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ABSTRACT 

Absolute differential elastic scattering cross  section6 were 

rnsaeured for the scattering of 20 Mev ~e~ particle. from V, Ni. 

Cu, Rb, sn118. Sm. Yb, and Pb. Where practical the measure- 

ments were made a t  laboratory anglee extending from 20 degrees to 

170 degreee. The diffraction-like oecillationa exhibited by the 

elaetic-to-Coulomb croes section ratioe are  not highly pronounced. 

A preliminary optical. model analyeie wae carried out using the 

HUNTER automatic search code of Drisko and Baesel. A Woodo- 

Saxon potential with Thomas type epin-orbit coupling was 
. . 

considered. Reaeonable fit8 to the data were obtained. 



INTRODUCTION 

Abeolute differential elastic scattering croee rectiois were meaeured a t  

20 Mev for V, Ni, Cu, Rh, ~ n l l 8 ,  Sm, Yb, and Pb from 20 dearees to 170 

degreee (laboratory angles). The measurements were made to provide He 3 

data a t  this energy over a wide range of the periodic table. It is expected that 

these data will complement those a t  both hisher and lower energiee. 1.2.3 As 

expected, the elastic-to-Coulomb crose section ratio waa found to deviate from 

unity but the diffraction-like oscillatione are  not highly pronounced. In addition 
. . 

to the listed elements, measurernente were carried out for yttrium and biemuth. 

However, due' to experimental difficultiee these data have not yet been analyzed. 

A preliminary optical model analyeis of the datawas. carried out. The intent of 

the analydo i r  to indicate the general applicability of the model to the data and 

to obtain reaeonable model parameters. 
. . 

EXPE.RIMENTAL APPARATUS AND TECHNIQUES 

Doubly ionized ~e~ ions were accelerated to an,energy of 20.0 f 0.2 Mev 

in The Ohio State Univereity cyclotron. The beam wa,s extracted from the 

cyclotron chamber and focused by a pair of quadrupola magnets and a 15 degree' 

beam-analyting magnet onto a target located a t  the center of a 22 inch diameter 

scatte ring chamber. IJ7ithtn the scatte ring chamber, a rotating platform, 

driven by a remotely controlled variable -epeed dc motor, carried the scattered- 

particle detector and collimator through an angular span of 170 degrees . 

(laboratory). The angular position of the detector wae tracked by a pair of 

Seleyn motore and measured to an abrolute accuracy of f 0.1 degree. 



3 

A movable target holder capable of supporting three mounted targets, waa 

located a t  the centerrof the rcattering chamber. The holder could be moved 

vertically and rotated about i ts  vertical axis without breaking the chamber 

vacuum. An external scale indicated the poeition of the holder with renpect to 

each mode of movement. Poeitio,ning of the holder was done manually and warn 

independent of all other movements within the chamber. 

The beam collimator consisted of a tapered braee tube 8. 1 inchee.long 

with aluminum defining aperture6 press  fitted into the ends. The final aperture 

wae 0.064 inch in diameter and was located three Lnchee from the center of the 

chamber. In addition, a slightly larger aperture a t  the center of the tube 

reduced internal beam scatter. The reeulting beam spot, ae  it appeare a t  the 

target, was a well defined circle with a diameter of approximately 0. 1 inch. 

The targets coneieted of thin foils mounted in braes framee designed to 

1 fit into the holder in the scattering chamber. The several target. varied in 

2 thicknees from 0. 332 mg/srnZ to 8.27 mglcm . Thiclmeer measurements 

- . 
were considered accurate only to f 10 per cent. The lead target was mounted 

on o 0. OZ rng/crn2 aluminum backing. All other target. were self-supporting. 

A gold-silicon surface barrier solid-etate detector waca ueed ae the 

ecattered-particle detector. The re  solution of the detector was measured and 

fj found to be 37 Kev, F7J;HM for 5.30 Mev alpha particles. A dc biae voltage of 

120 volts applied to the detector created a depletion region 340 microne in 

depth. Thle depth waa eufficient to atop 25 Mev t ie  particlee and proved 



adequate for this experiment. A molid angle of 3.42 r loo4 iteradians waa sub- 

10 tended a t  the detector by means of a collimator. Mearuremente of this rolid 

angle over the range eero degreee to 170 degreee (laboratory) indicated ite 

value to be constant to within one per cent. 

.A closed-loop gas handling eyetem was provided in order to reduce to a 

minimum the irrventory of He3 gas necessary. The eystern waa patterned after p 
the Los Alamos system4 and consiated essentially of a main recirculating loop 

' 

and a aerie. of smaller loop. which transferred the gas to a etorage tank. Only 
' 

minor modification of the pumpe was necessary to provide adequate integrity 

3 for the He application. Orhen the cyclotron wae not in ure or  when other ions 

were being accelerated, the He3 gas was pumpedout ol the recirculating loop 

B and into the etorage tank. 

ANALYSIS O F  THE EXPERIMENTAL DATA 

An optical model analysie of the experimental data was made using 

the HUNTER computer code of Drirko and Bassel. 5, The HUNTER code com- 

-1 bine s an optical model calculation of differential elaetic mattering croee sections 
- 

and the aseociated elastic-to-Coulomb ratios with an automatic search of the 

optical potential parameters. Croas agreement between the calculated crosa 

1 sections and the corresponding experimental data ie indicated by a Chi-square 

(xi) test. 

The analyeis carried out in this experiment conridered an optical poten- 

tial of the Woods-won form with a Thomas type qln-orbit interaction: 
. , 
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The calculations for  this analysis were done a t  Oak Ridge, Tennesree on 

the Union Carbide Central Data Proce seing Facility lBhf -7090 digital computer, 

The initial sat of parameter. choaon was that obtained by ~ a m a e 1 ~  from an 

anolyt~is of the 30 MeV elastid ecattering data of Gtesnleee e t  a1. l a 2  The 

parametere represent the average optfmum eet for V, Ni, and Cu and will hence- 

forth be referred to as ths average 30 Mev parameters. 
J 

The calculations were relatively ineeneitive to the valwe of Vs and Rc. 

Therefore, in all but a few special cares, Ve was held fixed a t  8 Mev and Rc war 

held fixed a t  1.3 ferrnis for V, Ni, Cu, Rh, sn118, and Sm, 1.4 fermis for ,Yb, 

and 1.5 fermie for Pb. In alA caeee a maximum ,of twenty partial waves was 
. . 

eufficient. 

After the first  few searches had been made, it wae found that the experi- 

mental points for nickel, copper, and lead all were rignif icantly displaced fimm 

1 . the calculated curvee, indicating an e r ro r  in the absolute normalization of the 

measured croes sections. A similar but smaller displacement was noted in 

fl the tin-1 18, samarium, and ytterbium data. Included in the HUNTER program 

1 is the calculation of a multiplicative factor to correct for thirs dieplacement. By 

multiplying the meaeured c roe s sections by the calculated displacement-cor - 
8 rection factor, the value of xL i s  minimized aithoit  affecting the ahape of the 

1 di stribution. 

Table I contains the measured cross  rections a e  a function of center-of- 

B mass ecattering angle. The relative e r ro r  associated with the mearured 



croso-sections ie e rtirnated to be leer than ten percent, The angular dietribu- 

tions of the elastic-to-Coulomb cross-eection ratio, as obtained from the 

diqlacement-corrected cross  rections, a re  also included in Table I. v 

During the analysie many searches were conducted. Am a result oeveral 

rets of parameters were obtained for each element. ha many caoem the value of 

X2 wa, relatively emall though 'not absolutely minimieed. Following the sug- 

gestion of Bjorklund et  a1.' that the real part of the nuclear potential ir a, 

function of Z1, Z2 and maee number, A, through the relation 

-113 
the various values of V, were plotted against ZlZ2 A . 

The nuclear radiue is defined for the Woods-Saxon.form factor ae. 

Several atudies8# 9# lo have indicated that good fits ' t o  experimental data can be 

obtained if the nuclear radiua is defined a. 

Thie ouggeste that the nuclear radiua parameter depends upon A through the 
, :. , . . . . 

relation . . 

-113 Coneequently, Ro was plotted against A . 
Valuerr of the diffuaivity parameter a, showed a tendency to decreaee with 

increaring mass number. Thia effect can be loosely attributed to the increasing 
m u 

Coulomb barr ier  reoulting lu~ a lower effective incident particle energy. As a 



n reault the target nucleu. ahow8 a greater reflection coefficient by moans of a 

smaller diffusivity parameter. To illustrate thir decreaeing tendency, a war 

plotted againat the target maer number, A. 

By correlating the beet curve rn through the spread of data i t  war possible 

to establish two distinct trends: . . 
. . 

I 

Trend A . 113 . . Vo. 33 + 1.75 ZiZZ A- 
. , .  . . 

-1/3 
Trend B . Vo a 27 + 1.97 ZIZZ A 

I$, = 1.47 + 0.2  A 
-113 

. . 

No correlation could be found for the imaginary part of the nuclear potential, Woe 

The only difference between the two trend8 is in the 'vanadium, rhodium, and tin 

1 parameter a. 

The optimum parameters associated with each trend ore listed in Table 

-1/3 II. The plots of V' against ZIZZ A - ~ ~ ~ ~  Ro against A . . and a against A a re  

0 givenin Figures 1,and 2. 

The establishment by Baesel of an average set of parametere for 30 Mev 

elastic acatte ring from vanadium, nickel, and copper sugge st  e that average 
rn u parameter, for *eae elements may exist for 2, Mev mattering. m e  b e ~ t  , parametere, ob-ined in thti p r e ~ e n t  analyais for vanadium and copper do not 

. . . . 



differ greatly and were therefore averaged to give a mingle set. These para- 

meters a re  referred to ae  the average 20 Mev parameterr. Table in liete the 

average 20 Mev parameters obtained in thie analysia and the average 30 Mev 

parameters of Bassel. Good fits to the vanadium and copper data a re  obtained 

using the average 20 Mev parameter a.   ow ever, the experimental data extend 
I 

only to 110 degrees. The nickel 'data, which extend to 170 degree., a re  fit 

squally well up he 110 degresec but very  psrrrly . - beyend; the &eomtlcd ~ u . f v e  

oecillating too vigorously. U sing the experimental data obtained for vanadium 

and copper precluded HUNTER calculations of the back angle curve. This ie 

because the code ie  programmed to provide calculations only at  angles for which 
* . 

input cxorse sections a re  given. In order to obtain an indication of the degree 

of oscillation in the vanadium and copper, angular distribution curve e a t  back 

angles, HUNTER calculatione were forced to 170 degrees by providing ae input, 

extrapolations of the experimental data. Thie was done for  only one care and 

used the average 20 M e v  parameters. The resulting curve e showed oscillations 

similar to those of the nickel curve. 

Figuree 3 and 4 contain the theoretical angular dirtribution curvee as 

obtained from the optimum parameters and the dieplacement-corrected @rose . 

sections. The shapes of the vanadium and copper curves blyond 110 degrees am 

obtained from the forced HUNTER calculations a re  indicated. 
. , '  



COMPANSON WITH OTHER RESULTS 

The average 20 Mev parameters eetablished in the experiment for vana- 

dium, nickel and copper can be compared to the average 30 Mev parameterr 

established for vanadium, nickel, and copper by Baeeel. The real part of the 

nuclear potential i e  larger in the 30 Mev caae while the radius parameter ie  

smaller. The other parametere a r e  relatively unchanged However, it muet be 

noted that theme parameters a re  based on experimental &tarextending to scatter- 

ing angles no greater than 120 degrees. 

Exteneive optical model analyee e of 30 Mev ~ e 3  .scattering data'have been 

done by Iiodgeon et  al. lZ0 and Greenlees s t  a1. T h e m  analym e tend to 

equalize the valuee of the real and im~ginary  parts of the nuclear potential a t  

approximately 30-50 Mev. In the knalyeis conducted for the present experiment, 

the imaginary part of the potential was held to a value lees than that of the real 

part; the ratio being approximately two o r  three to one.: Coneequently, quanti- 

tative cornparlaon with the Hodgeon r e  sults cannot be readily made. 

.. i ' . 

CONCLUSIONS . . 

Departures lrom, Coulomb ecattering have been observed in the elastic 

3 ecattering of 20 Mav He particles from V, Ni. Cue Rh. snl Sm. Yb. and 

Pb.. Diffrarction-like oecillations . . in the elastic-to-Coulomb cro'es section ratio 

are evident, although not prono&ced, in the lighter element data. 



The optical model analyeis carried out in the experiment conaidered only 

1 a Woode-Won type potential with a Thornaa, type epin-orbit interaction. In this 

regard the analyeie cannot be consider.ed exhaustive even though reasonable fi ts  

Experimental data for vanadium and copper were obtained at scattering 

angles extending only to 110 degreee. An average eet of parametere was eeta- 
m 
8 blished which give e good fit. to these data. The same le t  of parameter e give 

a good fit to the nickel data up to 110 degrees. but gives an angular distribution 

for the cross  section which oeci'llates too vigorously beyond 110 degrees. By 

providing extrapolated input data to the HUNTER program, calculatione of the 

back angle cross  aections for vanadium and copper using the average 20 Mev 

parametere were obtained. Oscillatione similar to thoee for nickel were 

Indicated. 
I 

The relatively small oecillatione in the obacrved nlrkel cross  sections 

sugge at that only small oecillations may exist in the vanadium and copper crooe n . . 

eectione. Consequently, the average 20 Mev parame tere eetabli shed in this 

experiment and -the average 30 Mev parameter. cstabllal~ad by Bassel may not 

I 
provide a good fit to the data a t  back anglee. Pn this regard, an interesting 

extenoion of both the preeent experiment and the 30 Mev experiment would be 

the inveetigation of back angle elastic ecattering for elexnento below copper. 



The results obtained for  the heavy elements show a smooth and gradual 

departure from Coulomb scattering a t  large angles. As a result, equally good . 

fits to the data a r e  obtained with a wide choice of parametere. In order to 

unambiguously define the parameters, additional data a r e  needed. Analysie 

of reaction c ross  sections providee a means of determining the nuclear 

absorption, and hence, leads to values for Wo as well a e  defining the form 

factors. In addition, polarization etudies a r e  needed to establish the form of 

the spin-orbit potential. 
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TABLE I 

Absolute elastic croee aectionr and elaotic-to-Coulomb crose rectton ratio, vr. 

center -of -mas. scattering angle for 20 Mev ~e~ acattercd from reveral element.. 

Vanadium (B = 1.00) * I Nickel (B = 1; 19) 

* B = displace nit.::^ corrzction fact(,;. 
by which measured cross sections are 
multiplied to agree with theoretical 

I di etribution. 
I 

*CM (TE) M CJE CM 
(degree.) (mbktr)  

OCM (r (cE1rR)cM 
(dog rse  8 )  (m% fii) 



TABLE I (continued) - -2 

e~~ 6iE) CM E R)CM / 6 3 )  (T /ii 

(degree e) (k&/ etr) (de g r e e a) ( m b  by=) PE ' E / c ~ ) C M  
Copper (B = 1.24) Rhodium (B = 1.00) 



TABLE I (continued--3) 

Tin-118 (B = 1.07) Samarium (B = 0.95) 

e~~ bE) M t : ;~  /,yR) CM 
(degree.) (rnbhtr) 

OCM t. i-$ (:.I- I--- ) 
(degree a) (rnbktr) E ' R C M  



TABLE I (Continued- -4) 

Ytterbium (B = 0.98) Lead (B = 1.28) 

e~~ 
(degreee) 

@CM 
(degree a) 



T A B L E  I1 

OPTIMUM PARAMETERS FOR TRENDS A AND B 

a 
PC vs . .)(2 

(fm) : (fm) (Mev) 



TABLE 111 

, 

AVERAGE OPTICAL MODEL PARAMETERS FOR 

VANADIUM, NICKEL AND COPPER AT 20 AND 30 MEV 

2Q Mev 30 ~ e v ~  

v, (MeV) 

I.\& ("ev) 

a ( fermi~)  

% (fermie) 

R, (fermie) 

a ~ e e  reference 6. 



F I G U M  CAPTIONS 

FIGURE 1. Plot& of maes number (A) ve diffueivity parameter (a), nuclear 

radius parameter (%) vs. A - ~ I ~ ,  depth of the real port of the optical 

potential (Vo + i lVo) vs. Z ~ Z ~  A - ~ /  for the elaatic mattering of20 Mev 

~ e ~ .  The optical model parameter. a re  thome of Trend A given in 

Table I. 

FIGURE 2. Plots of mase number (A) vs diffueivity parameter (a), nuclear 

radius parameter (Rdvs. A - ~ I ~ ,  depth of the real part' of the optical 

potential (Vo + i \Yo) ve. ZIZZ  for the elastic acattering of LO Mev 

kie3. The optical model parameters a re  those of Trend B given in 

Table I. 

FIGURE 3. Angular distributions of the elastic-to-Coulomb csoee section ratio 

for the ecattering of by (a) vanadium, (b) nickel, (c) copper, (d) 

rhodium. The emooth curves represent the distribution5 given by the 

optimum parametere a s  determined using the HUNTER search code. 

FIGURE 4. Angular distributions of the elastic-to-Coulomb cross  eection'ratio 

for the mattering of ~e~ by (a) tin- 118, (b) samarium, (c) ytterbium. (d) 

lead. The smooth curves represent the distributions given by the 

optimum parametera as determined using the HUNTER search code. 







. C.M. Angle, degrees : 



C. M.. Angle, degrees 



. + C.M. Angle, degrees 



C. M. Angle, degrees 



C. M. Angle, degrees 





2 I 

. . 

bW 
. . \ 

b" 

0.2 

- 
- 
- .  Vo Wo Ro a .  Rc V, - - , - -  - - 

Trends A 8 8 80.5 1.73 1.50 0.51 1.5 . 8 - 
Experimental points 

I . .  I I I I I I 
20 40 60 8 0  100 120 140 160 180 

C. M. Angle, degrees 
I . . 

. , 




