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Abstract
We propose to develop future detectors to verify the MSW effect on the osci l lation in so lar  neutr inos based on the 

f luor ide sc int i l lat ion crysta ls . Fluorine-19 captures electron neutrinos, then produces a 19Ne and an electron. The Neon-
19 decays with a half-l ife of 17 sec and emits a positron. The positron forms positronium and emits annihi lated 2𝛾 .  In 
other words, using a pixelated detector design and the coincidence techniques for the four particles, the electron-
neutrino events can be identif ied with strong evidence. In this study, we simulated the feasibi l ity of solar neutrino 
observations with f luoride scinti l lation crystals. We wil l  detai l the performance.

1. Introduction (MSW effect)

The number of  so lar  neutr ino exper imenta l  groups has 
measured the osc i l la t ion parameters so far .  The lower 
surv iva l  probab i l i ty  for  𝜈!  than the expectat ion was observed 
above a few MeV.  Th is is  due to the matter  ef fect  (MSW 
ef fect ) ,  and the prec ise ver i f icat ion requ i res a h igh energy 
reso lut ion measurement .

2. New Sense to detect 𝜈!  capture events 

The reaction of the electron neutr ino captured in 19F is as 
fol lows:

3. Monte Carlo simulation

4. Performance estimation

Results and Summary
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挑戦的研究（萌芽）１ 

１ 研究目的及び研究方法、応募者の研究遂行能力 

本研究種目は審査区分表の「中区分」で審査される。記述に当たっては広い分野構成で多角的視点から審査が行われるこ

とに注意すること。 

① 本研究の目的 

② その研究目的を達成するための研究方法（研究体制（「研究組織」にある研究者及び研究協力者のそれぞれの役割）を

含む） 

③ 応募者の研究遂行能力（これまでの研究活動（主要な研究業績を含む）の具体的な内容等必要に応じて今回の研究構想

に直接関係しないものを含めてもよい。また、国際共同研究の実施歴や海外機関での研究歴等がある場合には必要に応

じてその内容を含めること。） 

について、２頁以内で焦点を絞って具体的かつ明確に記述すること。 

① 本研究の目的 

本研究課題は、フッ化物無機結晶に基づいた太陽ニュートリノの高分解能スペクトル測

定によって、ℎ"#ニュートリノ初観測、ニュートリノ振動MSW効果の精密検証の実現可能性

を検証する萌芽的な研究である。 
太陽内の核融合反応で生成されるニュートリノは、エネ

ルギー分布に特徴をもち、光学から検証できない太陽内部

の金属組成比を決定できる。核融合反応のうち、ℎ"#ニュ

ートリノ(以降ℎ"#)は太陽ニュートリノの中で最もエネル

ギーが高く、流量9.4 × 10! cm-2 s-1と予想される。ℎ"#の存

在は極めて有力だが、これまでの多くの実験グループ[1-3]

で未観測である。主な原因は、実験装置のエネルギー分解

能不足と背景雑音事象の存在である。ℎ"#は流量が3桁多い
8Bニュートリノの終端に埋もれ分離が困難であるため、高

分解能スペクトル測定が要求される(図1)。 
ニュートリノ振動における物質効果(MSW効果)によ

って太陽ニュートリノのエネルギースペクトラムが変

化するup-tern現象(特に~5 MeV領域, 図2)が予想される。

高分解能でエネルギースペクトラムを測定することで

素粒子標準模型を超える新物理の寄与を検証できる。 
フッ素原子核はニュートリノとの反応断面積が大き

く、反応後のRI崩壊事象との遅延同時計測によって背

景事象を抑制できる点に着想を得た。また無機結晶に

よる検出器は、高いエネルギー分解能をもつため、高

分解能エネルギースペクトラム測定を可能にする。こ

の特性を利用して、本研究の目的であるℎ"#初観測、

MSW効果の精密検証の基礎研究を実施する。 
研究方法 

近年のリアルタイム太陽ニュートリノ観測は

弾性散乱が主流であるが、一方で原子核吸収反

応は弾性散乱に比べて2〜3桁ほど反応断面積が

大きい。この特徴から、原子核吸収反応過程に

基づいた観測の優位性が注目されている。 
以下に、電子ニュートリノとフッ素との反応

を示す。 
*" +19F→ "# +19Ne; 太陽*"の原子核吸収 

19Ne→19F+"$ + *̅"; 半減期17秒 
太陽*"のフッ素原子核に吸収された後"#が放

出される。19Neは半減期17秒でβ+崩壊して"$を
放出する。その後、ポジトロニウムを形成しエネルギー511	keVのγ線を2本放出する[4] (図3 
左)。図3右に示すように、セル状に結晶を３次元で並べた検出器仕様にすることで、2本の

511 keV γ線のヒット位置の直線上に"$の終点が存在し、"$発生点と"#発生点が同じである

様式Ｓ－４２－２研究計画調書（添付ファイル項目） 

図1. 太陽 8Bおよびℎ&'ニュートリノ

のエネルギー分布。分解能が悪いと

ℎ&'は8Bの終端に埋もれてしまう。 

図2. ニュートリノ振動のMSW効果による電子

ニュートリノのエネルギーと生存率の関係 

図3. 電子ニュートリノとフッ素原子核の反応過程(左)。 
3次元セル状に配置した検出器仕様の場合、予想される検

出器応答(右)。 
which the 19Ne has 17s half- l i fe .
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the solar (solar þ KamLAND) best-fit equivalent cubic
function is favored by 1.2σ (0.9σ) over an energy-
independent Pee. The quadratic approximation is also
reasonable: χ2 ¼ 66.34 (“sol:þ KL”) and χ2 ¼ 65.63
(“solar”). Of course, the best-fit energy-independent
Pee ¼ 0.336 is the same, so the solar (solarþ
KamLAND) best-fit equivalent quadratic function is
favored by 1.3σ (0.9σ). The exponential approximation
is similar: χ2 ¼ 66.30 (“sol:þ KL”) and χ2 ¼ 65.71
(“solar”) with similar conclusions. In summary, the
SK spectrum measurement favors the existance of an
“upturn” by 1.2σ. Table VIII shows a summary of the
fitting results of the coefficients.
The SNO constraint on the “upturn” is obtained and

combined with the SK results as follows: from the
SNO parameters si, the first three are calculated from
the quadratic fit parameters c0, c1, and c2 of Pee;quad

while with day/night asymmetry fitting parameters a0
and a1 are set to the oscillation best fit. The SKþ SNO
χ2 is then the same as in Eq. (26). Figure 54 shows
the electron neutrino survival probability distributions as
a function of neutrino energy obtained from Eq. (32)
with SK and SNO data. The SKþ SNO combined
result on quadratic Pee coefficients favor a distorted
spectrum by 2.1σ. Figure 55 shows the SKþ SNO
combined result in the context of other solar neu-
trino survival probability measurements (assuming the

standard solar model predictions of the unoscillated
neutrino fluxes). The SKþ SNO result fits in well with
the other data as well as the MSWþ neutrino oscillation
prediction.

TABLE VIII. The fit coefficients and their correlations for
Eqs. (32)–(34).

Data Set e0 e1 e2

SK 0.334# 0.023 −0.045# 0.0046 −0.9# 2.0
e0 1 0.759 0.130
e1 0.759 1 0.135
e2 0.130 0.135 1

Data Set c0 c1 c2
SK 0.329# 0.022 −0.0009# 0.0058 0.0025# 0.0026
c0 1 −0.143 −0.285
c1 −0.143 1 0.687
c2 −0.285 0.687 1

SKþ SNO 0.308# 0.015 −0.0044# 0.0034 0.0016# 0.0017
c0 1 −0.474 −0.394
c1 −0.474 1 0.391
c2 −0.394 0.391 1

SK cubic

c0 c1 c2 c3

0.310# 0.024 −0.025# 0.015 0.0103# 0.0048 0.0036# 0.0020
1 0.265 −0.435 −0.347

0.265 1 −0.601 −0.919
−0.435 −0.601 1 0.822
−0.347 −0.919 0.822 1
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FIG. 54. The electron neutrino survival probability as a
function of neutrino energy. The green (light gray) [blue (medium
gray)] region is obtained from the Pee;quadðEνÞ function with
SK (SNO) spectrum data. The red (dark gray) region is obtained
from the same function, but with SKþ SNO data. The thick
blue (medium gray) and green (light gray) lines are the same
as Fig. 53.

FIG. 55. The electron neutrino survival probability as a
function of neutrino energy and solar neutrino measurements.
The red region is obtained from the Pee;quadðEνÞ function with
SKþ SNO spectrum data. The thick blue and green lines are the
same as Fig. 53. The light blue (filled triangle) and gold (open
triangle) data points are the average pp and CNO neutrino
survival probabilities inferred from the radio-chemical solar
neutrino data as well as SKþ SNO and Borexino 7Be measure-
ments, respectively. The dark blue (filled square) and dark red
(open circle) data points represent the average pp and 8B neutrino
survival probabilities, respectively. The green (open square) and
turquoise (filled circle) data points represent the 7Be and pep
neutrino survival probabilities from Borexino data, respectively.
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Up-tern

The high-precision spectrum 
needs to be measured to verify 
non-SM physical contribution.

Observable of 𝜈	+19F
𝐸! > 3	MeV

[1]

[2]

[3]

The ν19F cross section is large (1.7×10*+,cm,  for E-! > 3	MeV) and the 

inorgan ic crysta ls  are expected to have h igh energy reso lut ion due 
to the i r  large emiss ion [4-5] .

However ,  so lar  𝜈 observat ion with 19F was d i f f icu l t  and 
unfeas ib le in  the t rad i t iona l  des ign .  A reason why not been 
ach ieved is  acc identa l  no ise events caused by natura l  impur i ty  
rad io isotopes .  

A new techn ique ( the four-part ic le  co inc idence measurement)  
has the potent ia l  to strong ly  suppress background events ,  such as 
the rad io- impur i t ies in  the crysta ls .

𝑒! (prompt)

𝑒"(aft. T1/2=17 s)

𝛾 (511keV)

𝛾 (511keV)

vertex

annihilation

Case of Crystal:
𝜌~6	g/cm! CeF3 

GEANT4.11.0

We have s imulated the events of   𝜈! + F  capture based on the GEANT4 
too lk i t .  Typ ica l  event d isp lay of  t rack is  shown here ,  where the mater ia l  
is  assumed to be a CeF 3 crysta l  (𝜌~6	g/cm.) .

ΔT (sec)

Ev
en

ts
/b

in

T½ = 17.257 sec

The observab le typ ica l  event d isp lay is  shown here in  the case of  
5×5×5	mm 3 crysta l  array .  Note w.o .  energy reso lut ion .
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O DETECT I ON BY 19F .
I n t h i s case , t he neu t r i no f l ux i s measur ed v i a

e r eac t i on
ve + 19F - - > 19N e + e -

e ene rgy t hr esho l d i s 3 . 3 MeV. Thus on l y t he
neu t r i nos f rom 8B can be de t ec t ed . The 19N e
decays by pos i t ron em i ss i on w i t h a ha l f l i f e o f 17
sec . The s i gna t ur e o f t he v e cap t ur e i s t hen ( f i g . 3)
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F I GURE 3
Nuc l ea r da t a f or 19F .

- de t ec t i on o f an ene rge t i c e l ec t ron . Because o f a
l a rge ava i l ab l e phase space one can pu t a r a t he r
h i gh ene rgy t hr esho l d (3MeV) w i t hou t any
dr ama t i c dec r ease o f t he coun t i ng r a t e .
- de t ec t i on o f a pos i t ron a t t he same l oca t i on some
17 sec l a t e r , w i t h t he poss i b i l i t y o f de t ec t i ng t he
t wo ann i h i l a t i on y r ays .
Le t us exam i ne now t he advan t ages o f 19F de t ec t i on
coup l ed t o I n de t ec t i on . The ma i n a t t r ac t i ve f ea t ur e
o f 19F i s i t s l a rge and accur a t e l y known neu t r i no
c ross - sec t i on (1 . 7 10 - 42 cm2 f or Ee > 3 MeV) ; i t i s
l a rge because t he ground s t a t e o f 19Ne and 19F a r e
i soba r i c ana l ogues and i t i s accur a t e l y known due t o
t he ex i s t ence o f a ß+ t r ans i t i on f rom 19Ne t o 1 9F .

We expec t t o make F l uor i ne - I nd i um c r ys t a l s
w i t h 4 t o 6 F l uor i ne a t oms pe r I nd i um a t om . Th i s
cor r esponds t o a coun t i ng r a t e o f 100 even t s pe r
yea r i . e . 5 t i mes h i ghe r t han f or I nd i um de t ec t i on .
Thus t he 8 B ve cou l d be de t ec t ed i n t he same
expe r i men t by t wo sepa r a t e channe l s . Th i s

cha r ac t e r i s t i c prov i des a po t en t i a l l y accur a t e
me t hod o f de t e rm i n i ng t he I n neu t r i no absorp t i on
c ross - sec t i on . Howeve r , i n t he case o f 8B ve , a
poss i b l e exc i t a t i on o f h i gh ene rgy l eve l s i n 115S n
cou l d i n t roduce some unce r t a i n t i es ; t hus a
ca l i br a t i on expe r i men t w i t h a r ad i oac t i ve sour ce
r ema i ns t he mos t d i r ec t me t hod o f de t e rm i n i ng t he
c ross - sec t i on .

The second advan t age o f a de t ec t or
con t a i n i ng F l uor i ne appea r s on t he neu t ron r i ch
s i de o f t he nuc l i de cha r t whe r e one f i nd 190 . Th i s
nuc l eus has a 5 / 2+ ground s t a t e and a second
exc i t ed s t a t e wh i ch i s 1 / 2+ . Th i s l eve l can be
popu l a t ed v i a a pur e Gamow- Te l l e r t r ans i t i on by
hypo t he t i ca l an t i neu t r i nos com i ng f rom t he sun .
The t hr esho l d f or such a r eac t i on i s h i gh
(7 . 25 MeV) and t hus on l y an t i neu t r i nos com i ng
f rom a poss i b l e 8B ve t r ans f orma t i on cou l d
i n t e r ac t . Th i s t r ans f orma t i on cou l d occur i n t he
case o f Ma j or ana neu t r i nos hav i ng a l a rge magne t i c
momen t by r esonan t sp i n conve r s i on i n t he sun 6.

The s i gna t ur e f or such v i n t e r ac t i on wou l d
be un i que :
- a promp t s i gna l f ormed o f a pos i t ron i n
co i nc i dence w i t h a 1 . 5 MeV y r ay and 2
ann i h i l a t i on y r ays .
- 26 sec l a t e r , a t t he same l oca t i on an ene rge t i c
e l ec t ron f rom t he ß - decay f o l l owed , i n a l l cases ,
by a 200 keV y r ay 89 ns l a t e r .

The c ross sec t i on f or such a r eac t i on i s no t
known. Howeve r , t he r eac t i on 180(d , p )190 has
been measur ed and g i ves a r e l a t i ve angu l a r
momen t um

�

1 � = 0 f or t he neu t ron and a
spec t roscop i c f ac t or o f 1 . On t he o t he r hand , t he
wave f unc t i on o f t he 1 / 2+ ground s t a t e o f 19F has
been ca l cu l a t ed by cons i de r i ng t he odd pro t on t o
occupy t he s i x N i l sson orb i t a l s o f t he 2s - l d she l l 7 ;
t h i s ca l cu l a t i on g i ves an amp l i t ude o f - 0 . 50 f or t he
2s 1 / 2 bas i c vec t or . Unde r t hese cond i t i ons , a
compa r i son w i t h t he f t va l ue o f 1 9Ne ß decay g i ves
a f t va l ue o f - 7500 sec i . e . 1 / 5 o f t he 19F neu t r i no
c ross - sec t i on .

Spread d istance for  e+ ,  e- ,  and 2γ

Detect ion ef f ic iency

Energy reso lut ion

Background

Prompt; 𝑒! Delayed: 𝑒", 2𝛾

Distance (cm) Distance (cm)

Ev
en

ts

Ev
en

ts

The part ic les can spread up to 15	cm  in  
crysta l  (𝜌~6	g/cm.) ,  so cand idate events 
with four  part ic le  co inc idences can be 
se lected with in  that  area .

The reso lut ion depends on the l ight  
y ie ld  of  the crysta ls .  The l ight  y ie ld  
and reso lut ion for  511	keV  and 
1	MeV	 are ca lcu lated and summar ized 

in  the tab le for  the cand idate crysta ls .  
Note :  assume PMT QE of  25% .

Crystal Yield
(ph./MeV) σ(3MeV)

CeF 3  
(𝜌~6.16	g/cm!)

~10 , 000 3~6%

CaF2

(𝜌~3.2	g/cm!) ~16 , 000 ~2%

The expected main background is  
rad iat ions emitted f rom the impur i t ies 
in  the crysta l .  The impur i t ies 
concentrat ion wi l l  be measured by 
HPGe detector ,  so on .  Then ,  crysta l  
pur i f icat ion shou ld be done .

100,000 events of 𝑒* and 𝑒< (aft. 17s) are 
simulated w.o. energy resolution.
Two 511-gamma events detected
  7336 / 100,000 (𝜀~0.073)

Two 511-gamma events detected  and 
clusters are distant each other
  3538 / 100,000 (𝜀	~	0.035)

Th is study introduces a new method to measure so lar  neutr inos based on 
f luor ide crysta ls  us ing the four-part ic le  de layed co inc idence techn ique .  We 
est imated the per formance based on s imulat ions .  Based on the resu l ts ,  we 
p lan to deve lop a smal l  detector  and beg in with per formance tests on the 
ground leve l .

Ma i l :  i toh .h i rosh i@crysta l . kobe-u .ac . jp  (H . I to)

Crystal id 𝑛(= 0, 1, 2, … 20 (𝑖 = 𝑥, 𝑦, 𝑧)
The crystal size is 5×5×5	mm 3 .

𝑛# 𝑛$

𝑛%

𝑛#
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