate
treatment of the atomic interference effects, discussed in the next
chapter, is a necessary complement of the experimental efforts to search

for T-violation in nuclear systems.
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2. EXPERIMENTAL LIMITS ON TIME-REVERSAL VIOLATION

The only observation of time-reversal violation in a fundamental
interaction was made in the neutral kaon system.' This experimental
result is independent of the reported CP violation,5 although the two
are assumed to be related by the CPT theorem. Various theories have
been proposed to explain these violations of CP and T at the observed

6
level of 10-3. Included are the superweak and milliweak interactionms,

which have strengths 10-% and 10~® of the weak interaction strength,
respectively; also postulated are the millistrong, and electro-
magnetic T-violating interactions, with strengths 10~*and 10-* - 10-3
relative to the strong force, respectively. We will briefly discuss

later the expected effect of these theories for T-violation in nuclei.

Experimental studies of the neutron electric dipole moment, dn’
provide seemingly stringent upper limits on T-violation. Both parity
and time-reversal need to be violated in order for dn to be non-zero.

Using a simple dimensional argument for the expected magnitude of the

electric dipole moment,7 we have:

d_ = 8y Spy © X, (1)

where By and gpy are the strengths for T- and P- violation relative to the
v

strong interaction, e is the electron charge, and X is the Compton

wave-length of the neutron. With gPV’b 107° and the experimental upper

< 10~*. Thus, the existing

limit, dnf<2 x 107%e cm, one obtains gry =
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limits on dn are not all that stringent, because they allow violation
of time-reversal invariance at the level of about 10~".

The search for violation of time-reversal in nuclear systems has
been conducted in a variety of investigations. We only enumerate them
here; however, more detailed information may be found in a review
article by Henley:8 a) weak interaction tests, b) polarization
tests in elastic scattering experiments, c¢) reciprocity or detailed-
balance experiments, d) nuclear structure tests, and e) electromagnetic
tests, The most stringent limits on T-violation in nuclei come from
both detailed-balance and electromagnetic transition investigationms.
They provide,under certain assumptions, an upper limit of "~ 3 x 10-3

on the fractional violation of the strong-interactions strength.

3. IMPLICATIONS FOR TIME-REVERSAL TESTS IN
NUCLEAR ELECTROMAGNETIC TRANSITIONS

The correlation experiments performed at CalTech and else-
where, seek to observe a non-zero phase shift between the reduced matrix
elements of individual multipoles in a mixed nuclear transition. This
is equivalent to a complex multipole mixing ratio §. A measurement of
a non-zero phase shift, which could not be totally attributed to atomic
effects, would be evidence for violation of time-reversal invariance.
This violation could possibly originate in either the nuclear Hamiltonian
which determines the energy eigen-states (causing them not to be T-eigen-
states), or in the electromagnetic Hamiltonian responsible for the

emission of the radiationm.
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To explore this further, we consider a simple three-state system7
in which there is a mixed multipole (LT and L' 7') de-excitation of
initial state |a> into final state !f> . We assume that state la>
is mixed with a close-lying state ]b > by a time-reversal violating
potential V__. The new state |a' > 1is,by the application of perturba-

v
tion theory:

<b|v, . |a>
a'>=a>+[b>—-——IX-—— (2)
AE ?
where AE = Ea-Eb. It is also assumed that the multipole operators,

which act between the nuclear states, can have both T-conserving,
Q(Lm), and T-violating, QTV(LTT), contributions. Then the transition

mixing ratio § can be written:

<£]Qm + Qm|a’ >
B (3a)
<E]QL'T') +Qpy (L") [a'>

5] JiN@m =n(@'mH] (3b)
If we define |8| to be:

Iél - <flQm) |a> ’ . 4)

<flo'n)|a>
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we obtain the following expression for n(Lm):

<f|Q.,@m|a> <f|Qm|b> <b|V, _|a>
n@m) = Im Y + | | | Tvl 2 (5)
<flq@m)|a> <f|qQ(Lm) |a> AE

where the matrix elements of QTV and VTv are pure imaginary. A similar
expression holds for n(L'm').

In Eq. (5), we identify contributions to the phase n(LT) from
the T-violating parts of both the electromagnetic and nuclear Hamiltonianms.
One also observes the difficulty in establishing a direct connection
between the measured quantity, sin n = n(Lm) - n(L'm'), and the T-violating
strengths parameterizing QTV and VTV'
the possibility of T-violation in the electromagnetic Hamiltonian, then

If one arbitrarily excludes

enhancement effects can be achieved by seeking transitions where
AE is very small and <f£|Q(Lm)|a> << <£[Q(Lm)[b>.

There have been limited attempts to calculate the matrix element
<blVTV|ai> of a simple T-violating potential between close-lying states.

For example, the effective interaction has taken the following form:

_1_ >

- -> -+

where ;i is the position and ;i is the momentum of the ith nucleon.
- Trial nuclear wave functions have been substituted for |a> and |b >,
and the integration performed. Such attempts have only been partially

successful in relating G.., to sin n. However, crude estimates would

TV

predict an amplitude of the T-odd part in the nuclear wave functions
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of the order 10'3, 10‘3, 15" - 10'3, and 10~ for the T-violating
millistrong, electromagnetic, milliweak, and superweak interactiomns,

respectively.9

4. CONCLUSION

At the present time there is no definite relation between the
strength of a time-reversal violating interaction and the phase shift
measured at <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>