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The cross section for /5 -particle production in the collision of free neutrinos with nuclei -

1 . As is well-known the cross section for 1 MeV

- was f1rst evaluated in 1934 by Bethe and Pierls .
neutrinos was expected to be 10~ -44 cm2 Because of this for a long time the effects induced by
~ free neutrinos were considered unobservable. Later on it was shown 23 that experimenting with

free neutrinos- was a real pos51b111ty and only. recently some experiments were performed in which

free antmeutrmos from.reactors were used. These experiments, in fact, showed that free neutrino
effects are observable and, thus demonstrated the ‘reality’ of neutrinos 4, They proved also the
e 'two4component nature 4 of neutrinos and indicated that the neutrino and the/anti'neutr'mo are dif-
ferent particles. 5. B ‘ ’
‘The purpose of this paper is to emphasrze the possrbrhty of solving new problems of neutrino
physics by investigating some effects induced by free neutrinos which have not yet been discussed.
“Such experiments may appear to be unfeasible at present, but the discussion of their planning

- seems to be not more premature. than was at its time the discussion of experiments with antmeutrr-
.'nos from reactors.

, Marnly attentron yull be drawn to the possrbllny of answermg the question whether the neutri--
nos emitted in the T—rﬂ, -decay ( V,u ) and the neutrinos emitted in the ﬂ ~ ~decay( Ve) are-

- 1dent1ca1 partlcles

REACTIONS INDUCED BY NEUTRINOS )

All the known slow ptocesses are, apparently, due to the interaction between the following
fermlon parrs ' v o

/eue (,m , (/ww) (//v/\)
(KR " JEM
Any pair of part1cles may interact with the same pair or’ w1th another one; according. to the - -

. Markov-Sakata-Okun® scheme ,strange particles other than /l -hyperons are not: included'in the com-

position of the 'strange’ paif. In terms of the universal interaction theory 7,8 thrs scheme 1mpll-
- es that the current t

(1)

enterlng into the weak interaction Lagranglan consrsts of four terms
(- V R
+_ et Ve f‘v oy J i f\, A 2
=) S J (2)
- each of ‘which corresponds to the above-mentioned pairs.

Some processes induced by frce neutrmos if the Markov-Sakata-Okun scheme and the umversal
1nteractlon theory are assumed to be vahd are listed below (Table 1).



The questron whether Ve and U ~ are identical particles is open and will be discussed
in the next Section. There are no reasons for asserting that }/& and )_} are identical pamc-
les. Therefore, in the Table and in the drfferent terms of the lepton current it was wnttene ]/

/A/ U, and not ¢ V /» % as is usually accepted.

Table L

SOME REACTIONS INDUCED BY FREE NEUTRINOS ON REAL

TARGETS
NN Reaction. N o t e
~ ot | In investigating this process 4 free neutral legons
1. gating p pons
Ve"" f‘“ — & tW were first observed. The expenment supported the two-

‘component natyre of the neutrino.

o~ ¥R - The non—observabrhty of this process 5 proved
2, Ve +Ce— A te 235 that Y ‘and \)4/ are not 1dent1cal particles.

37 L33, - S The investigation of this process might be of- in-
3. Ve +(2, -—’A te ~ terest in astrophysics, partrcularly, for measurmg the
: ‘neutrino flux from the sun.

+, ' o
4, V@ +A‘—" T'+& +‘A ' Inverse [T-€ -decay in the field of a_nucleus.
' Note that V2 produce T -mesons, \Je -pro-

;6+A._, '((‘"4. Q+I-[-'-A' | duce [~ -mesons.

5 Ve T

6. \/p,"'r\"_)/\'('e' Only
D~ ~ +  particles.
V&-i- A =) hyperfragments + &

(but not }/ ) may produce strange

~ - + -
7. Vatn— D +e This process may occur only in nuclei.
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Scattering of neutrinos by electrons, pre-

dicted by the universal theory of weak interac-
tions ( 8). :

1 YetA — W+ tA
Va-&-A-ﬁ ve+e+e +A

o . |
Creationof a £ € -pait in the field of a
nucleus. This is the inverse process of the

lepton bremssttahlung by electrons described
in

12 Ve *é‘*V/W’L/A'W

Inverse f«(/ -decay.

Forbidden, if Vb £ )J‘w

‘411'3.‘,..“Ve,+A — Vfu+e+fv+A
| 'VQ+A-—9 V‘u+e +,u,+A

- Formation of a f(,-@ -pair in the field of -
a nucleus, ‘ : .

: 1;.--5\/“, +f\, ——>/.~ +'w |
Viu—]m — Fem

Inverse . I“‘ -capture

- Fotbidden, lf # VP(,

15, MetA- n‘-,-(uJ A
V,w"‘A-a Tl'+/~ +A

Inverse TT- A -decay in the field of a

. nucleus.

6. - V/«V*f”" A*F“+
| \j,;:-fv—-»/\ tet

‘ " Forbidden, if V, Y,
Y +A — ]’4/ + _hypetfragment - g < # (it



1. \fff +A— f“:* /<;+"'A ’
VutA— WK +A
¥ -
18, Vfb‘f'A—).Vl,,'l'/“':f‘fA i ot s 5 et
~ ~ - cattering of neutrinos ~mesons e .
VP,'!'A-? vaffv HtA ' |

field of a nucleus.

19. V’A—+e' - V6+ [u" Inverse IL'L' -decay.

Put€= Gar Fardden, it Vp 2 U,

0. VntA= Arp+t b | -
. \7,,‘,+A-’A+/~++€:.,.§a | ) " Formation of a’ IbL-Z ‘ pa,ir in the

field of a nucleus.

21'. VI’*’ +[-—> Vf" + &- ; ’lf V&:)e Vfb y the reacnon is possrble

only as a eecond order process

Among the processes enumerated above, only the reactions 1, 2, 3, 10 had been previously dis;

cussed in the literature. For the most of the processes listed above we limit dﬁ'rselves‘ to the remarks
made in the Table. Only some processes, which are related to the problem of the distinction between
o Vﬁ- and ]Je partrcles, are discussed in detail below.

ARE Ve AND M IDENTICAL PARTICLES?

The upper limit of the mass of neutral leptons emitted in the fb 'decay, the magnitude of
Michel’s parameter f and theoretical considerations show that neutral leptons in the H -
decay have a mass equal or close to 0 and are not i identical. Because of this, the lu,,’- decay is
usually described as follows: IH, e+ V+p .

It is easy to see, however, that experrmental and theoretical data require only that the two
neutral leptons in the /Uv -decay should be not ideatical, but do not requite that they should be



: .necessanly a part1cle and an ant1part1c1e The possxbﬂxty has already been d1scussed 12 that thef
re exist two pairs of neutrinos. At first sight the question of the existence of two types of neutri-
nos — an electron neutrino ( \)a L) and a muon neutrino ( VP" ) may be consider-
ed as an irrelevant and unnecessary compltcatton. There are reasons, however, which make attracti-
ve the hypothesis that the electron and muon neutrinos are distinct particles. The absence in nature

- of some processes of the type. P\,—)}Q }AA"M-’ Z*/L etc. 1nd1cates that only pairs involving
one charged and one neutral particle (see ‘1 and 2) may contribute to.the currents entering into the
weak interaction Lagrangian. The existence of only *c harged’ currents might be naturally explain- -
ed 8 ifin nature there would exist a charged vector boson B coupled with different fermions
by an ‘intermediate intensity’ interaction. The well-known weak interaction prdéésses in this
case would be due to an interaction of the second order with respect to the ‘intermediate interac-
tion® constant. As  is shown in Ref.. 13 the nonlocality of the J.~€ decay related to the exis-
tance of the intermidiate vector boson would require a transition rate for the decay }4,-) e+ d’
which contradicts the experimental data 14

It can be easily seen, however, that even if there exists a B -meson the probability of the
process IA,—)Q,-I-A’ would be zero®, (that is entirely consistent with the expeumental data), if the
electron and muon neutrinos were different partlcles Thus, the fact that the current in the Lagrangi-
an of weak interaction is ‘charged’ would be very ‘well- explamable in terms of the 1nterm1d1ate boson

~assumption only if Vg isdifferent from '

Besides this reason, as it seems, the existence of two different types of neuttinos which are
not able to annihilate**, is attractive from the point of view of the symmetty and the classification
of pa:tu:lcs and m1ght help to understand the difference in the nature of muons and electrons.

. It follows from what has been said that experimental data on the question whether or not Ve
and V ~are 1dent1cal particles would be of great interest. One possibility to get information on this
point would consist in measurmg the spirality of the /4/ -meson. If in nature there isonly one
neutrino - antineutrino pair the V- A -interaction requires a positive spirality ofa }4.— -melson.i
If in the experiment the /4: -spirality turned out to be negative, there would be a strong evidence

in favour of the existence of two types of neutrinos : the /Lb'f. decay, in this case, might be describ-
ed by the scheme ’/"v-rﬁ et+ Ve th. -

.‘ Even i there {sno B meson the process /4-"" e"'b/ 1s posable In higher order approximations of the perturbation
lhoory. 11 there 1 only one type of neutrino ~antineutrino palrs. while 1t 1s absolutely forbidden i1 e' :’é u
’L »

. “ Note n:Ft it vlu, and Ve, are different partlcles the muonlum aystem( a cnnnot go over into the antimuonium
" ayatem ( n any apprdxdmation, - -



j -8 .

o The experlment 16 shows, however, that the splrallty ofa’ 'bu" ~meson is likely to be po-
sitive, as expected Therefore the problem whether there are tWo types of neutral lepton parrs in
nature is open. The positive spirality ofa }}\,- g -meson 1nd1cates however, that if in nature there
are really two neutrmo-antmeutrmo parrs the weak mteractmn must be descrtbed 1ust as’in (l), and -
the decay of a I-A;I- -meson must follow ‘the scheme PL ‘ﬁ@ t Ve + Pt“‘ ' Here as usual

Ve is defmed as the particle emitted together wrth a posrtron in’ /5 -decay ‘Its sprrahty,
determmed experrmentally, is negatlve17 (the )Je ' spu'allty 1s “of course, pos1t1ve) As for Y
and \,J , these. partrcles are difined as havmg neganve ‘and poslttve sprrallty ‘Thus, the decay
ofa n‘"' -meson follows the scheme TC'ﬂ /4« t IJ[.«, ", These notatrons were used in the
- Table of the previous paragraph o o o

“To clear up. the question whether Pﬁ and \J[_L are dlfferent partrcles there remams one -
possrbrlrty whlch is dlscussed in. the next' paragraph ‘ o ’ o .

DlSCUSSlON OF AN EXPERIMENTAL ARRANGEMENT
WHICH, IN PRINCIPLE, IS APT TO ANSVER THE QUESTION AS TO WHETHER
\)e. AND \Jf,L ARE IDENTICAL

. The method-which is suggested below is. essentrally analogous to that used in decrdmg
whether a neutrino and an antineutrino (in our def1n1tlon V and. . )/ ) are ldentlcal partic- .
les 23 or whether -Ko and Ko -mesons are rdentlca%

identity of particles and antlpartlcles has been proved experrmentally by the non- observabrlrty of

particles 18 Jdn these cases the'non-

some transmons, the matrix elements of which differ from 0 only if ;partrcles and antiparticles’
are i 1dent1cal For example, the absence of the process lJe ‘f'&-’ A 4 proves that . \Je and
P& are not 1dent1cal since the process))e+Ce —-}A +e must, undoubtedly , occurs. .~
In our case we are not concerned with the problem already solved of the non-rdentlty of n neu-
trinos and antineutrinos, but with that of the possrble non-rdentrty of - Ve_ ‘and . Vf“‘ (or of )/e
and V . pele e e T Lo ~
' To solve this problem it is suggested to test experrmentally whether a beam of Vf‘“ is: able ‘
to induce transitions which may be,’ undoubtedly, induced by ).é r-partlcles From an experrmen- :
tal point of vrew a‘beam of muon neutrmos is'more attractive than an electron -neutrino beam for
the followrng reasons. Usual intensive sources of electron neutrmos are radioactive isotopes.
The latter ones by their nature are. not capable of emlttmg neutrmos of high energres On the cont-
rary, muon neutrinos are obtained, naturally, with’ h1gh energy. Lo :
On the one hand, it is. of i 1nterest to use antineutririo of very hrgh energy, say>100 MeV smce
the cross sectron for the processes induced by these partrcles rapldly mcreases with energy On o
the other hand, at very hlgh energies the 1ntens1ty of muon neutrino’ generatlon decreases due toa
relatrvtstlc lengthemng of the pion llfetlmes Therefore We drscuss here the arrangement of an -
experiment with V}U of energy of . < 100 MeV. ’
Conslder for example the reactions (see the Table l)
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Reaction (b ), if Ve_ ‘and Yy are identical particles, was successfully observed by
Reines and Cowan 4 Y if Ve.#‘# , (&) is not observable. The reaction ( a ) is a threshold reac-
tion and is unobservable at energies ¢ 100 MeV. The problem consists in determining the
cross section for the reaction ( b). In the energy range where the neutron from the reaction (b )
may be detected with a good efficiency inside a large scintillation counter containing cadmium,
Reines's and Cowan’s method is quite suitable. When an event induced by the reaction ( b ) takes
place,.two.impulses will appear in the scintillation counter one ,One of these corresponds to.the .
positron energy release (the neutron gets a small share of energy) and the second, which is- delay- :
ed with respect to the fitst impulse. corresponds to the photon energy released in the neutron cap-
ture by cadmium. To detect the reaction ( b) a scintillation counter of the Reines and Cowan type
may_be bombarded by a beam of muon _antineutrinos which because of their energy are not capable
-of inducing the reaction ( a ). Such - )) beam must have a negligible small contammauon of elec-

~ tron antineutrinos, which might induce the ‘trivial’ reaction Ve-l- f\,-——) €++’VV

In order to clear up the experimental conditions, we consider the production of neutral
. lep‘to‘ns of different types in an accelerator of protons, say, a 700 MeV accelerator.

. The radioelements which are produced in the target and in other parts of the. accelerator are
'~ sources of. \J , and to a less extent, )Ja -with a low energy ( é_ 10 MeV). These electron
neutrinos do not give a dangerous background, since:
a) their energy is:small, and, essentially, they can be easily discriminated by analyzmg the
correspondmg pulses from the scintillator; _
" b) the cross section for the reaction Vot | Y 4'\,1-2— is proportional*te .the‘square of the
- incident antineutrino energy, and, thus,it is relatively small at low energies. Pions 'of both signs
will be produced in the accelerator target. They w1ll generate neutral leptons as follows:

LD TC-»[AJ-VP. o 2) /u. —e +Ve+V/~
R pet P}, - o —&+ ot
5) qu_,-'+ nucleus: —p .V‘bu '

- Contaminations of Ve and V‘u, in the beams are not harmful, since it is already known
that neutrinos (both o and L} ) cannot induce the reaction under consideration. It is easy ta
see that the 'hgrmful' contamination of Ve ~appears only from the decay ( 4)of . " -mesons.
However, ‘Lo -mesons stopping in matter of high atomic number (it is not difficult to make it im-
possible for mesons to stop in light materials) do not practically undergo a IU-;- -decay. As far as



a to -decay in flrght is concerned it may be neglected smce the decay mean free path of o
“mesons is measured in hundreds of meters whereas it is reasonable to place the detector of the reac-
“tion (b) at a distance ofal0 meters from the  target. S , v

Thus, it is possible to obtain a beam of V -partrcles, whrch practrcally has no contammatron o

of \J& . The \)}4, from reactron (2), (or1g1nat1ng from stopped l‘& -mesons), have a mean

energy of aa 35 MeV, whereas Vf“‘ from reaction (3) may have cons1derably greater energy (de-

" cay in flight), but their intensity- will be 1n general small.

+ - o
The number of \)F“ produced in reactron (2) may be close to that of the .R- produced in the :
target. Therefore the aumber of U generated in modern phasotrons may attam the value 1012/sec,

Models of new accelerators are bemg discussed now in which the 1ntens1ty of the accelerated pro-
tons may be increased as much as by three ‘orders of magn1tude Thus, one may hope that in the-
near future a flux “of 108 VHJ Jem? sec. at’a drstance of 10 m from the target may become
real. The cross sectlon for the process (b) was est1mated by the perturbatron theory and turned out
“to be 2. 10 -4 cm , if Ve—"‘Vf““ pl,g of energy of 35 MeV If we make use of a scmtxlla- :
tion countet of the' Re1nes and Cowan’s type (1-2 tons), the number of events is equal tosd’ per ‘hour B

~ ]0 / cm? sec), if the detection efficiency is unity and’ if: VQ_ V .

" As Reines and. Cowan4 showed recently, the efficiency may exceed 0.5. The recordmg of
events under consrderatron is less difficult technically than in Reines and Cowan s experiment, as
the energy of the emitted * v}” -part1cles is large. Thus, the reality of the expenment depends

' upon the magmtude of the background, which is very difficult to evaluate a priori. ., One may only
note that unfortunately, the ratio signal to background must be consrderably less than-in Reines and-
Cowan s experiment. It is of interest to note that va -from reaction (2), in: contrast to the neu-
trons emrtted in the target, are emitted 1sotrop1cally This' makes it possible to decrease. the diffi-
culties which are due to the accelerator background the detector of V/» must be placed atan
angle - 2 90° with respect to the direction of the protons. incident on the target.

Summarrzrng one may say that experiments planned to test the identity of - Ve and ))
though very. d1ff1cult" must be seriously thought over when new intense accelerators are bemg desrgn-
ed. In part1cular, the problem of radiation sh1eld1ng in such experrments ‘must be- consrdered ata ve-
ry early stage. of the. accelerator s desrgn. ‘

In conclusron the author consrders it h1s pleasant duty to thank Chou Huang Chao
L.B. Okun, and J.A. Smorodrnsky for numerous drscussr,ons
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