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• Что такое энергетический спектр антинейтрино ядерного 
реактора? Как его измерить?
• Где был измерен наиболее точно спектр позитронов?
• Экспериментальный спектр антинейтрино Double Chooz
• Почему расчетный спектр не может быть точным?
• Описание экспериментальных спектров расчетными
• Новые спектры антинейтрино ядерного реактора на базе 

измеренного спектра позитронов Double Chooz
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Позитронный и антинейтринный спектры
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Пример функции отклика детектора
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Функция преобразования позитронного спектра в 
антинейтринный, полученная методом Монте Карло
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Экспериментальный спектр антинейтрино
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Где был измерен наиболее точно спектр 
позитронов?
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Место измерения Double Chooz
эксперимента
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constrained with DC data, while the reactor flux relies on an exter-
nal reactor model. The model is commonly used by most reactor 
experiments, while here it is customized to the specific DC reactor 
conditions. The simple Chooz multireactor site geometry enables 
us to place the ND at the effective isoflux position relative to the 
FD. This implies meeting the condition LB1-ND/LB1-FD ≈ LB2-ND/LB2-FD 
for each reactor–detector pair distance (L). This way, both the FD 
and the ND are exposed to both reactors with the same fraction. 
From the single-detector (SD) to the multidetector (MD) configu-
ration, major systematics cancellation occurs by virtue of correla-
tions due to the identical detectors (detection systematics) and the 
isoflux reactor geometry (flux systematics). The site and detectors 
are briefly described in Fig. 1—see Supplementary Information for 
details. In this release, 481 days of data from SD operation (FD-I, 
April 2011 until January 2013) before commissioning of the ND and 
384 days of data with both detectors FD and ND (FD-II, January 
2015 until April 2016) are combined. The result presented here 
supersedes our previous results12,13. Each reactor typically runs at 
the maximum power allowing the lowest power uncertainty (0.5%), 
and stop for a few weeks once per year to refuel. The Chooz total 
reactor power modulation allows for ‘2-reactor’ (both on), ‘1-reac-
tor’ (either on) and the unique BG-only21 ‘0-reactor’ (both off) data 
sets. An exposure of ~25 d of 0-reactor data is available.

The ND is a direct reactor monitor for the FD-II (isoflux) and 
indirect for the FD-I. The isoflux implies that the neutrino fluxes 

are expected to be largely correlated across detectors, with negli-
gible impact from reactor power or composition variations. This 
correlation translates into an almost total rate + shape flux-error 
cancellation: a unique DC feature as compared with other reactor 
θ13 experiments22. On the other hand, the FD-I benefits from partial 
error cancellation. The ND provides the reference oscillation spec-
trum for both FD-I and FD-II for the θ13 measurement.

Total neutron capture (TnC), inverse-beta-decay (IBD) 
signal and BGs
Reactor νe

I
 are typically detected via the IBD (νe þ p ! nþ eþ

I
)23 

interactions on free protons (that is, H nuclei) via a coincidence 
technique, where the prompt trigger (e+) is followed by the delayed 
trigger (neutron capture). In DC, Gd is employed via scintillator 
loading (1 g l−1). Gd’s high neutron capture cross-section reduces the 
mean capture time (τcapture ≈ 30 μs) and provides a unique neutron 
capture tag (~8 MeV total energy), allowing for major BG rejec-
tion. The TnC technique, presented here for the first time, relies 
on a larger delayed energy range integrating over the γ peaks of all 
capturing elements available, H–n, C–n and Gd–n. Thus, TnC com-
bines past Gd-only12 and H-only13 selections. The main challenge is 
the control of larger BGs. The IBD spacetime coincidence defini-
tion relies on a multivariable ANN (artificial neural network), thus 
rejecting random (uncorrelated) BG coincidences—see Methods 
for details. Since the TnC integrates over all neutron capture  
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Fig. 1 | The DC Experimental Setup and Neutrino Selection. a,b, The underground LNCA (Laboratoire Neutrino Champagne-Ardenne) site (a) allows for 
an almost isoflux geometry of the Chooz-B reactors to the two identical DC detectors (b) yielding major interdetector cancellation of reactor flux and 
detection systematics. Active BG rejection is achieved by the exploitation of the multilayer (blue-shaded) liquid-scintillator design, whose light is read 
out by low-BG photomultipliers via flash analogue-to-digital converter deadtimeless electronics. The inner detector (ID) is subdivided into three optically 
coupled volumes: (1) GdT (10m3 liquid scintillator, Gd 1gl−1 loaded), (2) GC (23m3 liquid scintillator) and (3) buffer (100m3 non-scintillating oil). The inner 
veto (IV; 0.5-m-thick liquid scintillator) fully surrounds the ID, while the outer veto (OV; tracking plastic scintillator strip) is placed on the top. The IV tags 
external rock γ (anti-Compton veto), fast neutrons and cosmic μ while the OV mainly sees cosmic μ, covering the ID chimney region. An external inert shield 
surrounds the IV: 15cm steel (FD) and 1m water (ND). The glove-box allows clean and safe deployment of the same calibration sources (252Cf, 60Co, 68Ge and 
137Cs) in both the ND and FD. c, The IBD acceptance criteria have been widely opened to integrate over all nuclear capture γ: ~2.2MeV (H–n), ~5.0MeV (C–n) 
and ~8MeV (Gd–n). The overwhelming accidental BG is rejected over >4 orders of magnitude below 3.5MeV. Excellent data (blue points)-to-MC simulation 
(red area) agreement is found in the delayed energy distribution after the rejection. The 1σ uncertainty stands for 68% frequentist probability for statistics 
(error bar). The energy-scale uncertainty has negligible impact (<0.05%) due to the 1.3-MeV cut. d, The selection efficiency of the Gd only analysis12 
confines IBDs to the GdT volume only. The TnC selection enables efficiency in the full detector volume, as shown by the local efficiency (colour scale) map 
in cylindrical coordinates z versus the radial distance squared (ρ2) where average value per volume is >95% and >80% for GdT and GC, respectively.  
The relative yields per capture line are ~61.3% H–n, ~38.2% Gd–n and ~0.5% C–n.

NATURE PHYSICS | VOL 16 | MAY 2020 | 558–564 | www.nature.com/naturephysics 559
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Измеренный спектр нейтрино-подобных событий
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~200 000 events in the spectrum

To get positron spectrum one needs to 
subtract backgrounds:
- Accidentals
- 9Li-8He cosmogenic
- Fast neutrons and stopped muons

Nature Physics, (2020) 16, 558–564. doi: 
10.1038/s41567-020-0831-y
Arxiv:1901.09445 [hep-ex]



Вычитание фонов. Экспериментальный спектр 
позитронов реакции обратного бета-распада
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Experimentally measured 
beta-spectrum produced by 
cosmogenic isotopes 9Li and 
8He.

Normalized 9Li and 8He beta-
spectrum on measured 
counting rate of these events in 
near detector.

Pure positron spectrum after 
background subtraction.
Red line – Monte Carlo 
simulation on base of Rovno 
spectra.



Экспериментальный спектр антинейтрино 
Double Chooz
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Experimental antineutrino spectrum 
as a result of division experimental 
ideal spectrum by transformation 
function

235U, 238U, 239Pu, 241Pu experimental antineutrino 
spectra as a result of splitting experimental spectrum 
according to their parts
235U – 0.52, 238U – 0.087, 239Pu – 0.333, 241Pu – 0.06



Почему расчетный спектр не может быть 
точным?
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Из 943 осколков

409 – известные
332 – неизвестных
202 – оцененные 534



Как делается расчет спектра?
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Описание экспериментальных спектров 
расчетными
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База данных осколков

Разделение 
экспериментального 

спектра на компоненты 

Расчет спектров

Сравнение 
экспериментальных и 
расчетных спектров

Наилучшее совпадение 
спектров

Расчет новой функции 
трансформации

Модернизация базы 
данных осколков

Трансформация спектра 
позитронов в 
антинейтрино



Fitting of experimental spectra by calculated 
ones
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238U235U

239Pu 241Pu



Спектр антинейтрино 235U
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Расчет по 
существующей базе 
данных

Расчет по 
модернизированной 
базе данных



Cross sections of calculated spectra [×10-43 cm2/fission]
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235U 238U 239Pu 241Pu DC

Эта работа 6.031 9.160 4.153 5.902 5.67
Rovno 6.241 9.089 4.269 5.948 5.815

ILL 6.395 8.903 4.185 5.768 5.840

Vogel 6.498 9.135 4.508 6.520 6.066

MEPhI 6.404 9.267 4.383 6.489 5.985

Huber & 

Mueller

6.658 10.08 4.364 6.031 6.154

Kopeikin et al. 6.308 9.395 4.33* 6.01* 5.900

Experimental Double Chooz sf = (5.71 ± 0.06 )・10-43 cm2/fission



Calculation of other experiments cross 
sections using INR spectra
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experiment Core content isf x1043

[cm2/fission]

INRsf x1043

[cm2/fission]

R
235U 238U 239Pu 241Pu

DC 0.520 0.087 0.333 0.060 5.71 ± 0.06 5.67 1.007

Bugey-4 0.538 0.078 0.328 0.056 5.75 ± 0.08 5.65 1.017

Daya Bay 0.561 0.076 0.307 0.056 5.91 ± 0.12 5.69 1.040



Заключение 

• Получены спектры антинейтрино 235U, 238U, 239Pu, 241Pu на базе 
измерений ближним детектором Double Chooz
• Смесь сечений новых спектров в пропорции Double Chooz дает в 

точности значение самого точного сечения (1%) 
• Систематически меньшее значение для самых точных сечений 

(Double Chooz, Bugey-4, Daya Bay) может быть обусловлено 
неучетом в экспериментальном сечении отработанного топлива
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