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INTRODUCTION 

A study of the mirror nuclei t r i t ium and 
helium-3 is of interest because the structures 
of these nuclei are not well known and because 
these nuclei provide the simplest systems in 
which evidence for the existence of a three-body 
nuclear force might be found. If such forces 
do not exist then the propert ies of these nuclei 
should be unders tandable in terms of the two-
body nucleon-nucleon interact ion. An a t t empt 
at such an unders tanding has been made by 
Bla t t , Derrick, and Lyness [1] and by Bla t t 
and Delves [2] who found the binding energy 
of the t r i ton to be considerably underest imated 
when calculated with the help of the best known 
forms of the nucleon-nucleon interact ion. 

In the present experiment the electromagne­
tic structures of the nuclei of t r i t ium and hel i— 
um-3 have been invest igated by the method 
of electron scattering. The elastic electron 
scat ter ing cross sections have been measured 
from both nuclei during the same experiment 
to an accuracy of a few percent . The results 
should, therefore, be able to reveal qui te small 
differences between the s tructures of the two 
nuclei . A prel iminary report of this experi­
ment together wi th an analysis of the results 
in terms of form factors describing the spatial 
dis t r ibut ion of individual nucléons in the 
nucleus has already been given, [3,4]. 

It appeared from the analysis of the preli­
minary experiments [5], using the original 
theory due to Schiff, tha t the spatial distri­
but ion of the pair of like nucléons in both 
nuclei was more extended than tha t of the 
odd nucléon. In the t r i ton, for example, 
we refer to the neutrons as like nucléons and 

to the proton as the odd nucléon. Recently, 
Schiff [6] has shown tha t this feature can be 
explained by assuming a 4 % admix tu re of 
a 2 5 1 / 2 s ta te of mixed symmetry into the nuclear 
ground s ta te wave function which is p r imar i ly 
a completely symmetr ic 2 S i / 2 s ta te . This is, 
however, a considerably larger admix tu re than 
suggested by Bla t t et al . [1] or by Bla t t and 
Delves [2] and moreover it has recently been 
shown that such an explanat ion is not suppor­
ted by the results of other experiments on the 
three-nucleon system. For instance, a 4 % admix­
ture of a s ta te of mixed symmetry is not consi­
stent with the electron-proton coincidence cross 
section measured by Johansson [7, 8] for the 
reaction e + H e 3 e + p + d. Also Meister, 
Radha and Schiff [91* have found it difficult 
to reconcile such a large admix tu re (of a 2 S i / 2 

s ta te of mixed symmetry) wi th the known cross 
sections for the slow neutron capture reaction 
n + H 3 + y. 

The prel iminary theory and analysis of the 
early experimental data are unsatisfactory 
in the following respects: 

a) the analysis yielded values for the neutron 
charge form factor which were smaller than 
zero and in disagreement wi th other measure­
ments of this form factor [10, 111; 

b) Levinger [121 has pointed out t ha t 
in addit ion to the i so vector exchange form 
factor which enters into the description of the 
magnetic form factor of three nucléon system 
there may also be a isoscalar exchange form 
factor; 

c) it is not known to what extent Coulomb 
effects modify the wave function of the helium-3 
nucleus. A simple est imate [13] of this effect 
suggests that the correction may well be of the 

* Th i s work was s u p p o r t e d in p a r t by t h e Office 
of N a v a l Resea rch , t he U n i t e d S t a t e s A t o m i c E n e r g y 
C o m m i s s i o n , and the Ai r Fo rce Office of Sc ien t i f i c 
R e s e a r c h . 

* These a u t h o r s h a v e e x t e n d e d t h e i r c a l c u l a t i o n s 
us ing t h e G u n n and t h e I r v i n g - G u n n m o d e l s w i t h t h e 
s a m e conc lus ion ( p r i v a t e c o m m u n i c a t i o n ) . 
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same order as the differences observed between 
the two nuclei . 

In view of these difficulties and because 
the theory is present ly being improved, we have 
confined ourselves in th is paper to an analysis 
of the observed charge form factors of t r i t i um 
and hel ium -3 , assuming a knowledge of the 
charge form factor of the nucléons. This ana­
lysis, then, gives values for the form factors 
which describe the spat ia l d is t r ibut ion of the 
protons inside the nucleus. 

A N A L Y S I S 

Since the proton and the nuclei of t r i t i um 
and hel ium -3 al l have spin equal to 1/2 t he 
elast ic scat ter ing cross section for these three 
nuclei can be described by the Rosenblu th 
formula (in uni t s where % = c = 1) 

q = the four momentum transfer; M = t he 
mass of the scat ter ing nucleus; Z = t he charge 
of the scat ter ing nucleus; Fmag (q2) = the mag­
net ic form factor, normalized to un i ty at 
q2 = 0, FCh (q2) = the charge form factor, 
normalized to un i ty a t q2 = 0, K = the anoma­
lous nuclear magnet ic moment expressed in 
magneton uni t s related to the scat ter ing 
nucleus, i. e. 

K = 1.79 for electron-proton scat ter ing, 
K = 7.94 for e lectron-tr i ton scat ter ing, and 
K = —4.20 for electron-helium-3 scat ter ing. 
T h e data obtained for each par t icu lar va lue 

of q2 were analyzed in such a way as to yield 
those charge and magnet ic form factors for 
t r i t i um and hel ium -3 which minimized the sta­
tistical function % 2 defined as 

where the index / refers to the scat ter ing angle 
and the index i to the target . The cross sections 
0 M were found from equat ion (1), using the 

proton form factors found by deVries et al [11], 
(combinat ion b ' ) , and t r ia l form factors for 
t r i t i um and hel ium -3 . The quant i t i es Xij 
are the observed numbers of counts in the 
elast ic peaks after the var ious corrections 
described above have been appl ied. The errors 
AXi}i have been assumed to arise from count ing 
s ta t is t ics alone. The normal iza t ion constants 
Ci are also to be determined in such a way tha t 
X 2 a t t a ins i ts m i n i m u m value . They can be 
e l iminated from the expression for x 2 by equa­
t ing the der ivat ives of x 2 wi th respect to Ci 
to zero. 

Then wi th the definit ions 

Th t = ah i/àXi, t and EH t = Xh t/àXh t 

we obtain 

and 

This expression for x 2 , a t a par t icu lar va lue 
of q2, depends only on the va lue of the charge 
and magnet ic form factors of t r i t i um and 
hel ium-3. These parameters are au tomat ica l ly 
adjusted, using an IBM 7090 computer , unt i l 
a m i n i m u m va lue of x 2 is found. The normal i ­
zat ion constants Ci are computed at the same 
t ime , and hence the set of exper imental cross 
sections which together wi th the final set 
of form factors generates the min imum value 
of the function x 2 -

R E S U L T S 

The exper imenta l cross sections are to be 
publ ished in a more complete report of this 
work. 

Table gives the charge and magnet ic form 
factors of t r i t i um and hel ium-3 which corre­
spond to the min imum value of x 2 - The errors 
in these quant i t i es were computed from the 
error ma t r ix , which was also calculated by the 
computer . The quoted errors have been based 
on external or internal consistency, depending 
upon which gave the larger uncer ta in ty . The 
final column in t ab le shows the goodness of fit. 
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At al l values of q2

f w i t h t h e except ion of q2 = 8 of ra t ios of form factors. Several conclusions 
f e r m i " 2 , the va lue of %2/N is larger t h a n u n i t y , can be drawn from these ra t ios : 
which is to be expected since only t h e ra the r a) the charge and magne t i c form factors 
small errors ar is ing from coun t ing s ta t i s t ics of t r i t i u m seem to be very s imi lar , w i t h t he 
have been considered in th i s compu ta t ion , except ion of the po in t a t q2 = 8 f e r m i " 2 ; 

T r i t i u m and h e l i u m - 3 Form Factors 

The devia t ions from u n i t y of %2/N a re not 
sufficient to ind ica te a fai lure of the Rosenb­
lu th formula. 

F i g . 1. T h e c h a r g e form f a c t o r of h e l i u m - 3 f u n c t i o n 
of f o u r - m o m e n t u m t r a n s f e r s q u a r e d . 

In Fig . 1 we show t h e va r i a t i on of the charge 
form factor of he l ium-3 wi th the four -momentum 
transfer q2. For the sake of compar ison the other 
form factors are given in F ig . 2 in t h e form 

b) t h e charge form factor of he l ium-3 is sig­
nif icant ly smaller t h a n the magne t i c form 
factor, a l though the effect is no t qu i t e as mar­
ked as was or ig ina l ly suggested by t h e d a t a 
of Collard and Hofs tadter [14]; 

c) both the charge and magne t i c form factors 
of t r i t i u m seem to decrease less r a p i d l y w i th 
increasing q2 t h a n the corresponding form fac­
tor in H e 3 . 

The descr ipt ion of t h e magne t i c form factors 
of t r i t i u m and he l ium-3 given by Schiff [6] 
cannot be used w i t h o u t modif ica t ion to ex t rac t 
informat ion abou t the three-body w a v e funct ion 
unless t he con t r ibu t ions due to meson exchange 
are ca lcu la ted . However , w i t h t h e a s sumpt ions 
t h a t t h e nuclei of t r i t i u m and he l ium-3 can 
be described by three-nucleon w a v e funct ions 
and tha t t he charge form factors of these nuc­
léons are given by the free nucléon form factors, 
t h e charge form factors of t r i t i u m and he l i um-3 
can be wr i t t en qu i te genera l ly in t h e form 

Fch (He 3 ) = Fch (p) FL (He 3 ) + \ Fch (n) F0 ( H e 3 ) ; 

(2) 
Fch (H 3 ) = Fch (P) Fo (H 3 ) + 2Fch (n) FL ( H 3 ) (3 ) 

where the form factors FL {H3) and FL ( H e 3 ) , 
describing t h e spa t ia l d i s t r i bu t ion of l ike 
nucléons, and F0 ( H 3 ) and F0 ( H e 3 ) , descr ibing 
the spa t ia l d i s t r ibu t ion of t he odd nucléon» 
are all different due to t h e exis tence of 
a Coulomb repuls ion in he l ium-3 . 
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To e v a l u a t e F0 ( H 3 ) a n d FL ( H e 3 ) we need to 
know t h e charge form factors of t h e neu t ron 
a n d p r o t o n and to m a k e a n e s t i m a t e of t he 
va lue s of t h e form factors FL ( H 3 ) a n d F 0 ( H e 3 ) . 
A l t h o u g h the re is a t present some d isagreement 

F i g . 2 . T h e fo rm fac to r r a t i o s : 
a - Fch ( H 3 ) / ^ (H*); b - Fch ( H e 3 ) / i ? m a g ( H e 3 ) ; 
c — Fch (HSJ/^ch ( H e 3 ) ; d - F m a g ( H 3 ) / F m a g ( H e 3 ) . 

F i g . 3 . V a r i a t i o n of t h e f o r m f a c t o r s F0 ( H 3 ) and 
( H e 3 ) w i t h f o u r - m o m e n t u m t r a n s f e r s q u a r e d . 

be tween v a r i o u s m e a s u r e m e n t s of t h e charge 
form factor of t h e neu t ron , it is genera l ly 
accepted t h a t t h e v a l u e of FCh (n) is smal l 
(of t h e order of 0.1) in t h e r a n g e of q2 of in te ­
rest to t h e presen t expe r imen t . Since t h e con­
t r i b u t i o n to F0 ( H 3 ) and FL ( H e 3 ) of t h e t e rms 
i n v o l v i n g Fch(n) is therefore sma l l , w e h a v e 
decided to use t h e va lues of £ C h (n) g iven by 
deVries et a l . Also w e h a v e m a d e the appro­
x i m a t i o n s t h a t 

F0 ( H e 3 ) = FL ( H 3 ) = 1 (FL ( H e 3 ) + F0 (H% 

which a re accep tab le because t h e form factors 
F0 ( H e 3 ) and FL ( H 3 ) en ter on ly i n to t h e t e rms 
invo lv ing Ech (n). 

W i t h these a s sumpt ions w e h a v e solved t h e 
e q u a t i o n s (2) and (3) for F0(H3) and f x . ( H e 3 ) . 
T h e r e su l t s a re g iven in F i g . 3 wh ich shows 
t h a t t he form factor desc r ib ing t h e spa t i a l 
d i s t r i b u t i o n of t h e p ro tons in he l i um-3 decrea­
ses m u c h more r a p i d l y w i t h increas ing q2 

t h a n t h e form factor descr ib ing t h e spa t i a l 
d i s t r i b u t i o n of t h e p r o t o n in t r i t i u m . T h i s 
resu l t is of course expec ted , b u t a t t h i s t i m e 
i t is not poss ib le to say to w h a t e x t e n t t h e 
difference should be a t t r i b u t e d to Cou lomb 
repu l s ion or to a weaker nuc lear force be tween 
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the l ike particles. Also , in v i e w of the inade­
quate state of the theory we do not think it 
meaningful to at tempt to use these body form 
factors as a means of determining the ground 
s ta te w a v e functions of the three body nuclei . 

N U C L E A R R A D I I 

Model independent determinations of the 
r m s radii for the charge and magnet ic moment 
distr ibutions of tr i t ium and hel ium-3 were 
made by p lot t ing 1 — Fch (q2) and 1 — 
— Fmag (<72) as a function of q2 and f inding the 
s lope at the origin of a curve fitted by the 
method of least squares to these points . S ince 
the form factor can be expressed as F (q2) = 

= 1 — q ~ + higher terms, the slope of 

1 — F (q2) at the origin is 

from which the r. m. s radius «a» can be deter­
mined . 

The charge and magnet ic form factors for 
both tritium and hel ium-3 were fitted wi th 
a third order curve and the va lues obtained 

for the r m s radii, (in units of fermis) were 
as follows: 
ach ( H 3 ) = 1.67 ± 0 .05 ach ( H e 3 ) = 1.82 ± 0.06 
tfmag ( H 3 ) = 1 . 6 5 ± 0 . 0 6 a m a g (He 3 ) = 1.61 ±0.10 
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