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Abstract: The new principle of v, -source for future short-baseline experiments is considered.
The scheme is based on Li(n,y)®Li activation near the reactor active zone (AZ) and transport
of the fast p-decaying ®Li (T(®Li) = 0.84 s) toward a remote neutrino detector and back in
the closed loop to AZ for the next (n,y)-activation of lithium in the continuous cycle. The
scheme with closed loop ensures well defined total spectrum (in the position of the neutrino
detector) that will allow to decrease the count errors below < 1%. Owing to o ~ E?

dependence of neutrino cross section the count rate will be more than ~10° per day for the
compact detector with volume about m®. The proposed experiment allows to detect (¥, ,p)-

interaction with high precision and directed to search of sterile neutrinos with Am? ~1 eV2.
Basing on the proposed algorithm it were indicated the space regions for search of v,-

disappearance for (3+1) and (3+2) neutrino models in the discussed experiment with new hard
spectrum intensive v, -source.

1. INTRODUCTION. NUCLEAR REACTOR AS ANTINEUTRINO SOURCE: THE
ADVANTAGES FOR THE EXPERIMENT AND PROBLEMS OF ITS SPECTRUM

The undoubted advance in solution of the discussed problem (search of sterile neutrinos) is
creation of the intensive antineutrino source with well-known hard spectrum. The most
intensive artificial antineutrino sources used for neutrino experiments are the nuclear reactors.
The resulting reactor antineutrino flux is the complicated additive function of fluxes: from
fission fragments; from beta decay of heavy (transuranium) nuclei (produced in (n,y)- and
(n,2n)-reactions); and B-decay of (n,y)-activated elements of the constructions and water. In
spite of the doubtless superiority in flux value the antineutrino reactor spectra (formed by
main fuel isotopes — **°U, U, *Pu, **'Pu) are characterized by large uncertainties in the
total v, -spectrum that lead to very serious problems in interpretation of neutrino oscillation
results. The reactor spectrum is known with ~ (4-6)% -precision at energy up to ~6 MeV and
these errors dramatically rise up to tens percent at more higher energies (See spectrum errors
in Fig. 1) [1-4].

An equilibrium v, -spectrum of nucleus-fission products from nuclear fuel composition
varies in time in operation period and in case of reactor stops: the isotope “*U burns away
(it’s part in number of fissions decrease in operation period from ~73% down to 45%), but the
contributions of U, #°Pu and #'Pu rise (so, for ***Pu the yield to fissions increases from
18% up to 37% for the same time). The large changing in composition leads to variation in
ve -fluxes which are recalculated by means of correction factors for four main fuel isotopes.
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The all spectra drop rapidly as energy increases (that is especially negatively for
registration of threshold v.-reactions): at increase E; from 2 MeV to 4, 6 and 8 MeV the

neutrino spectrum of **U drops in 5, 35 and 956 times, correspondingly (example in Fig. 1
for spectrum from #°U).

An additional unaccounted error for v -flux evaluation appears during reactor stops due
to permanent presence of cooling pond for spent fuel. These errors can rise up to 1%. The
summary neutrino flux depends on number of fissions in the active zone as: n; (t) =W(t)/Es (t),
where W(t) is a full reactor heat power for the current time and E; is the mean energy released
per one fission. But the E; value is also changing during the reactor life time: it increasing on
1.5% [3].
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In the recent measurements of wv.-spectrum in Daya Bay, Reno and Double Chooz
experiments it was detected significant excess of antineutrinos in the interval ~ (5-7) MeV of
the spectrum [5-7]. This excess in experimental spectrum (called as bump) was unexpected
and significantly activated efforts in order to clarify the matter. Here we want to emphasize
that the requirement of well definite antineutrino spectrum of the source is exclusively
important for excluding of the possible errors in the proposed experiment (see below) for
search of sterile neutrinos.

2. PROPOSED HIGH FLUX v -SOURCE OF HARD REGULATED SPECTRUM

In spite of the apparent superiority on neutrino flux the nuclear reactors has a



disadvantage: too-small hardness of v, -spectrum. This character is extremely negative as the

probability of registration strongly depends on neutrino energy. For the considered here
reactor antineutrino energy the neutrino cross section is proportional to its energy squared

(o,~E2). In case of hard 8Li spectrum the square-law dependence results in strong rise of

neutrino cross section. The disadvantage of rapidly dropping reactor spectrum can be filled
having realized the idea [8] to use a high-purified isotope ’Li for construction of lithium
blanket (or converter) around the active zone (AZ) of a reactor. A short-lived isotope ®Li

(73, = 0.84 s) is created under AZ neutrons flux in reaction "Li(n,y)®Li and at p-decay it emits
hard antineutrinos of a well determined spectrum with the maximal energy Evinax ~13.0 MeV

and mean one E_ ~6.5 MeV.

The scheme of B~ -decay of 5Li (with ~100% branching) to broad 3.03 MeV level of ®Be*
(first-excited state of ®Be: ' = 1.513 MeV) and then to two alpha-particles is presented in
Fig.2 [9]. The B -decay of 8Liisa pure Gamov-Teller (AT = 1) transition.
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Fig. 2. The scheme of B~ -decay for °Li with delayed a-decay. The indicated energies AE
(shown right to the levels) are given refer to the ground state (g.s.) level of ®Be (3" = 0%,
T =0). The broad 3.03 MeV level of ®Be* is shown by shading (I' = 1.513 MeV). J —
the angular momentum; 7 — parity; and T — isobaric spin; Ex— excited level of ®Be; Q, —
energy of o-decay. The a-decay of ®Be(g.s.) — *He + *He is shown by means the
magnification software.

The resulting antineutrino flux from such a source (AZ plus ’Li blanket-converter) will be

total one (produced by B~ -decay of éLi and from AZ). The problem of creation of intensive
antineutrino source with well definite hard spectrum can be solved by the scheme of (n,y)-
activated 'Li isotope (irradiated by reactor neutrons close the AZ as lithium blanket) and
continuous circulation of lithium isotope (or liquid lithium substance) in the close loop from
AZ to remote neutrino detector [10-16]. The most perspective lithium substance can be



heavy water solution of lithium hydroxides ‘LiOD or ‘LiOD-D20 [16, 19]. With purpose to
increase the hard lithium antineutrino part (in the total antineutrino spectrum) we propose to
construct the volumable pumped reservoir close to the antineutrino detector.

The scheme for this type of the dynamical (with pumped lithium) v, -source is presented
in Fig.3 [15, 16]. Namely this scheme (with specified dimensions) was used in the discussed
below simulation for search of sterile neutrinos.
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Fig. 3. The conceptual scheme of ¥.-source (with circulation of ®Li or lithium chemical
substance in the closed loop) with variable (regulated and controlled) spectrum for short
base line experiment. The distribution of the total antineutrino spectrum is regulated by
the rate of lithium pumping (which can be smoothly varied by means the pump in the
installation). The all dimensions in the scheme fully correspond to sizes used in the
simulation of the experiment. Lithium substance in the blanket (activated by AZ-
neutrons) is pumped continuously through the delivery channel to the remote reservoir
(volume which is set close to the w.-detector) and further back to the blanket. The
examples of detector positions are labelled as "d". The 3-dimensional view of the
reservoir (labeled by "R"™) is given separately. At simulation of the antineutrino
disappearance (see below) we used the coordinates of points along lines: A (y = 1),
B (y=2)and C (x = 20).

For our purpose (creation of the neutrino source of significantly larger hardness than
possible to obtain by above mentioned simple scheme of lithium blanket around the AZ) we
introduce the definition of the generalized hardness for total neutrino spectrum [15, 16]. Let

FLi(7) and Faz() — densities of lithium v, -fluxes from the blanket and from AZ, n,, ~6.14

IS number of reactor antineutrinos emitted per one fission in the AZ. We admit that the
hardness of the summary v, - spectrum at the point # equals one unit of hardness if the ratio

of densities Fri(F)/Faz(¥) equals to 1/n,. Let us define the total spectrum generalized
hardness as:
Frir)
Faz(r)

HF)=ny M)



In the simulation we specified the next parameters of the source and regime of the
operation. VVolume of the compact spherical AZ corresponds to 51 liters volume of the high
flux research reactor PIK near the Saint-Petersburg in Russia [20, 21]. Thickness of the
spherical lithium blanket is 1 m. Volume of the reservoir (rectangular parallelepiped of 0.5 m
thickness) was set equal to blanket one. L; is a distance between lithium blanket and pumped
reservoir. In the simulation the volume rate of pumping was w = 2.25 m*/s. The distance L;
corresponds to the time 1 s of lithium delivery from the blanket to reservoir for appointed w
rate.

3. POSSIBLE EXPERIMENT FOR SEARCH OF STERILE NEUTRINOS

In some realized oscillation experiments (LSND [22], SAGE [23], MiniBooNe [24, 25],
GALLEX [26], reactor experiments [27] it were revealed anomalous v, -fluxes and strongly
stimulated the discussion on existence of sterile neutrinos and extension of the Standard
Model. The discussed variants include models with one, two and three type of sterile
neutrinos [28-32]. Some results indicate on the squared-mass difference between sterile and
active neutrinos (Am?* ~1 eV?).

The discussed here short base line experiment on sterile neutrino search (in the geometry
of Fig. 3) has advantages namely at short distances where the large hardness is ensured. For
short base line geometry in case of (3+1)-model (i.e., three active neutrinos plus one sterile)
the probability of existence at distance L is given by means two-flavor model:

P =1 —sin%(26)sin’[1.27Am4; %(L(m) /E(MeV)], (2)
sin*(26) = 4|Uia (1 - |Uial?), ©)

where 6 — angle of mixing, Ama:® (eV?) — maximum squared-mass difference between sterile
and active neutrinos (i.e., JAm%s| » |Am®si» |Am?| ), Uis — element of mixing matrix for
active neutrino flavori = e, x4, .
Probability for (3+2)-model (i.e., three active neutrinos plus two sterile neutrinos) for
short base geometry will be:
Pe=1—4(1—|Uesf — |Uesl’) x {|Uesf” Sin°[1.27Ama1*(LIE)]

+ |Ues|? sin’[1.27Ams;:2(L/E)]} — 4 |Ueaf |Ues|? sin[1.27Amss*(L/E)]. (4)

For simulation of the probability of v, -existence, fluxes and expected (v, p)-events in

the detector the full volume of the source (i.e., AZ, lithium blanket, channels and reservoir in
the Fig. 3) was divided on small cell. The obtained equations of Li production depending on
the parameters of the source scheme (the geometry, yield of 5Li, the pumping regime (see
details of calculations in [15-16]) allows to calculate the number of ®Li nuclei in any cells for
the given geometry and pumping regime. It allows to calculate the flux, spectrum, hardness at
the detector positions (for the specified AZ power). The highest level of hardness (that is
important for high rate of counts and low errors) is supported in the closed space around the
voluminous reservoir. For analysis of oscillation we considered the next simple realistic
geometry: the detector (or detectors) can be set and shifted along the line A, B or C (Fig. 3).
This detector geometry is realistic owing to high count rate in the hard spectrum and
possibility to reduce the sensitive volume up to ~ m* (see below). For AZ spectrum it was
taken that the single fuel element is ?*°U similar to reactor PIK [20, 21]. The density of -

flux from AZ is determined by its power P and for distance R is:



F(cm?-sty=m,P/4R*E =15 x 10P (MW) / R¥(m), (5)
where E ~ 200 MeV - mean energy released at 2*°U-fission.

In the calculation the applied proton concentration in the detector is typical — about
6.6 x 10°2 cm™ (KamLAND liquid scintillator [33]). The matrix elements for (3+1) and
(3+2)-models correspond to best fits of the work [28]: for (3+1) model — Am?; =1.78 eV?,
Ues = 0.151; for (3+2)a-model — Am%; = 0.46 eV?, Ugs = 0.108, Am%s; = 0.89 eV?, Ugs = 0.124;
for (3+2)b-model — Am?s; = 0.47 eV?, Ues = 0.128, Am?s; = 0.87 eV?, Ugs = 0.138. The update
analysis of last neutrino experiments gives (some differing global-fit-parameters for sterile
neutrinos with Am? ~1 eV was obtained in the [34]).
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Fig.4. Probability P of v, -existence for three models [(3+1), (3+2)a and (3+2)b on the
part (a)], hardness H of the total v.-spectrum [part (a)], count errors dc (caused by
uncertainties of AZ spectrum) [part (a)] and functional Ap(x) for opportunity of v, -
detecting [part (b) for models: (3+1), (3+2)a and (3+2)b] depending on the X coordinate
along the line A (for the detector geometry of Fig. 3). Probability P, count errors éc and
functional Ap are presented for the threshold of registration E = 3 MeV. The all solid
lines correspond the values obtained for v, -spectrum with reactor bump taken into
account. The curves with points [count errors Jc in the parts (a)] — the errors of v -
counts for reactor spectrum without bump. Position of the reservoir is shown by the
two-sided arrow on the part (a). X coordinates of the positive Ap values are the regions
where probability of v, -detecting is higher to level of total spectrum errors (see part

().



0.98 LS L L LI B L BN BRI BLELIL B B ~3.5 ~4 =
~ count rrors !

—~ 097} \ count errors Wwithout __3 ;—3.5%’

] F 3 ™

":2'50353 ”

. %_—2.5 2

_2 C: &

-1 =

1‘522—1‘55

TR

05 £058

. 1.1 1.1 JIJIlIIIJ L1l JlllIIJJ lIIIlJJlIlIJIIIlllJ:O :_O ‘GL_}

0 5 10 15 20 25 30 35 40 45 50 +

X coordinate on the line B (m) 3

;4 [ [TTTT] T I T I [ T "_4 ©
2,0 (3+2)b  (b) 12
g? 0__ _:0
s ?'2_". 12
£-4f N\ /\ B+1) -4
Wl 16
"('U'- ||||\‘r|| Ll g 1 |r||||||r|||||||||||-
= 0 5 10 15 20 25 30 35 40 45 50

Fig.5. Probability P of v, -existence for three models [(3+1), (3+2)a and (3+2)b on the
part (a)], hardness H of the total v -spectrum [part (a)], count errors dc (caused by
uncertainties of AZ spectrum) [part (a)] and functional Ap(x) for opportunity of v, -
detecting [part (b) for models: (3+1), (3+2)a and (3+2)b] depending on the X coordinate
along the line B (for the detector geometry of Fig. 3). Probability P, count errors éc and
functional Ap are presented for the threshold of registration E = 3 MeV. The all solid
lines correspond the values obtained for v, -spectrum with reactor bump taken into
account. The curves with points [count errors Jc in the parts (a)] — the errors of v, -
counts for reactor spectrum without bump. Position of the reservoir is shown by the
two-sided arrow on the part (a). X coordinates of the positive Ap values are the regions
where probability of v, -detecting is higher to level of total spectrum errors (see part

(0)).

The calculated errors for count events are given here at 100% efficiency of registration.
Fig. 4(a) shows the probability P of existence, hardness and count errors for models (3+1),
(3+2)a and (3+2)b at the antineutrino registration threshold Einresholg = 3 MeV for detector
positions along lines A (see Fig. 3). Note that hardness H does not depend on the threshold on
registration [according to definition (1)]. Fig. 5(a) presents the same values for detector
positions along line B (see Fig. 3). Fig. 6(a) shows the above mentioned values for orthogonal
line C (see Fig. 3). At coordinates of the reservoir the hardness reaches the maximum with
small shift to AZ-position due to decrease of éLi concentration along the flow (see Fig. 4(a)
and 5(a)). Owing to large lithium mass in the reservoir the maximum of probability P is
detected close to its position (marked by double arrow) in Figs. 4(a) and 5(a). Large hardness



around the reservoir ensure smallest count errors (below 0.5-1.0%) in the nearby space; shift
from line A to line B leads to fall of hardness and increase of errors (compare the Fig. 4(a) and
5(a)). The most rapid decrease of hardness and rise of errors take place for line C - at the
remote from lithium mass (see Fig. 6(a)).

In the next step we introduce the functional for possibility (or opportunity) to detect the
oscillation of active to sterile neutrinos. The functional based on comparison of the maximal
probability P (at the xqix) with the current P(x) along A-line (y =1 m, according to the
geometry in Fig. 3):

Ap(X) =[1 — ¢ (Xfix , Y =1 m)] xP(Xsix , y =1 m) — [1 + dc(X, y =1 m)] xP(x, y =1 m), (6)

where dc — count errors; coordinate Xsx corresponds to maximal P value close to reservoir:
Xsix =~ 20 m. The functional helps to search change in probability P avoiding the errors caused
by reactor v, -spectrum. The positive Ap values determine the X coordinate regions (along A-

line) where probability of v, -detecting is higher to level of total spectrum errors.

The Ap(X) results are labelled as (b) and presented in the bottom parts of all Figs. 4-6 for
threshold of v, -registration Enresnold = 3 MeV. The analysis for detector position along the line
A (Fig. 4) revealed that the probability to detect oscillation in case of (3+1)-model is close to
zero: the Ap(X) curves lay below zero or nearby to it. The model (3+2)a allows to reach the
probability up to =2%, but effects for the model (3+2)b can exceed zero level by 4%
(at x = 6 m, Fig. 4(b)).

The functional for possibility (to detect an oscillation to sterile neutrinos) along B-line
(y =2 m, see Fig. 3) is the similar to (6):

Ap(X) = [1 = dc (Xfix » Yy =2 M)] XP(Xsix , y =2 m) — [1 +dc(x, y =2m)]x P(x,y =2m).  (7)

In case of the C-line we compare the current probability along the C-line (x = X;,) with
maximal P value close to reservoir (at the coordinates: Xs; ~20 m, y =1 m):

Ap(y) =[1-6c (Xfix » Y =1 m)] xP(xfix , y =1 m) — [1 + dc(Xfix , Y)] *P(Xfix, ¥)- (8)

The opportunities to reveal the oscillation in the geometries along line B and C are lower
(see Fig. 5(b) and 6(b)) that are explained by increased errors for lower hardness in the total
spectrum.

For the discussed source the nuclear reactor acts as intensive (n,y)-activator. The remote
volumable reservoir acts as geometry factor for creation of the hard v, -spectrum. As a result
the proposed source ensures high neutrino flux with hard spectrum in the space close to the
reservoir. Here the 8Li isotope acts as effective shifter in forming of the hard spectrum. The

quadratic dependence of cross section as o, ~E2 strongly amplifies the effect: the number of
(ve ,p)-events strongly increasing in the detector. The results of calculated counts for points on

the line A (see detector geometry in Fig. 3) is given in the Fig. 7. Thanks to the reservoir the
total flux and number of events has "lithium bump"” close to the reservoir position. The
number of events from ®Li strongly dominates over the number of events from reactor
antineutrinos (Fig. 7).
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Fig.6. Probability P of v, -existence for three models [(3+1), (3+2)a and (3+2)b on the
part (a)], hardness H of the total v, -spectrum [part (a)], count errors Jc (caused by
uncertainties of AZ spectrum) [part ()] and functional Ap(x) for opportunity of v -
detecting [part (b) for models: (3+1), (3+2)a and (3+2)b] depending on the X
coordinate along the line C (for the detector geometry of Fig. 3). Probability P, count
errors oc and functional Ap are presented for the threshold of registration E = 3 MeV.
The all solid lines correspond the values obtained for v, -spectrum with reactor bump
taken into account. The curves with points [count errors dc in the parts (a)] - the errors
of v, -counts for reactor spectrum without bump. Position of the reservoir is shown by
the two-sided arrow on the part (a). X coordinates of the positive Ap values are the
regions where probability of v, -detecting is higher to level of total spectrum errors
(see part (b)).

The results in Fig. 7 are normalized per cubic meter, day and gigawatt of the reactor
power. We note that really the power of the investigating reactors is lower; the exclusively
interesting variant (for the discussed v, -source) of such reactor is new reactor PIK with the
thermal power 100 MW [20-21]. The events ensured by the ®Li antineutrinos are strongly
dominates (compare to yield from AZ neutrinos) owing to the hardness of v, -spectrum of Li.
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Fig. 7. The expected normalized number of (v, ,p)-events in the detector depending on
the X coordinates along the line A (geometry of the Fig. 3). The results are given for
thresholds of antineutrino registration Enreshoid = 3, 4, 5, and 6 MeV. The total number
of events is ensured by v, from 8Li and AZ. Position of the reservoir is shown by the
two-sided arrow.

The presented dependencies (Fig. 7) are calculated for thresholds of registration with
increasing values from 3 to 6 MeV. Here it is very important to emphasize that registration
with increasing threshold allows to decrease the count errors in order of values (in case of
threshold rising from 3 to 6 MeV). This important result is explained by greater yield of °Li
flux in the total v, -flux (remembering that: the reactor spectrum is known with significant

errors; the reactor spectrum drop rapidly as energy increases compare to well-known hard v, -
spectrum with mean energy ~ 6.5 MeV). The problems of errors lowering for v, -spectrum and
proposal to increase the threshold of v, -registration are considered in details in [14-16]. The
function of errors from the hardness H of the total spectrum was obtained (see in [14-16]).

4. CONCLUSION

The principle of the source operation is (n,y)-activation of pure ‘Li near the reactor active
zone and transfer of the activated lithium to remote detector by the loop scheme. The more
perspective way of the source realization is to use the heavy water solution of ’Li instead of
metallic lithium [16-18] (taking in mind the requestion of ‘Li purification and price of very
pure "Li (with grade of purification ~ 99.99% and higher) [16, 19].

Namely owing to cross section dependence o, ~E2 the number of neutrino interaction
strongly increases at rise of the hardness (thanks to ®Li neutrinos) of the total spectrum. High
rate of the detector counts allows to use compact neutrino detector (~ m°).

Here it was considered the variant of the v, source with realistic dimension and regime of
operation. The possible scheme of the experiment for search of sterile neutrinos with
Am?*~1eV? is discussed for neutrino models (3+1) and (3+2). For this cases the total
antineutrino fluxes were calculated taking into account both lithium and reactor spectra and
corresponding errors, the dynamics of lithium transfer and dimensions of all parts of the
installation. The oscillation probabilities for (3+1)-model and two variants of (3+2)-models



were simulated for different geometries of detector positions that allowed to indicate the space
coordinates for search v, -disappearance outside the spectrum errors.
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