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The behaviour of the quasi-free p-p cross section is investigated in the framework of the
Trojan Horse Method at relative enegies where the free p-p cross section is sensitive to the
Coulomb interaction. For this reason the 2H(p, pp)n reaction was studied by using a proton
beam energy of 6 MeV at Laboratori Nazionali del Sud, INFN, Catania. The experimental
data have been compared with a simulation based on a Plane Wave Impulse Approximation
approach.

§1. Introduction

The Trojan Horse Method (THM)1)–12) is an indirect method that allows two-
body cross section measurements at energy far below the Coulomb barrier, starting
from a three-body reaction.

It is possible to extract a two-body cross section (a + b → c + C) from a mea-
sured three-body one (a + A → c + C + x) where the chosen nucleus A has a high
probability to be clusterized into x⊕b and x behaves as a spectator to the process
(quasi-free mechanism). If the reaction energy is higher than the Coulomb barrier
in the entrance channel of the three-body reaction, the two-body interaction can be
considered as taking place inside the nuclear field.

Therefore, in this picture, the extracted two-body cross section refers to the
nuclear interaction only, the Coulomb barrier being already overcome in the entrance
channel.4)

The present paper reports on the application of this method to the p-p scattering,
the simplest case where the Coulomb suppression can be observed. The p-p cross
section is well-known. Its energy trend is observed to be very similar to that of n-n
or p-n systems (≈ 1/v) except at low proton energies where a deep minimum shows
up (Elab = 382.43 keV, θcm = 90◦) due to the interference between the nuclear and
the Coulomb scattering amplitudes.13)

So, if one extracts the p-p cross section, under the THM assumptions from a
suitable three-body one, like the 2H(p, pp)n reaction, this extracted cross section
is expected to show Coulomb suppression effects. For this reason, the 2H(p, pp)n
reaction was studied at Laboratori Nazionali del Sud (LNS), INFN, Catania, at
proton energy higher than the p+d Coulomb barrier and such that the p-p relative
energy in the exit channel is in the region of the deep minimum.
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Thus, the extracted results can be compared with the free p-p cross section
containing all Coulomb effects as well as the n-n cross section that is sensitive to the
nuclear interaction only.

§2. Experimental set-up

Fig. 1. The kinematic locus for the 2H(p, pp)n

reaction at Ebeam= 6 MeV; detectors are

placed at 16.2◦ < θp1 < 24◦ and 15.6◦ <

θp2 < 23.4◦.

A kinematically complete experi-
ment was carried out at the LNS. The
15 MV Tandem provided a 6 MeV pro-
ton beam with a current of about 2
nA. The target consisted of a deuter-
ated polyethylen film, 178 µg/cm2 thick.
Proton-proton coincidences were mea-
sured by two Position Sensitive Detec-
tors (PSD) placed at roughly symmetri-
cal angles with respect to the beam di-
rection: 16.2◦ < θp1 < 24◦ and 15.6◦ <
θp2 < 23.4◦. The p-p kinematic locus is
shown in Fig. 1.

The energy and angular resolution
of the PSD’s were around 100 keV and
0.1◦, respectively. A window was ap-
plied on the coincidence time spectra

measured between the start and the stop signals given by the two detectors (see
Fig. 2a)). Further selections were performed on the p-p kinematic locus and on the
q-value spectra (Fig. 2b)). The investigated relative energy ranges from 0.3 to 0.8
MeV while the p-p center-of mass ranges from 30◦ to 150◦ (see Fig. 3).

§3. PWIA approach

The 2H(p, pp)n three-body reaction has been widely investigated (see, e.g.,
Refs. 16) and 17)).

The quasi-free mechanism for this reaction was studied at a beam energy of 145
MeV in Ref. 14) and at lower energies, ranging from 4.5 to 13 MeV, in Ref. 15). In
these papers the Plane Wave Impulse Approximation (PWIA) was used in order to
reproduce the data.

The 3-body cross section can be written, in PWIA, as
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Fig. 2. a) Time spectra (TAC) measured be-

tween the start and the stop signals given

by the two detectors after the kinematic se-

lection in the E1-E2 spectra (see Fig. 1); b)

q-value spectra for the 2H(p, pp)n reaction

after a selection on the TAC spectra.

Fig. 3. Proton-proton relative energy E12 ver-

sus the center-of-mass angle θcm. The ma-

trix is symmetric with respect to 90◦ be-

cause of the symmetric detection angles.

In Eq. (3·1), E0 is the proton bom-
barding energy; E1, E2, θ1 and θ2 are
the energies and the angles of the de-
tected protons; E3 is the energy of
the third particle; Eα=2.225 MeV and
Eβ=59.8 MeV are the Hulthén function
parameters; θ12, E12 are the relative an-
gle and energy of the two detected pro-
tons in the exit channel. If one neglects
the off-energy shell effects the two-body
cross section in Eq. (3·1) can be ex-
pressed through the free p-p scattering
cross section.

The PWIA approach was used for
the application of the THM in Refs. 2)–
5). By measuring the three-body cross
section, it is possible to extract the
p-p two-body cross section term from
Eq. (3·1).

In order to show the “Coulomb sup-
pression”, it is possible to compare the
3-body experimental data with a Monte
Carlo simulation based on Eq. (3·1)
where the measured 2-body cross sec-
tion can be included. Equivalently one
can compare the extracted 2-body cross
section with the measured 2-body one.
These two procedures will be followed
by using both the free p-p and n-n cross
sections for the comparisons.

The first simulation was done by
using the free p-p cross section18) where
the l=0 phase shift is calculated in the
Jackson and Blatt formalism19) by using
the Foldy et al. parameters:20) −R/a =
3.704 and ro = 2.76 fm where a is
the scattering length, ro is the effective
range, and R is equal to ~

2

me2 .
The total coincidence yield (in a.u.,

dots) of the experimental 3-body cross
section corresponding to the region of
Fig. 1 is shown in Fig. 4 as a function of
proton energy a), proton-proton center-
of-mass angle b) and proton-proton rel-
ative energy c).
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Fig. 4. Three-body cross section (in arbitrary

units) for proton-proton coincidences as a

function of a) the proton energy E1, b) the

two-body centre-of-mass θcm, and c) the

two-body relative energy E12. Dots repre-

sents experimental data while the dashed

line is a calculation based on the specta-

tor model where the two-body cross section

(Eq. (3·1)) is the free proton-proton cross

section.

Fig. 5. The data of the three-body cross sec-

tion (dots) for proton-proton coincidences

are compared with a calculation (dashed

curves) based on the spectator model where

the modulation of the two-body cross sec-

tion is given by the neutron-neutron cross

section: the results are shown as a func-

tion of a) proton energy E1, b) two-body

centre-of-mass angle θcm, and the c) two-

body relative energy E12.

As expected, the calculation (dashed curves) does not reproduce the data. The
two-body cross section was also extracted by dividing the measured three-body cross
section by the phase space factor and the momentum distribution of the neutron
inside the deuteron. The resulting cross section is shown in Fig. 6 as a function
of the proton-proton relative energy. For each energy E12 the contribution of the
different center-of-mass angles is summed up (see Fig. 3). As discussed above, the
experimental data are compared with the free p-p cross section at the same relative
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Fig. 6. This figure shows how the two body cross section is extracted from the three-body one;

the experimental three-body cross section, the calculation of the kinematical factor mutiplied

by the momentum distribution and the division between them are plotted as a function of E12

respectively in a), b), c). The spectra are in arbitrary units.

energy and angular ranges. The free p-p cross section and the extracted 2-body cross
section are normalized with each other under the hypothesis that at relative energies
above the proton-proton Coulomb barrier (≈ 550 keV), they must be in agreement
within experimental errors (Fig. 7a)). For this normalization, the disagreement
between data and the free p-p cross section at lower energies is again evident.

The second simulation was done under the assumption that the Coulomb part
is suppressed, so the neutron-neutron cross section replaced the free proton-proton
cross section. This allows us to simply suppress all the Coulomb effects in the
calculation.

The n-n cross section has been expressed by using the effective-range theory
where the scattering length and the effective range (a = −16.6 fm, ro = 2.9 fm)
are from.21) Now only the nuclear part of the interaction is taken into account in
the simulation and the agreement for the 3-body cross section is fairly good (Figs. 5
a),b),c)). As in the previous case, the extracted two-body cross section has been also
compared with the n-n cross section (Fig. 7b)). The normalization has been done
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Fig. 7. The two-body cross section (stars) extracted in Fig. 6 is compared with the proton-proton

cross section (dotted line) in a) and the neutron-neutron (dotted line) cross section in b).

at higher energies and again the cross section is plotted in arbitrary units. Here the
agreement between data and n-n cross section is fairly good.

A calculation was done which accounts for the Final State Interaction between
the neutron and the protons. The effect in the spectra considered is that of enhancing
the value of the cross section close to the experimental proton energy thresholds both
for the p-p and the n-n case.

§4. Conclusions

In this paper, the extracted p-p cross section has been compared first with the
free p-p cross section (which includes all Coulomb effects) and then with the n-n cross
section (which contains just the nuclear effects). We have observed that the Coulomb
interaction is suppressed for this THM extracted cross section, it is a mainly nuclear
cross section since it is in agreement with the n-n one.

These results, that confirms the THM predictions, represent an important start-
ing-point for further investigations both on the experimental side (e.g. the absolute
values of the cross section) and the theoretical one (e.g. detailed analysis from a
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microscopic point of view or in the framework of direct reactions).
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