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          The differential cross sections for elastic scattering of positrons in 34Se and F3Bi tar-

      gets were measured at 30°, 40°, 60° and 85° for energies of 100 and 200 keV. Positron 
      beams of these energies were obtained by the use of a sector-type double-focusing p-ray 

      spectrometer mounted with a 22Na source. Scattered positrons were measured by semi-
      conductor (silicon) detectors in a scattering chamber. The experimental results were 
      compared with the theoretical values calculated by the Mott phase-shift method. Though 

      the experimental cross sections were, on the whole, in agreement with the theoretical 
      values, the experimental cross sections tend to be lower than the theoretical ones, es-

      pecially in the case of 100-keV positron scattering in Bi targets. This phenomenon was 
      considered to he due to the effect of local distortion of the electron cloud by the incident 

       particle. 

                              I. INTRODUCTION 

        Many works have so far been attempted on elastic scattering of electrons theoreti-

    cally and/or experimentally.1-6) Most of the experimental works show that the phase-
    shift theory presented by Mott1,2> gives the correct cross section of elastic scattering 

    of electrons. However, Rester and Rainwater's work,6) one of the most reliable ex-

    periments for Al, shows that at energies of 100 and 200 keV their measured cross 
    sections are apparently lower than those calculated by Doggett and Spencer2> for pure 

    Coulomb field. It cannot be supposed that this discrepancy occured owing only to the 

    screening effect of atomic electrons. It is interesting to investigate whether the dis-
    crepancy between the experimental and theoretical cross sections would he observed 

    for elastic scattering of positrons at energies of 100 and 200 keV. 

       The elastic scattering of positrons was first discussed by Massey7 by changing Z 

    to —Z in the Mott phase-shift formula.1,2> Though many measurements have been 

    made on elastic scattering of electrons, a few works have been done on scattering of 

    positrons. This is no doubt due to a lack of a suitable source of positrons. The first 
    experiment on positron scattering was attempted by Fowler and Oppenheitner.sl They 

    measured only a small number of scattering events with a cloud chamber, and could 

    not check the theory quantitatively. Lipkin and Whites' first employed a counter to 

    investigate 0.7-MeV positron scattering in a Pt foil at 58°. Reliable measurements 

    were done by Ellis and Henderson'°> with Al, Ag and Au foils for energies of 0.7 and 

    1.4 MeV at angles of 22.8°, 34.5° and 47.5°. They found a good agreement with the 

    theory. The absolute cross section was first obtained by Bowness and Cusackll) with 

     * dv,H; A*, , 7 7X : Laboratory of Nuclear Radiation, Institute for Chemical Research , 
        Kyoto University, Kyoto. 
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a cloud chamber for Ar at an energy of 300 keV at angles larger than 30°. No ex-

perimental work using counters with good statistics has so far been reported on scat-
tering of positrons for energies lower than 300 keV. 

    The present paper reports the experimental determination of the cross sections for 

elastic scattering of positrons for energies of 100 and 200 keV in Se and Bi foils with 

an aim to investigate whether the discrepancy between the experimental and theoretical 

cross sections would be observed or not as in the scattering of electrons measured by 

Rester and Rainwater.G) 

        II. THEORETICAL CALCULATIONS OF THE CROSS SECTION 

    In order to compare with the experimental results, theoretical calculations of the 
elastic scattering cross section of positrons have been performed numerically by Mott's 

exact phase-shift method.1'2> In this section, r denotes the distance between the center 

of the potential and the scattered particle and 0 the scattering angle. Energies are 

represented in units of mc2, momenta in me and lenghts in the Compton wave length 

of an electron. Here m and c are the rest mass of an electron and the speed of light 

in vacuum, respectively. 

    Mott obtained the elastic scattering cross section in the exact form as 

                     dQ —If(0)IZ+g(0)I2 
dS2(1) 

where 

       f(0)=2ipEC (1+1) {exp(2i01)-1} +l{exp(2i5_i-1)-1] )P1(cos 0), (2) 

g(0) = 2ECexp(2i8_1_1) —exp(2i511)DP11(cos 0).(3) 

In Eqs. (2) and (3), p is the momentum of the incident particle, Pi (cos 0) and 
Pl1(cos 8) are the Legendre function and the associated Legendre function, respective-
ly, and Ot is the phase shift. Lin et a1.12 derived an equation for the phase shift as 

             dr7L _ _ l (l+1) U1 - . z4                      2+
p2sin2(eIr~i),() dp 

when e(=pr)->c, 77,>(Si— 2  lir). In this equation 
              U1=2WV—Vz-!+1p2 D' +3pz  Dzz1pzD"(5)                D 4 D2D 

where D=W—V+1, D'=dD/d~, D"=d2D/dF, and W and V denote the total energy 
of the incident particle and a potential, respectively. They obtained the initial value 
of '1i from the power series expansion of 711 and U1 near the origin provided the wave 

'function G1, the solution of the Dirac equation, vanishes there. However, in the present 
calculations the initial value is obtained by the other procedure ; from Eqs. (3) and 

(4)' in the paper of Lin et al. as 

Oi=tan-1(G1 / 1)— ,(6) 
except at e=0. The wave function G1 near the origin is represented in a form of the 

                             (489)
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power series expansion of  . 
   When the series for f and g, Eqs. (2) and (3), are summed by the use of  phase-

shifts thus obtained, the "reduced series" method described in the paper of Lin13> can 

be applied to improve the convergence. 

                          III. APPARATUS 

A. Positron Monochrometer 

   In order to prepare a monoenergetic positron beam using a p+-decay 22Na source, 

a sector-type double-focusing (3-ray spectrometer with a reference radius of 11 cm was 

constructed. This is composed of two semi-circular iron pole pieces of 24 cm in di-

ameter and coils. An aim of the design was to supply a considerable intense parallel 

beam with a good momentum resolution and to allow enough space around the focus-
ing point for a scattering chamber, in which relative position of a target foil and a 

detector could be changed. The momentum resolution and transmission achieved by 

this monochrometer were 1.43 96 and 0.93 %, respectively. In the present measure-

ment, however, by the needs for the beam collimation and arrangements of the scat-

terer foil and the detector, only 0.04 % or 0.05 % of positrons from the source was 

used with the momentum resolution of 2.18 % or 3.2 %, respectively. 

   An evaporation residuum of the 22NaC1 solution of about 3 mCi was mounted in the 

monochrometer as a positron source. This nuclide was chosen because of its long life 

and the peak of the R+ spectrum being close to the energies to be studied in the 

present work. 

B. Scattering Chamber 

   The experimental arrangement is shown in Fig. 1. The scattering chamber is 

connected to the exit of the vacuum chamber of the monochrometer by a flexible 

bellows, by which the relative position of both chambers can be adjusted so that 

positrons would impinge on the scatterer foil at right angle. The main body of the 
scattering chamber, made of 2-cm thick Lucite plates, has a round cover plate with a 

turning device for the detector. 
• The collimator assembly before the scattering foil is rather complicated as shown 

in Fig. 1. The diameter of the holes of two 1-mm thick aluminum diaphragms (D1 

and D2) is 4.1 or 2.4 mm when distance between both diaphragms is set to be 11 or 

26 mm, respectively. Another aluminum baffle (A) of 1-mm thickness is also used 

between D1 and D2 in order to stop positrons with energies differ from the designated 

energy. An iron plate (F) with a hole of 8.2 mm in diameter is inserted just in front 

of the central baffle A to reduce leakage of the magnetic flux in the vicinity of the 
focusing point. The very small existing leakage flux was proved to be no disturbance 

for the present work. To reduce background due to the annihilation rays of positrons, 

lead plate (L) are arranged as shown in the figure. The diameter of the focused 

beam at the target foil was found to be about 5 or 3 mm by permitting the beam to 

pass through a piece of x-ray film according to two different arrangements of DI and 
D2. 
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Fig. 1. Experimental arrangement. SC: scattering chamber, B: bellows, L : lead 
 shield, D1 and DZ : aluminum diaphragms, A : aluminum baffle, F : iron plate, CF : 

 round cover plate, TD : turning device, SL : scale, E : electric connector, AF : 
 aluminum frame, T : scatterer, BS : brass shaft, C: collimator, D: detector, DH : 
 detector holder, 0 : scattering angle, fi : angle of the scatterer surface against the 

 incident positron beam. 
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   A thin foil of the target material is mounted on a rectangular aluminum frame 

supported by a brass shaft, which can be adjusted from outside the chamber. Two 

elements 34Se and 83Bi have been chosen as the target material, by taking account of 

easy preparation of very thin foils with large area by the evaporation technique. 
These elements were evaporated on Formvar backings of about 2 ug/cmz thickness 

streched tightly over a 10-mm diameter hole of an aluminum plate. The thickness of 

the foil was determined with an error less than 5 % by a quartz crystal microbalance 

monitor, model DTM-3 of Sloan Instruments Corporation. The thicknesses of the 

target foils used are given in Table 1. 

                 Table 1. Thickness of the Prepared Target Foils. 

     34Se83Bi 

       Foil No.ThicknessFoil No.Thickness (pg/cmz)(pg/cm2) 

Se-121.5+ 1.1Bi-110.9±0.6 
      Se-250.4± 2.4Bi-221.8±1.1 
     Se-3100 ± 5Bi-348.2±2.5 
     Se-4203 ±10Bi-498.9±5.0 

   In the present work, two lithium-drifted silicon detectors (called Si(Li)-1 and 

Si(Li)-2) and a surface barrier silicon detector (SiD-3) were used. The detectors 

Si(Li)-2 and SiD-3 were used for measurements of the scattered positrons of 200 and 

100 keV, respectively, while Si(Li)-1 was for counting of incident positrons of these 

energies on the traget foils. The characteristics of the detectors are given in Table 2. 

                   Table 2. Characteristic of the Silicon Detectors. 

Thickness of the Sensitive area Energy resolution.) 
     NameType depletion layer 

(mm)(mm2)(keV) 

Si(Li)-1 Lithium-drifted L03820.0 
Si(Li)-2 Lithium-drifted 1.0518.5 

   SiD-3 Surface barrier 0.12810.5 

   a) fwhm at room temperature . 

Depleted layers of Si (Li)-1 and -2 are thicker than the range of 200-keV positrons in 

silicon and that of SiD-3 is thicker than the range of 100-keV positrons. The detector 

Si(Li)-2 or SiD-3 was mounted on the detector holder at a distance of 27mm from 

the target in the scattering chamber. When the number of positrons impinging on the 

target was measured, another detector holder for Si(Li)-1 with larger aperture and 

without collimator was used. The amplifier for the detector is a low-noise system 

similar to that of ORTEC 101-201 type. 

                   IV. EXPERIMENTAL PROCEDURE 

   The number of positrons impinging on the target foil was first measured by the 
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detector Si(Li)-1 placed at the focusing point, and then the spectra of scattered posi-

trons from the target were observed at selected angles by the detector Si(Li)-2 for 

200-keV incident positrons or by SiD-3 for  100-keV incident positrons. To estimate the 

background under the same experimental condition the target foil was replaced by a 
Formvar foil. Each experimental run for scattering positrons was followed by a back-

ground run with only the Formvar foil. 
   The spectrum of the incident monoenergetic positrons observed with the solid 

detector is composed of two parts, a peak of Gaussian distribution and a low-energy 

tail. This tail is mainly due to positrons backscattered out from the detector surface 

before losing their total kinetic energy. However, it is well known that for the silicon 

             Table 3. Experimental Conditions for 100-keV Measurements. 

   Oa)C5b) lc) dad)Ef)     FoilNo .Go      (deg .)(deg.)(mm) (mm dia.)(%) 

    30Se-190262.41.0375.0 
     40Se-190114.11.0792.8 345 e 

     60Se-2135114.11.0373.9 
     85Se-3135114.11.0173.8 

     30Bi-190262.41.0375.0 
     40Bi-190114.11.0792.9 
     60Bi-2135114.11.0373.8 
     85Bi-3135114.11.0174.4 

   a) Scattering angle . 
0 Angle of the target against the incident positron beam. 
0 Distance between the diaphragms D, and D2. 
d) Aperture of the diaphragms. 

   C) Finite geometry correction factor . 
P Fractional error by multiple scattering. 

              Table 4. Experimental Conditions for 200-keV Measurements. 

Oa)ob)lde)dad)FP     FoliNo .Go      (deg .)(deg.)(mm)(mm dia.)(%) 

    30Se-290262.41.0353.3 
     40Se-390114.11.0783.7 ),Se 

     60Se-3135114.11.0362.3 
     85Se-4135114.11.0172.2 

    30Bi-290262.41.0353.2 
     40Bi-390114.11.0784.0 
    ,Bi      60

Bi-3135114.11.0362.5 
     85Bi-4135114.11.0172.4 

   a) Scattering angle . 
° Angle of the target against the incident positron beam. 
C) Distance between the diaphragms D, and D2. 
a) Aperture of the diaphragms. 
0 Finite geometry correction factor. 
P Fractional error by multiple scattering. 
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        detectors thicker than the range of incident particles have the same peak-to-total ratio, 
       as shown in the work by Berger et 0.14) This fact was also verified within the 

       statistical errors for the detectors used in this work. For this reason, to estimate the 
       elastic scattering cross section the ratio of areas under the peaks in the pulse-height 

        spectra was measured for incident and scattered positrons. 
           The scattering measurements were performed at 30°, 40°, 60° and 85° with both 

       Se and Bi target foils. The measurement with the target foil at a selected angle was 
       repeated to obtain the desired counting statistics. In Tables 3 and 4 are given the 

        experimental conditions, chosen in the present work so as to make the experimental 
       corrections permissibly small. The effective solid angle ,fQ subtended by the detector 

       to the center of the target foil was determined exactly by comparing the counting 
        rates of conversion electrons from a 137Cs point source and/or a particles from an 241Am 

       point source mounted on the center of the foil with counting rates observed by an 
       appropriate standard geometry having the same source and a known solid angle. The 

       numerical values thus determined are S2= (7.34± 0.15) x 10-3 sr for the Si(Li)-2 detector 
       for 200-keV positrons and S2= (1.35±0.03) x 10-2 sr for the SiD-3 detector for 100-keV 

       positrons. As discussed later, the corrections were made for multiple scattering of 
       positrons in the target foil, the finite geometrical sizes of the focusing image and the 

       detector, and the finite angular spread of the positron beam. 
           The good stability of the whole system was crucial to the success of the experi-

        ment, because the long-term measurements were required. The stability of the gain 
       of the detector and the electronic system was checked before and after each experi-

       mental run. The variation in the exciting current of the magnet of the positron 
       monochrometer was achieved less than +10-2 % 

                                   V. CORRECTIONS 

       A. Correction for Finite Geometry 

           In order to estimate the effects of finite angular spread of the incident beam and 

       finite sizes of the focusing image on the target and of the detector, the formula of 
Willmes15> was referred. The measured counting rate of the scattered particles C is 

       given by 

C=COG,(7) 

       where Co is the counting rate under the condition ignoring the finite geometry effects 
       and G the finite geometry correction factor. When r1 and r2 are the radii of the hole 

       of the diaphragm D1 (and D2) and the detector, respectively, and the beam spot on 
       the target plane is an ellipse with a long axis 2a and a short one 2b, G can be ex-

       pressed by 

                        2A1 6A2                                                  (8)                                —A0+1
— cos 0+(1— cos 0)2 

       where Ao, Al and A2 are given by 

                      Ao-132R
02Ca2 (1 — 3 cos2(0—yi)J+b2+2r29, (9a) 
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                    f()2+)2)1              Al 16----Ca2h1+b2h2—COS 0l((( R'(9b) 

                                                       0 

           A2=---16a2J23+2----f(D)2cos 0+(-R)2sin20} O. (9c) 
                                                     0 Here, 0 and 0 are defined in Fig. 1, D and Ro are the distances between the dia-

phragm D1 and target, and between the target and detector, respectively, and h1, h2 
and h3 are defined as 

     h1= 2+R02+DR°' 
b1= — 0.5 cos 0 (1— 3 cos2 0) — cos (©— ¢) cos 0, 

b2= —3 cos (0 — 0) cos 0+3.5 cos 0 cos2 (0 — cb) — 0.5 cos 0, 

          b3= —3 cos 0 cos (0— ,)cos 0+3 cos2 (0-95) —sin2 cb, 

      h2=2D2Bcos                   2—DR---' 
             020 

         h3—D2+R
02----+DRo' 
          C1=0.5 cos2 (0-95) +0.5 cos2 0 cos2 ¢— cos 95 cos (0-95)cos 0, 

          C2=0.5 cos2 0+0.5 cos2 0 cos2 (0-0)— cos 0 cos (0—gl)cos cb, 

C3= — cos (0 — ¢) cos 0+ cos 0 cos2 (0 — 95) +cos 0 cos2 95— cos2 0 cos (©— 95) cos 0. 

The numerical values of G in Eq. (7) thus estimated and used are given in Tables 3 

and 4. 

B. Correction for Multiple Scattering 

   In order to estimate the correction for multiple scattering of positrons in the traget 
foil, the fractional error by this effect derived by Chase and Cox4> was applied. They 

obtained the expression 

<s2>(cosec2----2 2 ).(10) 
Here, `22> is the mean square deflection of the scattered positrons. The square 

angle <22> can be calculated with a sufficient accuracy using the expression given by 

Groetzinger et al.16) as 

`62>,4xxNte4Z (Z+ 1) S.(11) (pv)2 

Here, e, p and v are the charge, momentum and velocity of the particle, respectively, 

N the number of atoms in the target foil per unit volume, Z the atomic number of 
the target atom, t the foil thickness, and S a very slow varying function of Z and p. 

The value of S=2.3, measured by Kinzinger and Bothe5> for a case of 245-keV electron 

in aluminum, was adopted in the present work, since S can be treated as a constant 

for the practical purpose. The corrections thus estimated in the present experiment 

are less than 5% for all scattering angles, as listed in Tables 3 and 4. 
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                   VI. RESULTS AND DISCUSSION 

   In Table 5 and Figs. 2 and 3, the experimental cross sections normalized to the 

Mott cross section are shown. Experimental results shown were obtained by applying 

      Table 5. Experimental Cross Sections Normalized to the Mott Cross Section. 

doIdodadododa 0a 

(deg.) dSl eapdlexpd?Mott dSlexpd.72 eexp/ d72- Mott 
     (b/sr)(b/sr) 

l00 keV200 keV  

                                      Se 

      30 (3.35+0.19) x 104 0.957±0.054 (9.61±0.61) x 103 0.983±0.062 

       40 (1.10±0.07) x 101 0.957±0.061 (2.90+0.18) x 103 0.964±0.060 
       60 (2.56+0.14) x 103 1.067+0.058 (6.82±0.44) x 102 1.057+0.068 

       85 (6.81+0.37)x102 0.973±0.053 (1.81+0.16)x102 1.023±0.090 

                                 13i 

      30 (1.64±0.10) x 105 0.976±0.060 (5.41±0.33) x 104 1.055±0.064 

       40 (5.05±0.33)x104 0,948+0.062 (1.60+0.08) x 104 0.936+0.049 
       60 (1.18+0.07) x 104 0.967+0.057 (3.46-H0.20) x 103 0.975+0.056 

       85 (3.72±0.20) x 103 0.956+0.052 (9.36±0.67) x 102 0.975+0.070 

   a) Scattering angle. 

r r _.1W 

                     I,I —               100keVSe 

I.O 

0.9 — 
            b 

• 

                        ca 

               

1 I200 keV 

                   1.0 

0,9 

0306090 

                           SCATTERING ANGLE (DEG.) 
   Fig. 2. Experimental cross sections of elastic scattering of 100- and 200-keV positrons 

     by 34Se. The experimental cross sections da/dA)lexi, are normalized to the Moot 
    cross section da/dA2laoci• 

(496 )



                   Elastic Scattering of 100- and  200-keV Positrons 

i      I---------------------------------------------------------------------------------------------------------------1 ~ 1 1 ' 1 1 
1.1 100 keVB 

1.0 —T— 

0 0.9 —— 
           b 

           

( I~ ( I ~ I I 

    b1.1 —200 keV— 

1.0 —— 
                                                                                                        I 

0.9 —— 

1 I I 1 1 I1  
    0306090 

                          SCATTERING ANGLE (DEG.) 

   Fig. 3. Experimental cross sections of elastic scattering of 100- and 200-keV positrons 
     by 833i. The experimental cross sections da/dS11(.x, are normalized to the Mott cross 

     section da/d.(2 m„i,,. 

the corrections discussed in the preceding section to the measured values. The experi-

mental error shown in the table and figures is mainly ascribed to an uncertainty in 

the determination of the target thickness. The Mott cross section was calculated by 

the use of the Hartree-Byatt screened potentia1.17) 

   The experimental results are, on the whole, in agreement with the theory, and 

apparement discrepancy between the experimental and theoretical cross sections cannot 

be recognized. However, the experimental cross sections tend to be lower than the 

theoretical ones, especially in the case of 100-keV positron scattering by Bi targets. 

   When the energy of the incident particle is low, lower than several hundred eV, 

the polarization of the potential caused by the distortion of the target atom in the 

electron field of the incident particle plays an important role in the scattering process. 

This is not the case of the present experiment. When the energy is higher and near 

the binding energy of the inner shell electrons of the atom as in the present case, it 

is possible that the electron cloud of the atom is deformed partly i.e., the cloud un-

dergoes a local disturbance. This is because the part of the electron cloud to which 

the outer shell electrons contribute cannot make rapid distortion by the incident particle. 

The above deformation of the electron cloud may be possible to affect the value of the 

cross section. 

   In order to investigate, in more detail, whether the discrepancy between the ex-

                             ( 497 )
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perimental and theoretical cross sections would be observed, it would be favorable to 
measure relative cross sections by the use of the same target foil at various scattering 

angles. This is because the main source of the experimental error is an uncertainty 

in the target thickness. In the present experiment, since the positron beam with 

satisfactory intensity was not available, the scattered positrons could not be measured 

at 85° with similar good statistics using the same foil as at 30°. More accurate scat-

tering cross sections of positrons at smaller angles are hoped to be measured by the 

use of a stronger positron beam. 
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