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ABSTRACT
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resonant multiple scattering. Its inclusion restores the

agreement between experiments and Glaubexr theory.
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High precision measurements of the total cross-sections for the
. T4 e .
scattering of {1 and 11 mesons by deuterons have recently been report-
. 1) . - , .
ed ). The measurements were performed at intervals of about 20 MeV, in

the range 350-2400 MeV kinetic energy for the mesons. The cross-sections

for the scattering of T 7 were fourd to be =zbous 1 mb higher than those
of T1 P preliminary comparison with the multiple scattering theory of
Glauber 2 was also reported 1) ’) The coneclusions drawn wera that this
theory was unable to describe the expe riment deto. Since then there has

been considerable doubt on the validity of the Glauber expansion in the

resonance region.

In our opinion the comparison with theoly was done in.an unfortunate
way. The main contribution, normally about 96%, to the theoretical cross-
~section comes from single scattering terms. It is independent of any v
specific multiple scattering theory. Therefore, the term which has to be
tested contributes only 4%. mhe failure of the theory was entirely blamed
on thié small correction term. The dangerous point in this kind ofvappfoach
is that although the relative experimental errors are very small the total
normalization is somewhat uncertain. In view of the smallness of the corQ
rection term a slightly incorrect normalizeticn could eaglily produceﬁqueer
results. It is therefore not surnrising to find that the contradictions
were most embarrassing in a region where the correction term is unusually
small, only 2% instead of 4%. Here the correction ferm turrned out to have an

incorrect signl

We have reinvestigated the whole problem and note that a renorma-
lization of the experimental data by about 1.7% brings theory and experiment
into a spectacularly good agreement. Whether this interpretation is correcth
or not has t0 be born out by future experiments. Incidentally, the renorma-
lizetion is of the same order of magnitude as the difference between the

results obtained in 1) and those of 4) and D), as can be seen in PFig. 1.
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In the multiple scattering theory of Glauber, the mesons are
scattered by the individual nuclecns in the nucleus, The scattering ampli-
tude for the scattering by a bound nucleon is assumed to be the same as for
a free nucleon. In the deuteron case the theory is very simple; only single
and double scattering terms are relevant. Therefore we write the total

cross-section as a sumn of two terms,

Q%'D = Gz + Gﬁi

(1)
As was already noted above the single scattering term cJS is independent
of any specific multiple scattering theory. A test of the Glauber theory is
therefore necessarily a test of the contribution from the double scattering
term & a In the region above 700 MeV the contribution from this term is
normally only about 4%. A decigive test therefore demands accurate measure-
ments, and certainly also an accurate evaluation of the main contribution,
the single scattering term. We also want t0 remark that there are processes
which are not included in the Glauber theory, i.e., pion absorption by the
deuteron. In the energy region we are considering such effects are negli-

gible.

In the conventional high energy approach to multiple scattering
theory the momentum of the struck nucleon is neglccted as compared to the
momentum of the impinging meson. In our case this cannot be done. There
are a number of promiment resonances in the pion-nucleon system in the
energy range we are considering, producing rapidly varying cross-sections.
Therefore the Fermi motion inside the deuteron must properly be taken into
account. As is well known the deuteron wave function contains an S wave
part 4)8(5) and & D wave part §>D(§). If we cousider scattcring by
unpolarized deuterons the appropriate generalization of the single scattering

term turns out to bhe

_ 2 o ad vk T ) (= (- ‘ =y
% ”HPP IR E SN ;0:(;}(—) {;zﬁ-f%}’&ﬁ) + Gjr?\ﬂ'i'a-,\)) [ (2)
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Here- v(k;p) denctes the relative velocitby between a meson of momentum k

S

e
and a proton of momentum p, and ¢’ {%,p) denotes the total cross-section

©

in the same configuration. The eppearance of the additional velocity

dependent factor is due to the fact that the impinging meson has a different
relative velocity with respect to the deuseron itself v(k,0) and the
nucleon inside the deuteron V(E95>¢ We have also used invariance under

. . . . s 1 T . ——
rotations in isotopic spin space to relate 'ﬁ'n cross~sections to || p
cross-sections. The formula is the same for the different charge states of

the meson since the deuteron has isotopic spin T =0, A more detailed
. . N - . .6
discussion of the formula is found in ).
We will now calculate the single scattering term. No free para-
meters are involved. As wave functions for the deuteron we have used
standard Hulthén and Gartenhaus functions as given by Moravesik 7). In

position space the Gartenhaus function is given by

S .

C?S (%) = const - A kii‘_ Q‘l‘f““). U‘” e‘-l.s"f;‘,.,r> (m’o.L'Sl‘f_» ﬂ’“-‘l@\f}

(3a)

{ O 658 ¢ , OLY L A
. =3 3 ] a0 . o
‘\()D (X )= (st = 4 L3 e7 e ; b oo L L0
-0 2856w — 0. a3 v

P
e
P
.
(e

T 0qne , L eV

(3b)
The units used are fermi., Furthermore the D wave part is normalized to
give 6.7% D state contribution. We want to point out that the wave func-
tions given in ") are not sufficiently accurately normalized for our PUTpPOSES.
The normalization error in the wave function (%a) is almost 2%. We have

therefore renormalized them but keeping a D wave part of 6.7%.
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When the Gartenhaus function is used in (2) we get the result
shown in Fig. 2. In the same figure we have simultaneously displayed the
coherent sum, which gives the cross-section when the Fermi motion is neglected.
Two features are immediately visible. In the high energy region where the
pion-nucleon cross-sections are smooth the Fermi motion has almost no
importance on the deuteron cross-section. On the other hand we see that it
is certainly very important in the resonance region, and that it is more
important at high energies than at low energies. The effect on the maximum
at 900 MeV is much bigger than on the minimum at 500 MeV. It is easy to
understand qualitativély the effect of the Fermi motion. Assume that the
’ﬂ’ meson has an energy (g 1in the laboratory system of the deuteron and
that it hits a nucleon of momentum p. In the laboratory system of the

nucleon we then find an energy

. '% - o
\ . ) i
W = w +w - e * P/m ) (4)
MP+ B

where M is the nucleon mass. The last term in this equation produces an

energy spread

—— ;oL =
Moo= k(222
-1-Q\[‘\u_-,‘ fb M / )
whereas the middle term produces an energy shift

) = 2
E ™~ W el 2
= Herml 2, M%

Here ( §2f> is the expectatiorn value of the squared momentum in the

-

deuteron state. It follows that both the smearing and the shift are more
important at high energies than at low energies. In general the Fermi

broadening is of importance whenever the half width [1 is of the same order

of magnitude as (iFermi"

. We have also investigated  the specific effects produced by the

D state on the total cross-section. Thus, in Fig. 3 we have displayed

the difference between the results obtained when both § and D wave parts
of the deuteron wave function are used in (2) and when only the S wave
part is used. In both cases, of course, the total wave function is norma-
lized to unity. It is clearly seen that the inclusion of the D wave
accentuates the importance of the Fermi motion. This is due to the much
broader momentum distribution in the D state. It is even too broad to
allow a simple quantitative estimate of the resulting effect.
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7e have also studied the effect of a Hulthén wave function for the
S wave. This function is given by
(T = —0 2.* —l 2oz
5? kﬁ”§‘: AR l«.( o “Jz'““_ o
< v C h )
)
where we are still using Ffermi as units. The corresponding momentum space
wave function is a bit broader than the Gartenhaus counterpart. It is
found that the cross-section obtained from the Hulthén function never
differs more than 0.15 mb from the one obtained from the Gartenhaus func-
tion. Thus, the single scattering term 1s rather insensitive to the wave
function used, in sharp contrast to the double scattering term.

We now turn to the double scattering contribution G in Eq. (1).

d
In the usual high energy approach, where the momenta of the nucleons are
neglected and where the intermediate catterings are restricted to the

forward direction, this term is given bJ

G ool | |
* i S A [tg,-s.Y’ “(@@-‘X“c,f] WE (6)

Here (1/r2:> is the expectation value of 1/r2 in the deuteron state.

Tor the Gartenhaus wave function, when the D wave is included, we have

Ly\2> = 0.30% fan~ (7)

Furthermore

Yy = Rt /'}mA{ N "
3

where T are the elastic forward scattering emplitudes for the scattering

+
of T “and T~ respectively by protons. All quantities in (6) are
evaluated in the laboratory system for the proton, Since the nucleon momenta
have been neglected this system coincides with the pion deuteron laboratory
system. The actual numerical values for thg resl parts were obtained from

forward dispersion relations .
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In our treatment discussed above, the double scattering term has
been treated in an approximative way. We have thus neglected Fermi motion,
angular dependence of the amplitudes and spin flip amplitudes. The Fermi
motion is easily included when non-forward intermediate scatterings are
neglected. A calculation shows that only small changes are produced. Our
conclusions reported above do not change. The inclusion of non-forward
intermediate scatterings is a bit more delicate. A detailed evaluation of
the resulting changes will be undertaken. We do not expect this effect to

be significant.

We have reported on a study of the Glauber multiple scattering
theory and its relation to recent measurements, especially those of Bugg
et al. 1). In these measurements the relative errors are very small, but
the total normalization is somewhat uncertain. We stress once more the
fact that all normalization questions must be definitely settled before a
meaningful comparison with theory can be done. Thus, comparing existing
data 1)54),5) and theory suggests that a small renormalization of some of
the data may be necessary. Admitting this renormalization the agreement
with theory is very good for energies above 700 MeV. Below 700 MeV the
situation is still unclear. In the high energy region very small fluctua-
tions still remain after the renormalization. They seem to be connected
with the single scattering term rather than with the double scattering
term. They could easily be removed by admitting a slightly broader momentum
distribution for the deuteron, but at present we see no justification for
this explanation. We have found no necessity either for off-mass shell
corrections or for corrections due to Tf“ﬁ' scattering in the modified

meson cloud of the bound system.
We would like to acknowledge discussions with Professors

R.J. Glauber, B.E.Y. Svensson and D.V. Bugg. We wQuld also like to thank
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Figure 1

Figure 2

Figure 3
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FPIGURE CAPTIONS

Theoretical and experimental values for the total cross-
section as a function of the kinetic energy of the pion.
The dashed line is the mean value of 1| "D and I D

as measured by Bugg et al.

The single scattering contribution to the total cross-section.
The solid line is the coherent sum and the dashed line the

coherent sum folded with Fermi motion.

The effect of the D wave on the single scattering term.
The quantity plotted is the difference between the results
obtained when the deuteron wave function contains both S

and D waves and when it contains only the S wave.

Comparison between theory and the measurements of Bugg et al.

The quantity plotted is

Tope — T
&y T Tk, oo
Ty,
and the bars indicate the experimental systematic errors.

Fig. a shows the result for T D scattering and

Fig. b the results for || "D scattering.
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