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A phase shift analysis for 990 ke V protons elastically scattered on tritium is carried out. 
By employing the complexity of the angular dependence due to Rutherford scattering and 
also the data for the threshold anomaly, it has been possible to reduce the number of solu
tions to two, corresponding to resonance in the 1s0 state. 

THE extensive experimental material on interac
tion between protons and tritium, which can be 
found in the literature [t, 2], is of appreciable inter
est in connection with the question of the excited 
states of He4• Data on elastic scattering are ana
lyzed in some papers [a,4]. However, the most im
portant of these papers [4] makes use of several 
simplifying assumptions which make the result 
doubtful. In this connection it is of interest to re
peat the analysis, using also the published data on 
the measurement of the anomalies in the elastic
scattering cross section near the threshold of the 
T(p, n)He3 reactionC5J. 

Since there is no noticeable contribution of 
alpha waves to the reaction and scattering cross 
sections near threshold, it follows from momen
tum and parity conservation that the reaction is 
connected with the absorption of s-protons. Sepa
rating the amplitudes of the Rutherford scattering 
in formula (2.6) of the paper by Baz' [SJ and con
fining ourselves to an examination of s and p 
waves, we can readily obtain the following expres
sions for the change in cross section of the elastic 
scattering near threshold: 

4n~a! = - (2kR sin ~- I) X + 2k R cos~ Y 

-a, -D cos it, 

4n~a5 = - 2kR cos ~X- (2kR sin~- I) Y + B cos it. 
(1) 

Here 6a~ is the change in the differential cross 
section of elastic scattering at an interval .6.E 
above and below the threshold En, in the c.m.s.; 
ar is the total cross section of the reaction at 
energy En+ .6.E; k is the wave number of the 
proton at E = En; R = z1z2e2 I 4En sin2 ( J/2) is the 
amplitude of Rutherford scattering; ~ is the phase 

of Rutherford scattering at E = En; J. is the c.m.s. 
scattering angle; D and B are quantities that de
pend on the p-phases; 

(2) 

1ar, 3ar, 160, and 360 are the cross sections of the 
reaction 1> and the scattering phase shifts for the 
states 1S0 and 3s1• 

In solving equations (1) we used the values of 
.6.as at points 30 keV above and below threshold, 
taken from the paper of J armie and Allen [5], and 
used for the reaction cross section a value of 100 
mb as an average of the results of Gibbons and 
Macklin [a], increased by 15 per cent with allow
ance for the deviation from the 1/v law, as ob
served by Bergman et al [s]. The contribution of 
the p-waves to the scattering amplitude was elim
inated using the data for two angles. The coordi
nates of the vector (2) were found to be X 
= (-1.2 ± 0.5) x 10-25 andY= (0.1 ± 0.6) x 1o-25 . 

Inasmuch as 1ar + 3ar = ar. exp = 1.15 x 10-25, 

this result can correspond to one of the following 
solutions: 

1) 160 = 3 1'10 = n I 2, 1cr,;acr, not determined 
2) 360 = nj2, 1 cr, = 0; 
3) 160 = nj2, 3cr, = 0. (3) 

1lln these formulas, as is well known, the cross section of 
the reactions is the first term of the expansion of the scatter
ing amplitude in powers of k 2ar• The validity of such an expan
sion below the threshold is not obvious. It can be shown, 
using the resonance formula of one level,[!] that such an ex
pansion is valid also below the threshold subject to the addi
tional condition lr « 21 E~- Ei , that is, not at resonance. On 
the other hand, one should expect large threshold anomalies 
in the cross section only near resonance, where the derivative 
of the reaction cross section can be large. 
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Comparison with the results of the phase-shift 
analysis, given below, enables us to discard the 
first two solutions. 

Thus, the reaction proceeds essentially through 
one spin state, and the scattering phase in this 
state is close to resonance. Good agreement is 
observed between the data of the reaction cross 
section and the threshold anomaly, but the experi
mental errors are large (the mean square errors 
are indicated). The results obtained enable us to 
carry out more unambiguously a phase shift analy
sis of elastic scattering near threshold. 

In the :phase shift analysis it is convenient to 
write down the expression for the scattering cross 
section in terms of the following variables: 

X0 = ~cos 2 10o + f cos 2 300 , 

Y 1 . 21~ + ~ . 23• o = 4 sm Jo 4 sm · u 0 , 

xl ={-cos 2 1o1 + :} cos 2 361, 

Y 1 . 2 1-" 3 . 2 ., 1=4sm u1-t 4 sm ·bl, 

(here lj! is the phase of the Coulomb scattering for 
l = 1 ). This representation, which allows a deter
mination of the s-phase by simple graphic methods, 
was proposed by Cry sty [tO] for the analysis of a
scattering. It also has advantages in the presence 
of p phases. The analysis reduces to a solution 
of a system of linear equations in the variables (4). 
The only values X0, Y0, X1, and Y 1 give two sys
tems of solutions for the s- and p-phases each. 
If there were no interference term (as in the case 
of the scattering of identical particles), we would 
have four systems of solutions. The presence of 
interferences gives an overdetermined system of 
equations (4) and enables us in principle to choose 
the unique solution 2>. 

The phase.:...shift analysis was made at an energy 
Ep = 900 keV. The data of Hemmendinger et al [i] 

and Jarmie and Allen [5] were used. The following 
four systems of solutiQns were obtained: 

Solution •5, 

1 90° 
2 28° 
3 100° 
4 -5° 

•s, 
-22 so 
-40b 

40° 
60° 

'5, 
_zo 
_zo 

-13° 
-15° 

'5, 
13° 
13° 

-50 
-40 

This multivaluedness can be reduced by using 
the data for the threshold anomaly. Comparison 

2>tiote added in proof (January 10, 1963). Actually, how• 
ever, there is an almost linear relationship between the coef
ficients of the variables in (4), so that the number of solutions 
is increased. The data presented in the table were modified 
in accordance with this circumstance. 

with the results of an analysis of the threshold 
anomaly enables us to choose solutions (1) and (3), 
which correspond to resonance in the 1s0 state. 

Thus, the use of the threshold anomaly leads 
to more unique determination of the s-phase of 
elastic scattering of protons by tritium and con
firms the conclusions of Frank and Gammel [4] 

and Bergman et al [s], and also the recently pub
lished data of Werntz and Lefevre [11] concerning 
the existence of an excited He4 level with charac
teristics J = o+. 

Frank and Gamel [4 ] used the condition 361 / 161 

= -1, which was obtained in the Born approxima
tion, and discarded the solutions whose energy de
pendence did not correspond to any resonances. 
The res~lts of [4] differ somewhat from ours and 
the fit to the scattering cross sections is much 
worse. We note that at other energies, the true 
values of the phases may differ appreciably from 
their results [4] , inasmuch as Frank and Gammel 
did not take reaction into account. Yet, even at 
Ep = 1050 keV the cross section for the reaction 
via the state 1s0 amounts to 0.30 CTmax and at 
higher energies, reaches probably values which 
are close to maximum. In addition, the large posi
tive value of the phase 361 causes us to assume the 
presence of a spin-orbit dependence. 

The authors express their gratitude to I. Ya. 
Bar it for many valuable remarks and advice. 
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