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INTRODUCTION

The scattering of light has been studied for several centuries. The discovery
of the electron, and the phenomena of radiocactivity made available a number of 1
particles for new types of scattering experiments.

The experiments gave considerable information concerning the structure of
nucleii, atoms, and compounds.

Scattering experiments have continued to be a major source of information
about interactions and particles. The classical and quantum theory of scattering
have been very well developed, for both single scatterers and ensembles of

scatterers.

- AN LA 4 1

For an ensemble of scatterers there are processes in which the total scattering

cross section is proportional to the number of scatterers, and processes in which

the total cross section is proportional to the square of the number of scatterers.

In the latter case the process is referred to as a coherent process. Under certain

|
P

conditions large effects may occur because of constructive interference.

Existing theory and reports of experiments in the open literature provide no - 1
examples of large total scattering cross sections for the scattering of neutrinos. 1

Indeed, there are no published data on coherent effects in neutrino scattering.

i+ AT RPN THL R i1 .

It is the purpose of this investigation to explore, theoretically and
experimentally, a number of neutrino scattering processes, in order to discover

those which give very large'coherent total scattering cross sections.




THEORY OF SOME COHERENT SCATTERING PROCESSES

In the scattering of light the wave amplitude is given by an object

V..V V..V
it tf *

. (34
R tt(—z—,lz) L )y (1)
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The letter a 7refers to the a scatterer, the letter i refers to the

initial state, the letter { refers to the final state, the letter t refers
to some transient (intermediate) quantum state of the scatterer. Vit is a

matrix element of the scattering potential given by
* 3
Vie = Jvi w o )

In (2) v, and y, are vavefunctions of the scatterer, in (1) F, (E) anc
Fz(E) are functions of the energies of the light quanta and scatterer. The
sur over a will involve a randou phase for each scatterer a if the initial
state wi is different from the final state wf. This happens in Raman
scattering. However, if wf = wi then the phase factor associated with

each scatterer will cancel out for the product vitvtf gince it is then

Jufve e’ Jup wy o% 3

The important issue is that if the final state is identical with or in
fact very close to the initial state, the random phase associated with a
particular scatierer will not affect the amplitude. The resulting amplitude
psy spproach the product of the number of scatterers and the amplitude

contributed by one scatterer. The total scattering cross section may then

be proportional to the square of the number of scatterers.

N RS
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A NEW PRINCIPLE OF COHERENT SCATTERING

For an incident particle interacting with many scatterers, tha cross
section is usually computed in the following way. For each scatterer the

amplitude is calculated, assuming that the scatterer is acting independently.

ol

§ And for each scatterer treated in this way the energy and momentum are conserved.
For the entire ensemble of scatterers the resulting amplitude is a sum over

all scatterers taking the phase shifts and retardaticn effects into account.

The requirements of coherence and energy momentum conservation are very

strict and as a result the coherent scattering cross sections calculated

.

in this way are often very small. There are situations in physics where a

large number of particles may interact, as a single entity. For example an

et ORI, OB

elementary particle may excite the normal modes of a solid.

Here it 15 proposed that an entire ensemble of scatterers can
collectively and coherently scatter a single incident particle such as a
neutrino. The energy momentum conservation relations are assumed to ap;yly
to the entire ensemble, acting as one entity. The conservation laws apply
r to individual particle interactions only if all interactions of a given
scatterer with all other particles are included. Each scatterer final state
is nearly the same as the original state. It is essential to arrangze
experiments .6 that appropriate initial and final states are available to

satisfy these requirements. Later, some experimental data will be presented,

i indicating that this new principle of coherent scattering may be valid for

some experiments.

It should be noted that all of the calculations must be done with appropriate

collective particle scatterer quantum states.

il P .
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We propose to apply these ideas to the scaitering of smeutrincs in a number
of way:; First, : »nsider the Feynman graphs, Figures 1 and 2. 1In Figure 1
the s0lid line represents an slectron scattering a neutrino at A, which
changes its snergy momentum. At B the electron interacts with the electro-
magnetic field. PTigure 2 represents the same process as Figure 1 except that
the interactions with electromagnetic and neutrino fields occur in the opposite
order from Figure 1. Thus an incoming neutrino produces an outgoing photon by

interaction with electrons.

For such processes the S matrix is given by

s-%ﬁ Tag (OGSl IY HYOUy Ty (Y, )by ()

H s COTERY U (T (Y, (4 )SpCxoy) KDY, ()18 xd" (4)

Eif is the fina)l state electron creation orerator, uEi is the initial
state electron annihilation operator, A is th;‘Maxwell 4 potential, the y's
are the gamma matrices appropriate for the Dirac equation, A = YUAP. Sr is
the Feynman propagator, “b are the neutrino field operators.

S. is written as a Fourier integral over 4 momentum space. The integration

F
(4) is then carried out to give for N scatterers with final state identical

with initial state

jan
s =L(2m'ud @y W) (5)
a1 347y v
uj is the matrix element for the jth scatterer, Pph is the 4
momentur of the photon, Apv is the difference of the neutrinc initial

and final state &4 momenta. (5) is then gmployed tc compute the differential

cross section, assuming identical initial and final scatterer stailes

3
d"py : (6)

g = @m0 &, =) T

)’

Let all particles for the moment be described by free particle wavefunctions.
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In (6) the continued préduct is over all final state particles. One »of
the quantities gppeasring in the integration of (6) is the solid angle into which
the neutrino is scattered.

Since each scatterer is assumed tc return exactly to its initial state,
all of the change in energy momentun of the neutrino is taken by the photon.

Under these conditions, the cross section for this process will be shown to be

2ero.

Let the incoming neutrino be moving in the = direction with momentuﬁ

Pyay® Let the outgoing neutrince have momenta Puzo’ Puxo® and let the photon

have mowmenta

pphxo‘ phzo then
Puxo * pphxo =0 M
Pozi * Puzo * Pphzo (8)
(7) and (8) are statewents of momentur conservation. Energ\ conservation
reqQuires
i A 2 /2 2 '
Puzs = Puzo + pphzo Pyzo ¥ Py xo0 + pph:o + pphxo (9

(9) can be satisfied only if Pugo = pphxo = 0 and the scattering is

strictly in the forward direction. Therefore, the solid angle into which the

neutrino is scattered is zero. The cross section is 2ero.

The statewment is often made in textbooks that in Rayleigh scattering

of 1light the initial and final states of the scatterer are ldentical.

Equations (7),(8), and (9) are also applicable to Rayleigh scattering and

suggest that the initial and final states cannot in fact be identical. Clearly,

they must be sufficiently near sach other that the random phase shifts discussed

earlier do not destroy coherent effacts. In the case of atmospheric Rayleigh i

- scattering from gas molecules, the situation is believed to be the following.
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The scattering is by electrons bound in molecules. The wavefunction consists of
a part associated with the internal electronic state and a part associated with
the translation and or rotation. In the scattering of light the electron returns
to its initiasl electronic state, but transfers some womentum to the nucleus by

the coulombd interaction. Cooperative coherent scattering appears possible in

which a number of molecules asbscordb the momentum and scatter one photon. A very

smal]l amount of snergy is associated with the momentun transfer. As a result

there is only a very small phase shift, the entire final quantum state is nearly

but not identical with the initial quantum state, and a range of szatterinc

angle is possible for the photon. Many atoms cad cooperat1ve1y scatter one photon.
For our further discussions, we will consider cases where the initial

and final wavefunction are very nearly but not exactly the same.

EVALUATION OF MATRIX ELEMENTS FOR NEUTRINO ELECTRON PHOTON SCATTERING

The matrix element VU appearing in (5) may be written in terms of the
electron and neutrinoc spinors L‘-e , Uv and the Fourier transform of the free

electron propagator SF’ as

- 26 iF a i .
bz [Uef‘S}'Y 5Ty Ve o (¥ Ves

n .
+ Uch (1+Y5)uv1q§fYa(I*YS)SF’Le%] (10)

In many scattering calculations, it is customary to square (10) and then
sum over all spin states obtaining expressions which are the trace of a long
product of n;triccs. In this calculation, it is essential to suz over all
scatterers first. It is helpful also to separate (10) into terms which contain
spin operators and terms which do not contain spin operators. For evaluation

of (10), ve will assume that l.l.f and Uei r&prcsent electrons at rest and Uvi
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represents a neutrino propagating in the 3z direction. For Y° snd lws

wve choose
@ oj® 'ul (11)
Y lb °
Q
147° & 2 ' 1 o (12)
o
Momentun conservation requires in the first term of (10)
- V,¥y
O, £, 41 - Sf_Cph (13)
o £ 5 s ) 2p0'PPh
and for the second terz of (10)
v
. 1 ’gh A [}
Srﬂ'1 —— . (14)

P Ppy® 2 Pe " Ppn
Let spo). be a unit vector im the photon polarization direction. Then
Ke -Y-'ﬁpos,A' Let ﬁph be a unit vector in the photon propagation direction
and let RA\) be a unit vector in the direction of the difference of the

neuttrino initial and final state momenta. let the 4 component spinors U be

axpressed in terms of 2 components spinors x,n by

= x
v X | as)
then
eG/2 °
L ° ' &- pol‘)(yo Av'” & x':i vaf "v! I °
o . . b §
+  +ila
N D | R vaf ;'\»fl" o Op#ip¥ YT+ Bpoyd Iy, (16)
ba




i ]
R 1% i":f ":f| % o ° °
1 + o a”n
RBoofiny © O] [ba Xy Xy ® °

¢ (18)

i Ewploying (17) and (18) in (16)'giv¢s

E ue .___ie;;'lz !o X:fl (7-ﬁp!A) (YO"GA\) +¥)|o °

| B °
| |
E l ~ - - A ,
| R o ofly,+ nphoY)(Y-np‘iA Xei
| B o 0 - (19
'
P
|
(19) contains the terms
N ~N -~ - e .
4 ?.np.ogA(yo +nAv.?) - apmg.nm A HTR AV inin“pou“Avj A(with 1 ¢ ) (209
/. 5 ¢ .A -"~ -A .o
| ‘Yo"’“ph 82147 4np°1A) nphnpogA +Y AV apol + I Y4, nphinpole(with i¢ ) (21)
i3
L
i If unpolarized scatterers are employed,only the spin independent terms will
'. contribute significantly to the sum, because terms containing spin operators
are spin averages. It is also important to note that the spins of the
scatterers may or may not change in consequence of the scattering.
! He assume |
; : 1 . . 0 i
'xvi - - for neutrinos and for antineutrinos
_ o 1
: S 2 DT %o
| . Xor "l Xey o« Xof  © 1 |
% . . , Bf . : Bg ’ ( )
: }

10

A s L Y LT




In (22) we have assumed Xes o X £? the lack of exact equality will be important
ir the phase space integral.

- Then +
T B = =2Na% for neutrinos
electrons x:f x"i vt
for antineutrinos
b i B = =2NB#%
electrons x'f X“ ve

For summation of (10) ovér all scatterers we have for the terms not

containing the spin operators

. “r
. 2 1/2
8. .(antineutrinos) A :
Iy = B2ISE VS or fpyfogg + 8 8 [t £ (23)
%f(neutrincs) P LA ph <A,
8 (antinex.ltr:t.nos)"Wr T [ 2 1/2
Let K. = 1272] or T NP T R LI P (26)
pH a . {(Neutrinos) AV pof ph* pol 2 <
vi ph <A
L T JL J L var
and
Iy = eGNK h
S 2113 25
L
ph
N is the number of scatterers, £(0,¢) is a directivity factor including
vetardation effects, m 4is the electron mass, E h is the photon energy.
2
A
In(23) and (24) the factor {1 + ; ] takes into account the effects
«vac>
of spontaneous emission and other flelds described by Ae‘ <A3“> is the
vacuum expectation value of Az per mode. Thus if A‘ is due to black body
radiation, we have
(26)

— o ————
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We note then that the coherently emitted photons may be the result of
neutrino induced spontaneous emisasion or stimulated emission as a result of
the neutrinos, and electromagnetic field Ae,

It is also important to note that (25) will result if we consider the entire
ensexble of oéatterers as one particle‘oince e+>Ne; G+NG  ®m= Nzx.

The entire ensemble scatters one neutrino.

NEUTRINO ELECTRON PHONON SCATTERING

A neutrino may scatter as & result of interactions with electrons and
nucleons in a solid. Consider first electron neutrino phonon scattering.

A phonon displaces nucleii relative to the electrons and produces a
polarization. The energy of interaction between electrons and the

displaced nucleii is
pe(r)pnu(r')d3xd x'

Eonr © j . . (27)

| -]

Pe is the electron charge density given by
+
pe = -ei'."' w (28)

Pn, is the charge density of the displaced nvcleii. Let § be the particle
displacement associated with phonons. Ther the polarization ¥ wmay approach
the value

ZaN (29)

?.vq-

Here 2 4s the nuclear charge number and %- is the number of nucleii per

unit volume. From electrostatics, it is known that

Ppy ™ v.¥ €30)

12




The relatisns (27) = (30) then leal to

"nrr" ‘."“zN I + r)Vo?r' d3xd3x' (31)
v T - !l

because of screening .the potential 45 not of infinite range.

In a certain level

nf approximation, we may make the replacement

(32)

In (32) a 15 the linear dimension of s unit cell. (31) and (32) then lead tc

2 .2
- 27 Na + 3
Howr j vy Vg dx (33)
A

The phonon displacement § 4is written a8s the Fourier series

-k / KeT- 4 «i(k .3~
T oL T%T 1 bkei(k r-wt) + bke f{ker-wt) (34)
\ 2pmu(k)v

Here Dm is the mass density, V 1s again the volume, k 1s the wavenumber.

The divergence of q 1s required and is evaluated as

-.—- + " —‘-
e L [u [bke“k T wt]".’ bk R ik r-(dt]] (35)
Kk Vs 2me '

ve.

ol

the phonon field operator ¢ 1s defined as

6, I [uw_ [b LSIRT —t],  + ~ikF - wt) (36)

(33), (35) and (36) then give

Biwr = 8 j o' obax 37
with )
2
g i | (38)
W s
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Corresponding to the neutrino electron phnton piocess of eguation (4)

we have the neutrino clcctron phonon process with S matrix given by
s-£8 ([ Ty g I SGISEIIYT (1000 () Wye (9) Yo (1 ¥5)Vey ) (39)

- A
+ ;,r,.f(,)y" (v W v‘(x)w“f(x)ym (1ws)sr(x-y)voé(y)w“(y)] d'xd’y

The matrix elements are then

TR % [U:f°P sry" (34v5) U tﬁvf Yo (147500,

+ uef Y (HYS) vi vf Yuuﬁ's)sryo% Uei ] (40)
In (40) ép is the part of the phonen field operator which creates a
phonon with 4 momentum Qpho. For standing waves the space part of ppho is zero
(40) contains in the first ternm
} sF - —_.1_...——— (41)
. J ‘ei"‘ A‘\)q

3 is the initial state elsctron womentum, Ap is the difference of

v
{

the initial and final state neutrino momenta. (41) wmay be written as

‘ei + A‘v o

el . B s e

2?.1' Ap\) (42)

Mmooy v

the second term of (40) contains the factor

¢

— .' (43)

. ‘q:l-‘pho-u

' (43) 43 wricten as

(44)

2945 Ppho

S




These relations enable evaluation of (40) as

Ap AE
V) hon 1
o © [ 24 —= v, [2+ —L—m 1 Yle ol

v EE oyl

el
(45)
y AE

2 bp, ° °

B » phon 8

For a process in which the initial and final electron states are identical
the change in neutrino energy momentum is equal to that carried awayv by the
phonon, and (45) will sum to zero. Such a proécts would have an increditly
small cross section even if (45) had the value given only by the second tercm.

On the other hand it appears possible for the entire ensemble of

scatterers to absorb the neutrino energy-momentum, in which case CAPV>>Ephon

and the gecond term of (45) is the primary contribution. Each scatterer has
a final state very close but not identical to the initial state. 1In this case

ve may expect for the summation of (45) over N scatterers

B .(antineutrinos) <> J1/2
uf é e
M = NgG or phon £(6,¢ ) |1+ W (46)
avf(neutrinos)
<¢:>

the factor 1 + takes into account effects of s phonon field

2
<¢?>
Lt

¢, Vhich may be present and the zero point fluctuations <¢’>°.

e g e e
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PHASE SPACE INTEGRALS

Calculation of the scactering cross section requires the evaluation of an
1n£egral over the phase space of all outgoing particles. The invariant integral
for n outgoing particles is
- I dspldspz....dspnG(pf-pi)G(Ef*Si) (47)

2122....2n

In (47) p, &nd p, are the total final state and initial state three momenta,

£

respectively. Ef and Ei are the total energies. For some purposes and in a

certain level of approximation , the ensemble of scatterers may be treated as a single
particle. For the evaluation of (47) with 3 outgoing particles, the integral over

P is carried out and this eliminates the three space momentum delta function.

d3p1 is replaced by dnlpidpl with a similar replacement for d3p2 obtaining

2, 2 |

N - ! 62,42,14P,Ppdp, 8 (Bg-E,) - (9

3
E\EpEy

the energy relation

£ - plan? | (49)
gives EJE = pdp and (48) becomes
N. = dnldﬂzp lpzdﬁldh‘.zé (Ef-Ei) :
3 E = (50)
3

Let 912 be the angle between the final state momenta of particles 1 and 2.

an - an(aoselz) snd tﬁis'leads to

1

(51)

ns . 27 j dﬂldtldtzplpzd(eolelz)G(Ef-gil
E
3

16
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The calculation 13 performed in the center of mass coordinate system, with

2.2 .
Py By + 2B, 4 0

partial differcntiati&n of (52) leads to

padp3 - plpzd(coaelz)

Up to this point the evaluation of (47) has followed the standard
procedures. Now let 1 refer.to the neutrino, let 2 refer to the photon and let
3 refer to the energy and momentum of the ensemble of scatterers.

Suppose the ensemble of scatterers consists of particles weakly coupled to
each other with individual exchanges of energy and momenta uncorrelated. Let the

average kinetic energy of each scatterer be <E2>kei' Then

N
2 2 2
Py = I Pyt NEEp)

From (54) the total energy 23 is related to total momentum Py by

: 2
- Mo + 13

2o

E,

Differentiating (55) leads to

P,dpP
dE3 - —3——2
]

Employing (55) and (56) in (51) then gives

d0,dE, dEdE 8 (E,~ E, -E,-E,)
N, =2m [ —=—==-% 3 =
3 | I,

!3 *=Na and (57) becomes

am
NS'T [ anlar;lazz

(52)

(53)

(54)

(55)

(56)

(57)

(58)

ki
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On the other hand, the scatterers may be strongly coupled to each other, in

which case (54) might be replaced by

N
2 2 2 .2 1
Py = ( i.lpi) <+ 2N <E >k¢i" (59)

Here f 1s a function which specifies the degree of correlation of momenta

e -

. of the scatterers.

The total energy cf the scatterers, }:3. is now given by

3
Ey = Mo+ %7 (60)
p.dp
ar, = 222 (61)
mN§
(61) and (57) then give
2n
N, = =F J do,dE, dE, (€2)
For a two particle final state,integration of (47) gives first
R 2
dn P, dp,8(E -Ey)
i N2 - E.E (63)
‘ 172

The total energy Ef = El+}:2. (63) is written in terms of Ef and the final state

monentum of either particle p, in the center of mass coordinate system. p = P, = Py |

|
Suppose both objects are particles with Ez = m2 + pz. then |

) ‘

; dE dE dE.
’ dp dp dp 1 *2
- |
4 . ’ 2 >
SR dﬂlpl dp1
—~—=~Z = dE_8(E.~E,) (65)
= Yo" Jegr, @, °* £
172 £

(64) and(65) give

(66)
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Suppose now that the ensenmble of scatterers is taken as one of the particles

satisfying (35). Now (56) gives

dE 1 l .\ N 1
o= = p(2+ )T p (—+ ) (67)
ap m 52 El 52
For Nz s evaluation of (63), then gives
U .
N (NE.+E.) J dly (68)
2°71
If the motion of the scatterers is strongly correlated the integraticn of (65) will
then give
- B2
“2 fEf I dQl (69)

It is important to note that our calculations of the phase space factor
involve only those p.rts of phase space for which energy and momentur are strictly
conserved. For the appropriate amplitude the only phase shifts which then need to be
considered are those resulting from retardation effects to give the phonon or

photon field, and the randor phasc shift of eaach scatterer associated with the lack

of exact equalicy of the initial and final states.




COHERENT SCATTERING CROSS SECTIONS

Matrix elements have besn evaluated foxr the case where the i{nitial and
final scatterer states are identical. As noted sarlier, in this case, the
cross sections vanish. We now explore situations for neutrino coherent scattering
wvith nearly identical initfzl snd final states.

Electron neutrino interactions are ordinaxly described by the object

?C

re N, (70)
ﬁL angd “k are considered to be field operators ordinarily written as a
sun of creation, and annihilation operators for electrons. (70) then results in ‘
matrix elements in which one electron is annihilated and another one created.
For an N particle initial state there are N matrix elements representing interaction
of sach scatterer, one at a time. If all thess terms are properly phased the sum
of the N matrix elements might approach N times the value of sach.
The interaction (70) was designed to douéribe interactions involving small

numbers of particles. A similar situstion exists for interaction of an electron

with the nucleii of a solid. The interaction

VY, ()Y, (x) Dy (x-3) v (y)wp ) (711)
could give a sum of terms inolving single protons. In solid state physics
the many particle effects are taken into account by employing the lattice

vibration normal modes and the slectron.phonon interaction.

We may interprat the interaction

uw.wj\,rw. (72)
as one involving s direct coupling of N scatterers to one neutrino. The
ensenmble of scatterers has states of total energy womentuz spin. The operators (R
20
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A ;. sad VN W. are expanded in these states of total energy momentux spin.

The expansion coefficients are then creation and annihilation operators for the
Monentum and energy of the ensemble. Under these conditions the integration of

(9 would be axpected to yield quantities such as'

NV 6(Ap“+ 1: Ap:l + ’ph) an

The matrix elements y are in a certain approximation the same as the ones
obtained earlier. The 4 dimensional delta function has as argument the change of
neutrino energy modmentum, the change of energy momantum of the entire ensemble of
scatterers and the womentum of the photon or phcnon. An alternative procedur: is
given by equations (86)-(92).

Suppose now that we can arrange a solid or liquid with a system of Quantum
states such that cohsarant scattering of the kind discussed sarlier is possible.
For electron neutrino scattering the cross section would be

a0« WL EE N, (74)

P

with N3 given by (48), (58) or (62). TFor photons as one of the final state
particles the use of the matrix elements already given leads for the case of
scatterers veakly coupled to each other (equation 54)

8g = 06 EEEAE e’ a5

aﬂ)‘ize‘l‘c‘

The cross sections will be extremely emall unless the ensemble of
scatterers can soushow absord significant amounts of neutrino energy and
sopentum. If the scatterers behave like & massive, perfectly elastic potential,

the scattering cross section would be proportional to the square of
I o“““'r D.(r)d’z- - (76)

11
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vhich is the form factor of the "density" of scatterers p.(r). At MEV anergies
(76)would give a very smal] result for s solid. Returning to (78) we imagine first
that as a result of internal intaractions the ensemdle of scatterers can adbsorb
the momentun of the neutrino, but not its anergv. Then, the outgoing neutrino
might have any value of momentum betwean its initial value and the negative ol

its initial 3 momentum. 4 +4n, drv tdzph. For strongly coup.ed scatterers

Na in (75) might be replaced by a quantity approaching NS. For (75) as it stands

with N « 1030. dtph» 10‘18. vacuum oloctrouaguotic.tioldc. all scatterers in
a region small compared with a photon wavelength:
o+ 101 e? 7

Suppose a material is eumployed with scatterers having quantunr states
which permit most of the neutrino energy momentum to be absorbed. Then each
scatterer will have a final state vhich differs in energy from the initial state

by £&E with

") (78)

and momentun change Ap‘ given by

E,
Ap. - (79)

The phase shifts associated with (78) and (79) are not sufficient to

significantly affect the coherence. Under these conditioms (75) could be

evaluated with

-18

ar +E, . For N ~20%, a£ . +10

ph

0~ 10 : (82)

-

For neutrino electron phonon scattering the cohesrent cross section,

assuming (46) is valid, is given by

22
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In (BD) Va is the spe2d of sound. Depending on the internal structure dE\
again wnight approach :v » The electron phonon coupling constant g is, for
aetals (CGS units) given by

g2 20735 3

NEUTRINO INDUCED STIMULATED ABSORPTION

»

Corresponding to the photon or phonon emission processes there are sctimulated
absorption processes indicated in the “eynman graphs, figures 3 and 4. The same
matrix elements may be amployed, but the final state in each instance contains only
the neutrino and the assemblage of scatterers. The phase space factors (68) er
(69) are appropriate. For the photon case, the cross section for absorption is
therefore given by

2 2.2 2 ,
oG E B XN WS, d

(2m) “ncinic?

and for the phonon stimulated absorption

o=

2N KE By L
[ ] (V)
o= 3 pho

7
(2m) 4| ¢ Ve

\
(75A) and (8lA) must be summed over all photons or phonons which mav be present.

.
— (81)
(h)qﬁ?c9

erg cm (82)

(754)

(814)

[N YO
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CLOSELY SPACED SCATTERER STATE POSSIBILITIES

The importance of having very closeély spaced scatterer states is evident.
Orie way of achieving this with electrons 1s to have each electron exchange energy
with a nearby nucleus via the coulomb.interaction as indicated by the Fevnman
graph, Figure 5. We might expect a matrix element having an additional power

of the fine structure constant and detailed calculations are being done.

Another possibility consists of employing spin states or some other degree
of freedom with quantum state spacing which can be controlled by aprlication of
an appropriate field. Suppose that only the temperature of the scatterers is knowm
and therefore that each scatterer quantur state is an appreopriate mixture of spin

or other states.

,
i MO B D A LT s A i S W B, .t S meerp e

It is also assumed that the momentur of the incident neutrine will be

absorbed by the assemblage and that only the energy change needs tc be accountel

I TR A S e L R

for by the possibilities considered here.

Let all scatterers haQe the same temperature. Let e, be an annihilation
operator for a scatterer with the given mixture of states. Assume that the
scattering changes, slightly, the mixture of states. Let c;‘ be a creation operator
for the new set of states. Each neutrino is imagined to be scattered by the
entire ensemble.

Let the initial state be repr;sented by

‘CI cz*c3+... cn+! o) , ' (83)

and let the final state bc one in which all the particles are in a slightly

different mixture of atatos.‘described by

(blcl'cz'cs'...cn" (82)
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For example the state (84) may differ frow (83) only in the temperature.

The interaction will then involve the sum [ [ c;+c'. With the
i

initial and final states (84) and (B3). The only terms of the interaction

which produce coherent scattering are those for which 1 = J and the

summed matrix element is

R ¥ +
] \J ] ] [
<o[c1 c) °3""°nl g ey'ey ]c1c2c3.... . o) (85)
As an example let us evaluate (85) for the case where each scatterer car
be one of two epin slates, with cJ associated with the spinor
| (86)
(l_sg)l/z
and ¢5 associated with the slightly changed spinor
Bj =6
7 -
- @542 (87)
6 45 a very small quantity. (85) may then be evaluated as )
\ 2 ng?
I ' o + + + +> _§_ .s N 2 (88)
<ey ©) °3"°°u|2'°3 le € ey €q eeec > ® N( 1 2f + ..)" = Ne

(88) is applicable to all of the earlier processes considered, where the primed

states differ from thg unprimed ones in the small changes of energy--momentum

dmplied by (78) and (79).

Suppose (88) is appliad to spin states in a magnetic field. Let the magnetic

moment of each scatterer be um and let a magnetic field HHAG be applied. Then

the average change in energy of each scatterer following scattering is

27
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A de+unuwd3x and from (86) and (87)

(AE)s12 - 4umHMAGGE

For N scatterers to absordb energy Ev it is necessary that
N(AE){(}I2 - loumﬂchG Ns= Ev

to obtain & large cross section (88) requires

N&?2
2

s
—

The appropriate magnetic field consistent wich (90) and (91) is
Mg s
= 4u /W
™
where N is the number of scatterers, and & must remain sufficiently small so

that the phasz shifts do not destroy the coherence.

(82)

(81)

(52)




DETECTION OF COHERENT SCATTERING BY OBSERVATION OF
THE ELECTRIC AND MAGNETIC FIELDS OF THE SCATTERERS
The earlier discussions involved coherent effects in which as a result
of neutrino excitation an entire ensemble of scatterers emitted one photon or one
phonon which is detected. It appears possible to obtain larger coherent
cross sections by omitting the step of photon or phonon emission. The coherent
effect appears observable by making use of the Coulomb type electric or
magnetic fields of the scatterers. This process appears applicable to electronms,

prctons, neutrinos, and certain nuclei .

Without the photon emission, the matrix element (4) for electron

neutrino scattering is

Moy = 7—; efv (A+y )y, U\,fvauﬂs)uei] (93)

electrons

and for either proton or neutron -~ neutrino scattering

u'ﬂ“\) = Tyﬂ f21 UV. 80 Y "")Unui . . (94)

Protons-neutrons -

where the object 291 is a function of neutrino creation and annihilation
operators, form factors and gamma matrices. The objects (93) and (94) are summed
over all scatterers and then squared. This squared sum, in ordipary scattering
experiments is approximately N times‘ééch squared term. The scattering is
incoherent : ~cause the initia1>and final states are usually very different and
have random phases. Coherence effects again appear possible if the initial and

final states are nearly, but not exactly, thg same.
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Let each scatterer be imagined localized near some site in a solid or
liquid and to have a number of closely spaced quantum states. Let each
scatterer be in an appropriste mixture of such states, defined for example
by the temperature and a density matrix. Since all scatterers so far considered
have spin # o the treatment similar to (83)-(92) appears applicable.

The scattering cross section for such a process is evaluated as

approximately
G’e_E N
O i (95)
(am) h'c

1n (95) Es is the energy of each scatterer, electron or nucleon.

Each scattering produces a change 6 in the spin state mixture with

the magnetic field so arranged that the scattering produces an absorption of

energy E by the spin system. If the spin system is totally isolated from

AY

the lattice, the degree of alignment cf the spins would continue to increase
until all moments are antiéarallel'to the magnetic field. MNowever, as soon as

8 . starts io change from its thermal equilibrium value the.spin system begins
to relax to the lattice temperature. A stationary st;te may ultimately be reached
corresponding to a spin temperature different from the lattice temperature. It

is proposed to observe this change in spin temperature.

The orientation energy of the spin systemiin the external field

+ 3
uspin is given by fw My Hnagw d°x, as
U - NE ¥ (232-1) 96)
Spin ‘mag mag {
du

dt mag mag dt




k This rate of change of snargy is deteimined by the absorption of energy
from the neutrinos with a rate governed by the neutrino flux F, and cross

section 0O, the spin-lattice transition probability W, from the lower to

3 the upper spin state and Wy from the upper to the lower spin state.

Therefore, we have from (96) and (97)

d8 - _p? _nl
4 N 2o nag " OFE,, + (1-8")Nw,;AE-B"Nu,,AE (98)

AE is the pure spin state energy difference, not the difference in mixed state

energies.

In the absence of neutrinos the steady state value of 8 for which we

employ the symbol Bo is givea by

2, 2
1 'Bo)Nubl - Bonl2 =0

(99)
If the neutr <o scattering produces a total change AR when a
i : stationary state is reached, we have from (98) and (99)
OFE, - [(2BAB)Nw,, + 2BABNw),)AE] = 9 (100) -
4E
W% UWyy if T <<1 and for this condition
b 1 - GFE
AB v (101)
ABNmn AE
In the absence of scattering
‘ 2 . ~SE
: £ - (102)
" -8
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In (102) &E 41s the difference in energy between the two states

$E = ;-% . Differentiating (102) leads to

(dB).r i .6}: d_'r (103)
(1-8%)8 2kT T

with (cl.".).r the change in 8 associated with a change in temperature dT

The steady state change due to scattering (103) is thus observable as an

apparent difference in spin and lattice temperatures (dT)equivalent with
dTequivalent SE - C,FE\) (104)
T 2kT &BZNNZI(I-Bz)GE
. " Ev
Since &6E = 75 (104) may be written in the form
ueqdivalent _cil-‘ KT)
T 282, E e (103)
U1 B

Woy is the reciprocal of the spin lattice relaxation time. It is known
that for some‘materials -- for example lithium flucr?ile, the spin lattice
relaxation time is several minutes. If the cross section (J5) can be achieved,
1022 nuclear spins will give a coherent cross section =] cmz.

Por T=300°K a neutrino flux 10s per square centimeter per second
at 1 ME@ would déuble'the spin temperature. Lowering the temperature will

reduce mn.

There are a nubber of other possibilities. Nucleons might be endowed

with spin greater than 1/2, and have quadrupole moments. An example is deuterium.




Closely spaced states result from the interaction of the Quadrupole moment
with the internal crystal field. Ancother method would employ quantum state
wixtures which have an electric dipole moment and produce an appropriate

structure by application of an electric field.

COHERENT SCATTERING BY A CRYSTAL

The following example has been instructive in understanding what
may be important factors in obtaining a large cross section. Consider
a crystal containing 2 large number of scatterers. Let the crystal recoil
and absorb whatever momentum must be exchanged. The total mass of the
scatterers is so large that the transfer of momentum from the neutrino
will not be accompanied by significant energy transfer. The neutrino
energy may be transferred by change of the scatterer spin state mixture
or by other means. The crystal is assumed to be very stiff.

Consider the § matrix element involving neutral currents

- - ) | 3 .
5= T, P h B K Y, X

In (106).the subscripts S and Vv refer to scatterer and neutrino
respectively. The subscript o again refers to the initial state and
the s;bsctipt f refers to the final state. T and K are the required
.operato:s for the neutral current interactions.

The assumption of stiffness is interpreted to mean that

the final state of the scatterer has the same particle density distribution
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as the initial state. Therefore

=YY
* s¢ Ts¢  Tse Use
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(107)

the final stats wavefunction for the ensemble of scatterers is therefore

‘idEst +* idﬁ'i

! Vs:"" \/-“Q

Yo has the properties

j#:cf U, 4L3x = Sl}:,f I‘L“isg + aﬁ

g R Y

-

* o d *
5 j¥$¢ jz V'SF étJX =Ji¥.50 ";it‘ "/‘.So o+ AE.‘»

s e

S= {Fry Ok,

i (apy + “fs).x"

(108)

(110

The incident and scattered particles are represented by plane waves.

Ihe's matrix (106) may‘then be written employing (107) as

A ¥x (111)

Let us define ¢ Fourier transform ¢(p,) by the relition

om—
Bipa= [T rydcuae 4
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i Ezploying (112) in (111) then gives
i

¢ ( +ap, +ap;) X" q
Se (lpo)e NP 0y g
(113) is evaluated as

5= @ (-ap-2p)

th

i space coordinate xn. The result is

- .NYJ

(113)

(114)

Let us evaluate (114) for an ensemble of scatterers in a stiff crystal

with the o™ scatterer confined to a cubical box AL units in length at

» "("' i(“Pu*“f.s),Xu ]‘(Qf’v"‘f’é)x“ﬂJ
| - ~— é Sin 2

L 5=Q3PUJUV§KUW /7

%' (epr+rap ), af
: [

clap, +ap) X,
fo+opsly 35“,[@#?)#&]

(AF, +ap, ), af
2 J

lapyraps) X, S l (ap.+apy)y & Q'J
2

-

(8prraps), ok
. c

X

(115)
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(115) 4is tdentified as

- ) ] S (116)
S - N Ug, FU_:, U-y; K Uvo ¢ (AFV + AFJ))
(115) would give the form factor of the solid if Ap. and AE. wvere not
present. The axchange of energy and momentum in a controlled way is
very essential. For N scatterers the total cross section might then
approach the value
GNYE,E, P
6 — s ¥ t (117)

() ‘h“c"'
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EXPERIMENTS

The theory already presented suggests that coherent scattering might be observed,
with large total cross sections for the scattering processes Figures 1 and 2. 1In
these a meutrino is scatte . by an electron and a low frequency photon is emitted,
with cross section given by (75). The earth's uagnetic field satisfies the rcquire-
ments of (92).

One series of experiments was carried cut emploving a large tank of demineralized
water, four feet in diameter and 4 feet long. A second series emploved manganese
nitrate in a chamber 20 inches in diameter and 20 inches long. The reactor at the
National Bureau of Standards in Gaithersburg, Maryland was employed. It has a power
output of ten megawatts and operates continuously except for maintenance periods.

The apparatus was located in a well shielded area about thirtyv feet from the core.
Search was carried out in the band 25-50 Mcs, and in another series, in the band
4-1000 Mcs. Small effects were seen, However the power received for the 25-50 Mcs
experiments was less than 10~1% watts, and for the 4-1000 Mcs experiments the power
receive was less that 4x10713 watts.

The Manganese nitrate experiment was repeated at the A.F.R.R.I. Triga Reactor.
The pulsed mode was employed, with 1660 megawatt 10 millisecond pulses. The high
neutron flux levels and the pulsed mode made observations difficult and it was
decided to return to the National Bureau of Standards reactor. -

At the National Rurcau of Standards reactor there are many experiments which
require a constant power lével. The reactor is turned off about every forty days
for maintenance. The most useful observing times are when the reactor is being
gwitched on and off. The electfon scattering experiments were observing effects
too small to be of interest for the major research objectiveé. Extremely long
running times would be necessary to verify that the effects ;ere not due to st .is-

tical fluctuations. It was decided to explore the neutral current scattering

_processes discussed in equations 93 - 117. . [
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First a teflon cylinder 0.75 inches in diameter and 2 inches long was employed.

fhe 50 kilowatt reactor at the University of California Irvine was available. The
apparatus was approximately 50 feet from the core. The teflon was at room tempera-
ture and an increase in temperature was searched for. Results were negative.

The exﬁeriment was repeated at the ten megawatt National Bureau of Standards
reactor and again results were negative. In these experiments a power output of
3000 ergs per second could have been observed as a heating effect.

It was then decided to eﬁploy the A127 nucleii in a sapphire crystal, again
0.75 iuches in diameter and 2 inches long. According to the theory discussed in
equations 106 and 107 sapphire should be have a much larger total scattering cross
section than teflon. Very small effects weare suspected at room temperatures. It
was then decided to repeat the experiments in a glass Dewar at liquid helium
temperatures. Under these conditions a very small heating effect is much easier
to observe.

A new series of experiments, beginning in June 1978 appears to give a strong
positive result, It is observed that 0.15+.03 ergs per second are generated within

the sspphire target as the reactor is switched on.
DISCUSSION

A research reactor area nearly always has a very high level of human and
apparatus activity at times when the reactor is being shut down or starting up.
Many important checks are required, for the reactor and for continuing experiments
near the reactor. Large pumps are switched and large power fluctuations may occur.

‘Exhaustive checks were carried out to determine if the activity unrelated to
the neutxino flux could be causing the observed effects. In addition radiation
surveys have been carried out in the vicinity of the sapphire apparatus. The gamma
and neutron radiation levels are roughly .1 millirems per hour. Noune of these

effects appear capable of producing the .0.15 erg per second heating effect.
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Therefore it appears possible that the large cross section characteristic of the

coherent process of equations 93~ 117 is being observed. This conclusion must be

regarded as tentative and uncertain, until additional checks can be carried out.
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