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Reaction and total cross sections for low energyr* and &~ on isospin zero nuclei
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Reaction and total cross sections fof and 7w~ on targets of?H, °Li, C, Al, Si, S, and Ca have been
measured for beam energies from 42 to 65 MeV. The cross sections are proportional to the target mass at 50
MeV, consistent with transparency to these projectiles. The cross sections are compared to theoretical calcu-
lations.

PACS numbs(s): 25.80.Ls

I. INTRODUCTION remove the elastic contributions to the attenuation of the
beam in our targets. We used a new method of restoring the
We present a study of 50 Me¢" and w~ total and nuclear elastic scattering to obtain the total cross sections,
reaction cross sections for nuclear targets with equal numdsing the computed cross sections for neutral pions. The
bers of protons and neutrons, from deuterium through calelastic cross sections we used for these features were ob-
cium, in addition to aluminum. We also measured the cros$ained by fitting known elastic scattering data, and using the
sections for carbon from 42 MeV to 65 MeV. The experimentparameters so obtained for interpolations to our specific
was designed to minimize the important classes of systenzases.
atic uncertainties, and many of the necessary corrections Since pion-nucleus scattering at low energies has a small
were explicitly checked by exaggerating their effects by geo<ross section, it has long been expected that nuclei will show
metrical changes in the apparatus. a transparency to these prolés Indeed, the reaction cross
Reaction and total cross sections are valuable observablesctions of Meirawet al. for 50 MeV 7" indicate a constant
for a reaction, with sensitivities to the mechanism that maycross section per target nucleffl. This constancy for total
differ from those of elastic scattering, and with an indepen-cross sections has been taken to indicate a transparency of
dent set of experimental uncertainties. In terms of thenuclei to higher energiK ™ mesong3,4].
projectile-nucleus non-Coulomb scattering amplitudss, At 50 MeV, our results show a close proportionality of
the cross sections are 7+ cross sections to the target atomic masses above deute-
rium. Thes~ cross sections are not proportional to the target
_ 772 [1-|m[?] ) atomic mass; the cross sections divided by the atomic mass
IRT2 mds increase with atomic mass. The charge-averaged cross sec-
tion for the two beam polaritieko compensate for Coulomb
2 effectg is about 25 mb per nucleon for total cross sections
UT:WE [1—Ren], (2)  and about 16 mb for reaction cross sections. Results from the
present experiment complement the existing data for total

wherek is the incoming pion’s wave number. The total crossCross sections in the resonance regjibh where a decom-
sections are the reaction cross sections plus the elastic sc®sition into the several components has been niéitjeoy

tering due to the nuclear interaction, without the Coulombextending the earlier data to much lower energies than pre-
amplitudes. viously available. Reaction cross sections from the present

The analysis includes new features to improve the reliwork connect the data at 20 and 30 M¢g¥] to those near
ability of the results. We used known elastic cross sections ifesonance6].
the Monte Carlo modeling for a better representation of the
effects of the target. These cross sections were also used to Il. EXPERIMENTAL METHOD

The reaction and total cross sections were measured using
a transmission methd@®]. The transmission cross section at
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whereog is the transmission cross sectiang is the reac- Target,
tion cross sectiongg, is the nuclear elastic cross section,
o¢ is the Coulomb cross section, and,c, is the contribu-

. . . ) I I N

tion due to nuclear-Coulomb interference. The reaction cross o, L. H i
, ) B1 B2 B3 B4

section can be extracted by subtracting the three terms on the X E

right (the “elastic correction] from the transmission cross Fxit Window T

section. Finally, the total cross section can be found by add-
ing back the nuclear elastic cross section to the reaction cross
section. FIG. 1. Diagram of experimental setup, showing channel exit

The transmission cross section was found by correcting &indow, beam defining scintillatorsB(L —-B4), target, moveable
raw attenuation cross section. The number of pions in th&ansmission counterT), and moveable efficiency counteE).
beam was counted, as was the number of pions which did nathis figure is not drawn to scale.
scatter out of a given solid angle. The beam and unscattered
pions were counted with the target both present and rediameter with an angular spread of 22 mr. A cut on the rela-
moved. The raw attenuation cross section was given by tive time of flight between the pion production target and

B1 rejected most muons in the beam up to that point. An

So upper level cut was made on the pulse heighBinto reject
§XB_O ' (4) protons in the beam that may have gotten through the chan-

nel despite the degrader system at the channel midpoint. Fi-
whereN is the areal density of target nucl@,is the number nally, a cut was made on the pulse heightB4 to reject
of incident beam pions counted with the target pres@gis pions which reacted in that detector and deposited a signifi-
the number counted with the target removBds the number cant amount of energy. The cut on tB& pulse height al-
of particles detected by a transmission counter with the targdéwed this experiment to dispense with a veto counter, unlike
present, andS, is the number detected with the target re-Some previous experimenf2]. The definition of a beam
moved. The analysis path which was followed to find theevent was therefore
reaction and total cross sections is described in more detail in
the next section. B=(B1-B2-B3-B4)- TOF-B1PH-B4PH. 5)

The experiment was conducted using Mé1 pion chan- o ] ]
nel at TRIUMF. Both positive and negative pion beams werel € contamination of the defined beam by other particle spe-
used, with kinetic energies ranging from 42 MeV to 67 MeV., CiéS was was observed to be less than 1% in our time histo-
The channel energy calibration was known=t00.25%[9]. grams, consistent with the experience of R2f. Beam rates .
The full momentum width of the beam was 0.9%0]. The  Were 15 to_ 2 10° beam events per second, with systematic
channel kinetic energies were offset at each channel settirfg/1€cks using rates of 3010° and 7<10° beam events per
to account for energy loss in the scintillators and air betweeg€cond. The cyclotron frequency of the TRIUMF proton ac-
the channel exit and the target, to give the target-center erg:_eler_a}or was 23.06 MHz, yielding a doubles fraction of 6
ergies cited. X107". _

The targets used were GD C (four thicknesses °Li, Si, A scattered event was a beam eve'nt'wh|ch was not de-
S, and Ca. One of the carbon targets was used for the preséffted by the single moveable transmission couriteiThe
results, the other three for investigating systematic effectsransmission counter, which was also used in the experiment
All the materials were natural except for the separdted ~ ©f Ref.[2], was circular, with a radius of 10.16 cm. The
and CD,. The SLi target was 95.54% enriched by number, efficiency of the transmission counter was momto_red and
and 99.92% of the target mass was lithium. The hydrogefiound to be stable to one part in 3Gt 99.985% using a
content of the CD targets has been measured by neutrorﬁ_ma”er scintillator mounted just downstream of_the transmis-
capture probabilities, with the impurity determined to be 2.4Si0n counter. An absorber for produced or recoil protons was
+ 0.4%[11]. These CD targets were also used forka* mounted in front of the transmlssmn counter durmg some
total cross section experimei@]. An aluminum sample was Tuns as & systematic chegk, Wlt'h no effect on Fhe final cross
used to make background subtractions to account for th&ections for reasons explained in the next section. The trans-
cladding on the®Li and Ca targets. The target thicknesses _ _ _ _ .
were chosen so that the beam lost approximately the same 'ABLE |. Dimensions of the six plastic scintillator counters
energy, 2.0= 0.2 MeV, in each target used for the final usgd in this experiment. All thg counters were circular, ex&t .
results. The individual target thicknesses were known to aff'"'c Was square. In the radius column, its full edge length is

. . listed. All dimensions are in centimeters.
uncertainty of 3% in the worst case. Target wheels were used
to allow rapid target changes. The target centers were at ﬂ@ounter

Moveable

O'att(raw)(ﬂ) = N In

same position in the direction (along the beam axisto Radiusem Thickness(em)

within 1 mm. B1 3.02 0.159
The experimental setup is shown in Fig. 1. The counteiB2 3.81 0.159

dimensions are listed in Table I. The beam was defined b3 1.35 0.159

four scintillators 81-B4), all of which had to fire for a B4 1.29 0.0794

particle to be counted as a beam parti@é. was about 1.2 T 10.16 0.32

m upstream of the target, aiB# was about 1 cm upstream g 7.62 0.32

of the target. This telescope defined a beam spot 2.7 cm ig
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mission and efficiency counters were mounted on a move- TABLE Il. Second-order optical model parameters in the nota-
able cart so that the solid angle subtended by the transmigon used by theowpies code, in units of MeV fni. (a) lists the

sion counter could be changed. The eight solid angles usetirameters at a pion kinetic energy of 50 MeV as a function of
ranged from 0.12 sr to 0.96 sr, which corresponded to afrget atomic masé, while (b) lists the parameters fotr-carbon
angular range of 11.2 degrees to 30.9° relative to the beaﬁpatt_erin_g asa function of piqn kinetic energy. Preyiously published
axis. The absolute uncertainty in the position of the transmis€'astic differential cross sections were fit by varying these param-
sion counter was 0.2 cm, although the position was repro‘—eters for several cases, and interpolation gave the values listed an_d
ducible between rungeven with different subtended solid use_d in our analysis. Thes_e values do not represent a systematic
angles to an uncertainty of less than 0.1 cm. The absolutd®"'eW ©f second-order optical model parameters.

uncertainty in thez position leads to a two percent uncer-
tainty in the largest subtended solid angle. The solid angles

(a) Second-order parameters as a functio\of
Positive pions

were chosen to be as close as possible to zero in orderrz&) @ @ @ @
improve the accuracy of the extrapolation to find the reactio ReAs M A Rey Im Ap
and total cross sections, as explained in the next sectiom, 3.94 6.06 -1.28 971
while still being far enough from zero solid angle to avoid 1, 1.22 2.66 -0.544 -3.37
the region where the elastic cross section was very ldegs  og 0.814 290 -0.302 -3.43
than about 5°). The angular range crosses the muon @ne 3, -0.090 1.81 0.301 -1.90
about 18°). The effect of pions decaying into muons was, -0.480 0.041 0.785 -0.200

accounted for by a time of flight c{tlescribed aboyeand
by the Monte Carlo corrections.

. . Negative pions
About 10’ beam pions were counted for the cross section g P

measurements at each solid angle, giving a statistical unces- 0.200 -1.81 1.12 6.60
tainty of less than 5% for each raw attenuation cross section.2 -0.282 -2.00 2.21 6.84
28 -1.54 -1.85 3.23 7.23
32 -2.03 -1.40 3.46 5.35
Hll. ANALYSIS 40 2.74 2.03 6.36 7.34
The goal of this experiment was to find reaction and total
cross sections by measuring attenuation cross sections, then (b) Second-order parameters as a functiofT pf
correcting these for known effects to yield the final results. Positive pions on carbon
The raw attenuation cross sections were measured overTg.(MeV) Re\(? LN Re(? ImA (Y

range of solid angles. They were corrected at each solid

angle for Molige multiple scattering and pion decay using 4% 144 3.11 -0.411 -3.66
Monte Carlo techniques. The integrated computed elasti¢>-0 1.36 2.94 -0.461 -3.55
cross section was then subtracted from the attenuation cro48-5 1.32 2.86 -0.486 -3.50
section to find the reaction cross section at each solid anglé8-0 1.28 2.77 -0.511 -3.44
Contributions to the cross section from contaminating mate49.5 1.23 2.69 -0.537 -3.39
rials in the targets were subtracted for three of the target$0.0 1.22 2.66 -0.544 -3.37
CD,, °Li, and Ca. Finally, the reaction cross sections were54.0 111 2.43 -0.612 -3.23
extrapolated to zero solid angle to find the actual reactior$5.0 0.73 1.69 -0.831 -2.76

cross section. To find the total cross section, the computed
nuclear elastic cross section was added to the reaction cross
section at each angle, and these results were extrapolatedwiere the elastic cross section is dominated by Coulomb
zero solid angle, as suggested in Rf2] and described scattering, GEANT's calculations were used, but at larger
below. angles separately calculated elastic differential cross sections
The widely-usedseANT [13] code was used for the Monte were substituted. These differential cross sections were cal-
Carlo corrections, and was checked against and found toulated using theowpIES optical model codg16] for all
agree with the&kevmoc code developed for TRIUMEL4] for  targets except deuterium. To calculate the elastic differential
one case. The simulation included such experimental detailsross section for pion-deuterium scattering, a different code,
as the different target thicknesses, the different energy losthat of Rockmore and Saghii7], was used. The geometri-
for full and empty targets, the scintillator dimensions andcal parameters for the optical model code were those of Ref.
locations, and the incident beam characteristics. The MontgL8]. The second-order parameters of the optical model were
Carlo corrections were as large as 30% for heavy targets atried to fit the differential cross sections to published pion
small angles. The correction for pion decay was kept apelastic scattering resulfsl5]. For combinations of energy
proximately equal among all the targets by using targets witland target nucleus for which no published elastic scattering
similar energy losses, thus allowing better comparison bedata exist, the second-order parameters were interpolated;
tween different targets. this interpolation was possible because our fitted second-
Since theGEaNT-generated pion-nucleus differential cross order parameters varied smoothly with energy and target
sections do not closely match the published data at these loatomic mass. Interpolation was necessary for some pion en-
incident pion energies, published elastic differential crosergies for pion-carbon scattering, but not for any of the other
sectiong 15] were used as input to the code. For scatteringargets. The second-order parameters used are listed in Table
angles of less than 5 degrees in the center-of-mass fram#, While the fitting procedure did not provide a systematic
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FIG. 3. Examples of linear and quadratic extrapolations to zero
FIG. 2. Fit to the center-of-mass angular distribution of elasticsolid angle for 50 MeV*-nucleus reaction cross sections. The

scattering datd15] for 50 MeV #* on sulfur. The fit used the linear fits to the data are shown by solid lines, and the quadratic fits
DwrIES optical model cod¢16] and allowed the second-order pa- are shown by dashed lines. The linearly extrapolated cross sections
rameters to vary. The lower solid line is the integrated elastic scatareé shown by squares. The quadratically extrapolated point is
tering correction. The dashed lines show an error band of the urshown for the one case of calcium by a circle, because its error bar
certainty in the correction as a function of lab angle, magnified by &id not overlap the linearly extrapolated point. The error bars shown
factor of 10. are due to statistics in the experiment and Monte Carlo simulation,
as well as uncertainty in the elastic correction, only. The uncertain-

. o . fies due to Monte Carlo statistics and the elastic correction are not
SFUdy Of_OPt'Cal mode_l param_eters, it did provide C_aICUIatEd(:ompletely independent. Far*-carbon scattering, four indepen-
differential cross sections which matched the published eXgent data sets are shown.

perimental data for our limited number of cases, as shown in
Fig. 2, and allowed extrapolation beyond the angular rangearbon contribution had to be removed. The lithium and cal-
for which elastic scattering data exist. Since only the fewcium targets had aluminum coverings. The reaction cross
cases needed for this experiment were included in this analysections for the contaminants, which were also measured in
sis, this list of second-order parameters is not a replacemettis experiment, were subtracted at each solid angle for each
for systematic studies such as that of Stricker, McManus, andf the three targets. Finally, the reaction cross sections were
Carr [19,21. We only used this means to parametrize theextrapolated to zero solid angle to find the actual reaction
data needed for our analysis. cross section. Shown in Fig. 3 are linear and quadratic fits to
Application of the Monte Carlo correction to the raw at- the data form*-nucleus scattering. As can be seen in the
tenuation cross section at each solid angle yielded the attenfigure, although the quadratic fits result in extrapolated cross
ation cross section. The integrated elastic cross sectiosections that are systematically higher than the linearly ex-
which was subtracted from the attenuation cross section trapolated cross sections, the difference is small, except for
find the reaction cross section at each solid angle, was founchlcium. In any case where the two extrapolations did not
by integrating the output of the optical model cqde Rock-  agree to within their error bars, the linear result was used, but
more and Saghai’s code for deuterjufrom the maximum its error bar was increased, to reach the result of the qua-
detector angle to 180°. At the smallest solid angle used inlratic extrapolation. The extrapolation eliminated any error
this experiment, with a cone half-angle of 11.16°, the elasticaused by detection in the transmission counter of recoil pro-
cross section is very steep with angle. Therefore, multipléons from back angle pion scattering, because the number of
scattering in the target had an effect on the size of the elastigrotons detected falls to zero at zero solid angle, and also
correction. We accounted for this effect by adjusting theeliminated any effect of the proton absorbers on the final
lower limit of the angle integral to include slightly more of results, as discussed later.
the cross section, depending on the amount of multiple scat- The total cross sections were found by modifying the
tering in the target. The change in integration limit was astechnique used to find the reaction cross sections. At each
large as 0.3° for silicon and sulfur, our thickest targets, andolid angle, the computed nuclear elastic cross section was
as small as 0.02° fotr~ scattering orfLi. The effect on the added to the reaction cross section measured in this experi-
elastic correction was as large as a 4% increase for sulfument. The nuclear elastic cross section was found by inte-
resulting in a 3% decrease to the reaction cross section at thygating the nuclear elastic differential cross section, as was
smallest solid angle. An example of the fitted differentialdone to find the elastic correction. The nuclear elastic differ-
cross section and resulting integral correction is shown irential cross section was calculated using the optical model
Fig. 2. The elastic cross section used here included theode, but with the charge of the pion set to zero to eliminate
nuclear elastic cross section, the Coulomb cross section, aride Coulomb and nuclear-Coulomb interference parts of the
the cross section caused by nuclear-Coulomb interference.elastic cross section. Since the 50 MeMnucleon interac-
Three of the targets had significant but known contamination is weak, this step is very similar to that used to extract
tions of other materials whose cross sections had to be sulkc*-nucleus total cross sections, based on the weak
tracted. The deuterium target was in the form of SBo the K™ -nucleon interactiofil2]. The second-order optical model
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50 TABLE lll. Reaction and total cross sections in mb. Reaction

and total cross sections for 50 Me¥ scattering divided by target
atomic massA, as a function ofA. The uncertainties listed in
parentheses include all statistical and systematic uncertainties.
300 — —
) Positive pions Negative pions
£ i Target A og/A orlA orlA orlA
:®r ] ?H 2 10019 12.21.9
3 % I - 6L 6 12714 19519 16720 22323
% . ] c 12 12712 20.61.7 14.82.0 23.82.6
g 20 B Al 27 13313 22120 20422 29.82.9
S PRI B R $ [N B Si 28 12.41.2 21.51.9 21.12.3 30.52.9
0 0.2 0.4 0.6 0.8 1
Carbon Target Thickness (g/cm?) S 32 12.61.2 21.419 21.62.49 31.13.0
Ca 40 18.22.1) 27.72.77 24.23.2 34.93.89

FIG. 4. The 65 MeV# " -carbon attenuation cross section as a
function of target thickness. After being corrected for multiple scat-
tering, pion decay, and other effects, the attenuation cross section

independent of target thickness near the nominal thick(essw), counter. . . .
used for the final results. These attenuation cross sections were The systematic uncertainties on each solid angle measure-

measured at a solid angle of 0.90 sr. ment caused by the elastic correction were estimated to be
between one and four percent, depending on the target. These

parameters were the same as those used for the full elasﬁl@certainties were estimated by assuming that the primary

differential cross section measurement, because all the tar>- cc> of uncertainty were the second-order parameters
ed in the optical model code. As described in Sec. lll,

gets had equal numbers of protons and neutrons. The ener o . .
of the incident pions was adjusted in the calculation to acy ese parameters were found by fitting the elastic scattering

count for the Coulomb barrier, by changing the pion energ);jifferential cross sections to the published data, and therefore

by an amount equal to the surface Coulomb energy caus d associated error bars based on the uncertainties in the
by a uniformly dense spherical chargewith a radius of ata set and the quality of the fit. To estimate the uncertainty

1.2A%3 fm. The resulting cross sections were added to thin the integrated elastic correction, the optical model calcu-
reaction cross sections at each solid angle to yield the tot fion was repeated with the second-order parameters varied

cross section as a function of solid angle. The results wer ith_in their error bars_. The uncertainty assigned to the cor-
then linearly extrapolated to zero solid angle as for the reacr-eCtlon was the maximum change _that devefloped.. An ex-
tion cross sectionéFig. 3. ample of the uncertainty in the elastic correctiomagnified

Several systematic checks were made. The beam pion raPé( a factor of 10 for clarityis shown by error bands on the

was varied from 7 to 38 10° beam pions per second, with correction in Fig. 2._A greater quantity of published data for
. . ion elastic scattering on a given target nucleus resulted in
an effect on the raw attenuation cross section of less th

2%. Carbon targets of four different thicknesses were used t etter determined second-order parameters, and hence a bet-

check the corrections for multiple scattering. The correcte ek:edt?;irtn:jlgfe ?nﬁlr?:ttignSﬁthegﬂguﬁggﬁgit:ﬁn ;?ro:]heat ;?égﬁ{'
cross sections were independent of target thickness near the ' y P ’

nominal thicknes$Fig. 4). An absorber in front of the trans- was for a carbon target with 50 MeV pions, and the worst,

L . With uncertainties as large as 4%, were for the cases where
mission counter was used to absorb recoil protons from bac .
interpolation of the second-order parameters was necessary.

angle pion scattering for some runs. The effect of this ab- The elastic scattering data had uncertainties in their angu-

sorber was observed to extrapolate to zero at zero SOIifjrdistribution as discussed above, but also had overall nor
angle. Two transmission counters in coincidence were use ' '

for some runs as well, with the effect of increasing the _ o )
amount of background signal detected, due to particles scat- MBLE IV. Reaction and total cross sections in mb. Reaction
tering in the first transmission counter. Several of the cros@nd total cross sections fer”-carbon scattering as a function of
section measurements were repeated at widely spaced timeign kinetic energy. The uncertainties listed in parentheses include
in the experiment to ensure repeatibility of the measured Stafistical and systematic uncertainties.

ments. The results of all tests were consistent within their

%ﬂcertainty in the solid angle subtended by the transmission

statistical error bars. T+(MeV) R or
42.0 12514) 214(18)
45.0 13515) 22819
IV. ERROR ANALYSIS AND RESULTS 16.5 13714) 23219
The total and reaction cross sections measured in this ex- 48.0 14@20) 238127)
periment are summarized in Tables Ill and IV. The statistical 49.5 15819 25925)
uncertainty of each raw attenuation cross section measure- 50.0 15214) 24820)
ment was less than 5%. The major sources of systematic 54.0 14714) 253(20)
uncertainty were the correction for elastic scattering, the 65.0 20217) 32924

Monte Carlo correction, the thickness of the targets, and the
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FIG. 5. Carbon reaction cross sections as a functiom ofki- FIG. 6. Carbon total cross sections as a functionr6f kinetic

netic energy. The diamonds are the results of the present expeténergy. The diamonds are the results of the present experiment. The
ment. The circles are the previous results of Meieaal. [2]. The  solid line is the calculation by Khankhaseyg24]. The error bars
solid line is the calculation by Khankhaseyl@4]. The dashed line  on the present results are due to all statistical and systematic uncer-
is an optical model calculation by Nieves, Oset, and Garcia-Recigainties.

[23]. The error bars on the present results are due to all systematic

and statistical uncertainties. V. COMPARISONS AND DISCUSSION

o ] o ) Reaction cross section data from a similar transmission
malization and systematic uncertainties, which were not reaxperiment carried out by Meirast al. [2] are compared to
flected in our fitting procedure. The quoted overallthe present work for the mass dependence at 50 MeV in Fig.
uncertainties in the elastic scattering databid] ranged 7. Many features of the experiments were very similar, but
from 4% to 15%, depending on the means used to normalizgertain improvements in the analysis were followed in the
the elastic data. These uncertainties were included in the uew work. Reaction cross sections are in very close agree-
certainty applied to each elastic correction. Although thément for the targets common to both experiments, except for
above uncertainties apply to the elastic correction, the uncerocy . For that case our value is significantly above that of
tainties of the final cross sections are of similar magnitudepejray et al, and a different trend with increasing target
since the elastic correction was of about the same size as th§ass would be inferred from the two data sets. The beam
final cross section in most cases. In the case of positive piognergy dependences of the carboh reaction cross sections
scattering on carbon, the effect of a 10% uncertainty in thgrom the two experiments are compared in Fig. 5, with fair
elastic correction was a contribution of 4.5% to the uncerygreement.
tainty of the reaction cross section, while for positive pion ~The target mass dependence of the cross sections, shown

scattering on calcium the effect of a 15% uncertainty was & Figs. 7 and 8, results in part from a Coulomb effect. The
contribution of 9%. The elastic scattering correction was the

largest source of uncertainty in this experiment.

The second major source of uncertainty was the Monte i S I A A
Carlo correction. This source of error had two parts: first, the % T
statistical uncertainty due to the limited number of particles 20— {’ -
thrown in the Monte Carlo simulations, and second, the sys- i %
tematic errors in the simulation. The statistical uncertainty sl

was held to about 5% of the Monte Carlo correction for all
cases. The systematic errors were estimated to be less than
10% of the correction, based on knowledge of the target
thicknesses and compositions and replacementeziNT's i
internal differential cross sections with externally calculated 5[
cross sections. The Monte Carlo corrections were 10 to 30% i
of the final cross sections, so the uncertainties caused by the ol v 1IO L 'ZL - '3|o - -4'0 -
corrections were ab_out 1 to 3%. _ _ Target Atomic Mass A

The uncertainty in the target thickness was about 3% in
the worst case. The systematic uncertainties in the final re- 5 7 Reaction cross sections per nucleon, as a function of

sults caused py t_he uncertainty in the solid angle subtende[gIrget atomic mass. The incident pion energy was 50 MeV. The
by the transmission counter were calculated to be less thaflamonds are the results of the present experiment. The circles are
1%, based on an uncertainty of 0.2 cm in the location of thene previous results of Meirast al. [2]. The open symbols are the
transmission counter relative to the target. 7~ results, while the solid symbols are the" results. The error
The error bars shown in Figs. 5-8 and the values listed imars on the present results are due to all systematic and statistical
Tables Il and IV include all the statistical and systematicuncertainties. The dashed line is an optical model prediction of the
uncertainties listed above. The systematic uncertainties dig~ results, while the solid line is a prediction of the" results
not exceed 15%. [21].
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7~ are attracted toward larget nuclei, and scatter at an
energy nearer the largk resonance maximum. The*, in
contrast, are repelled by the largénuclei, and scatter at an
energy farther from the resonance. We have estimated the
size of this effect using a Coulomb offset energy due to a
uniform nuclear radius of 142° fm, evaluating the pion-
proton average of both signs using total cross sections from a
recent phase-shift compilatig20]. Relative to®Li, the 7~
cross sections on calcium should increase by 16%, while the
«* cross sections should decrease by 13%. The cross sec-
tions in Figs. 7 and 8 increase by more than expected from I
this effect. . | | | |
Optical model calculations of reaction and total cross sec- o 10 20 30 20
tions have been reported, sometimes without data for com- Target Atomic Mass A
parison. In Figs. 7 and 8, we show curves connecting these riG. g. Total cross sections per nucleon, as a function of target
optical model results for 50 MeV pions on targets BE€,  atomic mass. The incident pion kinetic energy was 50 MeV. The
'%0, and *°Ca, using a second-order potential with param-giamonds are the results of the present experiment. The solid dia-
eters determined by systematic fits to elastic scattd@iy)  monds are ther” results, and the open diamonds are the re-
This work provides a more reliable set of second-order pasults. The solid squares are tg results at 531 Me\¢ measured
rameters than was obtained for our work. The trend of theny Weisset al.[3]. The error bars on thé * results are smaller than
7" reaction cross sections is to decrease somewhat motke symbols. The error bars on the present results are due to all
rapidly with target mass than do our results. The predictedystematic and statistical uncertainties. The dashed line is an optical
7~ reaction cross sections generally lie below those we obmodel prediction of ther™ cross sections, while the solid line is a
serve. For both charge states, agreement is found¥or  prediction of them™ cross section21].
where the elastic scattering data base is most secure. Com-
puted total cross sections for both signs are significantly beK ™ data, and an equally uniform cross section, which shows
low most of our observations, as seen in Fig. 8, with neaevidence for nuclear transparency. It must be emphasized,
agreement again found ne#C. Another comparison is pos- however, that the wavelength of the 50 Me¥" is much
sible for the case of’Al, where 50 MeV reaction cross greater than that of the internucleon spacing, and that there-
sections are computed to be 263 mb*() and 414 mb fore the present experiment did not sense individual nucleons
(m~) using parameter sef [19]. Our determinations for within the nucleus.
27Al are 359+ 19 mb for* and 59719 mb for=~. Carr, Partial total cross sections for the disappearance of 50
McManus, and Stricker-Bau¢9] compared computed and MeV «* on carbon and deuterium have been repof].
measured22] absorption cross sections féfAl, but reac- That experiment found a ratio of 10.3 for these cross sec-
tion cross section data were not available. Absorption is th&ions, compared to a value of six incoherent deuterons that
part of the reaction cross section in which no pion is presenmight be expected in carbon. We observe a ratio of reaction
in the final state. Computed absorption cross sectjd®$  cross sections of 7:60.6, perhaps indicating a smaller rela-
were below the measured valuye?], but the differences of tive effect of coherent reaction mechanisms than found in the
52+15 and 36:20 mb are not enough to account for the partial total cross sections.
difference between computed and our measured reaction In conclusion, we have measured total and reaction cross
cross sections. Overall, the computed values for bottand ~ sections for 50 MeV positive and negative pions on a range
m~, for both absorption and reaction cross sections, are i®f nuclei with zero isospin and for 42 to 65 MeV pions on
the same ratio to our results and those of Nagtail.[22]. In carbon. The positive pion cross sections are nearly propor-
Fig. 5, we show a curve from the optical model calculationtional to the target mass number for nuclei heavier than deu-
of Nieves, Oset, and Garcia-Red@3]. Their curve lies sig- terium, and the negative pion cross sections have a higher
nificantly above our values at all energies, and also above alhan linear dependence on the target mass number. The
the data points reported by Meirat al.in our energy range. present results form a consistent study of pion-nucleus total
We also compare the energy dependence of our data ®nd reaction cross sections in this energy and target mass
results from the unitary scattering thed®4], using an av- range because of the control of the sources of error main-
erage excitation energy parametierof 20 MeV. Compari- tained during the experiment. They provide constraints on
sons are shown in Figs. 5 and 6. Computed reaction crog¥ptical model analyses of pion scattering, and complement
sections are above the data for energies below 60 MeV anidie previously existing data set.
below the data above this energy. Computed total cross sec-
tions are also above the measured values below 60 MeV.
Changes in the parametaAr have been shown to enable the
theory to account for these effed®4]. We wish to acknowledge the support of the TRIUMF
Also shown in Fig. 8 are the total cross sections per targetechnical and support staff and to thank D. Ottewell, G. R.
nucleon for &K ™ beam of 531 MeW [3]. This projectile has  Smith, and M. Pavan. Financial support has been provided in
been important for studies of nucleons within nuclei becausgart by the U.S. Department of Enerffgrant No. DE-FG03-
of its long mean free path. The present data for 50 MeVO5ER-40913 TRIUMF is supported in part by the Natural
7+ show somewhat larger total cross sections than do th&ciences and Engineering Research Council of Canada.
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