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Attenuation measurements of reaction and total cross sections have been madebfeams at 410, 464,
and 492 MeV on targets of GD 6Li, C, Al, S, Ca, Cu, Zr, Sn, and Pb. These results are assisted by and
compared to predictions from a recent eikonal optical model. Calculations with this model, which does not
include pion absorption, agree with recent elastic scattering data, but are significantly below our measured
reaction and total cross sections.

PACS numbd(s): 25.80.Hp

I. INTRODUCTION wavelength of the pion projectile is shorter than mean inter-
nucleon spacings, and the smaitN cross sections give
In describing interactions between pions and nuclei, therenuch better access to the nuclear interior than is the case at
are two primary observables by which reaction models camiesonance energies. This leads to the hope that medium
be evaluated: differential elastic cross sections and integratggiodifications or alterations df* within nuclei[9,10] may
total and total reaction cross sections. Measurements of elabe found at the higher energies.
tic cross sections are useful for extracting optical model pa- The present pion results, at 479, 588, and 616 MeV/
rameters and are the most common observable for pion ere also valuable for comparison to recé&nt-nucleus total
ergies below 300 MeV. As the beam momentum of the piorand reaction cross sections for 488 to 714 MeV11],
increases, however, measurements of elastic cross sectiowfere reaction models are also tested by comparison to re-
become more difficult, since the absolute energy resolutiogent elastic scattering dafd2]. The wavelengths of these
of the scattered pion becomes poorer; only for a few nuclebeams are also short enough to sense the properties of indi-
may the elastic peak be cleanly resolved. Additional observvidual nucleons within complex nuclei, and the spin/isospin
ables to constrain reaction models are the total and reactiotouplings ofr andK™* mesons to nucleons are very similar
cross sections, but their determination from beam transmid13]. A K* has a long mean free path, and may sense me-
sion measurements is coupled intimately with models for thalium effects at high nuclear density, while the pion is re-
differential elastic cross sections, as treated in detail belowstricted to interactions in the nuclear surface. The elementary
At pion beam energies above 300 MeV there have beeK "-nucleon coupling in this momentum range is almost en-
recent data for elastic scattering on carbon, silicon, calciumtirely elastic, while the inelastic part of the-nucleon inter-
zirconium, and leadi1-4]. Another recent development for action, averaged over a symmetric nucleus, increases from
this pion energy range is a new reaction model based upoi9% at 410 MeV to 39% at 492 MeV. The may also be
an eikonal method, removing the need to limit the partialabsorbed in complex nuclei, while this does not occur for
waves to be considerg¢8]. The recent elastic data may serve K*. We may anticipate from these similarities and differ-
to verify that reaction model, which may then be used as @&nces that comparison of data wki~ and pions will be of
vital ingredient for the evaluation of total and reaction crossgreat interest.
sections, which in turn serve as further tests of the model. The transmission technique used in the present work is
This model and its tests by elastic scattering were not availvery similar to that employed for many previous measure-
able for previous analyses of pion-nucleus total and reactioments of total and reaction cross sections. The improvements
cross sections above 300 Md@—8]. We have thus carried we have made to permit better systematic uncertainties are
out a new experiment, with several technical advances ovesased upon the high beam intensities available at LAMPF,
previous procedures and a new model analysis for the rewhich permitted a simpler experimental setup. Of equal im-
quired corrections, to measure these observables for pigpmortance is the use of the new optical model code to make
beams between 400 and 500 MeV, using a wider range aforrections to extract the desired data from changes in the
nuclear samples than could be used for elastic scatteringansmission of the pion beams through our targets. We dem-
studies. onstrate the validity of these methods by comparisons of
At the higher beam energies used for these studies, thexamples of pion elastic scattering data across our energy
range to the predictions of the eikoraliA code[5], estab-
lishing its reliability. The good agreement found for these
*Present address: Hughes Space and Communications Compam@gses leads to confidence in the use of the eikonal optical

MS S25/C369, P.O. Box 92919, Los Angeles, CA 90009. model to make the corrections needed to obtain accurate and
TPresent address: Honeywell, Chippewa Falls, WI 54729. robust total and reaction cross sections for a wide range
*Present address: 1420 Bluebell Ave., Boulder, CO 80302. of nuclear masses. We also explored several optical
$present address: Los Alamos National Laboratory, Los Alamosnodel variations to establish a systematic uncertainty for
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TABLE |. Detector dimensions and positions relative to the trigger intensities ranged from 5000 to 656fsec, and the
beam pipe exit. duty factor of the beam was 6.1%.

Targets were as listed in Table Il, and were significantly
thinner than those of previous work8]. The CD, target

Distance from

Detector Diametefcm) Thicknessimm) beam pipe exilcm)  jncludes a 3.4% impurity of Ciby weight. The®Li and Ca

s 10 3.2 206.5 targets were clad in thin aluminum foil. All target thick-
nesses were known to within 1%, save firi. Corrections

S2 15 1.6 343.7 .

s3 10 16 3472 for the cladding and for the C and H content of the £D

: : . target were made.

Target ~5.0 ~10 350.9 Downstream of the target was the transmission counter,

SAmin 15.0 6.35 434.6 mounted on a moveable platform so that its solid angle could

S5 5.0 3.2 S4+2.0

be changed from run to run. A fifth scintillator was mounted
directly behind the transmission counter to determine the ef-
ficiency of the transmission counter. Detector dimensions
and thicknesses are listed in Table I.

Analog signals from the detectors were passed to the
The measurement of a transmission cross section consistgunting house, where both ADC and TDC signals were re-
of determining the cross section for scattering the projectilecorded on 8 mm magnetic tape for offline analysis. Trigger
outside of some solid angl@. In order to determine the conditions included a triple coincidence between the three
transmission cross section at zero solid angle, which is th&elescope scintillators upstream of the target, such that beam
guantity of interest, the measurement is performed at severgions were collimated by definition.
solid angle settings, and then extrapolated to zero solid Corrections for the efficiency of the transmission counter
angle. (S$4) were made run-by-run; observed inefficiencies were

The P23 channel at the former Los Alamos Meson Physicsnever worse than 1 part in 10 000, and known to better than
Facility (LAMPF) was used for the pion sourdd4]. The that. Solid angles of the transmission counter were measured
setup consisted of a series of three aligned scintillation degeometrically to within 1%. Eight solid angles were used for
tectors upstream of the target, functioning as a beam teleeach target and beam energy. The solid angles in msr were
scope to define a narrow collimated negative beam incideri96, 499, 394, 298, 201, 149, 101, and 25.0, achieving lower
on the target. Pion kinetic energies were 410, 464, and 492alues and thus less extrapolation than in R&¥.

MeV at the center of a typical target, with an uncertainty of Beam rates were limited by an acceptable electronic live
less than 1% and a momentum spread of 0.2%. Beam enetime in the data acquisition system, which was typically 80—
gies of the incident pions were determined by time of flight90 % and known to within 2%. Dead time corrections were
and comparison to recent calibration measurements usingnnecessary in data analysis, as the transmission cross sec-
proton time of flight[15]. tion is calculated from a ratio of detected beam pions to

Muon contamination of the beam was less than 0.5%, andcattered pions and data rates were almost identical with and
electrons in the beam were excluded from the trigger by theiwithout a target.
timing. The beam defining telescope was used to select a The attenuation cross section of a pion beam through a
beam spot 1.05 cm in diameter at the target, with an angulaarget ofN atoms/cr can be defined as
divergence of less than 7 mrad. Table | lists the elements of
this telescope, with a trigger 81X S2X S3 required. No
anticoincidence system was used. Average incident beam

II. EXPERIMENTAL METHODS

'To

?' =or(Q)+oedQ), (D)

1
Tatted 1) =N|n

TABLE II. Targets and their thicknesses, most known to 1%. Geometrical parameters as listed were used
for neutron and proton distributions in the optical model calculations. Fermi distributions were derived from
charge distributiong19] with the nucleon sizes removed by convolutif?0] Harmonic oscillator parameters
are from Ref[11], used there foK™" reaction and total cross sections.

Target model c(fm) a(fm) w Rad. lengths  Thickness (g/én
CD, 0.0253 1.439
BLi SHO c=1.77fm,z=0.327 0.0054 0.4484
C SHO c¢=1.516fm,z=2.234 0.0407 1.737
Al 2pf 3.013 0.491 0.111 2.665
S 3pG 2.609 2.069 0.205 0.0049 1.011
Ca 3pf 3.787 0.485 —0.139 0.087 1.553
Cu 2pf 4.292 0.498 0.120 1.540
Zr 2pf 4.737 0.530 0.196 2.105
Sn 2of 5.488 0.454 0.133 1.173
Pb 2of 6.583 0.506 0.117 0.744
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whereB; (B,) andT; (T,) are the number of detected beam R
and transmitted pions with the target (out), respectively. 104 [~ —
This attenuation cross section is comprised of a reactior ]
cross sectionrg({2) and an elastic scattering cross section
oec(Q) beyond the solid angl@ of the detector. Each elas-
tic cross sectiorrgc can be written as

1.02 o} o] —

1.00 —
:M 1

o g
0.98 < —

0ec())=0e(Q2)+0oc(Q)+ one(L)), 2

comprised of contributions from nuclear elastig;, Cou-
lomb o¢, and nuclear-Coulomb interfereneg,. The re-
action cross sectiong({1) is calculated by subtracting the 0.96 -
elastic scattering component at each of eight solid angle set r

tings for the transmission counter and extrapolating(to o 02 04 06
=0. Q (sr)

Correction Factor
|
&
\
[
[a)

FIG. 1. Computed Monte Carlo correction factors are shown,
. ANALYSIS used to modify the measured attenuation cross sections before fur-

Whatever corrections could be reasonably and safelt er e_maly;is at 410 MeV. Effects inclqded in this modelingnare
made online were done so at the time of the experimen&hﬁzﬁr:’neddtwettzsgg‘:{ ;he 'fad exf?fle rIlrSﬁ’(f_jc:h:iaktarget0.74 gfn/cm
Those corrections that were unaddressable during the experi- rgetwas .72 9 oK
ment were made offline in software. Expected corrections to
which there was no reasonable access were modelled Ppion is scattered to a polar angle outside of that of the trans-
Monte Carlo fashion, and the necessary corrections were aprission countej.To first order, these two effects should can-
plied. Finally, elastic corrections were made through the useel, as is confirmed by Monte Carlo methods. Higher order
of a calculational model. Each of these steps is discussed iffects are small, about 0.5%. Whenever the angular distri-
more detail below. bution is changing rapidly over the angles of interest, as is

In offline analysis, a series of restrictive cuts were madehe case at small angles, the effects of plural scattering can
on the taped data. Since adequate numbers of events wdre significant. For example, since there are more scattered
collected for all configurations, we were able to be selectivgpions at smaller angles than larger, there tend to be more
in determining a valid threefold beam coincidence. Cuts orsummed experimental events in which smaller angles be-
the data included cutting out events which reacted in any ofome larger due to plural scattering than those in which
the scintillators upstream of the target 84, cutting out larger angles become smaller, simply because of the initial
beam doubles in which more than one pion was detectedumber of events at smaller and larger angles. These correc-
during a single trigger, time-of-flight cuts to eliminate beamtions are not large in the Monte Carlo, but become very
contaminants such as electrons, narrow time gates such thiatportant in the elastic subtraction process, described below.
only pions within the same 5 ns microburst of the LAMPF  Pion production, although increasing significantly over
beam time structure were accepted, and efficiency corredhe range of energies measured in this experiment, does not
tions based on comparisons of count rates in the transmissiatffect the final cross sections, as it disappears in the extrapo-
counter 84) andS5. Identical cuts and tests were applied tolation to zero solid angle. Protons from the targets also give
runs with and without a target. a yield that extrapolates to zero.

In addition to the offline corrections, there remained sev- Overall Monte Carlo corrections were less than 2% for all
eral possible sources of systematic error that could not btarget and beam energies. Half of these corrections are in-
experimentally measured. To correct for these effects &luded in the quoted uncertainties. Samples are shown in Fig.
Monte Carlo simulation based @GEANT was used to calcu- 1.
late additional correction factors. Details that were included The next step in the analysis path was to subtract the
in the Monte Carlo simulations include corrections for re-elastic componentrg({2) of the scattering from the atten-
sidual muon contamination in the beam, pion decay bothuation cross sections. For the majority of targets the elastic
before and after the target, recoil protons that could not beorrections were calculated using the code of Céteal. [5].
eliminated in software cuts, delta rays in the transmissiomhis eikonal-based code was first checked against existing
counter, multiple scattering in the target, plural or Moliere elastic differential cross section measurements. The distribu-
scattering to angles at the edges of the transmission countdion of nucleon centers was determined by unfolding them
and pion production. Elastic cross sections as described bé&om charge distributions. Modified two- and three-
low were used irGEANT for full consistency. parameter Fermi parameters, harmonic oscillator formula-

The dominant Monte Carlo corrections were for pion de-tions, or three-parameter Gaussian parameters were used to
cay and plural scattering. Pion decay can lead to scatteredkscribe the distribution of nuclear centers, as shown in
events that appear to be unscattered, or unscattered eveiiiable Il [20]. For carbon, nucleon distributions were also
that appear to be scattergdor any given solid angle con- used as calculated independently by CRghand Friedman
figuration, we define a scattered event to be one in which thElL1]; this enabled us to determine another systematic uncer-
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FIG. 2. Examples of how our optical model calculations agree 1000 —r———— —
with measured elastic differental cross section data for carbon. Fo 1
Solid lines use the parameters listed in Table 1l and dashed lines for L (b) i
400 and 500 MeV use the Hartree-Fock distributions of [R&f. 800 =
The dot-dashed curves show the computged with the parameters C plural ° ]
of Table Il, used to analyze our attenuation data to obtain reaction 600 |— ‘ ]
cross sections. The dotted curves for 400 and 500 MeV use the—~ r Gaussian X ]
distribution of Ref.[5]. The two matter distributions yield almost ’E r :
identical results. Data at 400 and 500 MeV are from R&f. while _ 400 = -
486 and 584 MeV data are from R¢L]. Differential cross section S i ]
results use the left scale and the center of mass angles. Elastic® L B
correction curves use the right scale, with the same numerical scale 200 = i
as the left, and laboratory frame angles. L Toe g ]

ol v B e e b, ]
tainty. For deuteron corrections, differential cross sections 0 02 04 06
were calculated by GarcilaZd 6]. Samples of these com- Q (sr)

pute_d cross sections are_compared to data in Figs. 2 and 3. FIG. 4. A pion beam particle suffers small angle scattering be-
Differential cross SeCt'Or_]S for each target of the_ presenFore and after a nuclear scattering event, such as is calculated by an
work were calculated and integrated over each solid anglgstical model. This figure shows the relative effect of Gaussian and
after having been convoluted with the plural scattering diSpjyral scattering on these trajectories. Monte Carlo corrections and
tribution, to yield oe({2). The effects of including the ef- final . used the plural scattering distributions to model those

fects of plural scattering were significant due to the steepnesgntributions to our attenuation data. The example shown is for lead
of the elastic cross section. The difference between an ast 410 MeV. Effects of Gaussian or plural scattering as shown in

sumed Gaussian approximation for multiple scattering anghe lower panel are shown for elastic corrections to the attenuation
data.

R A L B I
— that including plural scattering is shown in Fig. 4 for our
worst case, which includes cross sections even steeper than
S those considered in RefL7]. Samples of outrg- are shown
o in Figs. 2 and 3, before convoluting.
5 In the case of the Cptarget, the carbon component had
1= to be explicitly subtracted from the GDattenuation cross
— sections. We also used knowip cross sectiong23] to cor-
rect for the small H contamination in the GEargets.
The calcium target had increased from its original mass at
pb 662 ey B the time of the experiment. Cross sections for Ca were de-
" s o0t ' 7\ A 1 termined by assuming contaminants of CaO or Ca(QH)
o=z Ll N W S with the results averaged. Differential elastic cross sections
0 0 A (221 ) % “0 from the contaminants were included, as were the attenuation
8 cross sections for oxygen. These were determined by inter-
FIG. 3. Examples of elastie-— scattering from heavier nuclei Polation, with an assumed 5% uncertainty. Half the differ-
are shown, comparing data from Rgf] for 2%%Pb, from Ref[4]  ence between attenuation cross sections with the two as-
for Ca at 672 MeV, and Ref2] for Ca at 400 and 500 MeV. sumptions was added as an uncertainty before extrapolating
Computed elastic cross sections and elastic correction cross sectiotiEese to(1=0.
are shown as in Fig. 2. The SLi target had also increased its original mass when

108
Ca 400 MeV x1000 q

10t —

do/dQ ( mb/sr )
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] ) . FIG. 6. Shown are the three reaction and total cross section data
FIG. 5. Samples of the quadratic extrapolation used to obtaiyets for our beam energies of 410 Mel¢rossey 464 MeV

reaction and total cross sections. The lead case is for 410 MeV, thgjrcley, and 492 MeV(squares The curves are those computed
copper for 464 MeV, and the carbon for 492 MeV. from the optical model of Ref[5] at the middle energy of 464
MeV.

the experiment was carried out. We assumed contaminations

of either ®Li,O or SLiOH to compute attenuation cross sec- Checks for other sources of systematic uncertainty were
tions, similar to the method used for calcium. A 2% uncer-made by varying target thickness and beam rates for some
tainty for the original and final masses was used. Half thdargets during the experiment. All results were consistent
difference between the two methods used to obtain the awithin statistical uncertainties after Monte Carlo corrections.
tenuation cross sections was used as an uncertainty. Determination of the total cross section was done follow-

After correcting each attenuation cross section for elastiéng the procedure outlined in Ref18]. In essence, the
scattering, a least-squares-fitting procedure was used to eRuclear elastic cross-section was added to the extrapolated
trapolate to zero solid angle. For the heaviest targets, it beeaction cross sections for each target for e&h The
came obvious that even the detailed corrections for pluranuclear elastic cross sections were calculated using the eiko-
scattering were insufficient to account for small angle pro-hal code[5] with the Coulomb force not calculated. The
cesses. In such cases where the smallest solid angle measungident pion energies were adjusted slightly to compensate
ment lay more than two standard deviations away from thdor the Coulomb energy. The resultimg({2) were extrapo-
least-squares fit results, that cross section was excluded frolated quadratically td=0 as shown in Fig. 5, to yield the
the extrapolation process. Sample extrapolations are showiatal cross sections listed in Table IV and plotted in Fig. 6.
in Fig. 5.

Systematic uncertainties due to the extrapolation to zero
solid angle were estimated by determining the difference in
reaction cross section between linear, quadratic, and cubic Statistical uncertainties from all sources were small, never
fitting polynomials. These uncertainties were about 2—5 %more than 0.1% of the finalg or o+. Sources of the more
In nearly all cases, a quadratic fit yielded the lowest chi-important systematic uncertainties were explored in detail.
squared value; quadratic fits were therefore used for all tarfhose corrections which could not be made by software cuts
gets and energies, for final results shown in Fig. 6 and listeavere studied via Monte Carlo simulations, as described pre-
in Table Il for all targets. viously. Calculated Monte Carlo corrections were less than

IV. SYSTEMATIC UNCERTAINTIES
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TABLE IIl. Reaction cross sections in mb obtained in the present work. The first number in parentheses
is the uncertainty from causes listed in the text, and the second uncertainty results from including the
uncertainty in the normalization of the elastic scattering data we use to verify the optical model calculations
used for the elastic corrections, when available. Figures shown use the first uncertainty.

Pion Ke

(MeV) 2H 6Li C Al S

410 46.92.6) 14313 25511)(15) 456(23)(26) 53327)(24)

464 43.52.3 137(16) 24410)(14) 451(27)(44) 534(24)(27)

492 45.22.5) 1137) 224(9)(12) 420(24)(29) 507(43)(72)
Ca Cu Zr Sn Pb

410 61826)(85) 827(35)(37) 107844)(46) 128053)(55) 192290)(95)

464 60236)(80) 825(36)(42) 103732)(34) 126665)(79) 188886)(90)

492 59232)(74) 847(34)(35) 105738)(40) 1283140)(142) 2005140)(236)

2% for all targets and beam energies; half of these corred-or carbon, a 10% decrease in elastic calculations in the
tions were included in the stated uncertainties for the finaforward cross sections would increasg by about 1% and
cross sections. ot by about 3%.

Sources of systematic uncertainty in the subtraction of the Comparisons in Figs. 2 and 3 show cases of calculations
elastic scattering component were primarily the uncertaintypelow the elastic data by about 15% in some cases. For many
in the parameters describing the distribution of nucleons irof the heavy targets studied at 400 and 500 MeV in R&f.
the nuclei, and the method of extrapolation to zero solidsimilar calculations are far from agreement with the data.
angle. Systematic uncertainties due to the elastic correctioridonetheless, we used the model of Ré&f. to computeogc
were evaluated by numerically differentiating with respect toand o, for these cases as well. It is to be noted in Fig. 3 that
the parameters of the Fermi or Gaussian nucleon distributioall data for targets heavier than carbon other than those from
functions and using the quoted uncertainties in those paranRef. [2] are in good agreement with the calculations. Data
eters[19]. Since these corrections were not independent ofrom Ref.[2] are not matched by the calculations in many
the solid angle of the transmission counter, systematic uncecases.
tainties were calculated for each solid angle and included In order to estimate an additional systematic uncertainty
before extrapolating to zero solid angle. We used twodue to our inability to guarantee agreement with elastic data,
nucleon distributions for carbon as our example. Thewe also include in Tables Il and IV the uncertainties that
Hartree-FocK 5] and harmonic oscillatof11] models gave result from propagating the stated normalization uncertain-
ogc results differing by 0.5% at most. These are shown inties from experiments nearest our cases. These are some-
Fig. 2. times much larger than the uncertainties, also listed, resulting

A systematic uncertainty harder to assess is the reliabilitgirectly from our measurements.
of the elastic scattering calculations used & and o.
Measured elastic cross sections have stated uncertainies in
normalization of 10%41], 16% 2], 12%[3], and 15%[4];
these error bars are not shown in the data in Figs. 2 and 3. In Reaction and total cross sections obtained from the
addition, an angular uncertainty of 0.84° is cited in R&].  present experiment are listed in Tables Il and IV. Uncertain-

V. RESULTS AND DISCUSSION

TABLE IV. Total cross sections in mb obtained in the present work. Uncertainties are shown as in

Table III.

Pion Ke

(MeV) 2H 6L C Al S

410 58.63.0) 180(14) 341(16)(20) 664(30)(41) 774(36)(44)

464 52.12.6) 16016) 314(14)(18) 621(32)(51) 732(30)(40)

492 52.82.9 134(7) 290(13)(16) 580(28)(38) 696(50)(77)
Ca Cu Zr Sn Pb

410 90%44)(97) 133453)(83) 177268)(110 219086)(143 3390149(239

464 84@46)(89) 124858)(83) 162451)(91) 204589)(139 3178124)(206)

492 81144)(82) 124646)(69) 161254)(92) 201875)(118 3229170)(299
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TABLE V. Fitted values fore ando, for the formo = ozA* for 800 T T T T T T
the mass dependence of the reaction and total cross sections me: i (= ]
sured in the present work. Also listed are total cross sections for - Carbon 1
on free protong23]. Cross sections are in mb. 250 — % % . —
410MeV 464 MeV 492 MeV [ £|> it b
or oo 36.90.9) 34.060.99  26.980.71) o 200 \i//+/
@ 0.7510.00» 0.7650.008 0.8180.007 B i X ]
or To 38.21.4) 33.91.3 30.711.3 e i
a 0.8530.010 0.8640.010 0.8810.010 ° 150 — —
or (proton 28.6 22.0 19.7 i
SO I N B BRI
ties include the very small statistical uncertainty, the uncer- 400 500 600 700
tainty of Monte Carlo correctionéncluded as a conservative Kinetic Energy ( MeV )
value of about 1% uncertainties in the elastic corrections 400
arising from 0.5% differences found for the several optical i (b) 1

model parameter sets explored, and the scatter among th
methods used to extrapolate to zero solid angle. Uncertain-
ties are larger for®Li and Ca because of the estimates
needed for the contaminating heavier materials in these tar-
gets. All of the data are shown in Fig. 6 for the three beam —~
energies used. We note that the data show very little depen-g
dence on the beam energy, and evolve smoothly with target_
mass. &
An overall target mass dependence, from D through Pb,
was obtained by fittingrg and o1 to the form o= ogA®.
Results are listed in Table V to summarize our observations. i
As the ™ beam energy increases, the free-p total cross goo e Lo o Lo L Ly
. . . . 400 500 600 700
section drops, as I.|sted in Table [23]. Corresponding .de- Kinetic Energy ( MeV )
creases are seen in the fitted valuesrgffor both reaction
and total cross sections. The increased transparency to the FIG. 7. Reaction and total cross sections for carbon from this
beam at higher energies is also noted in the increasing valuegrk are shown as open circles, with those from the attenuation
of the exponent. measurements of Ref6] as diamonds, Ref7] by stars, and Ref.
The carbon target was used consistently in many determ[8] by squares. Crosses show results inferred from elastic scattering
nations of reaction and total cross sections. Figure 7 showdifferential cross sections in Reffl]. The solid curves show the
the present results and the transmission results from Refggsults of using the optical model of R¢8]. The dashed curve for
[6—8]. Many differences can be found among the details ofotal cross sections has been derived from scaling the free
the methods, analyses and elastic corrections and methods Bf -nucleon total cross sections by the effective number of nucle-
evaluating uncertainties, but the reaction cross sections seeffiS computed in the Glauber model of Ref2].
to be highly robust. Another method to obtain reaction cross
sections from data uses measured differential elastic scattdi22] are shown by the dashed curve in Fig. 7. No Fermi
ing and a model to fit these data, then inferring from the  averaging has been applied. The edge of the delta resonance
same model. Data points in Fig. 7 show such results fronis seen at the left, and tH2,5(1520) is noted near a kinetic
Ref. [1]. These disagree strongly with transmission resultsgnergy of 600 MeV. The data, even considering the different
which are a more direct means to determirne. ways in which uncertainties are presented, show no such
Total cross sections from transmission experiments ofieature, even for a nucleus as light as carbon.
carbon shown in Fig. 7 also show good overall consistency, Figure 8 shows our data fery with lead, compared to the
with some trend for the present experimental results to bé&ransmission data from Reff8]. Problems of elastic correc-
somewhat below earlier data. The energy dependenes of tions, plural scattering and extrapolations to zero solid angle
differs from that of oz because of the increase in elastic are much more severe for this target. Our results are above
scattering due to the delta resonance just below this energye trend that might be deduced from the previous measure-
range. Total cross sections at 310 MeV and below are summents, which extend to almost 1900 MeV.
marized in[21], demonstrating the persistence of this reso- The eikonal optical modgb] was used to compute reac-
nance in all but the heaviest nuclei. Points derived from thdion and total cross sections with the same input parameters
elastic scattering analysj4] are again below the transmis- as were used for the elastic corrections. Use of harmonic
sion data. oscillator or Hartee-Fock distributions for carbon gave cross
Total cross sections from the simple first-order Glaubersections in agreement to within 1 mb, or 0.5% teg and
model applied to other pion reactions from 400 to 500 MeV0.35% for or. These calculations are compared to the
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2500 L ] for all samples. Previous comparisons of measured and com-
L puted pion reaction cross sections have also found this same
discrepancy at high energigs].

The special case diLi, with an average density less than
half that of the other complex targets, was included in refer-
ence to the role of this nucleus f&¢" experimentg[11].
When mass dependences fit for targets of carbon and heavier

T were used to computlLi cross sections, those data are sig-

2250 —

2000 %— % % %

nificantly below the trend extrapolated from above. Reaction
cross sections measured foki are about 19 mi3%) be-

low that trend, and total cross sections are low by about 24
1 mb(15%). These comparisons could indicate a small density-
1000 Lo | L ] dependent effect, seen #Li, with about half the average

wo 600 800 1000 density of carbon.
Pion K E ( MeV )

1500 —

og ( mb )

1250 [—

FIG. 8. Reaction cross sections from the present work for lead VI. CONCLUSIONS
are compared to those from R¢8], shown by squares. The solid

h h | ted with th ical model of Ref Improvements in several techniques for determining
E:g]rve shows the values computed with the optical modet ot Rel..._,cleus total and reaction calculations have given results

quite near earlier experiments. Reaction cross sections, in
particular, seem to be highly robust observables. The present
present and earlier results for carbon and lead in Figs. 7 andork, able to demonstrate for the first time that the model
8 as the solid curves. Pion-nucleon interactions have beemsed for the important elastic corrections is valid, should
Fermi averaged in this code. The shape of the energy depegield results as good as the transmission method is able to
dences is similar to that of the carbon data égf and for  provide.
o7, but the magnitude of the predictions is low by about 40 In spite of agreement between eikofid] and other opti-
mb for both. Since no pion absorption is included in thiscal model[1,2] calculations and elastic data in many cases,
model, this reaction channel has not been included. The conthe present work presents a significant and general disagree-
puted reaction and total cross sections use an optical modeient foror andog, both being above calculated values, by
based on a sum of single scatterings and multiple scatteringamounts not far from measured absorption cross sections.
not including any explicit role of pion absorption, which Our computed elastic differential cross sections tend to lie
needs two or more nucleons to occur. This process shouldelow the data. If a means were found to increase those
then increase botlrg and o1 by the same amount above calculations, a corresponding decrease in “measureg”
what we compute. and o would ensue; this would worsen the comparison to
Measurements ofr,,, for 400 and 500 MeVx* give  absorption cross sections. Consistency might be achieved if
values of 3817), 380114), 415105), and 590148 mb for  the real part of ther-N interaction within nuclei were some-
C, Zr, Sn, and Pb, respectivel24]. The differences between what increased, enhancing the elastic differential calculations
measured and computed reaction cross sections are less thaith little effect on computedrg and oy .
measured absorption cross sections, not included in our com-
puted values ofrg, but not significantly, within mutual un-
certainties.
The target mass dependence of computgdand ot is This work was supported in part by the U.S. DOE. We are
shown in Fig. 6, at the central beam energy of 464 MeV. Thegrateful to staff members at LAMPF for assistance during
same feature, with the data above the calculations, is founthe run, and to H. Garzilazo for deuteron elastic calculations.
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