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Plan:Sketch of history of reactor neutrino physics over
five decades since the Reines-Cowan proof of neutrino
existence in the late 50s till the advent of the present
era of precision reactor neutrino oscillation experiments.

There are three chapters of this story:

1)

Exploration of possibilities in the 60s and 70s;

F. Reines and collaborators observe reactor neutrino reactions
involving protons, deuterons and electrons as targets.

Looking for oscillations under the streetlamp in the 80s and 90s;
experiments with detectors at the most convenient positions, less
than 100 m from the reactor core. Exploring the reactor neutrino
spectrum.

Exploring oscillations with known (almost) Am?_,,. and Am?_; :
Once atmospheric and solar neutrinos were discovered, and the
corresponding Am2, and Am2_, roughly determined, it became
clear that the distance L should be at least ~50 km to explore
oscillations corresponding to Am?_, realized with KamLAND,

and L = 1-2 km for Am?_,,. leading to Chooz, Palo Verde and

the present generation Daya-Bay, RENO and DoubleChooz.



Reminder: Electron antineutrino induced reactions
observable at reactors:

V+p > e+n  ccp o = 63x10-4* cm?/fission E,, = 1.8 MeV
v+d>e+n+n ccd o = 1.1x10-%4 cm?/fission  E,, = 4.0 MeV
VvV +d>V +n+p ncd o = 3.1x10-%4 cm?/fission E,, = 2.2 MeV
v +e>v+e el sc o = 0.4x10* cm?/fission  E 4. 1-6 MeV

All these reactions were actually studied with reactor neutrinos.

(see E. Pasierb et al. , Phys. Rev. Lett. 43, 96 (1979) for the reactions
on deuterium, and F. Reines et al., Phys. Rev. Lett. 37, 315 (1976) for
the neutrino electron scattering)

For oscillations, obviously, the most suitable, and hence almost
exclusively used is the inverse neutron beta decay (IBD) or ccp reaction.



Reactor electron antineutrinos are usually detected through
the inverse neutron beta decay (IBD)
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In late 70s the idea of neutrino oscillations became
a hot subject (note that the famous Phys. Rept. by
Bilenky and Pontecorvo appeared in 1978.)

Reactor experiments with ~MeV neutrinos were
reasonably realistic at that time, with detectors
at L < 100 m from the reactor core and were

sensitive to the oscillations with Am2 near 1 eV?2.

Large number (more that 20) of such experiments
were performed, constraining a range of Am?and
mixing angles.



Evidence for Neutrino Instability Phys. Rev. Lett. 45, 1307 (1980)

F. Reines, H. W. Sobel, and E. Pasierb
Department of Physics, University of California at Irvine, Irvine, California 92717
' (Received 24 April 1980)

This Letter reports indications of neutrino instability obtained from data taken on the
charged- and neutral-current branches of the reaction

n+n+et (ccd)

at 11.2 m from a 2000-MW reactor. These results at the (2—3)-standard-deviation level,
based on the departure of the measured ratio (ccd/ncd) from the expected value, make
clear the importance of further experimentation to measure the v, spectrum versus
distance.
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The ILL experiment: H. Kwon et al. Phys. Rev. D 24, 1097 (1981):
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Conclusion: No evidence for oscillations and

The ratio of the experimental to expected integral
positron yield for E_,>1 MeV was found to be

Y, (E,.)dE,.
Y (B, )dE,

no osc

= 0.955 + 0.035(statistical)

+0.11 (systematic).




However this happened 15 years later:
A. Houmadda et al. ApplL Radiat. Isot. Vol. 46, 449 (1995). Quotes:

In the spring of 1990, it was announced that the operating power of the high-flux
reactor of Institute Laue Langevin (ILL), Grenoble, had been incorrectly reported
since its earliest days of operation. One impact of this is that the ILL reactor was
operated at 1.095 times it's rated full power ( 57 MW thermal). It also affects the
results of experiment conducted by a collaboration from Caltech, Munich,

and ISN-GRENOBLE which searched for neutrino oscillations at ILL reactor.

In conclusion, the reanalysis of ILL experiment shows a depletion of 18%

in the neutrino flux. (Neutron lifetime and the reactor flux were also changed.)
Thus the ratio of experimental to expected integral positron yield is only
0.832+3.5 %(stat) +8.87 %(syst).

Note that in the recent Osiris experiment (6. Boireau et al., 1509.05610) at 7.21m
distance, fuel enriched 0 19.75% of 235U, Ry,o/R,..q = 1.014£0.108.

The conditions are quite similar to the ILL experiment, yet the result agrees with
the expectations. Hence the disagreement at ILL remains unexplained.



Clearly, the knowledge of the reactor neutrino
spectrum is crucial. So,how it could be determined?

There are two ways, each with its strengths and weaknesses:

1)

2)

Add the beta decay spectra of all fission fragments.
That obviously requires the knowledge of the fission
yields (how often is a given isotope produced in fission),
halflifes, branching ratios, and endpoints of all beta branches,
and spectrum shape of each of them. And error bars of
all of that.
Measure the electron spectrum associated with fission and
convert it into the neutrino spectrum using the fact that
the electron and neutrino share the available energy of each
decay. Requires a realistic estimate of the error involved
in the conversion. The electron spectra of 23°U,23°Py, and 24!Pu
fission were determined in 1980-1990 at ILL, Grenoble.
They were republished with finer binning in arXiv 1405.3501.
Less accurate 238U spectrum for fast neutron fission is
in Haag et al., PRL 112,122501 (2014).



Electron and antineutrino spectrum associated with fission is composed of ~6000
beta decay branches from the decay of the neutron rich fission fragments
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BETAS PER FISSION PER MEV
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Physics Letters B 374 (1996) 243-248

Comparison of anti-neutrino reactor spectrum models with the
Bugey 3 measurements

B. Achkar®, R. Aleksan®, M. Avenier®, G. Bagieu®, J. Bouchez®, R. Brissot?®, etal.
Abstract

The Bugey 3 neutrino oscillation experiment has provided high statistics neutrino energy spectra recorded at 15 and 40
meters from a nuclear reactor core. Assuming no oscillations, the measured spectra favor a model of reactor spectrum based
on the beta spectra measured at ILL.
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Model 3: Based on the conversion of the ILL electron spectra by Schreckebach et al.
Note the perfect agreement. No hint of the “bump”.

The "positron energy’ is just the kinetic energy, no annihilation. The “bump” should
be centered at about 4 MeV.



Goesgen experiments (1981-1985): Analogous detector to that of ILL was used in
Goesgen (Switzerland) with a single power reactor. About 10* events observed at
each distance. No evidence for oscillations but, perhaps, a hint for the’ " bump”.
Not recognized at the
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When the data at three distances are combined together, excess at ~ 5 MeV
becomes visible. Plotted as a ratio the "~ bump” clearly emerges, very similar to
the one observed by RENO or Chooz. The significance is ~30.The likelihood test
(statistical errors only) excludes no-bump hypothesis at 3.8c level.
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This is the end of the era of essentially blind exploration. In the late 1990 the
phenomenon of neutrino oscillations was, at least tentatively, established.

Study of atmospheric neutrinos led to the assignment of Am?,,, ~2-4x10-3 eV?,
Study of solar neutrinos had, still, several possible solutions, but increasingly
the LMA with Am?_, ~ 10-4eV? became the preferred one.

For the reactor neutrino physics it suggested two areas:

1) Perform experiments at ~ 1 km corresponding tfo the Am?_;, and try to
determine or constrain the angle 6,;. Note that atmospheric neutrinos,
with nearly maximal v, = v_ oscillation probability are insensitive to 0.
This program was realized by the Chooz and Palo Verde experiments.

2) Perform an experiment at ~ 100 km corresponding to the Am2_, and try
to demonstrate the validity of the oscillation interpretation of the
solar neutrino observations. This program was realized by the KamLAND
experiment.



Nuclear Power Stations in Japan
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~80 GW : 6% of world nuclear power
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2381J: (3.5£0.5)-10°'8 g/g

232Th: (5.2+0.8)-10-17 g/g

needed 10-'# g/g
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Nobs/Nexp

KamLAND experiment: ~1 kt detector

exposed to the combined flux of all

reactors in Japan. Average L ~ 180 km.
Observed rate ~0.3 events/(ton x year),
which is 0.611 = 0.085(stat) = 0.041(syst)

of the no oscillation expactaFion.
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Events / 0.425 MeV

Energy spectrum adds substantial information
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Fit to rate and shape
analysis gives

Am? = (7.9*96 , 5) x10-5eV?
with a large uncertainty
on tan?0 = 0.46
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Araki et al. Phys.Rev.Lett.100,221803(2008)



Survival Probability

KamLAND uses a range of L and it cannot assign a specific L
to each event.Nevertheless the ratio of detected/expected
for L,/E (or 1/E) is an interesting quantity, as it decouples

oscillation paﬁ'er'n from the reactor energy spectrum

e Data-BG-GeoV,
- Expectation based on osci. parameters
I + determined by KamLAND
0.8
i | ——
wtf B AT
0.4
021
OT.l....l....l....|....|....|....|....|....|...
20 30 40 50 60 70 80 90 100

L/E_ (km/MeV
O/EVe ( ) Araki et al. Phys.Rev.Lett.100,221803



spares



Simple estimate of the cross section:

At low (~MeV)energies it can depend only on E (the energy of
the neutrino or positron). Hence o ~ G¢2 E? (Ac)2.

G = 1.17 x 10! MeV-2, Ac = 2x10-1!MeV cm.

Thus o ~ 1044 cm? (as in Bethe and Peierls 1934)

Better, lowest order in E,/M, estimate:

The IBD cross section: v+ p > n+e* is simply related
to the neutron betadecayn > p+e +v

Namely o = 27°/m.> x E, p, /f t, where T, is the neutron
lifetime. Corrections are easy to evaluate accurately
and thus the uncertainty in o is the same as in t,, ~1%.



Combined solar v - KamLAND 2-flavor analysis
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A limited range of baselines contribute to the flux
of reactor antineutrinos at Kamioka
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