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Radial Excitation of the Nucleon to the P 1 t(144Q MeV) Resonance in Alpha-Proton Scattering
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The energy region from the tt threshold up to the Roper resonance N(1440) has been investigated in

inelastic a scattering on hydrogen using a particles from SATURNE with a beam momentum of 7

GeV/c. In addition to projectile excitation, excitation of the P~~(1440 MeV) resonance has been ob-

served for the proton, indicating a strong monopole excitation. From this a value of the nucleon

compressibility of 1.4+ 0.3 GeV is extracted.

PACS numbers: 25.55.Ci, 14.20.6k, 25. 10.+s

The detailed experimental study of the baryon proper-
ties presents an exciting challenge in hadronic physics for
the next decade since it is related to the understanding of
the structure of QCD in the nonperturbative regime. For
the description of the baryon properties diA'erent theoreti-
cal approaches [1-4] exist and are under development.
These have to be tested in specific experiments using both
electromagnetic and hadronic probes. One of the most
basic degrees of freedom is the size of the baryon. Its
static properties are given, e.g. , by the charge densities
studied in electron scattering. The diflerent charge densi-
ties for protons and neutrons can be understood in models
which give a baryon number density (with a radius much
smaller than the nucleon radius) surrounded by a meson
cloud [5]. Dynamical properties of the size degree of
freedom can be studied in radial modes (isoscalar mono-

pole excitations) which give information on the compres-
sibility of the system. A candidate for a radial mode of
the nucleon is the P~ ~(1440 MeV) resonance.

The energy of the radial mode of excitation is critically
dependent on the basic parameters of the diferent baryon
models; e.g. , it depends on the confining potential in the
constituent quark model [2]. In bag models the radial
mode depends on the bag size. Models have been pro-
posed [6-8] in which the radial mode is generated by the
oscillation of the bag surface. Skyrmion models [9] pre-
dict a radial mode which is rather low in energy.

The study of radial modes of excitations appears to be
diScult because in proton-nucleon scattering the excita-
tion spectrum is dominated by spin-isospin modes. Fur-
ther, these particular modes are weakly excited by elec-
tromagnetic probes. Therefore, it is important to use
selective probes which may enhance the cross sections. A
favorable reaction appears to be the inelastic scattering
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FIG. l. Dominant graphs for target and projectile excitation,
given by 1 and 2, respectively, which contribute to a+ p

a'+ X scattering.

by a particles because in the forward scattering scalar ex-
citations (without spin and isospin flip, S=I=0) should
be dominant due to the structure of the a particle (see
also Ref. [10]) .

In the investigation of this reaction there are complica-
tions due to the fact that both the target as well as the
projectile can be excited. The two dominant graphs for
the e+p a'+ L reaction at appropriate energies are
given in Fig. 1. Graph 1 corresponds to N* excitation
discussed above. Graph 2 corresponds to an excitation in

the projectile. Since there are no selection rules which in-

hibit h, excitation in the a particle, the largest contribu-
tion should be due to excitation of the h(1232 MeV) res-
onance. By emission of a pion this excitation decays
favorably back into the a-particle ground state observed

1336 1992 The American Physical Society



VOLUME 69, NUMBER 9 PH YSICAL REVI EW LETTERS 31 AUGUST 1992

in the detector. This process can explain almost quantita-
tively the old a+p scattering data [10], where a strong
enhancement was observed above the z threshold. To ac-
count for the yield of graph 2 in the inclusive (a, a') spec-
tra, calculations were performed within the impulse ap-
proximation using the meson-exchange model. Here, the
parametrization by Ref. [11] has been used which de-
scribes quantitatively the cross sections and spectral
shape of the elementary pp nh++ system. The matrix
elements for the elementary 5-production processes with

protons and neutrons were introduced into the Monte
Carlo code FOwL and folded with the a-particle form fac-
tor which describes elastic scattering. A ground-state
branching 8(a4 asa+n') of 0.2-0.3 was obtained by
the normalization to the experimental data. It should be
noted that a similar mechanism has been applied for
d+p scattering in Ref. [12]. The appearance of this con-
tribution in the missing-mass spectra close to the pion
threshold is due to the projectile velocity giving rise to a
Lorentz boost in the energy spectra. Therefore, the spec-
tral shape for this process is quite independent of the h,

resonance parameters. This is important for the analysis
discussed below. Finally, it should be noted that in addi-
tion to the graphs in Fig. 1 there are other graphs giving
rise to nonresonant contributions for target and projectile
excitation. For projectile excitation the spectral shape of
these graphs is similar to that of graph 2 and is taken into
account by the normalization of the above calculations to
the data. For the target excitation these graphs give rise
to a continuous background which can be subtracted in

the analysis.
In our experiment alpha-proton scattering has been

measured at a beam momentum of 7 GeV/c which is

close to the maximum momentum for SATURNE. A
liquid-hydrogen target of 4 cm thickness was used. Scat-
tered a particles were momentum analyzed in the SPES
IV magnetic spectrometer [13] and detected behind the
focal plane by two drift chambers separated by 1 m.
From the position of the particles in the six planes of the
chambers the trajectories were calculated back to the tar-
get position. The time of flight between scintillators at
the intermediate focus and the focal plane and the hE
signals from four 1-cm-thick plastic scintillators were
used for an unambiguous identification of the scattered a
particles. The momentum acceptance of the spectrometer
is 6', so a complete spectrum was covered by four to five

magnetic field settings. Missing-energy spectra (0 =E;
—Ef) were measured at four scattering angles of 0.8,
2.0, 3.2, and 4. 1 degrees; the one obtained for 0.8 is
shown in the upper part of Fig. 2. The spectrum indi-
cates a strong rise of the yie1d above the n threshold and
a pronounced structure above 400 MeV. The part above
the n threshold has characteristics similar to the old data
[10]. A calculation of graph 2, adjusted in the spectral
height to the data above the z threshold, gives rise to the
solid line. The shape of the spectrum is quite well repro-
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FIG. 2. Upper part: Missing-energy spectrum of inelastical-
ly scattered a particles on a hydrogen target. The solid line
shows the spectral shape calculated for projectile excitation
(graph 2 in Fig. 1) which was adjusted to the data above the z
threshold. Lower part: DiA'erence spectrum between data and
solid line.

duced up to a value of 0 of 400 MeV. At larger values
of 0 we observe a structure indicating a strong excitation
of the P 1 1 (1440 Me V) resonance. The difference
spectrum —in which the projectile excitation is subtracted
from the measured spectrum —is shown in the lower part
of Fig. 2 which shows a pronounced peak in the Pl i(1440
MeV) resonance region. Above 0.9 GeV the yield is
rather flat. This is the region of the D|3(1520 MeV) and
Sl 1(1535 MeV) resonances which can be excited in in-
elastic a scattering by L =1 transfer.

The excitation strength in the lower part of Fig. 2
peaks at a value of 0 which corresponds to an excitation
energy of 410-420 MeV with a width of about 120 MeV.
As a result of the momentum-transfer dependence of the
a-particle form factor, which has to be taken into ac-
count, the strength is shifted to lower values of O. To ob-
tain the strength function, the form-factor dependence
has to be unfolded. This is only known for small momen-
tum transfers [14]; the extrapolation gives rise to uncer-
tainties in the extracted resonance parameters. Our esti-
mates give a shift of only 30-50 MeV in the peak energy
and a 30-60 MeV increase in the resonance width, indi-
cating a Pt i resonance at a mass of about 1400 MeV with
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a width of about 160-170 MeV. The energy is rather low

in comparison with the average energy from n-1V phase
shift analyses [15]; the position corresponding to 1440
MeV (by including the effect of the a form factor) is in-

dicated in Fig. 2.
DifIerential cross sections are given in Fig. 3. They

show a very steep angular dependence characteristic of a
monopole transition. Estimates using simple scaling as-
sumptions of experimental monopole cross sections [16]
indicate that the large cross sections obtained for the
Roper resonance excitation imply a large fraction of the
monopole sum-rule strength. The differential cross sec-
tions are quite well described in a folding-model approach
including distorted wave effects [17]. The obtained
differential cross sections (solid line in Fig. 3) are in good
agreement with the data assuming a sum-rule strength of
(70-80)%. Details of these calculations are discussed in

a forthcoming paper.
Further support for a monopole character of the excita-

tion results from the similarity of the data in the upper
and lower parts of Fig. 3. Projectile excitation is dom-
inated by the 6 resonance which also presents a monopole
(L =0) excitation (however, of different spin-isospin
structure). Therefore, the angular distributions should be
similar for both cases. This is in fact true. A slightly
flatter angular distribution for projectile excitation might
be expected due to the three-body character of this reac-
tion (dashed lines in Fig. 3).

From the centroid energy E, of the scalar monopole
excitation the compressibility K of a system may be de-
duced, where K is defined for a spherical system with di-
mension r by K=r d (E/N)/dr, corresponding to the
curvature in the equation of state at the ground-state
minimum. Using operator sum rules [18] for the nucleon
this leads to

Krv =(m?v/36 )E„(rN), (1)
where m?v is the nucleon mass and (re) relates to the
mean-square radius of the scalar density.

In the constituent quark model the rms radius is direct-
ly related to the oscillator constant by the virial theorem
giving rise to a nucleon radius which is far too small
((rjv)-0. 37 fm ). Therefore, for the understanding of
the radial properties the inclusion of sea-quark polariza-
tion is important. The value of (r?v) is not well known.
For electromagnetic coupling (dominated by the coupling
to vector mesons) the rms radius is obtained from the
proton and neutron charge-radius difference [19] which
gives an isoscalar mean-square radius of about 0.62 fm .
For the scalar density which couples to the a (2?r mode)
the radius may be obtained from the analysis of the elas-
tic o. -p scattering which gives a square radius in the order
of 0.6 fm-. This yields a nucleon compressibility Kz of
1.4+ 0.3 GeV. The errors are due to the uncertainties in
the extraction of the excitation energy, the monopole ma-
trix element, as well as the energy of the remaining
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FIG. 3. DiA'erential cross sections for excitation of the P]]
resonance excitation (upper part) and of the projectile (lower
part). The errors given are mainly due to uncertainties in the
separation of target and projectile excitation. For the P]] exci-
tation a triangular background from 0.35 to 0.9 GeV was sub-
tracted. The solid line shows the calculated monopole cross sec-
tions obtained in a folding model. The angular distribution es-
timated for projectile excitation is shown by the dashed line.

a Also at Institut fiir Kernphysik, Forschungszentrum

monopole strength.
Values of the compressibility can be derived from

diAerent models. For the constituent quark model a
value of K?v of 3 GeV is obtained using a harmonic oscil-
lator with hc0 =500 MeV. More complicated versions of
this model as well as MIT bag estimates are discussed in

Ref. [20] and give K?v in the order of 900-1200 MeV.
In summary, a strong excitation of the Roper reso-

nance has been observed in a-proton scattering which
demonstrates that this resonance represents the lowest
compressional mode of the nucleon. Although consistent
with other experiments, the energy of this I']] resonance
is somewhat lower than obtained from z-N phase shifts.
For the first time an experimental estimate of the
compressibility of the nucleon has been obtained which
lies between the values deduced from diAerent models.
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