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CHAPTER I 

INTRODUCTION 

The attempt to reduce the complexity of the universe to simpli

fied forms has led to the discovery of the so-called fundamental 

particles, presumably irreducible. This Irreduclblllty, while satis

factory on the atomic level, has with the discovery of an anomalous 

magnetic moment for the neutron, for example, become questioned. 

Inquiry as to the nature of this anomalous magnetic moment has led 

to the concept of virtual states, which are postulated in an effort 

to understand this next lower step in the helrarchy of nature. 

These virtual states and associated virtual particles obtain 

existence as a direct result of quantum energy fluctuations related 

to the Helsenberg uncertainty principle. 

Further, these virtual particles are created and destroyed 

through the same agency responsible for interactions between them, 

and hence one is disposed to explain the properties of the elemen

tary particles in these terms. 

Such is the effort of this paper, specifically, to propose 

a model, with the uncertainty principle as its basis, which may 

gain some insight into the structure of the neutron, the point of 

attack being the neutron polarlzablllty. 



CHAPTER II 

REVIEW OF PREVIOUS RESEARCH 

Neutron Parameters 

The fact that the magnetic moment of the neutron differs from 

that of a particle of spin — as predicted by the Dlrac theory, was 

an early indication that the neutron possessed a more complex struc

ture than first indicated. It is known (Schlff 1958) that the 

charge of the neutron is vanlshlngly small. However, it is apparent 

that currents do exist. 

The magnetic moment of the proton is 2.79275 nuclear magnetons, 

while that of the neutron is -1.9128 nuclear magnetons (Zlock 1969). 

The negative sign means that for spin angular momenta of the same 

direction, the magnetic moments of the proton and neutron are 

oppositely directed. 

The fact that the neutron possesses a magnetic moment is not 

in Itself surprising from the point of view of relatlvlstlc quan

tum theory. In that view, the Dlrac position coordinate of the 

particle performs random motions over dimensions the size of its 

Compton wavelength. The difference lies in the fact that the actual 

moment is considerably different from the Dlrac value and is an 

indication of further structure (Foldy 1965). 

Schlff (1958), in a discussion of the results of both elastic 

and inelastic electron-deuteron scattering with an assumed form of 

the electric and magnetic charge distributions of protons and neutrons, 



concluded that the results indicated a vanlshlngly small electric 

charge density for the neutron and a magnetic moment distribution 

similar to that of the proton. 

Foldy (1965) makes a similar observation and notes that an 

analysis of electric and magnetic form factors indicates a spatial 

charge and magnetization distribution for the proton with an rms 

radius of about 1.0 fm. 

Similar analysis by Llttauer et al. (1961), using the core 

model to calculate characteristic form factors, enabled them to 

make predictions concerning structural details of the proton and 

neutron. 

Their analysis indicated that both the proton and neutron 

share a core of positive charge of about 0.35 e, whose radius is 

about 0.2 fm. The core is surrounded by a meson cloud of radius 

0.8 fm, with a charge of 0.5 e for the proton and -0.5 e for the 

neutron. 

The determination of these form factors is facilitated by 

scattering experiments through the use of high energy linear elec

tron accelerators. 

Hofstadter et al. (1955) determined that the charge and cur

rent distributions of the proton and neutron were spatially ex

tended over a distance the order of about 1 fm. They were able 

to do this by showing that the ratio of observed scattering of 

electrons by protons, to what would be expected on the basis of 

Dlrac theory, conformed to what would be expected from a spatial 



of that size. 

The corresponding experiment for neutrons Involves the use of 

deuterons as targets and indicates that the magnetic form factor 

for the neutron is similar to that of the proton. This point will 

be amplified in the next section. 

Electron-Neutron Interaction 

Once the meson theoretic concept of nuclear forces having 

their origin in the dissociation of a neutron into a proton and 

virtual negative meson had been suggested, researchers in the field 

began looking for an electron-neutron interaction, an interaction 

which was felt to be consistent with the predictions of the meson 

theory. 

Foldy (1951) pointed out that two groups, Fermi et al. (1947) 

and Havens et al. (1951), had indeed confirmed experimentally the 

existence of a weak interaction between electrons and neutrons. 

However, Foldy noted that it was not necessary to make any other 

assumptions about the neutron than the presence of an anomalous 

magnetic moment. 

He was able to express the size of the interaction potential 

as 3900 eV, assuming a value for the magnetic moment of the neutron, 

y of -1.9 nuclear magnetons, which compared favorably to the ex

perimental value of Havens et al. (1951) of V =5300 ± 1000 eV. 

A similar value of V = 4100 ± 1000 eV was obtained by Hamer-
o 

mesh et al. (1952), who repeated the experiments of Havens et al. 



In a subsequent paper, Foldy (1957) showed that the experi

mental values of more sensitive measurements of the electron-

neutron interaction were inconsistent with predictions of weak 

coupling meson theories, the measured values being considerably 

smaller than predicted. Failure to explain the electron-neutron 

interaction represented a substantial challenge for the meson 

theory at this time. 

Foldy C1965) has suggested a model in which the virtual photon 

exchanged between the electron and nucleon, dissociated into a vir

tual two or three pion resonance state, either being possible, 

with strong coupling between the plons. Such two and three pion 

resonant states have undergone examination by Bergla et al. (1961) 

and Frazer et al. (1960), in order to theoretically describe the 

meson cloud associated with the neutron. 

These mcdlfIcations of the meson theory were confirmed with 

the discovery of the p , to and (f) vector mesons and augmented the 

meson theory of the nuclear force in the area of nucleon structure. 

In Figures A, B and C are shown the Feynman diagrams for the 

interaction of an electron and neutron (Foldy, 1965). The cross 

hatching indicates the strong pion interaction. Figure A indicates 

weak coupling. 

The structure of the intersections is the point of Interest, 

revealing information about the nucleon. The Figures B and C have 

been confirmed experimentally (Foldy, 1965), at least for the pro

ton and have enabled the calculation by Bergla et al. (1961) of the 

magnetic form factors for the proton and neutron Indicating that they 



Figure A 

lectron 

Figure B 

Two pion 
resonance 

neutron 
electron 

Figure C 

Three pion 
resonance 

neutron 
electron 

Illustration I. Feynman Diagrams of Pion Resonances 



are essentially the same. 

The determination of the electric form factors of the neutron 

have not yet been successful, due to inconsistencies in results of 

scattering experiments from different laboratories. 

Here it is sufficient only to consider that without speaking 

of resonances, the dissociation of a neutron into a proton and vir

tual negative meson is a reasonable picture of the neutron, justi

fiable in part at least, by the experimental verification of the 

electron-neutron interaction. 

Small Angle Scattering of Neutrons on Heavy Nuclei 

The principal contribution to the scattering cross section of 

neutrons scattered on nuclei is the nuclear force. In addition there 

would be expected other contributions due to the interactions of the 

magnetic and electric moments. 

The interaction of the neutrons magnetic moment with the nucleus 

was investigated by Schwlnger (1948) and has become known as Schwlnger 

scattering. 

Purcell et al. (1950) suggested that the neutron may have a 

permanent electric moment. The general argument against the existence 

of such a moment generally involves parity considerations, in that a 

nucleon with such a moment should show an asymmetry between left and 

right handed coordinate systems. That is, in one. system the dipole 

moment would be parallel to the angular momentum, and in the other it 

would be anti-parallel. 

Nevertheless, Purcell et al. reports that experiments verify that 
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if this moment does in fact exist it is vanlshlngly small and Thaler 

(1959) in a later paper returns to the parity argument in order to ex

clude the possibility of the existence of a static electric moment for 

any of the elementary particles. 

This does not exclude the existence of an Induced moment. Since 

the neutron is to be considered as a proton and virtual negative meson, 

then under the action of a strong external field, deformation of the 

meson cloud and polarization of the oppositely charged core and cloud, 

results in the appearance of an Induced electric dipole moment p = ae. 

This induced moment is expected to be detectable (Barashenkov et al, 

1958) by virtue of anomalous behavior of the scattering cross section 

in small angle scattering of neutrons by heavy nuclei since at small 

angles the scattering parameters are maximized. 

Barashenkov et al. (1958) suggested that a rough approximation 

to this Induced polarization might be obtained from a static, relatl

vlstlc Shrodlnger equation 

r,2 . e 2 2 | , /niCv2, 47T . . /o ^^ 
c ^ ^ ^ ' ^ ~ %~^ ^ = ~ g'5(r) . (2 -1 ) 

The induced moment is 

P = ̂ 4 4 ^ / 4 exp^-^"""^^ d^x + 0(ch , (2-2) 
"Ti c r 

which was Interpreted as Implying a polarizlbillty of the neutron of 



a = (•^)2 ^ = 2.1 X 10"''̂  cm^ (2-3) 
mc 

Alexsandrov et al. (1957) and Barashenkov et al (1959) subse

quently investigated scattering of neutrons on Pu, U, Pb, Bl, Su, 

and Cu nuclei in the region of 4 to 25 degrees. Accordingly, an 

anomality in the scattering cross section was noted as compared to 

theoretical expectations, although within experimental errors for 

all but Pu and U. 

Recognizing that the results were not conclusive, Alexsandrov 

(1958), nevertheless, calculated that the results obtained indicated 

a polarlzablllty of 

a = 8 x 10 cm 

Walt et al. (1965) investigating the cross section of scattering 

of neutrons from uranium between the angles of 3.6 and 18 degrees re

ported that they were unable to detect enhancement of small angle 

scattering, although their equipment was believed more sensitive than 

that of Alexsandrov (1958) or similar investigations by Dukarevlch 

et al. (1963). 

Their data showed that an upper limit of the polarizlbillty 

-40 3 of a = 2 X 10 cm was indicated. This result excluded the value 

-40 3 

of Dukarevlch et al. (1963) of a £ 5 x 10 cm and while not expli

citly excluding the Alexsandrov (1958) figure, the difference was 
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felt to be due to models used. 

Thaler (1959), in an article which consolidated efforts to deter

mine the value of the polarizlbillty on the basis of experiment, re

ported that the neutron scattering data of Langsdorf Indicated an 

-41 3 
upper limit to the polarizlbillty of a ~10 cm . 

On the basis of the typical type of scattering experiment per

formed. Thaler then made a calculation of the scattering cross section 

as follows. 

In an electric field there will be an Induced electric dipole 

moment 

p = a£ (2-4) 

The contribution to the Hamlltonlan is 

H' = - I p-e = - -| ac^ (2-5) 

In the field of a heavy nucleus of charge z 

H' = - ̂  az^ -^ r > R 
r 

where r is a distance the order of the size of the nucleus. H' = 0 

for r < R due to the size of the nuclear Hamlltonlan. The addition 

to the scattering amplitude is given in the Born approximation by 
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^elec = -(-^X*^)'^ / e^^'^ H'(7)dT (2-7) 

This is integrated and expanded in terms of electric phase 

shifts at low energies, which when Included in with the nuclear 

shifts leads to a cross section 

a 
a = (-̂ ) [1 + w^P^(cose) + W2P2(cos0) + . . .] (2-8) 

where 

-TT(2£+1) 2Me^. 1 2 

^£ - (2JI+3)!! ^ ̂ 2 ^ a '̂̂  ̂  

with a = zero energy scattering length, and q is the momentum transfer 

!"*• •*• I so that q = k. - k^ . 

On the basis of scattering data on uranium by Langsdorf, Thaler 

then estimated that the polarizlbillty must lie in the region 

-41 3 
0 < a < 2 X 10 cm . 

Thaler then commended that these results indicated that the ex

periments by Alexsandrov (1958) were unreliable and that the anoma

lous result of the scattering experiments were due to strong forward 

peaking attributable to Schwlnger scattering. 

Criticism of the scattering experiments which attempted to deter

mine the polarizlbillty of the neutron from small angle scattering 
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from heavy nuclei led researchers to attempt other means of determi

nation. 

Pion Photoproductlon 

Balden (1957) has indicated that evidence of neutron polariza

tion might be found in the Compton effect and in the photoproductlon 

of pions on nucleons. 

In the case of pion photoproductlon, one might make use of the 

reaction (Roman, 1961) 

Y + p ->• n + TT 

through the mechanism as depicted in Illustration II. 

Brelt et al. (1959) discussed the magnitude of the polarizlbillty 

on the basis of data on the photoproductlon of plons. 

Their results indicated that an upper bound for the polarizlbillty 

-42 3 
of 2 X 10 cm appears likely. 

Thaler (1959) also makes reference to experiments designed to 

determine polarizlbillty on the basis of photoproductlon of plons. 

Reference is made to the Barashenkov et al. (1952) article, which 

quotes results attributed to Baldln of 

4 X 10~ cm < a < 1.4 X 10~ cm 

Foldy also investigated pion photoproductlon data and in a pri

vate communication to Thaler (1959) estimated the polarizlbillty as 
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y-Ray 

Proton 

Neutron 

Illustration II. Feynman Diagram of Pion Photoproductlon. 
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a > 4 X 10 cm 

These results obtained from pion photoproductlon data are in 

general at least an order of magnitude different from experiments 

on the scattering of neutrons from heavy nuclei. They are also 

believed to be more accurate, since the number of experimental varia

bles is fewer. 

Thaler (1959) has noted that the polarizlbillty of the neutron 

has been calculated on the basis of meson theory. It is expected 

that the polarizlbillty should be the product of three terms, the 

2 
pion coupling constant (f /-he) , the electromagnetic coupling constant 

2 3 

(e Mc) , and the pion Compton wavelength cubed (-fi/m c) . The value 

of the pion coupling constant is taken to be 0.08 on the basis of 

calculations by Chew et al (1966) with the result 

-42 3 
a ~ 1.6 X 10 cm 

Barashenkov et al. (1958) have made a meson theoretic calculation 

of a with the result 

-42 3 
a = 1.8 x 10 cm 

Barashenkov et al. (1958) also made a wave mechanical calcula-
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tion of the proton polarizlbillty in the case of Compton scattering 

in which the cross section is expressed in terms of nucleon form 

factors. They expect that the polarIzlblllties of the nucleons should 

only be slightly different. Their result 

Q in-^3 3 a = 9 X 10 cm 

is determined after comparing the theoretical value of the cross 

section with experimental data. 

It is to be noted at this point that all calculations thus far 

have ultimately relied on experimentally determined quantities, 

such as cross sections for reactions, whether small angle scattering, 

pion photoproductlon or Compton scattering for determination of the 

neutron polarizlbillty. 

No effort has been noted in which a calculation of the polari

zlbillty has been made strictly on the basis of a neutron model. 

Table I lists a summary of the pertinent results of past research. 
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Table 1. Summary of Past Research 

Researchers 

Alexsandrov (1957) 

Dukarevlch (1963) 

Walt et al. (1965) 

Thaler (1959) 

Brelt (1959) 

Baldln (1957) 

Foldy (1952) 

Thaler (1959) 

Barashenkov et al. (1958) 

Barashenkov (1965) 

Polarizlbillty (cm ) 

8 X 10 
-41 

2 X 10 
-41 

(Theoretical estimate) 

<5 X 10 
-40 

<2 X 10 
-40 

-41 
0 < a < 2 X 10 

-42 
<2 X 10 

4 X 10"^^ < a < 1.4 X 10"^^ 

>4 X 10 
-43 

.-42 1.6 X 10~ (Theoretical estimate) 

-42 
1.8 X 10 

-43 
9 X 10 (proton) 



CHAPTER III 

NEUTRON MODELS 

Pionic Atom Model 

The meson theory postulates that nuclear forces are the result 

of the exchange of virtual particles, notably pi mesons, between 

nucleons. Such an exchange of a virtual meson between a proton and 

neutron would transform an absorbing proton into a neutron and an 

emitting neutron into a proton. 

It is natural to suppose that the neutron structure may be 

represented by a bound state consisting of a proton and associated 

virtual meson cloud. The possibility of such a state is justifiable 

by virtue of quantum energy fluctuations, thereby requiring the vir

tual meson be reabsorbed by the proton within a time commensurate 

with the Helsenberg uncertainty principle. 

If, during its lifetime, the virtual state was comparable to 

a pionic atom, then under the Influence of an external electric 

field, polarization of the atom, causing deformation of the meson 

cloud would be expected. 

Calculation of the polarizlbillty on the basis of such a pionic 

atom model would then yield information on the inner structure of 

the neutron. 

In accordance with the Helsenberg uncertainty principle, the 

lifetime of the virtual state is given by the relation 

AEAt _<-!i (3-1) 

17 
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where AE is the additional energy required for the creation of the 

virtual state (Segre 1964). This figure may be considered to be 

composed of two terms, the rest mass energy of the pion, m c , and 

the difference between the rest mass energies of the proton and 

2 
neutron, (m -m )c . 

n p 

This value of the energy is probably a minimum as it represents 

a value of zero momentum for the emitted pion, in addition to ex

cluding any other effects of unknown nature which may or may not exist 

in a state in which conservation of energy is violated in its forma

tion. 

Thus, one obtains as an estimate of the lifetime of the virtual 

state 

At j < ^ - 0.48 x 10 ^^ sec . (3-2) 

The requirement that conservation of energy not be violated on 

the average means that the pion must be emitted and reabsorbed during 

this period. 

The short lifetime of the virtual state would appear to present 

serious difficulties for a model such as described by Atkins (1970), 

in which the neutron is represented as a virtual p state pionic atom. 

This difficulty is evidenced in the meson absorption time to the core, 

which is much less than would be expected on the basis of pionic atom 

formation. 

-12 
Fields et al.(1959) reports an Interval of about 3.5 x 10 sec 
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for the capture time of negative pi mesons in liquid hydrogen from a 

velocity of ~0.05e. 

This result is surprisingly small and Day et al. (1960) con

sidered possible sources of capture enhancement, including the Stark 

effect. Their results indicated that the Stark effect was not suf

ficient to account for the observed results. 

Further, the capture time is much shorter than average radia

tion time of the (7r,p) atom except for 2P IS transitions for which 

(Day et al. 1960) 

tĵ (2P - IS) = 6.8 X lO"-*"̂  sec . 

Therefore, it must be concluded that the meson in the virtual 

state must be located, on the average, closer to the proton than is 

the case for the real pionic atom. 

Despite these unfavorable indications, it is possible, on the 

basis of this model, to calculate the polarization due to an exter

nal electric field, and having done so, ask what further assumptions 

might be needed to bring the results into line with present experi

mental expectations of the neutron parameters. 

Since the exact form of the wave function is not known, a method 

developed by Epstein and demonstrated in Pauling and Wilson (1935) 

will be applied. 

The method is essentially an approximate perturbation calcula

tion with the expansion of the wave function in a complete set of 
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orthonormal functions which are not necessarily solutions of the wave 

equation for any unperturbed system related to the one under treatment, 

These functions, designated as F (C»0»<j>)> are defined in terms 

of the associated Laguerre and Legendre functions as 

where 

F - (c,e,(t)) = A ,(c)e, (e)$((()) (3-4) 

A /.N r (v-X-l)!,T^A _2A+1. . -c/2 

{ Cv+A! } 

The Laguerre polynomials are defined as 

2A+1. . ̂  ^~^"\ ^K+l -{(v+A)!}^^ 
v+A ^̂ ^ ^£^ '̂  ̂  (v-A-K)!(2A+l+K)!K! 

K.—U 

with e (6), $ ((})) identical with the standard definitions of the 
Ay y 

spherical harmonic functions. 

The functions F , (C,6,<l>) satisfy the differential equation 
V Ay 

3̂ 2 C 3C 'C 4 52^in29 3̂ 2 

^ sine 

These functions are normalized and mutually orthogonal according 

to the relation 



21 

/ o X C ^ A y \^y^r^^^ned:;dQd^ = 1 when A = Aj 
\i = \i 

= 0 o t h e r w i s e . 

2 2 2 
I d e n t i f y i n g c w i t h 2 Z r / n ' a , where a = h /4TT ye , then the 

F become t h e hydrogen atom wave f u n c t i o n s \li „ fo r t h e v a l u e vAy nJlm 

n = n * , b u t no o t h e r . 

For the pionic atom in a P state, n = 2, so that setting 

^2 
Z, = r/a and a = 

, 2 2 ' 
47r ye 

where y i s the p ion reduced mass , one o b t a i n s the r e l a t i o n s h i p 

V2F + ( 1 1 ) J = . I v z 2 i p . ( 3 . 6 ) 
^C 4^ C 

Now, t h e Haml l ton lan for t h e p i o n i c atom i n an e l e c t r i c f i e l d 

can be w r i t t e n 

2 2 
^ V îp - —ij; + eezi/) = wij; . ( 3 -7 ) 

8 ^ ^ 

This e q u a t i o n may be r e w r i t t e n i n terms of the C, w i t h t h e r e s u l t 

V î/; + ( - - -T)!!^ - ACcoseip = 3il̂  ( 3 -8 ) 

where 

-fi^ A 2 A J Q 2aW 1 
q = — 2 ; A = - ^ - ; and ^ = " ~ 2 ~ " 4" * 

ye e 
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If one seeks a solution of the form 

il* = E A F 
n n (3-9) 

then upon substitution into (3-8) one obtains the Indlclal equation 

2 A (<F H F > - 6<F F >) = 0 
n m' ' n m' n (3-10) 

In a first approximation to the energy, 3 = 0 and the secular 

determinant is 

0 = 

<210 H 210>-43 <210 H 300> <210 H 320> . . . 

0 <300 H 210> <300 H 300> (3-11) 

Since the largest contribution to the energy is between adjacent 

lying states, then the secular determinant may be reduced to 

0 = 

<210 H 210>-43 

<300 H 210> 

<320 H 210> 

<210|H|300> 

<200|H|300> 

0 

<210|H|320> 

0 

<320 H 320> 

(3-12) 

The factor 4 before 3 is due to the fact that the functions 
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2 
F , are not normalized to unity with respect to C sin9d6dCci(J). 
vAy ^ 

From the definition of F ^ it is calculated that 
vAy 

-e 
-^/2 

210 
2 y & 

CCOS0 , 

300 
= Jk. -C/2 ,,_ l_ . 

1^P^ 
(C- -̂ - - 1) and 

Foon = -^^^ e"^^^ (3cos^0-l) . 

Upon substitution into the secular determinant, one obtains the 

relationship 

43 

4A/6 

24A 

/3 

4A»^ — A 

0 = 0 

0 

(3-13) 

A solution of the above equation corresponds to a value of 

3 given by 

3 = 
288 A 2aW _ 1 

2 4 

From this relation, it is possible to write the energy as 
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oa oa 

This equation Implies that 

W" = - i8|A_^ ^ (3_i5) 
oa 

Substituting for A, one obtains 

„ ^ (288) ^^ 2̂ 
" 2 3 6 

y e 

which corresponds to a value of a given by 

(3-16) 

a„,^ = 288 -~-T = 3.2 X 10"^° cm"̂  . (3-17) 
ZlU J D 

y e 

This problem is also susceptible to a second type of approximate 

perturbation treatment (Pauling and Wilson, 1935). The equation for 

the second order perturbation energy is given by 

where 

H^^ = / * f H'*°dT and 

H ; ^ = / ^ ° V * ° d T . 
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W° W° 
>fciltiplylng by 1 ^ + —^ , r e su l t s in 

^ K ^ K 

^t KZ^IK'-V^^^ ^'-''^ 
' V (̂ K-̂ P 

.2^ ,„, ̂ 2 Noting the identity I H^^ Ĥ ^̂  = (H'^)^^ - (H^)^ , substitution 

into (3-19) results in the expression 

„„ <»' >KK < V ^ y- ")1° "ĵ H »1K ,3,-, 

\ "K ^ V (V-"ii^ 

for W" in which 
K. 

(H'^)^ = / *f H-%° dx . 

This expression for W" is no different from (3-18) except In 

form. The approximate treatment consists of neglecting the sum. It 

is to be noted that the terms in the sum are dependent upon the ori

gin of energy and with a suitable choice can be made to disappear. 

Applying this treatment to the pionic atom and choosing the 

hydrogen wave function representation, which is identical with F 
V Ay 

for n = 2, one obtains 

I _ 

^ 
= 0 
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and 

„ ^ <210|H'^|210> 
^210 o • -̂̂  ^^^ 

^210 

H is the perturbation due to the externally applied electric 

field, i.e. 

H' = eer cose (3-22) 

The wave function is 

, 1 ,lv3/2 -r/e. , <, 
^210 " (7^ ^ (r/a) cos 6 , 

where 

2^2 ^ ^4 

a = - 2 ^^^ ^210 = - ^ 
ye 8h 

Solving (3-21) results in the expression 

144 -fir 
W" = - — (3-23) 
"^210 3 6 '̂•̂  ^^ 

y e 

for the energy, which corresponds to a value of the polarizlbillty of 

288 •ii ,̂  ,̂. 
"210 = - y T ~ (3-24) 

y e 
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This is identical with the previous result. Since these two 

perturbation treatments are Independent, they tend to substantiate 

the result. 

Since the 2P state is degenerate in m, a consideration of the 

states ^21+1 ^^ ^^ order. The wave functions are 

1 ,1,3/2 e ^^^ r . , ±i(|) 
^91+1 = — (7) ~ sln0e f 

where 

2^2 
a = - ^ = 450 fm 

ye 

Following the same procedure as previously for the 210 state, 

then 

„ ^ <21±1|H'^|21±1> 
^̂ 2111 o -̂̂  ̂ ^̂  

21±1 

and H* = +eercos9 as before. Evaluation of (3-25) leads to the result 

^21.1 = - ̂ ^ • (̂ -2̂ ) 
y e 

This value of the energy corresponds to a value of the polarizl

billty given by 

96fî  T . ,^-30 3 f^ ^-.v 
°'21+1 ~ ~~T~6" ~ x 10 cm . (3-Z7) 

y e 
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-30 3 
These values of the polarizlbillty are of the order of -10 cm . 

Furthermore, a, the distance for which locating the meson is most 

probable, indicates that its position is much further from the origin 

than would be likely during the time allowed for the existence of the 

virtual state. 

Since the probability of finding the meson at this position is 

extremely small, then the polarizlbillty should be correspondingly 

decreased. 

At the present time, it is not apparent what relationships 

exist between objects in a virtual state and those in a real state. 

It is possible, however, that a relationship linking the two may 

be found in the absorption times for the real pionic atom as com

pared with the time of existence of the virtual state. 

The lifetime of the virtual state is Inversely related to the 

probability of absorption. The polarizlbillty Itself is directly 

related to these matrix elements, since the lifetime of the virtual 

state is closely connected with the probability of finding the meson. 

The capture time of a real meson by a real proton has already 

-12 
been reported as 3.5 x 10 sec, and the lifetime of the virtual 

-23 
state is approximately 10 sec. The ratio of these two is of the 

order of ~10 

On the assumption that the virtual and real states can be con

nected by these time, then the polarizlbillty of the virtual state 

might be expected to be decreased by the above factor, which yields 
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^VIRTUAL " °^EUTRON " ^^ ^ " 

The real test of this model must need wait upon a rigorous 

treatment which connects nuclear parameters with those of the virtual 

states, or an analysis which Incorporates in a direct manner the 

nuclear force. 

It is desirous than to develop a model which in a more direct 

sense utilized the virtual state parameters in its formulation. 

Such is the effort of the next section. 

Oscillator Model 

It would be desirous to consider a model for the neutron in 

which the parameters of the virtual state enjoyed a more than secon

dary role in the calculation. 

While no explicit, exact form for the nuclear force exists at 

the present time, the associated potential of the nuclear interaction 

is quite generally approximated by that of a harmonic oscillator. 

This view of the nuclear force is strongly related to the theory of 

the virtual state Itself, in whose creation is seen the meson, 

quantum of the Internucleon Interaction. 

The virtual emission of a meson by the neutron and its subse

quent reabsorptlon in a more or less continuous fashion, with the 

creation of a meson cloud surrounding the nucleus, is reminiscent 

of a three dimensional harmonic oscillator. This concept is the 

basis of the oscillator model. 
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In this model, the proton and virtual meson are considered 

point sources of charge with negligible extension in space. The meson 

is considered to oscillate through the position occupied by the pro

ton, each oscillation corresponding to two periods of virtual pion 

emission and absorption. 

As a first approximation, the pion kinetic energy will be ig

nored in comparison to its rest mass energy of formation. Thus the 

lifetime of the virtual state is given by 

At < 7- = 0.48 X 10"^^ sec. 
— AE 

One further assumption will complete the formulation of this 

model. That is, the lifetime of the virtual state will be considered 

to represent one half a period of the neutron oscillator. 

For wave functions the choice of the Hermite polynomials seems 

apparent. The ground state wave function corresponding to n = 0 is 

unlnformatlve. This would place the probability of finding the meson 

at the center of the distribution. The state with n = 1 appears more 

promising and further represents dipole transitions. 

The application of the electric field perturbation in an arbi

trary direction, chosen as the z direction, will cause polarization 

of the meson cloud in the direction of the applied field. 

The unperturbed Hamlltonlan is 

H ,|; = (_!?- v^ + ^ r ^ ) i p =E^ . (3-28) 
0 0 2in 2 ' o 0 0 
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The electric field perturbation is 

H' = eez . (3-29) 

The perturbed Hamlltonlan may be written as 

2 2 
Hip = (- T" V^ + ̂  r̂  + eez) = E^ . (3-30) 

Zm Z 

If the wave function for the unperturbed state is written as 

i>^ = X^(x) Y^(y) Z^(z) (3-31) 

then (3-28) is separable, the energy E being the sum of the indivi

dual energies for each oscillator for the respective coordinate direc

tion, each being equal. 

The separated equation for the z direction in the absence of the 

perturbation is 

- ̂  i^Zal^ + ii-S ^h (z) = \ E Z (z) (3-32) 
2.m ,2 2 o J o o 

dz 

With the perturbation this becomes 

^2 d^Z (z) 2 
^ V — + ̂  z Z(z) + £ezZ(z) = EZ(z) (3-33) 
2m , 2 2 

dz 
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Let 

fi^X = E 

Then, 

2 ,_2 

dz 

2 2 
2 •c'7f„\ \/ \ ^ d Z(z) , raw 2„, . , 2eez „ , . ,^ _,v 
^ EZ(z) = A(z) = - — —f^ + — z Z(z) + - : ^ Z(z) (3-34) 

Making the change of variable z = z' /(•R/raw) , the Hamlltonlan may 

be rewritten as 

2 
AZ(z') = - ^-^^K z'^Z(z') + ^ 1 ^ ^ /(-fi/raw) Z(z') (3-35) 

- ,2 -fiw 
dz' 

The wave function for n = 1, (Zlock 1969) in terms of these 

variables is dropping primes 

Z(z) = 2B^z e ^ (3-36) 

with 

h- ^ 
/2/7T 

Using the approximate perturbation treatment as previously 

applied to the pionic atom model, the second order A(Zlock 1969) is 



,2 
;̂n = <X(x)Y(y)Z(z) |H'^|x(x)Y(y)Z(z)> 

3a^ 

3^1 

with î = 3 so that 

2 2 
II _ 2 e e 

'̂ l " 3fiw 2 
mw 

This expression in terms of the enrgy is 

2 2 

On the basis of previous assumptions 

33 

4B^ / z e {^^ /(-h/raw) } dz (3-37) 

E^ = -^-^ (3-38) 
3mw 

27T 
w = — 

T 

-23 
where x = 2t ~ 0.95 x 10 sec, twice the lifetime of the virtual 

state. 

Writing 

2 2 , 0 e e 1 2 
E^ = - ^ = ^ ae (3-40) 

3mw 

then a may be expressed as 
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2 
a = ̂ ^ = 1.6 X 10"^^ cm^ . (3-41) 

3raw 

This is to be considered an upper limit of the polarlziblllty 

since consideration of the pion momentum will decrease the virtual 

state lifetime and hence decrease the polarlziblllty. Furthermore, 

T as calculated by the uncertainty principle is in Itself a maximum. 

An approximate minimum value for the polarizlbillty may also 

be found. 

Assuming that the meson is emitted with velocity 3/4 c, and 

including proton recoil terms in the energy AE then 

-23 
T ~ 0.6 X 10 sec 

The corresponding value of a is then 

-43 3 
a = 6,3 X 10 cm 

Combining these results, one obtains for the polarlzablllty 

the range 

6.3 X 10~ cm < a < 1.6 X 10 cm 

Information about the distribution of the meson cloud can be 

obtained from the wave function. The probability of locating the 
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meson is 

2 
dP = Y*(y)X*(x)X(x)4B^^z^d"^ di (3-43) 

It is desired to find z such that (3-43) is an extremum. 

Setting 

2 
|-Y*(y)Y(y)X*(x)X(x)4B,^z^e"^ = 0 . (3-44) 
dZ 1 

it is found that the condition for the extremum is 

z(z^ - 1) = 0 . (3-45) 

This corresponds to a minimum of 

z = 0 , 

and a maximum of 

z = ±1 . 

Recalling that the change of variables was defined as z = z'/(fi/mw) , 

then the radius of the meson cloud is 

r* = /(̂ 1/mw) = 0.8 X 10 "'•̂  cm . 
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This value compares with the Llttauer et al. (1961) value of 

0.8 fm for the radius of the meson cloud. 

The time corresponding to the energy maximum may also be used 

to determine a minimum value for the radius of the meson cloud. Upon 

substituting the value x = 0.6 x 10 sec into (3-47), one obtains 

the value 

r* = 0.68 fm 

The predicted meson cloud radius, therefore, lies between the 

limits of 

0.68 fm < r* < 0.8 fm . 

It is apparent that the radius function is not particularly 

sensitive to pion kinetic energy. 

The radius as calculated from the oscillator model is approxi

mately equal to the Llttauer et al. value. 

Foldy (1965) reported the radius of the charge and current dls-

-13 
trlbutlon of the neutron as -10 cm = 1 fm, which is commensurate 

with the value calculated above and is also about the size of the 

neutron Compton wavelength. 



CHAPTER IV 

SUMMARY AND CONCLUSION 

In the previous chapter, two models were examined to determine 

their appropriateness in describing quantitatively the polarlzablllty 

of the neutron in the presence of an external electric field. 

The first, the pionic atom model, under the assumption used, 

did not furnish values of the polarlziblllty which could, in any 

reasonable way, be called satisfactory. 

This result does not exclude this model as a possible descrip

tion of the neutron, should more explicit use be made of virtual 

state parameters in its formulation. 

As already noted, the calculations apply to a real pionic atom. 

It is, therefore, not completely surprising that shortcomings develop 

as a result of the supposition that these results also apply to a 

virtual system. These discrepancies are particularly apparent in 

relation to transition times to the core in the real atom as compared 

to the lifetime of the virtual state. 

It is also unlikely that the probability of finding the meson 

in the virtual state at a distance corresponding to that of the real 

state is very great. 

This may more readily be seen by noting that the value of r*, 

using the wave functions as given in the preceding chapter, corres

ponding to the Bohr radius for this model has a value 

37 
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>fi2 
r* = ̂  = 450 fm . (4-1) 

ye 

The value of r* as determined above, could only with a small 

probability locate the virtual meson. 

Modification of the polarizlbillty on the basis of the ratio 

of transition times for meson capture by a proton, to the lifetime 

of the virtual state yielded the result 

a - 10 cm , 

The calculation of the neutron polarlziblllty on the basis of 

the oscillator model, gives immediate results which are in better 

agreement with present data. This approximation is particularly good 

when compared with the values of the polarlziblllty as determined from 

pion photoproductlon experiments. 

It is also to be noted that the oscillator model is in good 

agreement with the form of the approximate treatment of Barashenkov 

et al. (1957). Their result 

,'liCs TT .eft v2 » T -_-41 3 f/ n\ 
(•̂ )a = -r^ (—2^ = 2.1 X 10 cm , (4-2) 
f mc 

compares favorably with the present treatment. 

The oscillator model value of the polarizlbillty was determined 

to be 
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9 2 
a = ̂  (4-3) 

3yw 

with 

2TT 
w = — 

c 

and 

X 1 - ^ = 0.95 X 10"^^ sec . 
mc 

Rewriting in terms of the variables of (4-2) yields the result 

a = ̂  (-^)^ (\) = 1.6 X 10 ̂ ^ cm^ . (4-4) 
m c T\ 

IT 

A comparison is also possible with the Thaler (1959) value of 

the polarizlbillty. This was given as 

2 2 2 

TIC TIC m c m va c^ xic 
TT IT TT 

2 
The factor (f /fic), the pion coupling constant, was assumed to 

have the value 0.08 on the basis of calculations by Chew et al. (1956) 

Numerically, this is exactly the same result as the value de

termined from the oscillator model, and the form has close similarity. 

The most outstanding difference is the presence of the pion coupling 
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constant which does not appear in the oscillator model. 

Segre (1964) notes that the pion coupling constant is expected 

to be of the order of unity. However, the Chew et al. value applied 

to the Barashenkov et al. result yields a value for the polarizlbillty 

of 

-42 3 
a ~ 1.7 X 10 cm 

The assumption of the value of 0.08 for the pion coupling con

stant yields results for the polarizlbillty in agreement with data 

from pion photoproductlon experiments. However, the oscillator model, 

in avoiding this additional parameter, is to be preferred. 

The oscillator model, by virtue of its formulations alone, yields 

results which are in excellent agreement with pion photoproductlon 

experiments. Furthermore, these results are obtained from calcula

tions of much greater formal simplicity than those of meson theoreti

cal approaches. 

Since the oscillator model is formulated independently of the 

pion coupling constant, then comparison of the polarizlbillty calcu

lated by the model to the equation (4-2) allows this constant to be 

determined. The result is 

^ 3am i ^ 2 ^ ^ .̂^ ̂  ^^-1 ^ ̂  ^g 
TIC TT e n » N X 
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as expected. 

The minimum value of the polarlziblllty as calculated from the 

oscillator model on the assumption of pion emission at the velocity 

•̂  c and proton recoil was 

-43 3 
a ~ 6.3 X 10 cm 

Hence, for the range of the polarizlbillty one obtains 

6.3 X 10 cm^ < a < 1.6 X 10 "̂^ cm^ . 

This range is in excellent agreement with all experimental and 

theoretical values determined on the basis of pion photoproductlon. 

Fundamental to the concept of this model is the approximation 

of the oscillator period by twice the lifetime of the virtual state. 

This lifetime is in turn dependent upon the energy of creation of 

the virtual state and should other factors exist, which have not been 

Included in the present discussion, a corresponding decrease in the 

polarizlbillty will result. 

The distance for which the probability of locating the meson 

is greatest is determined to be 0.86 fm. This is approximately 

the value given by Llttauer et al. (1961) of 0.8 fm, and within 

the range reported by Foldy (1965) for the radius of the charge and 

-13 
current distributions of the order of -10 cm. 

This distance, on the basis of the oscillator model, is inex-
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tricably involved in the parameters of the virtual state. Tliat is, 

the presence of a meson velocity and hence momentum, in Itself, by 

increasing the energy of the virtual state, decreases its lifetime. 

It is not possible, therefore, within the framework as here proposed, 

to assume a charge and current distribution for the purpose of deter

mining the energy and lifetime of the associated virtual state. 

The value of 0.86 fm, as calculated by the oscillator model, is 

to be Interpreted as a maximum value, and is roughly the order of 

the neutron Compton wavelength. 

3 Again on the assumption of meson emission with a velocity -r c, 

-23 
and virtual state lifetime of 0.3 x 10 sec, a minimum value of 

the radius of the meson cloud may be assigned. This quantity is 

0.7 fm. 

A future determination of the likely velocity distribution for 

pion emission as applied to the oscillator model may serve to further 

refine or Improve the present calculation. 

Nevertheless, high pion emission velocities do not appear pro

bable, nor do the polarizlbillty and radius of the meson cloud appear 

to be rapid changing functions of the pion velocity. 

In any case, at the present time, the limits of the meson cloud 

as predicted by this model, must be considered to be 

0.7 fm < r* < 0.86 fm . 
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Further examination of this model appears promising. This may 

be accomplished by a more sophisticated form of the nuclear potential 

incorporated into the Hamlltonlan. In addition, such features as 

the finite size of the proton, overlapping of the proton and meson 

charge distributions and the distribution of velocities for the 

virtually produced meson need be considered. 

In conclusion, it is remarked that Petrunkln (1964) has said 

that new methods of measuring the polarizlbillty of elementary par

ticles is of Interest because It is an additional characteristic 

of the inner structure of the particles and also because we are 

unable, as yet, to calculate it theoretically for most particles. 

It is hoped that this thesis may be of value towards efforts 

in that direction. 
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