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QuasielasticpÀ-nucleus scattering at 950 MeVÕc
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Quasielastic scattering cross sections have been measured with a 950 MeV/c p2 beam on targets of2H,
6Li, C, Ca, Zr, and208Pb, over a range of three-momentum transfers from 350 through 650 MeV/c. Results for
carbon are compared to a finite-nucleus continuum random-phase approximation calculation including distor-
tions. The pion spectra at our lowest range of momentum transfers show less scalar/isoscalar correlation than
predicted.
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I. INTRODUCTION

Quasielastic scattering is a process in which an incid
particle elastically and incoherently interacts with only o
nucleon inside a nucleus, with all the other nucleons be
spectators. At intermediate energies this process domin
the nuclear response, showing two characteristic featu
one is that the position of the peak corresponds to tha
elastic scattering by a free nucleon, and the other is that
width of the peak reflects internal motion of individu
nucleons in the target nucleus. Nuclear correlations can
studied with this process, by measuring the distribution
the quasielastic strength@1#. Quasielastic scattering of elec
trons has been extensively studied using their short wa
lengths, deep penetration, and well-known couplings
nucleons. However, the coupling of electrons to nucleon
almost entirely electromagnetic, and hadronic probes
needed to explore the full set of spin and isospin couplin
A recent example is the study of isovector spin-transve
and spin-longitudinal quasielastic scattering with the po
ized (p,n) reaction@2,3#.

Mesonic probes can be used to study other couplings
reached by lepton and baryon beams. Quasielastic nonch
exchange~NCX! scattering by pion andK1 beams occurs
largely through scalar-isoscalar couplings, while pion sing
charge exchange~SCX! acts through an isovector, large
scalar, coupling. Both (p,p8) ~NCX! @4# and (p6,p0)
~SCX! @5# reactions were measured using pions
624 MeV/c at LAMPF. The quasielastic peak positions f
the (p6,p0) reaction showed shifts toward higher ener
loss than for free p2p scattering below aboutq
5400 MeV/c, while no shifts were observed for the (p,p8)
reaction. This difference was tentatively explained as aris
from the difference in effective particle-hole interactions f
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different channels. These studies demonstrated that
quasielastic scattering can be used to study nuclear respo
in the scalar-isoscalar and scalar-isovector channels. At l
momentum transfers, however, the outgoing pions fr
those studies have such low energies as to be likely to in
act again to form the prominentD resonance. A higher pion
beam energy is needed to avoid this complication and
maintain a long mean free path within the nuclear mediu
The (K1,K18) quasielastic reaction at 705 MeV/c @6# was
measured at the Alternating Gradient Synchrotron~AGS! at
Brookhaven National Laboratory, taking advantage of
small K1N cross sections to give a long mean free pa
within nuclei to reach high densities of nucleons. Theoreti
calculations compared to these data were performed
finite-nucleus continuum random-phase approximat
~RPA! framework@7#. The calculation described the exper
mental results well and provided a constraint on the stren
of the effective particle-hole interaction in the scala
isoscalar channel. The model used in that calculation is a
applied below to the present data.

The present experiment is a study of quasielas
p2-nucleus scattering at 950 MeV/c, principally to investi-
gate the nuclear response using a scalar-isoscalar dom
probe. An advantage of the present experiment
950 MeV/c compared to the previous one at 624 MeV/c is
the greater predominance of the scalar-isoscalar channel.
momentum transfer dependence of the spin/isospin con
of pion-nucleon scattering cross section at the beam mom
tum of 950 MeV/c is shown in Fig. 1. Thep2N cross sec-
tions in the four allowed spin/isospin channels are tak
from the SM95 solution toSAID @8#, assuming charge sym
metry. The fraction of the scalar-isoscalar channel is m
than 55% and up to 75% over a momentum transfer ra
from 350 to 550 MeV/c, which our spectra will emphasize

II. EXPERIMENT AND DATA ANALYSIS

The experiment was performed at the 12 GeV proton s
chrotron of the High Energy Accelerator Research Organ
©2001 The American Physical Society08-1
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tion ~KEK! @9#. A negative-pion beam was delivered to th
target by the K6 beam line, which was equipped with a D
separator. The beam momentum was analyzed by a beam
spectrometer, which comprises a QQDQQ magnet sys
three arrays of scintillator hodoscopes, and four sets of d
chambers capable of tracking high-rate beam particles.
momentum spread of the beam was61.2%. The typical
beam intensity at the experimental target was 1.13106

particles/spill, where the beam duration was 1.8 s and
spill repetition cycle was 4 s. The beam size~rms! was typi-
cally 6.3 mm horizontal and 13.0 mm vertical.

Scattered pions were analyzed with the Superconduc
Kaon Spectrometer~SKS! @9#. It consists of a 11 MJ super
conducting dipole magnet, four sets of drift chambers, arr
of time-of-flight ~TOF! scintillators, Aerogel Cˇ erenkov
counters, and Lucite Cˇ erenkov counters. The SKS was pos
tioned at a fixed laboratory scattering angle of 30°. Since
SKS has a large solid angle of 100 msr, it could cover
angular range of615°. The momentum acceptance of t
spectrometer was620%. Four magnetic field settings~860,
780, 720, and 630 MeV/c central momentum! were used to
cover the entire quasielastic region, allowing good over
regions. The present setup covers momentum transfers
350 to 650 MeV/c and energy loss up to 350 MeV, as show
in Fig. 2.

A veto plastic scintillator~24 cm wide! was placed along
the beam direction 40 cm downstream from the scatte
targets, subtending617°. This was used to reject the larg
background from the pion beam not interacting with the sc
tering target but directly hitting a detector frame dow
stream. The veto counter cut into the most forward eve
accepted by the SKS, so only pion scattering angles bey
20° were analyzed. Comparing continuum spectra with
without the veto at the same low beam rate, the differe
was less than 3% across the quasielastic region. We
clude that use of this veto system did not affect the shap
magnitude of our quasielastic spectra beyond 20°.

FIG. 1. Theq dependence of the spin/isospin content of t
pion-nucleon scattering cross section at a beam momentum
950 MeV/c. The present experiment covers the range from 3
through 650 MeV/c. As elsewhere in this work,q is measured in
the laboratory frame.
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Natural isotopic targets of CH2 (3.5 g/cm2), C
(4.6 g/cm2), Ca (3.1 g/cm2), and Zr (3.4 g/cm2) and highly
isotopically enriched targets of C2H2 (1.4 g/cm2),
6Li 2H (2.0 g/cm2), and 208Pb (4.6 g/cm2) were irradiated in
the present experiment. The size of the targets was 4.6
wide and 4.1 cm high for the lead target and 10 cm wide a
10 cm high for the other targets, more than 3 times as la
as the beam size. The targets were chosen to study thA
dependence of the quasielastic scattering over a wide ra
of nuclear sizes. The deuteron target was used to ensure
we correctly account for scattering on both neutrons and p
tons.

Freep2p scattering cross sections were measured w
the CH2 and C targets at several beam momenta. The dif
ential cross sections were derived using an SKS accept
function determined by a Monte Carlo simulation, in whic
measured field maps, geometry and efficiencies of detec
and the beam profile measured during the experiment w
used. Figure 3 shows an example of the mapped accept
and the loci of elastic proton events at several beam m
menta. These cross sections were compared to those
SAID @8# as shown in Fig. 4 and normalized to theSAID cross
sections. The normalization factor was 1.05. The overall
curacy of this normalization was 5% for the quasielastic
gion, as determined by the comparison between the shap
the measured and theSAID cross sections. In addition, th
elastic scattering cross sections for carbon at 900 MeV/c are
in agreement with those of Takahashiet al. at 895 MeV/c
@10# within 15%. The systematic error of the cross sectio
was estimated to be 11%, determined by the above ag
ment withSAID, the accuracy with which overlapping spect
agreed~never worse than7%), and the effects of the veto
counter. We include no uncertainty for thep2p cross sec-
tions of SAID, since any theoretical comparisons to our da
are likely to use these same cross sections.

of
0

FIG. 2. Kinematics of the present experiment. The thin solid l
shows the region where measurements were made. Theq-fixed loci
are shown in the dashed lines. The thick solid line shows kinema
of a quasielastic peak and the dotted lines show full width o
quasielastic peak calculated with a Fermi-gas modelkF

5221 MeV/c).
8-2
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The energy resolution was 3.0 MeV@full width at half
maximum ~FWHM!#, as determined by the carbon elas
peak. This is good enough for quasielastic scattering stud
Events were collected into momentum transfer bins of
width 25 MeV/c or about 1.8°, which was wider than th

FIG. 3. Effective solid angle of the SKS for the highest SK
field setting (860 MeV/c central momentum!, covering most of the
quasielastic spectra as determined by ray tracing through the
sured field profile. The loci of elastic proton events at several be
momenta used for checks of the normalization are shown as do
lines.

FIG. 4. Differential cross sections forp2p elastic scattering
measured with the highest SKS field setting. The open circles s
the cross sections before normalization to theSAID cross sections.
The solid lines show the results ofSAID.
03460
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angular resolution of 0.8°, to get enough statistical accur
events at a range of angles and outgoing energies.

Doubly differential cross sections for2H, 6Li, C, Ca, Zr,
and 208Pb are presented as a function of energy lossv for a
given momentum transfer bin, wherev was defined as the
difference between the initial and final laboratory kinetic e
ergies of the scattered pions. Deuteron spectra were extra
by subtracting the C spectra from C2H2 spectra after normal-
ization. The6Li spectra were similarly obtained from6Li2H
and deuteron spectra.

III. RESULTS

A. Doubly differential cross sections

Figure 5 shows the doubly differential cross sections
2H, C, and 208Pb at fixedq of 350, 500, and 650 MeV/c.
The measured spectra clearly show the characteristic s
of a quasielastic peak, centered near the energy loss c
sponding to that of freep2N elastic scattering~125 MeV at
q5500 MeV/c) and broadened due to the internal motion
individual nucleons inside the nucleus. These features
familiar from electron scattering continuum spectra, whic
however, require an awkward radiative unfolding proced
not required in the pion scattering.

The observed spectra were fitted by a sum of three c
ponents: a quasielastic peak, a background, and additi
Gaussian peak~s! for elastic and inelastic scattering. For th
nuclei other than the deuteron, an asymmetric Gaussian
exponential cutoff factorC(v) was used to describe eac
quasielastic peak as follows:

f qe~v!5H c1C~v!expF2
1

2 S v2c2

c3
D 2G if v<c2 ,

c1C~v!expF2
1

2 S v2c2

c4
D 2G if v.c2 ,

~1!

C~v!5H 0 if v<vel ,

12expS 2
v2vel

c5
D if v.vel ,

~2!

vel5Aq21M tgt
2 2M tgt , ~3!

wherevel is the energy loss due to target recoil andM tgt is a
target mass. This formalism was introduced by Erellet al.
@11#. The cutoff factor,C(v), describes the suppression du
to Pauli blocking. In addition, in the case of fitting calciu
spectra, an additional Gaussian was included to describ
contribution from a small hydrogen contamination. T
width and central energy of the additional Gaussian w
fixed to those of thep2p scattering data.

For the deuteron spectra, a shifted Lorentzian distribut
was used to describe each quasielastic peak:

a-
m
ed

w
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FIG. 5. Doubly differential cross sections fo
2H, C, and 208Pb at fixedq of 350, 500, and
650 MeV/c. The error bars show statistical un
certainties only. The lines show the fitted quas
elastic peak ~solid!, contribution from non-
quasielastic process~dashed!, and peak~s! for
elastic and inelastic scattering~dotted!.
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f qe~v!55
0

if v<vel ,

c1F 1

~v2vel2c2!21c3

2
1

~v2vel1c2!21c3
G

if v.vel .
~4!

The original form~without vel) was introduced by Esbense
and Bertsch@12# to parametrize a free response of a sem
infinite slab model.

There will also be contributions to the strength under
quasielastic peak from nonquasielastic processes: mul
scattering @7#, two-particle–two-hole (2p-2h) excitations
@13#, and pion production@14#, for example. In the presen
analysis, these contributions were subtracted as ‘‘ba
ground,’’ assuming the shape as a linear function ofv,

f bg~v!5H 0 if v<vel ,

c0~v2vel! if v.vel .
~5!

Each of the spectra in Fig. 5 shows examples of the
ting. The spectra were well fitted by the present fitting fun
tions. Then, cross sections and the centroids and width
the quasielastic peaks were deduced. The quasielastic
sections for calcium were deduced from the extracted c
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sections, which include a small correction from an oxyg
contaminant, assuming from the observed H peak some
taminant of Ca(OH)2.

The model uncertainty of the fits due to the ‘‘backgroun
assumption was estimated by also ascribing the ‘‘ba
ground’’ only to D production. A Breit-Wigner peak at the
energy loss corresponding toD production was assumed an
folded with the quasielastic peak shape in the fitting. For
carbon data atq5500 MeV/c, this procedure gives change
of 115% to the quasielastic cross section,16% to the
width, and12 MeV to the centroid. These changes can
taken to represent a systematic uncertainty in the effect
the continuous background under the quasielastic peak
the largestq of 650 MeV/c, these changes increase
140%, 110%, and15 MeV, respectively. Error bars from
Figs. 6 to 9 include all the systematic errors.

B. Quasielastic cross sections

Figure 6 shows the extracted quasielastic cross sect
for p2-nucleus scattering as a function of momentum tra
fer. The solid lines show fitted results to a noninteracti
Fermi-gas model,

ds

dV
5AeffB~q,kF!S ds

dV D
pN

, ~6!

with a parameterAeff . B(q,kF) is the Pauli blocking factor
8-4



s
ng
e
te
a

-

la
o

s
e

od
r

r
r-

.

s
t

us

rac-
are
ered

al

te

the

ex-

es
cro
e

rs
g

w.

QUASIELASTIC p2-NUCLEUS SCATTERING AT 950 MeV/c PHYSICAL REVIEW C 64 034608
@15#, andkF is the Fermi momentum of the target nucleu
The dotted lines show the fits without the Pauli blocki
factor. The factorAeff can be interpreted as the effectiv
number of nucleons participating in the quasielastic scat
ing. Since effects of Pauli blocking are small for the me
sured kinematical region,kF is fixed to the experimental val
ues of the (e,e8) data of Ref.@16# for this figure. Better
results will follow below. (ds/dV)pN is the elementary
p2N elastic scattering cross section at 950 MeV/c, averaged
over all nucleons in the nucleus. We use the freep2N cross
sections, even for scattering within nuclei. A recent calcu
tion of meson properties in nuclei suggests little change
the p mass and little change of as meson mass that carrie
the scalar-isoscalar interaction favored by our experim
@17#. It therefore seems appropriate to use freep2N scatter-
ing amplitudes that were obtained with the phase shift c
SAID @8# in the present analysis. The present analysis rep
duces theq dependence ofds/dV with the single paramete
Aeff as shown in Fig. 6, showing the validity of the facto
ization of the quasielastic cross sections as given in Eq.~6!.

C. Effective number of nucleons

The fitted values ofAeff from Fig. 6 are listed in Table I
Aeff is expected to follow a power law of atomic massA,

Aeff
exp5N0Aa, ~7!

as shown in Fig. 7 and as is also known for other quasiela
meson scattering@4,6,18#. The best fit value for the exponen

FIG. 6. Integrated quasielastic cross sections for2H, 6Li, C, Ca,
Zr, and 208Pb as a function of momentum transfer. The solid lin
show fits to the cross sections, using average free scattering
sections and a scale factorAeff , and the dotted lines show the sam
fits without the Pauli blocking factor.
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a is 0.4260.01, smaller than the exponent of 0.5660.03
found for p2 NCX scattering at 624 MeV/c @4#. The expo-
nenta,1 indicates a shadowing of nucleons in the nucle
by neighboring nucleons. For electron scattering,a is near
unity because of the weakness of electron-nucleon inte
tion. The present value of 0.42 indicates that pions
largely absorbed at the nuclear surface and thus scatt
only from the surface region of a nucleus.

The value ofAeff can be estimated by using an eikon
approximation based on Glauber theory@18#:

Aeff
calc5E d2b T~b!e2sTT(b), ~8!

T~b!5E
2`

1`

dzr~Ab21z2!, ~9!

wherer(r ) is the proton density taken from the ground sta
charge distributions of Ref.@19#. The neutron density distri-
bution is assumed to be the same as that of protons.sT is the
total p2N cross section, averaged over all nucleons in
nucleus using values forp2p ~53.77 mb! and p2n ~23.75
mb! scattering at 950 MeV/c @8#. The open circles in Fig. 7
show the results of the calculation. The slope of theA de-
pendence is well reproduced, though the calculatedAeff are
smaller than the experimental observations. The larger

ss

TABLE I. Extracted values for the effective nucleon numbe
Aeff , Fermi momentakF , and peak shifts relative to free scatterin
Dv0 ~at q5500 MeV/c). Aeff and kF were obtained from fits to
cross sections and widths at allq’s.

Target A Aeff kF Dv0(q5500 MeV/c)
(MeV/c) ~MeV!

2H 2.0 1.7620.03
10.08 53.421.1

11.1 2.562.5
6Li 6.0 2.7720.10

10.10 146.625.4
16.2 3.363.0

C 12.0 3.5720.08
10.19 183.423.8

19.9 11.762.7
Ca 40.1 6.7520.20

10.40 198.725.3
18.0 7.562.7

Zr 91.2 9.2120.31
10.57 214.3210.8

112.5 4.663.2
208Pb 208.0 11.7020.29

10.72 192.528.4
114.3 1.663.0

FIG. 7. Fit of the effective number of nucleons to a power la
The open circles are the results of an eikonal calculation.
8-5
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perimentalAeff may be due to a change of thep2N total
cross section in the nuclear medium. It is noted that t
difference is present regardless of the assumed ‘‘ba
ground’’ shape, since the systematic uncertainties from
alternative treatment of this subtraction are all positive.

D. Peak width

In the simple relativistic Fermi-gas model the wid
~FWHM! of the quasielastic peak is determined by the Fe
momentumkF of the struck nucleons:

GFG5
1

A2
@AM* 21~q1kF!22AM* 21~q2kF!2#,

~10!

whereM* is the effective mass of the struck nucleon, he
taken to be the free mass of a nucleon. The Fermi momen
for each target nucleus was thus derived using Eq.~10! from
the experimental widths obtained by fitting the quasiela
peak. For the present spectra the reducedx2 values ranged
from 0.4 to 1.7. These Fermi momenta are summarized
Table I and shown as the solid circles in Fig. 8. They
compared to results obtained fromK1 scattering@6# ~the
open squares!. The K1 penetrates more deeply into nucl
where the nuclear density and thus local Fermi momentum
higher, resulting in a wider quasielastic peak. The Fermi m
mentum previously extracted from thep2-C quasielastic
scattering atPp5624 MeV/c ~the open circle! is very simi-
lar with the present observation@4#. Equation~10! was ap-
plied to the deuteron data so that the data can be include
the figure as a reference, although the Fermi-gas model is
appropriate.

E. Peak position

The peak positions of the quasielastic scattering proc
in a nuclear target would be shifted from that of the fr

FIG. 8. Fermi momenta extracted from measured widths of
quasielastic peaks are compared. The solid circles are the pr
results and the open squares are the values from the (K1,K18)
reaction@6#. The open circle for carbon is at a beam momentum
624 MeV/c @4#.
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space scattering due to the interaction of the struck nucl
with its mean field or with its neighbor nucleons. In Fig. 9~a!
we show the energy loss shift of the peak positions of
quasielastic scattering on the nuclear target relative to tha
hydrogen. The shift is positive for a quasielastic peak w
greater energy loss relative to the free kinematics. In F
9~b! we also show shifts for the quasielastic SCX
negative-pion~the solid squares! and positive-pion~the open
squares! beams at 624 MeV/c @5# for comparison with the
present mostly scalar-isoscalar quasielastic scattering. T
are to be averaged to cancel the Coulomb effect. The strik
difference of the q dependence between mostly scala
isoscalar and scalar-isovector probes can be explained
the interactions presented in Ref.@20#.

In the previous (p,p8) NCX experiment at 624 MeV/c
@4# no significant peak shift was observed for momentu
transfers up to about 600 MeV/c. However, those results ar
not inconsistent with the present data due to large uncert
ties of the previous data.

e
ent

f

FIG. 9. Quasielastic peak shifts relative to scattering from
drogen for~a! the present result, and~b! p2 ~solid squares! andp1

~open squares! SCX at 624 MeV/c @5#.
8-6
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F. Comparison with a theoretical calculation

Doubly differential cross sections for carbon are co
pared with a theoretical calculation based on a finite-nucl
continuum RPA framework using a density-depend
particle-hole interaction@21#. This model does not use th
factorized form of Eq.~6!, but takes into account distortion
of pions by means of a Glauber-type calculation. The sa
framework was successfully applied to other reactions w
strongly interacting beams, (p,n) @22# and (K,K8) @7#.

Figure 10 shows a comparison between a free~dashed-dot
lines! response and RPA~dashed lines! response in the
scalar-isoscalar channel forp2-12C quasielastic scattering
As seen in the figure, there is little difference between th
calculations at q5650 MeV/c, but the nuclear scalar
isoscalar interactions have an important effect
350 MeV/c. Figure 11 showsp2-12C quasielastic cross sec
tions compared with the RPA calculations. The open circ
show the quasielastic portion of the experimental data;
linear background determined by the fitting described in S
III A has been subtracted from the experimental data. T
solid lines show the cross section with full interaction, wh
the dashed~dotted! lines represent the cross sections throu
the scalar-isoscalar~non-scalar-isoscalar! channel. The RPA
responses shift toward higher energy loss with higherq,
which is consistent with the present data. The origin of
positive shift of the RPA responses depends onq. For q
5350 and 450 MeV/c, the shift is due to aq dependence o
the scalar-isoscalar response. However, atq5550 and
650 MeV/c it is due to an increasing contribution from no
scalar-isoscalar responses. Theq dependence of the observe
peak shift on the carbon target is qualitatively reproduced
the RPA calculation, except for the lowestq of 350 MeV/c.
At the largerq, the agreement between the RPA spectra
the experimental spectra would imply that interactions
scalar-isoscalar and the other channels are appropria
taken into account in the calculation. At low-energy loss
for q5350 MeV/c, the interacting RPA overestimates th
present data even though the interaction strength has
already set to half of its expected value, as needed for sim

FIG. 10. Computed cross sections forp2-12C quasielastic scat
tering without interactions~dashed-dot lines! and in the RPA in the
scalar-isoscalar channel only~dashed lines!.
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RPA calculations in Ref.@7# to reproduce theK1 quasielastic
data. The present data would agree best with an RPA pre
tion with very small or no scalar-isoscalar nuclear intera
tion.

IV. CONCLUSIONS

We have measured quasielastic and continuum scatte
of 950 MeV/c p2 on nuclei ranging from2H through208Pb.
The measurement was done with single fixed spectrom
angle taking advantage of the large solid angle of the S
spectrometer, with which good angular and energy resolu
were also realized. The overall normalization of the me
sured spectra was confirmed by comparing the cross sec
of p2p elastic scattering with those of theSAID calculation.

The present experiment offered high-quality quasiela
spectra for laboratory three-momentum transfers from 3
through 650 MeV/c. Since radiative corrections are no
needed for pion beams in contrast to electron beams, th
spectra are simple and clean even for208Pb; those data are
very similar in quality and shape to those for carbon.

We have summarized our observations by fitting the sp
tra above a background and obtained singly differential cr
sections, and centroids and widths of the quasielastic pe

FIG. 11. p2-12C quasielastic cross sections compared with
RPA calculation. The open circles show the quasielastic portion
the experimental data. The solid lines show the RPA cross sec
with all channels. The dashed lines show the RPA cross section
with the scalar-isoscalar channel, and the dotted lines show
contributions from non-scalar-isoscalar channels.
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The integrated cross sections follow a power law inA, as
observed for other meson quasielastic reactions, and
nearly as predicted by a simple Glauber model. Peak wid
were used to extract Fermi momenta, which approach s
ration as nuclear densities saturate for heavy targets.
Fermi momenta are lower than those found forK1 scatter-
ing, as expected since pions interact at lower nuclear de
ties. The energy shifts of the quasielastic maxima follow
general trend expected from the momentum dependenc
NN interactions, in a direction opposite to that found f
SCX quasielastic spectra sensing only isovectorNN interac-
tions.

At the lowestq of 350 MeV/c, the present data are se
sitive to scalar-isoscalar residual interactions, as include
the recent RPA calculations@7# to which we compare the
data. Calculations of quasielasticK1 scattering based on thi
.

el
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.
nd

n,

.
nd

03460
re
s
u-
ur

si-
e
of

in

model found a need to make those interactions weaker
expected. The present higher-qualityp2 spectra show a fur-
ther need to reduce collectivity than is provided by the R
calculation. At largerq, the other spin/isospin channels b
come as important as the scalar-isoscalar channel. The g
agreement with the present spectra would indicate that
relative change in those interactions is needed within
carbon nucleus.
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