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The angular distributions of 78-£5 Mev =~ and 7" mesons scattered elastically from copper have been
measured. The experimental results are compared with the distributions found from a range of exact optical
model phase shift calculations using a complex attractive square well potential for » <Ry (where Ry=1.44%
X107 c¢m) and the Coulomb potential for »>R,. The effect of adding to the potential a term depending
upon the gradient of the nuclear density, and thereby introducing a discontinuity in the matching of loga-
rithmic derivatives at » = Ry, is also explored. The optical model as well as several modified Born approxi-
mation calculations show reasonable agreement with the experimental curve in the forward direction and
in the region of the first diffraction maximum. At backward angles the calculated curves show pronounced
maxima and minima which do not appear experimentally, perhaps because incoherent transitions at these
angles mask the true coherent distribution in the experimental measurement.

I. INTRODUCTION

HE elastic! scattering of 78+5 Mev =~ and =+
mesons by copper was measured to examine the
pion angular distribution produced by a medium-heavy
nucleus. This is one part of a program to explore
variations in positive and negative pion differential
cross sections over the range of available target nuclei.
A recent measurement? of elastic pion scattering from
lithium revealed a pronounced minimum and a strong
backward rise characteristic of the elementary pion-
single nucleon angular distributions. For the (Z=3)
lithium nucleus an analysis was made in terms of a
coherent addition of elementary scattering amplitudes
using a modified impulse approximation analysis. An
earlier experiment?® had shown no pronounced minimum
and only a small backward rise for elastic pion scat-
tering from the somewhat heavier (Z=13) aluminum
nucleus. An optical model phase shift calculation using
a complex square well potential showed strong maxima
and minima for aluminum which did not appear in the
experimental curves, but otherwise the general char-
acteristics of the calculated curves at angles below that
of the first diffraction minimum could be approximately
matched to the experimental results. For the present
experiment, copper (Z=29) was chosen as a material
of medium Z whose nuclear radius approximately equals
the pion mean free path for absorption in nuclear
matter. For the heavier copper nucleus the complex
square well might be expected to better represent the
overlapping fields of the individual nucleons, and the
experiment was carried out with relatively high angular
resolution and good statistical accuracy in an attempt
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to avoid masking whatever optical model diffraction
effects might be present. The measured angular distri-
bution shows some suggestion of a diffraction-like
oscillation effect in the region of 40° to 80°. Optical
model calculations have been made using a complex
square well potential. The effect of including an added
term which depends upon the gradient of the nuclear
density* was also tested. When a square well potential
is used, the gradient term alters the boundary condition
for matching inside and outside solutions at the nuclear
surface.

II. EXPERIMENTAL ARRANGEMENT

The scintillation counters and coincidence circuits
used to measure pion angular distributions from the
copper target are the same ones previously described
for the pion experiments with lithium and aluminum
targets. The arrangement of the scintillation counter
telescopes and a description of the electronic circuitry
have been given in earlier papers.2® In brief summary,
counters 1 and 2 of the incident telescope are placed
behind a focusing magnet in the 80-Mev pion exit
channel of the 380-Mev Nevis synchrocyclotron. To
measure angular distributions, counters 3 and 4 of the
detecting telescope are rotated vertically about the
target position as a pivot point. Three fast (10~8 sec)
coincidence circuits are used between various counter
pair combinations in the two telescopes in such a
manner as to reduce background due to random
coincidences between counters to a low level; while a
slower (107 sec) triple coincidence, operating on the
output of the faster circuits, establishes the overall
coincidence rate.

III. EXPERIMENTAL RESULTS

The measured angular distributions, together with
the spreads in angular resolution, are shown for 78-Mev
negative pions in Table I, and for 78-Mev positive pions
in Table II. The = quantities listed with the cross
sections are the statistical standard deviations. The

41L. S. Kisslinger, Phys. Rev. 98, 761 (1955).

1695



1696

TasiE I. Experimental angular distribution of 78-Mev

7~ mesons scattered from copper.

O1ab do/d2 (mb)
20+-4.8° 14594-89
25.254-4.9° 747478
3044.6° 385431
34.54-3.9° 17727
404-3.9° 59.445.5
44.54-4.2° 57.5+13.2
47+44.2° 41.445.0
50+44.3° 36.1+3.6
55+4.3° 33.13.7
57.54-5.8° 31.34+4.5
60-4-4.4° 27.74+1.6
70+5.8° 12.124-0.89
7545.4° 11.524-1.18
77+6.5° 11.744-2.37
80+5.1° 12.014-0.81
89+4-5.3° 11.584-0.84
10045.7° 10.394-0.84
110+6.0° 9.134+0.74
120+5.9° 10.194-1.46
130+6.4° 9.954-1.14
1454-4.4° 11.044+1.41

many corrections to the raw counting data required to
arrive at the differential cross sections have been
described in detail in the earlier papers.2® These include
adjustment for counting efficiency in the electronics,
multiple Coulomb scattering in the target and copper
absorber, incident beam width, finite counter size, 7-u
decay after traversing the target, electron and y meson
contamination in the incident beam, stopping power of
the target, nuclear absorption of full energy mesons in
the target and copper absorber, low-energy pions in the
incident beam, etc. Plots of the values included in
Tables I and II are shown in Fig. 1. The =~ curve
shows some evidence of a diffraction-like oscillation
effect near the bottom of the initial decrease of do/dQ
in going from small to moderate angles. The points
near 60° appear as a relative bump on the curve that
would be constructed by interpolating from the points
on either side. This is the first evidence of such diffrac-
tion “structure” in the scattering of pions from complex
nuclei, and provides an interesting feature for com-
parison with the results of optical model phase-shift
calculations.

IV. NUCLEAR MODELS

Watson® and Francis® have given general arguments
for the validity of nuclear optical model potentials for
pion scattering from nuclei. It is expected for light
nuclei that the results will be strongly influenced by
characteristics of the elementary pion-nucleon ampli-
tudes, whereas for heavier nuclei an optical model
analysis using a complex interaction potential should
become more valid.* In a preceding paper? of this series
a specific nuclear model was used with the impulse
approximation to analyze the results of pion scattering
from lithium in terms of the angularly dependent

5 K. M. Watson, Phys Rev. 89, 575 (1953).
8 N. C. Francis and K. M. Watson, Phys. Rev. 92, 291 (1953).
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elementary pion-nucleon scattering amplitudes. To
obtain definite individual particle nucleon wave func-
tions, a simple harmonic nuclear well was assumed for
the nucleons. The individual terms in the coherent
addition of elementary scattering amplitudes from' the
various nucleons were weighted according to the ability
of the struck nucleon to absorb the momentum recoil
and remain in the same state in the simple harmonic
nuclear well. Several obvious adjustments, such as
relativistic solid angle and phase space corrections,
were made. Corrections were also made at backward
angles for the momentum distribution of the nucleons.
By taking into account the energy dependence of the
elementary f(6), fairly good agreement with the experi-
mental angular distribution was obtained. The theo-
retical calculation was quite sensitive to the choice of
such parameters as nuclear size and the approximations
used in applying the correction factors. A best match
with the experimental data corresponded to “reason-
able” choices of these parameters.

Kisslinger has constructed nuclear scattering po-
tentials directly from the elementary s- and p-wave
amplitudes* and has shown the importance of a surface
term which arises from the p-wave contribution to the
elementary f(f). The magnitude of the surface term
depends upon Vp, where p(r) is the nuclear density
distribution. Variations in both range and shape of the
nuclear density distribution about various favored
distributions’” have been made to fit both the experi-
mental u-mesonic x-ray data® and the electron scattering
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F1c. 1. Experimental angular distribution for the scattering of
78-Mev 7~ and = mesons from copper.

7D. L. Hill and K. W. Ford, Phys. Rev. 94, 1617 (1954).
8 V. Fitch and J. Rainwater, Phys. Rev. 92, 789 (1953).
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data.®1 Such studies have led to a favored nuclear
density distribution which is relatively uniform in the
center region of the nucleus but tapers gradually to
zero at the nuclear “surface.” It should be noted,
however, that the u-mesonic x-ray and the electron
scattering experiments give the charge distribution in
the nucleus, whereas here we are interested in the
average pion interaction as a function of . This may
be nonlinear in nucleon density, may have a range
extension, and may reflect differences in the neutron
and proton distributions.

V. THEORY AND CALCULATIONS

We have performed phase-shift optical model calcu-
lations using a constant complex square well potential
within the nuclear radius (< Ry=1.44%¥X10"3 cm), a
Kisslinger-type term at the surface, and a Coulomb
potential beyond the nuclear radius. Exact solutions
are obtained to the Klein-Gordon equation in the form

(E—V)*—m?c*
V2¢+—h262—"¢=0- (1

Inside the nuclear surface V="V;+41iV,, at the surface
Vay=—BVp-Vy{, where B is a negative constant, and
beyond the surface V=—Ze*/r. A range of inside
potentials was chosen taking into account the increased
Coulomb and nuclear contributions from the heavier
copper nuclei compared with aluminum, for which the
7~ potentials V1= —30 Mev and Vy=—10 to — 25 Mev
seemed roughly appropriate? The following sets of
values were used:

(a) Vi=—25Mev, Vs=-—20 Mev,
(b) Vi=—35Mev, Vy=-—20 Mev,
(c) Vi=—45Mev, Vy=-—20 Mev,
(d) Vi=—25Mev, Vy=—15 Mev.

Nuclear phase shifts were found in the conventional
way by matching logarithmic derivatives of the regular
and irregular Coulomb solutions (for »>R,) to the
spherical Bessel functions of complex argument inside
the nucleus.!! The surface potential affected only the
matching of logarithmic derivatives of the wave func-
tions at the nuclear boundary. To be sure that signifi-
cant partial wave contributions were not neglected, I
values from O to 6 were included in the calculations,
Actually contributions from partial waves with >3
should be small, and the results showed negligible
contribution for /> 6.

? Yennie, Ravenhall, and Wilson, Phys. Rev. 95, 500 (1954).

10 R. Hofstadter, Proceedings of the Fifth Annual Rochester
Conference on High-Energy Physics (Interscience Publishers, Inc.,
New York, 1955).

1t A, Pevsner and J. Rainwater, Phys. Rev. 100, 1431 (1955).
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TasLE II. Experimental angular distribution of 78-Mev
«+ mesons scattered from copper.

B1ab do/dQ (mb)
154+£2.9° 18824342
20+5.0° 748496
30£4.2° 267+44
404+4.2° 63.3+13.4
50+4.3° 30.2+£8.6
60£5.9° 16.24+6.1

1104:6.5° 8.294-0.84

The equation for the scattering amplitude is

w 1
f@O)=1.0)+> z(2l+1)ei(2"l+5l) sind; P;(cosf), (2)
1=0
where

f(0)=— exp{ —ia In[sin?(6/2) 1+2i0,}.

a
2k sin*(6/2)
In order to represent an outgoing scattered wave
superimposed upon an incident wave unmodified by the

nuclear potential, the outside wave function must have
the form

F1(a,koRo) = Fi(a,koR0)+[Gi(e,koR0)
+’L.Fz(a,koRo)]ei&’ sinBz, (3)

where F; and G; are the regular and irregular hyper-
geometric wave functions. Values of F; were obtained
indirectly from the NBS tables.’® Values of G; are not
tabulated, except for positive values of a.}* Since our
a=—0.27487, the existing tables could not be extrapo-
lated from a=0 with sufficient accuracy. Therefore
Gi(e,koRo) was calculated from the very lengthy and
slowly converging series expansions for G;, and other
G values derived by recursion formulas.®®

If the nucleon density is assumed constant within
the nuclear radius (corresponding to a square well
model) but drops to zero within a region y—0 about
the assumed radius, the matching condition at the

boundary becomes*

ay ay

= =n——’] : )
drly  drd_

where n=14- (2E/#%%*) Bp=0.473, E=meson total ener-
gy, p=nucleon density normalized so that fpdV=1,
B= (27)*At, A=total number of nucleons,

—%%* 3
i= nE ?H(E%) «(T3=—0.3611X10"" erg cm?,
™

121. I. Schiff, Quantum Mechanics (McGraw-Hill Book Com-
pany, Inc., New York, 1949), Sec. 20.

18 Tables of Coulomb Wave Functions, U. S. National Bureau of
Standards Applied Mathematics Series 17 (U. S. Government
Printing Office, Washington, D. C., 1952), Vol. 1.

1 Bloch, Hull, Broyles, Bouricius, Freeman, and Breit, Revs.
Modern Phys. 23, 147 (1951).
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in pion-nucleon scattering, E3= spin projection operator
for j=% in the pion-nucleon system, and Tj=isotopic
spin projection operator for the I'=% state of the
pion-nucleon system. Thus the new boundary matching
condition, taking account of the logarithmic discon-
tinuity, is

3:1, (1—’}1/) . ki Xll_

T
koRo

ko xa
where x; is defined by the inside wave function ¥1=x;/7,
and k; and ko are the inside and outside propagation
constants. In our calculation we have used #=0.5,
0.75, and 1.00 instead of the calculated 0.473 for the
following reasons:
(a) Several choices of # values will better demon-

strate the effect of the surface term.

©®)

2}

F;

expression for ¢ above has not been corrected for the
difference in available phase space between pion-nucleon
and pion-nucleus center of mass systems, or for the off-
energy shell scattering which is actually taking place.
Furthermore, the s- and p-state interactions between
pion and nucleon give rise to a mass-like term and an
ordinary potential term in the pion-nucleus Hamil-
tonian, in addition to the Vp term. A consistent treat-
ment would include expressions for these two additional
terms; we have done so only through our phenomeno-
logical determination of the complex square well depths.
Nevertheless, a change in the angular distribution re-
sulting from a change in # will at least be indicative of
the effect of the surface potential contribution to the
scattering.

The equation determining the nuclear phase shifts §;
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from matching at the boundary is

(BHiIG) — (FrtiG)
— (P —iG)+ (F1—iG)h1

2307

(6)

From Eq. (6) &, and hence the partial wave coherent

scattering amplitudes (2), can be found.

VI. RESULTS OF CALCULATIONS

The calculations, carried out on a desk calculator,
are most easily studied by plotting f(f) in the complex
plane. Figures 2(a) and 2(b) show the complex f(6)
plots for V1= —35 Mev, V;=—20 Mev, and boundary
matching factors #=0.50, 0.75, and 1.00. The corre-
sponding plot of the differential cross section is shown,
along with the experimental curve, in Fig. 3. Similar
complex plots for f(f) derived from Vi=—45 Mev,
Ve=—20 Mev and the same range of # values are
shown in Figs. 4(a) and 4(b). The corresponding
angular distributions are shown in Fig. 5. Figure 6
shows the calculated angular distributions for all four
sets of complex potential wells previously mentioned,
but for no discontinuity in logarithmic derivatives at
the nuclear boundary (n=1).

It is obvious from Fig. 6 that the calculated curves
heavily overemphasize the diffraction maxima and
minima in the angular distribution, relative to our
experimental curve. However, it is difficult to say how
strongly the experimental curve excludes such sharp
prominences for strictly coherent scattering. In our
experimental measurements, states of nuclear excitation
<9 Mev can contribute to the measured cross section.
Thus incoherent transitions such as spin flip and slightly
inelastic scattering may be significant factors in the
10-mb differential cross sections observed at backward
angles. Furthermore, our angular resolution of +3.9°
to 6.4° would tend to smooth out any sharp maxima
and minima which might exist in the purely coherent
angular distribution. Finally, a considerable damping
of the calculated diffraction maxima and minima can
probably be expected from a more reasonable nuclear
model which abandons the sharp edged square well for
a nuclear density distribution tapered toward the edge.
Calculations with such a model require the use of
electronic computers and were not attempted here.

The theoretical and experimental curves are best
compared on the basis of the diffraction-like oscillation
in the region from 40° to 80° and the height and slope
of the curves at angles smaller than 40°. From Fig. 6
it would seem that best agreement with the angular
location of the first “hump” in the experimental curve
might be obtained with the complex potential V
= (—45—207) Mev, although the first maximum in
the V=(—35—20:) Mev calculated curve is only
slightly displaced toward larger angles relative to the
experimental curve. (If a smaller nuclear radius or
values of # less than unity are assumed, the location
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Fic. 3. Optical model solutions: angular distribution for 78-Mev
=~ mesons scattered by copper for Vy=—35 Mev, V= —20 Mev.
(a) »=1.00; (b) #=0.75; (c) »=0.50.

of the calculated first diffraction maximum will be
shifted toward still larger angles.)

At angles smaller than 40°, both the V= (—45—207)
Mev and V= (—35—20¢) Mev calculated curves agree
fairly well with the experimental values. In this region
the partial wave scattering amplitudes are adding
roughly in phase and interference effects between the
various partial wave contributions, which may be
sensitive to the assumed nuclear shape, are less im-
portant. When one takes into account the slight
lowering of do/dQ brought about by adding a surface
term to the potential (decreasing # from unity), slightly
better agreement for a range of # values at forward
angles is obtained with the potential V= (—45—203)
Mev than with V= (—35—20:) Mev. In the backward
direction the curve for V= (—45—20s) Mev also stands
higher and closer to the experimental curve, but it is in
this region that incoherent scattering may be dominant
and comparisons therefore less valid.

In comparing the calculated and experimental angular
distributions it is difficult to assign a particular choice
to #, which determines the discontinuity in logarithmic
derivatives at the nuclear boundary. The choice of # is
sensitive to the locations of maxima and minima in the
backward direction, but since these are not clearly
apparent in the experimental curve they are not useful
criteria. As » is decreased from unity, the first minimum
and subsequent maximum in the calculated curves are
damped and displaced slightly toward larger angles.
The plots of f(f) in the complex (¢+7p) plane in Figs.
2 and 4 show how this is brought about. The complex
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£(0) plots also show that the locations and magnitudes
of maxima and minima at larger angles vary with # in
a complex manner, and are not easily predicted. In
Figs. 3 and 5 a higher backward cross section is obtained
for the smallest # (#=0.5), but this value of # does not
allow a good match with the experimental curve in the
region of the first diffraction maximum. Values of #
from 0.75 to 1.00 appear to be favored when matching
at the first diffraction maximum.

Optical model calculations were not made to fit the
«t+ experimental distribution. However, the statistically
weak experimental points at 50° and 60° suggest that

Fie. 4. (a) Plot of 2kof=g+ip for §=20° to 80°,
Vi=—45 Mev, Ve=—20 Mev, and #»=0.50, 0.75, 1.00.
(b) Plot of 2kof=g-+ip for 6=40° to 160°, V1= —45 Mev,
Va=—20 Mev, and »=0.50, 0.75, 1.00.

a maximum may not be present in the #* curve in this
region.

The total reaction cross section has also been calcu-
lated from the partial wave nuclear phase shifts for
each of the real and imaginary square well potentials
and boundary matching factors already discussed.
Results are shown in Table III. For most values of the
potentials, o, is slightly larger than the copper geo-
metric cross section of 1006 mb (assuming Ro=1.4144%
X107 cm). A similar result was found in the optical
model study of pion scattering from aluminum.? Al-
though the geometric cross section is the limit for
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Fi1c. 5. Optical model solutions: angular distribution for 78-Mev
7~ mesons scattered by copper for V= —45 Mev, V,=—20 Mev.
(a) n=1.00; (b) 2=0.75; (c) »=0.50.

absorption in the simple Fernbach, Serber, Taylor
treatment,’® much larger than geometric cross sections
become possible with a partial wave analysis. The
corresponding mean free paths for absorption, A,
=1/2k,, are all in the neighborhood of 4X 10~ cm.
We have also made two modified Born approximation
calculations for scattering from a copper target (linear
superposition of scattering amplitude contributions
from the different nucleons) in order to compare with
the results of the exact phase shifts of the optical
model as well as to aid in the choice of well depths for
the lengthier optical model calculations. Although the

LABORATORY ANGLE

F16. 6. Optical model solutions: angular distribution for 78-Mev
=~ mesons scattered from copper, for: (a) Vi=—45 Mev, V,
=—20 Mev, n=1; (b) Vi=—35 Mev, Vy=—20 Mev, n=1;
(c) Vi=—25 Mev, Vy=—20 Mev, n=1; (d) Vi=-—25 Meyv,
Va=—15 Mev, n=1.

normal first Born approximation does not take into
account attenuation effects or the difference in propa-
gation constants inside and outside the nucleus, it does
make allowance for nonisotropic scattering from each
element of nuclear matter, and coherently combines
the scattering contributions from all parts of the nucleus
according to a weighting function f3(6) which is found
from the nuclear density distribution. Thus the total
scattering amplitude f(6) can be written as f,(6) f5(6),
where f,() is the nuclear volume times the Born

TasrE III. Calculated optical model reaction (total minus coherent) cross sections for 78 Mev: ky="Fki+4-iks, V=V1+iV,,

R;=5.658X 10718 cm, koRo=4.80, mRe*=1006 mb.

n=1 n=0.75 7 =0.50

(21 41)7A2 orl Case A - A , A —
Vi Mev)= —25 25 35 45 35 —45 35 15
Ve Mev)= —15 —20 —20 —20 —20 —20 —20 —20

kiRo= 5.705 5.711 6.056 6.396 6.056 6.396 6.056 6.396
kaRo= 0.5257 0.7001 0.6874 0.6766 0.6874 0.6766 0.6874 0.6766
Ae (1078 cm) = 5.38 4.04 4.12 4.21 4.12 4.21 412 4.21
(43.6) oy (mb)= 39 41 30 38 42 41 44 43
(131) o= 113 121 126 129 117 123 99 107
(218) Ora= 175 191 182 181 195 188 201 184
(306) Or3= 274 294 285 252 295 288 282 301
(393) Ory= 266 297 350 384 311 357 248 297
(480) Or5= 98 122 158 208 145 187 121 151
(567) Ore= 17 23 27 34 26 32 23 27
6

2 on=0c,= 982 1089 1167 1226 1131 1216 1018 1110

=0
1rR02 =

1006

15 Fernbach, Serber, and Taylor, Phys. Rev. 75, 1352 (1949).
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Fic. 7. Modified Born approximation results: angular distri-
bution of 78-Mev =~ mesons scattered by copper, for: (a) V;
=—45 Mev, Vy=—20 Mev, modified Born approximation 1;
(b) Vi=—35 Mev, V= —20 Mev, modified Born approximation
1; (¢) Vi=—25 Mev, Vo=—20 Mev, modified Born approxi-
mation 1; (d) Vi=-—30 Mev, Vo=—20 Mev, modified Born
approximation 4.

contribution to the scattering amplitude per unit
volume of nuclear matter, and f5(6), the nuclear density
weighting function, gives the effect of the finite nuclear
size. It is given® by

fu(6)= f ro(r)

singr
? dr.
qr

Our modifications to this usual Born approximation
have already been described.’! Plots for the Born
approximation 1 (modified)" are given in Fig. 7 for
three of the four sets of potentials for which the exact
phase shift calculations were performed. Curve (d)
of Fig. 7 represents Born approximation 4 (modi-
fied),* for a nuclear potential V= (—30—207) Mev.
By interpolating between the curves of Fig. 7, it
is easily seen that the two modified Born approxi-
mations agree fairly well, and, with regard to angular
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locations of maxima and minima, both are fairly good
approximations to the exact phase shift results.

VII. CONCLUSIONS

When one takes into account the limited experi-
mental angular and energy resolution, reasonably good
agreement is obtained for angles up to 80° between the
experimental distribution and calculated curves for
V=(—45—20s) Mev and V= (—35—20i) Mev. The
calculated curves for V= (—45—20¢) Mev give slightly
better agreement with the magnitude of do/dQ in the
forward direction and the angular location of the first
diffraction maximum. However, the calculated results
are expected to be sensitive to the choice of nuclear
radius, chosen here as Ry=1.4144%¥X 10~ cm, and the
shape of the nuclear density distribution. Introducing
a discontinuity in the logarithmic derivative matching
at the nuclear surface has a pronounced effect upon the
shape of the calculated curves, but values of # less than
about 0.75 do not appear to improve the agreement
with the experimental distribution, at least when applied
to the square well model. At backward angles where
incoherent transitions may mask the elastic scattering,
the predicted maxima and minima do not appear
experimentally. It is expected that a more reasonable
nuclear model with a tapered edge, and an improvement
in the experimental angle and energy resolution, may
account for a large part of the discrepancy that still
exists.6
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16 Note added in proof—Since this paper was submitted for
publication, we have developed a new detection method which
greatly improves the discrimination against inelastic events for 7~
mesons in the region 20° to 115°. Preliminary results indicate
that our experimental differential cross-section curve is approxi-
mately correct for §<35° but for more nearly elastic events
should be lowered at larger by multiplying by the (approximate)
factors 0.6, 0.8, 0.4, 0.6, and 0.17 at §=40°, 55°, 80°, 90°, and
110°, respectively. Similarly, the previously reported results for
aluminum? should also be lowered by a factor of ~0.5 for 50°<

6<85°, and by a factor of ~0.2ffor 90°<0<110°. The theoretical
curves are obviously unchanged.



