
Of '^Sc Nuclei 

by 

Robert. W. Dougherty, Jr. 

A TflE-SIS SUBMITTED 

IK PARTIAL PULFILLMEHT OF THE 

REQUIREMENTS FOR THE DEGREE OF 

MASTER OF ARTS 

Thesis Director’s signature: 

Houston. Texas 

May, 3.971 



ABSTRACT 

The Recoil Angular Distribution of 41gc Nuclei 

. by 

Robert W. Dougherty, Jr. 

The recoil of radioactive ^Igc nuclei, produced by 

the 40Ca(d,n)41sc reaction, has been investigated in 

preparation for a measurement of the magnetic moment of the 

ground state of the ^Sc nucleus [Emax($
+) = 5.5 MeV, 

= 0.6 sec.]. The measurement wilJ. employ nuclear magnetic 

resonance in a method that utilizes the anisotropy in the 

decay of 41gc nuclei, polarized in the (d,n) stripping- 

reaction process and emplanted in a suitable material by 

recoil. 

The present experimental work includes a study of the 

production and recoil of ^Sc with the purpose of deter¬ 

mining the optimum condition, with respect to beam energy 

and laboratory angle, under which the recoil yield is a 

maximum. The total cross section for the production of 

^Sc by the ^Ca + d reaction was measured from threshold 

(1.2 MeV) to 4.0 MeV bombarding energy, and was found to 

vary from 2 millibarns at 2 MeV to 18 millibarns at 4 MeV. 

In an analysis of the composite decay-curve of the total 

target radiation, it was determined that the positron from 

the decay of ^lgc comprised about 60 to 70 % of the total 

yield, with the positron decay of K made by the competing 

(d,ct) reaction the principle interference. 

The effects of multiple scattering on the recoil 

angular distribution of ^Sc ions were studied using the 



^®Ca(p,#)^Sc reaction at 4.0 MeV. Results indicated that 

for fresh targets < 10 jjg/cm? in thickness, the recoil 

distribution was only moderately altered from that deter¬ 

mined by the kinematics of the reaction. However, scatter¬ 

ing produced by thicker targets, or those substantially 

oxidized or otherwise contaminated, was found to be excessive 

The angular distribution of ^Sc recoils produced by 

the ^®Ca(d,n)41sc reaction was measured at 4.0 MeV over 

an angular range from 0 to 45 degrees, using a thin target 

~ 6 pg/cm^ thick and 50 % oxidized. The recoil differential 

cross section was found to vary between 5 and 12 millibarns 

per steradian, and to extend past the origional kinematic 

limit of 36 degrees to about 60 degrees. The shape of this 

distribution was found to agree quantitatively with a pre¬ 

dicted distribution calculated by application of multiple¬ 

scattering theory to previously measured cross sections 

of the neutrons produced in conjunction with the 41sc 

recoils in the (d,n) reaction. 
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I. INTRODUCTION 

Tills thesis concerns the first phase in the development 

of the experimental method for the measurement of the 

magnetic moment of the ground state of the nuclide 4-15 G 

[Emax(@+) “ 5„5 MeV, X % — 0.6 sec.] . The magnitude of 

this quantity is of importance since the magnetic moment, 

being an expectation value dependent .upon the nuclear wave 

function, gives valuable information concerning the description 

of the nuclear state. 

41sc, in the shell model description, consists of a 

single proton in an f7/2 orbital and a doubly-magic 

core. The Schmidt value of the magnetic moment corresponding 

to this configuration can be calculated using single-particle 

wave functions (Ma 55) with the result jU(Schmidt) = 5.79 

nuclear magnetons (nm.). However, the results of measure¬ 

ments of the magnetic moments of odd A nuclei (Fu 69) have 

shown that with few exceptions, the magnitudes of the actual 

moments are less than the Schmidt value. Only in "good" 

shell-model nuclei (such as 4lgc) in which there is one 

particle outside of, or one hole in, a closed shell, do the 

measured moments approach the Schmidt prediction. Never¬ 

theless there still exists the question of the purity of 

the single-particle state in these nuclei. Gerace and 

Green (Ge 67) predict a 15% mixing of a three-particle-two- 

hole excitation into the 41gc (and 41ca) sing3.e-part.icle 

ground state wave function. Thus a measiarement of the 

magnetic moment of ^Sc will indicate the degree of mixing 

into a pure single-partic3.e ground state configuration. 

It is intended in this experiment to measure the mag¬ 

netic moment of ^Sc by tlie method of nuclear magnetic 
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resonance. This method, in which transitions between nuclear 

substates are induced, has been widely used in determining 

magnetic moments (Fu 69). In application to beta-active 

nuclei, the resonant condition can be observed with a tech¬ 

nique that utilizes the anisotropy in the beta decay of 

polarized nuclei. If the nuclei can be polarized, an asym¬ 

metry in the beta yield will be observed with respect to 

the axis of polarization. Consequently, if transitions 

are indxiced by NMR thereby destroying the polarization, 

the beta asymmetry is relaxed. Thus the application of 

this technique to detect nuclear resonance depends upon 

the production of polarized beta-active nuclei. 

This method of detecting nuclear magnetic resonance 

through beta anisotropy was introduced by Conner (Co 59) 

in an experiment where a suitable target was bombarded with 

polarized .neutrons. Others using the beta asymmetry method 

to measure magnetic moments were Commins et al_. (Co 63) in 

an atomic beam experiment and Besch et a.1« (Be 67) in an 

optical pumping experiment. 

Nakai et aJL. (Su 66) have devised an additional appli¬ 

cation of the beta asymmetry technique particularly suited 

to the measurement of the magnetic moments of very short¬ 

lived nuclei £ 1 min.)„ This method utilizes the 

polarized recoil nuclei produced in a deuteron stripping 

reaction and will be employed in the present work. 

The basic experiment consists of placing both the target 

and recoil catcher foil in a homogeneous magnetic field 

5 KG.), the direction of which coincides with the axis 

of polarization of the recoils. This field serves not 

onJ.y to decouple the nuclear spin from the atomic spin, 

but also to prevent polarization relaxation before the 
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decay of the nucleus.. As is standard in an NMR measurement, 

an oscillating magnetic field produced by a coil wound 

about the catcher foil is applied perpendicular to the 

axis of polarization. When the frequency of oscillation 

matches the Larmor precessional frequency of the nuclear 

spin, magnetic transitions are induced and the polarization 

is destroyed,, Thus the resonant condition can be detected 

with particle counters above and below the catcher foil. 

The Larmor frequency depends upon the magnetic moment of 

the nucleus through the relation (Se 64): 

where .u and I are the nuclear moment and spin and H is the 

strength of the homogeneoiis magnetic field. 

The preliminary experimental work, which is the subject 

of this thesis, involves a study of the recoil of 41gc ions 

from a calcium target. Special attention is given to the 

multiple-scattering and target-thickness effects as the 

^'~Sc ion traverses the target in which it is produced by 

a deuteron stripping reaction. The results of the present 

work have indicated the optimum conditions with respect 

to beam energy and laboratory angle under which the recoil 

yield is a maximum. As a second step in the magnetic 

moment experiment, an observation of the beta asymmetry, 

and consequently a measxirement of the polarization distri¬ 

bution function, will be attempted at various laboratory 

angles. Finally, after having determined the optimum 41gc 

recoil angle with respect to yield and degree of polarization, 

the final NMR measurement will be performed as previously 

describe d „ 
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The first experiment in the recoil study was a measure¬ 

ment of the 4'0ca + d excitation function with the purpose 

of determining the net 41gc yield as a function of beam 

energy,. The production of 41gc ground state was detected 

by its positron decay with a scintillation-type beta 

spectrometer. The excited states of the nucleus do not 

contribute significantly to the beta yield as they promptly 

decay by proton emission (En 67). To discriminate against 

the detection of prompt radiation and allow for the short 

halflife of ^Sc, the counting system was operative only 

when the deuteron beam was electrostatically deflected from 

the target. The total bombarding and counting cycle was 

less than the ^Sc half life. Also, since other nuclei formed, 

in ■■competing reactions are high-energy beta emitters, it 

was necessary to determine the ^Sc beta yield relative to 

the gross beta yield. This was accomplished by analyzing 

the composite decay curve of the total target activity 

using a method developed by Clark (Cl 68)„ It was found 

that the principal interference came from the positron 

decay of the first excited state of 38K t®max(^+) ~ 5.03 MeV, 

fjg = 0.946 sec.] . The relative contribution of 38K* was 

about twenty to thirty percent of the total yield over the 

deuteron energy range of 1.2 MeV (threshold for the production 

of 41sc) to 4.0 MeV. The total yield was found to consist 

mainly of positrons from 41gc and to rise sharply with in¬ 

creasing energy un;til a leveling occurred as the beam 

energy approached 4.0 MeV. The total contribution of 

longer-lived beta activity and room background, as determined 

by the decay-curve analysis, was only a few percent of the 

gross yield in the above energy range. 
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The recoiling ^'Sc nuclei are subject to multiple 

scattering in the calcium target because of their low 

recoil energy,, As mentioned earlier, it is necessary to 

know the net effect of this scattering as it determines the 

effective range of the recoiling ion in the target and the 

ultimate angle at which it leaves the targetc This will, 

in turn, affect the final polarization distribution. Through, 

kinematical relations it was found that if 41gc were produced 

from by the (p,tf) rather than the (d,n) reaction, the 

recoil cone would initially be of half-angle of only 3.3 

degrees at a bombarding energy of 4.0 MeV„ Thus, when 

this reaction was used, the resulting angular distributions 

were indicative of the multiple scattering rather than a 

combination of kinematic and scattering effects. It was 

found that very thin targets (,< 10 Mg/cm^) were required 

to prevent the multiple scattering from becoming very 

pronounced,. 

The theoretical aspects of multiple scattering are 

discussed in Chapter IV; the results being compared to 

actual measurements of recoil angular distributions. 

To complete this phase of the experimental observations, 

the angular distribution of recoiling 41gc was measured 

at 4.0 MeV using the (d,n) reaction. At this energy recoils 

were produced in the 100-400 keV range and within a cone 

of 36 degree half-angle. Data also available at this energy 

was the angular distribution of the neutrons from the same 

reaction as measured by Greenwood (Cr 70). Since the neutrons 

do not experience multiple scattering, the corresponding 

^-\sc distribution determined by the kinematics of the 

react!or. is the initial recoil distribution, i.e., the 

distribution before multiple scattering. This predicted 
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distribution was averaged over an angular range determined 

from multiple-scattering theory and was found to agree 

qualitatively with experimental results. 

An additional calculation by Greenwood gave a prediction 

of the polarization function P(8) from a DWBA analysis 

using experimentally determined optical model parameters. 

Tliis distribution was averaged using multiple-scattering 

theory in a manner similar to the averaging of the recoil 

distribution. Results indicated that the final angular 

distribution of both the yield function and the polarization 

function showed peaks at very nearly the same lab angle. 



II. EXPERIMENTAL APPARATUS 

The proton and deuteron beams used in these studies 

were produced by the 12 MeV tandern Van de Graaf accelerator 

of the Bonner Nuclear Laboratory at Rice University. The 

beam was analyzed by the 90-degree magnet and its energy 

was determined by a nuclear magnetic resonance magnetometer, 

calibrated with reference to the 4.054 MeV resonance seen 

by Youngblood (Yo 65a) in the (p,^') 41,gc reaction. 

Measurements were made with beams in the energy range from 

1.0 to 4.5 MeV. A normal beam dispersion of approximately 

3 keV was determined from analysis of isolated (p,o) resonance 

shapes . However at times a beam spread as low as 1 keV 

was obtained. 

The beam entered the target room through a smaller 

switching magnet located approximately 3.1 feet from the 

target chamber. A beam deflection apparatus, consisting 

of two parallel electrostatic plates, just preceded the 

first of two sets of beam-defining slits. This set 

was approximately 7 feet before the target chamber. 

of slits 

The 

second set was located at the entrance to the chamber. 

A diagram of this section of the beam tube in the target 

room is shown by Clark (Cl 68). 

Two target chambers were vised, each designed to accom¬ 

modate the particular measurement being made. The beta 

particles emitted in the decay of 43-Sc produced by either 

the 40Ca (p, ■$) 43-Sc or the 40Ca (d[, n) 4-T-Sc reactions were detected 

by a low resolution beta spectrometer. The operation of 

this counting system was phased such that data was collected 

only w! an the beam was deflected off target. We will now 

turn attention to a detailed discussion of this equipment. 
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Beam Deflection and Beta Detection Circuitry 

The beam deflection system is described in detail by 

Youngblood. (Yo 6 5a) . Basically the system consisted of the 

two deflector plates mentioned previously, an 8 heV high- 

Yoltage power supply, and a transistorized pulsing circuit 

that controlled the timing of the deflection and beta count¬ 

ing deviceso When the plates were charged, the beam was 

deflected up and onto the first set of beam-defining slits. 

During this period the counters were on. At the time the 

charge was drained from the deflector plates allowing the 

beam to return to the target, a negative DC voltage was 

applied to the focusing electrode of the photomultiplier 

tubes of the counters, para.lyz.ing their operation. The 

timing of the pulser was adjusted such that the "counter- 

on" time did not overlap the "beam-on" time, as shown in 

the diagram below. 

percent 
of 

beam 
on 

target 

Counter 

The ratio of beam-off to beam-on time 2) was 

made approximately one, while the total period was approx¬ 

imately 200 milliseconds. The time tp between beam-off 

and counters-on was adjusted to about 5 milliseconds to 

allow for the RC time constant (2ms.) in the charging of the 

plates as indicated above. 



9 

The electronics associated with the detection of the 

beta decay of 41gc was that used by Clark (Cl 68); a sche¬ 

matic diagram is shown in Figure I. The beta spectrometer 

consisted of two scintillation counters machined from Pilot B, 

nested about the target (or about the recoil catching foil 

as described below) in such a manner as to subtend a solid 

angle of approximately 2Tr steradians. The nesting arrange¬ 

ment of the counters, as shown in Figure II, enabled a 

coincidence requirement which reduced the effects of back¬ 

ground and noise pulses. The emitted positrons lost ax>prox- 

imately 900 keV in the inner "thin" counter, while the outer 

"thick" counter was of sufficient thickness to stop these 

decays. In penetrating the target, its gold backing, and 

the thin counter, the betas lost a total of 1250 keV. 

As determined by Clark, the photomultiplier tubes could 

handle individiial counting rates up to about 15K cps. 

These count rates were monitored during the taking of data, 

and a reduction in solid angle was made when the count 

rates became excessive. 

The scintillations were detected by Dumont 6363 photo¬ 

multiplier tubes. Amplified pulses were fed into Cosmic 

801 coincidence modules. One module received pulses from 

the thin counter, while each of three units received pulses 

from the thick counter. By requiring a slow coincidence 

(2 Jis.) and a fast coincidence (60 ns.) between the thin 

counter module and one of the thick counter modules, and 

by making use of the single channel analyzer capabilities 

of the units, it was possible to sample given portions of 

the beta energy spectrum. Usually coincidence outputs 

were fed into three scalars which monitored the energy 

regions of 1.5-4.5 MeV, 2.0-4.5 MeV, and 2.5-4.5 MeV, 



FIGURE I 

Schematic diagram of the basic detection equipment 

and associated electronics. The energy ranges (correspond¬ 

ing to energy loss in the thick counter) of the coincidence 

outputs ares A-Bl --- 1.5-4.5 MeV, A-B2 2.0-4.5 MeV, 

A-B3 — 2.5-4.5 MeV. 
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FIGURE II 

Diagram of the scattering chamber, with the additiona 

diffusion pump, used in the measurement of the angular 

distributions of the 41Sc recoils. The plane of .rotation 

of the recoil catcher tube and beta counters is perpen¬ 

dicular to the paper. Also shown in the lower portion 

of the diagram is the geometry of the nested scintillation 

counters; the view is from the top. 
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corresponding to energy loss of the betas in the thick 

counter. 

Hie energy calibration of the beta detection system 

made use of a TMC 404 400-channel pulse-height analyzer 

in a method described by Cramer (Cr 59) . Standard radiation 

sources included a 144ce-144pr beta source of endpoint energy 

2.98 MeV. The maximum energy of the Compton electron spectra 

of a PuBe source (4.18 MeV) and a ^0^o SOu.rce (1.04 MeV) 

were also used. 

The determination of the composite decay ciirve of the 

total beta activity from the target from which the con¬ 

stituent activities could be computed required two major 

changes in the electronics. The TMC pulse height analyzer 

was operated in the multiscalar mode, i.e., a specified 

amount of time was spent counting in each channel .in succes¬ 

sion. The dwell, or time spent in each channel, was controlled 

by a tail-pulse generator. Thus, as the analyzer moved 

through each of its 400 channels, a step function plot of 

the decay curve was mapped out. 

The other major change was in the timing of the beam 

deflection and the beta counting systems. In order to 

include not only the 0.6 second decay of ^lgc hut other 

decays of longer halflife, a longer counting period was 

needed„ Consequently the timing was achieved through use 

of an electric rotary cam timer also described by Clark. 

The total cycle time could be varied by a changing of gears, 

but the 21.3 second cycle was used throughout the experiment. 

The beam was allowed to activate the target for approximately 

10 seconds, then the counters were on for an equal period. 

After c' short delay from the starting of the counting period, 

a third pulse triggered the TMC analyzer on its cycle through 
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each of its 400 channels. The tanning was adjusted such 

that 25 ins, were spent in each channel, giving a total 

counting time of 10 seconds. The beta counters were on 

for a period just overlapping this 10 seconds, and the 

beam was on target only when the counters were inoperative. 

The pulsing diagram previously given still applies with the 

exception that the lower portion now denotes TMC on-off time 

instead of that of the counter. The.TMC counted pulses 

in the energy region from 1.5 to 4.5 MeV, 

The Target and Chamber for Excitation Function and Halflife 

Measurements 

The target chamber used in the measurement of the 

excitation function was that used by Clark (Cl 68). It 

consisted of a lead-lined aluminum tube or cup about one 

inch in diameter and two inches long attached to the end 

of the beam tube immediately after the second set of beam- 

defining slits. The end of the tube was sealed with a 

3/4 inch diameter gold disk, 0.010 inch thick, which served 

as the target backing. The scintillation counters were 

then cupped about the end of the tube. 

The tube, insulated from the rest of the system, served 

as a Faraday Cup for beam-current integration. However the 

stopping of the beam in the target blank presented a problem 

of overheating and hence of deterioration of the calcium 

target. To provide cooling, a stream of air was directed 

onto the gold blank. While this system was rated by Youngblood 

to withstand approximately 20 watts, the power dissipation 

rarely exceeded 12 watts. 

Tl- 2 calcium target was made by evaporation of natural 

calcium metal from a tantalum boat onto the gold disk in 
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a bell™jar evaporator. After evaporation the target was 

quickly transferred to the target chamber to prevent ex¬ 

cessive oxidation of the calcium. Target thickness was 

measured by taking fine energy steps over one of the 
40Ca (p,lf)41Sc resonances seen by Youngblood. The resonances 

chosen had essentially zero width compared to the thick¬ 

nesses of the targ'ets used. The targets were approximately 

10 to 15 keV thick to the 4.0 MeV proton beam. 

Special care Weis fallen to eliminate the causes of ex¬ 

cessive background radiation. The calcium metal was scraped 

clean of oxide before evaporation, and during evaporation 

both the calcium and the tantalum boat were thoroughly 

outgased. The target chamber was wiped clean with ethyl 

alcohol before each run. Cold traps filled with liquid 

nitrogen were located in the beam line just before the chamber 

and over the beam-line diffusion pump to avoid buildup of 

contaminants on the target during the runs. Any portion 

of the chamber that could be exposed to the beam was lead- 

lined. The gold blank was 99.9% pure as stated by the 

supplier, and eare was taken to avoid its contamination 

during preparation of the target. 

The Target and Chamber for Recoil Angular Distribution 

Measurements 

A second target chamber was designed for the study 

of the angular distribution of 4^-Sc recoils produced by 

both the ^Ca + p and the 40<ga + 3 reactions. This chamber 

enabled the evaporation of thin targets inside the chamber 

itself. The recoil ions leaving the target were stopped 

at the end of a tube on a catcher foil some five inches 

away. The beta detection system and catcher foil could 
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be rotated about an axis through the target, covering an 

angular range of - 20 to -!- 50 degrees with respect to the 

beam direction. 

The new chamber and the beta counters, along with an 

additional diffusion pump, are shown attached to the end 

of the beam tube in Figure II. Finer details are given in 

Figure III. 

The calcium targets used in these measurements were 

evaporated onto thin carbon foils (10 p.g/cm2) which were 

mounted over a ^ inch hole in a 1 x % inch, sheet of tantalum 

metal. The target blank was then mounted in the center of 

the chamber, inside a flexible brass bellows. Construction 

of the target holder enabled the target to be rotated from 

the path of the beam to a position directly in front of 

an evaporating"cannon". A worm gear mounted on the end of 

a rod allowed the rotation to be controlled outside the 

chamber. The evaporation cannon was a short section of 

1/8 inch tantalum tubing which was loaded with about 50 mg. 

of clean calcium metal. A current of approximately 150 

amps was passed through the tube to produce heat and evaporate 

the calcium. Insulated brass rods served as the electrodes 

and cannon holder. The current was supplied by a step-down 

transformer and a variable line-voltage control. 

Wien the system vacuum reached about 5 * 10 “ 5 mTlo/ the 

calcium and the cannon were carefully outgased by increasing 

the current a few amps at a time, thus slowly heating the 

assembly. The additional diffusion pump was necessary to 

facilitate the recovery of the vacuum during the outgasing. 

Evaporating temperature was reached at about 150 amps, 

and was detected by the sudden decrease in pressure inside 

the system due to oxidation of some of the hot calcium atoms 



FIGURE III 

Detailed view of the chamber used in the angular 

distribution measurements; the view is from the top. 

The evaporation section housed the evaporating cannon 

and a set of beam defining slits. The target is located 

in the bellows, and is rotated by the rod and worm gear 

arrangement shown,, The recoils must pass through lead 

defining slits before entering the recoil catcher tube. 

The counters (not shown) are nested about the recoil catcher 

at the end of the tube. The solid state monitor counter 

is not shown, but is located just below the worm gear 

assembly. 
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as they left the cannon. The flux of calcium vapor was 

directed to the target blank through a ^ inch brass tube 

2h inches long. In this tube was a 1/8 inch slit which 

increased the uniformity of the calcium vapor. A shutter 

in the tube which could be opened or closed from outside the 

chamber determined the evaporating time. This shutter also 

prevented the target blank from being contaminated during the 

outgasing of the cannon and prevented the breakage of the 

carbon foil due to heating by the radiation from the hot 

cannon. Targets from 5 to 10 Mg/cm? were evaporated in 

periods of 5 to 30 seconds. The rate of evaporation depended 

upon the temperature of the calcium in the cannon. This in, 

turn, was a function of the size of the piece of calcium 

metal and degree of thermal contact between the calcium and 

the cannon. To aid the experimenter in determining the 

correct evaporation time, a window was placed in the flange 

at the end of the chamber. Thus one could see through the 

carbon foil, down the evaporating tube, and into the cannon. 

One could judge by the color of the calcium itself as to the 

approximate rate of evaporation. In the making of targets 

slightly thicker than 10 ng/cm^, one could actually see the 

darkening.of the carbon foil due to the deposition of the 

calcium over its surface. After evaporation the target was 

allowed to cool and then rotated by 180 degrees into the 

path of the beam. Thus, the 41gc recoils did not have to 

pass through the carbon backing before leaving the target. 

To control the position of the beam on target, an 

additional set of lead slits was placed in front of the 

target holder. The first slit was 3/16 inch square and was 

mounted 3% inches in front of the target. Immediately in 

front of the target was a circular slit just smaller than 
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the inch diameter of the target., The purpose of this 

second slit was to prevent any beam from hitting the 

tantalum target holder. 

• Attached to the flange at the end of the bellows was 

a recoil catcher tube about one inch in diameter and two 

inches long. The end of the tube was sealed with a tantalum 

disk, 0.020 inch thick, which served as the catcher foil. 

The counters were cupped about this tube as in the previous 

chamber. A set of slits inside the bellows defined the recoil 

solid angle. These slits were 1/8 inch horizonatlly by 

1/4 inch ve3:tically. This arrangement gave an angular 

resolution of 2.5 degrees for a rotation of the catcher 

foil and .counters in the horizontal plane. The solid angle 

seen by the recoils was 3.52 «• 10"" 2 steradians. 

A tantalum finger which served as a beam stopper as the 

bellows was rotated was attached to the recoil defining 

slit holder. The entire bellows assembly was insulated from 

the rest of the system, thus becoming a Faraday Cup for 

beam-current integration. 

Also located in the bellows section of the chamber 

was a small transmission type solid state detector, 700 

microns thick with an active area of 50 mm2,. This detector 

(Ortec model 50-700) was used to monitor the elastically 

scattered protons or deuterons from which target thick¬ 

nesses could be determined. A schematic diagram of this 

detector and related electronics is shown in Figure IV. 

The solid angle subtended by the slits was 1.099-10~3 

steradians. After amplification the detector output was 

fed into a 512 channel pulse height analyzer (TMC model 

242A). Another amplifier output was routed through a single 

channel, discriminator with the window set about one of the 



FIGURE IV 

Schematic diagram of the solid state detection system 

and associated electronics. 



23 



24 

4'0ca(p,p)resonances. Thus, the count rate of the elas¬ 

tically scattered protons was indicative of the energy 

position of the beam. This technique was used in the 

(p,#) studies. 

In addition to providing a precise determination of 

beam energy and target thickness, the elastic spectrum 

made possible a calculation of the amount of the exygen 

and carbon buildup on the target during the extent of the 

runs. These thicknesses could be calculated from previously 

measured elastic cross sections. 



Ill . THE EXCITATION FUNCTION AND DECAY-CURVE ANALYSIS 

The ^Ca + d excitation function was measured in the 

energy region from 1.0 to 4.0 MeV, and the yield was sepa¬ 

rated into the relative contributions from 4^-Sc, 38K, and 

background. These contributions were then reduced to ab¬ 

solute cross sections. With this information, an optimum 

energy region with respect to the ratio of the ^Sc yield 

to the yield can be selected for the magnetic moment 

experiment. However, the cross section measurement is com¬ 

plicated by the fact that through competing reactions and 

through the presence of contaminants in the system, other 

beta active nuclei are produced, having endpoint energies 

and half lives comparable to that of the ^-*-Sc decay. 

Figure V shows all nuclei which it is energetically 

possible to form with a low energy deuteron beam on a 40Ca 

target. Also shown are all resulting non-prompt beta activity 

that would be counted by the detection system previously 

described. Thus it is desirable to set up the detection 

circuitry to discriminate against as many of the competing 

recictions as possible. Because of the usually low deuteron 

capture cross sections, it was assumed that there would be 

little activity resulting from the formation of Sc. The 

beta from the decay of the ground state of Has an end¬ 

point energy of 2.68 MeV which, when considering the 1250 

keV energy loss in the target backing and thin counter, 

was too low to penetrate a 1.5 MeV baseline setting in the 

thick counter discriminator. Thus the total activity 

measured consisted of the positron decay of 41gc and ^®K*, 

along with any background radiation. 



FIGURE V 

The 42 nucleon system. The masses and decay modes 

from which this diagram is compiled are from Endt and 

Van der Levin (En 67) , except for the half life and mass of 

^Sc which are from Youngblood, Aldridge, and Class (Yo 65b). 
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The determination of the relative contributions of 

^Sc, and any other activity was accomplished by a 

measurement of the composite decay curve at six energies 

in the 1,0 to 4.0 MeV region. The computer analysis of this 

data based on the knowledge of the halflives gave values 

for the basic continuum trend in both the 41gc an(j the 

38K* cross sections. It was not possible to distinguish 

the resonance structure of each by this method. 

Description of the Data 

The excitation function was measured on each of two 

runs, the results of which are shown in Figures VI and 

VII. In the former, the'data was taken in 20 keV steps with 

a target 14,55 keV thick to a 4.0 MeV proton beam; in the 

3.atter, 10 keV steps were taken over most of the region 

with a 9,56 keV target. In both figures the total non¬ 

prompt activity from the target is plotted versus deuteron 

bombarding energy on a semi-log scale. 

The difference in magnitude of the total yields for 

the two measurements can be attributed to three factors. 

First the charge collected per point during the first run 

was 91.6 microcoulombs (PC,) while 80.0 //c. was collected 

during the second. The major difference was the fact that 

the target on the first run was about 50 % thicker than the 

target on the second. A third, but slight, difference can 

be attributed to the fact that the upper discriminator level 

in the thick counter was set at 5.0 MeV during the first 

run, and at 4.5 MeV during the second. Because of the 

1250 keV energy loss of the betas before entering the thick 

counter, both of these levels were above the endpoint energies 



FIGURE VI 

The total excitation function for the ^Ca (d,n)^-Sc 

reaction including background and competing reactions 

measured on 7/17/68. The circles show the separation of 

the total yield into that from , that from ^®K*, and 

that from any other beta activity present. The circles 

are connected by smooth curves. 
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FIGURE VII 

The total excitation function for the ^Ca (d, n) ^-Sc 

reaction including background and competing reactions 

measured on 2/9/69. The circles show the separation of 

the total yield into that from ^Sc, that from ^®K*, and 

that from any other beta cictivity present. The lower set 

of circles show the result of the activity due to the gold 

blank only. The circles are connected by smooth curves. 
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41 O O of both the Sc and the °°K* betas. Thus this difference 

is only slight. 

Due to the higher yield above 3.0 MeV during the first 

measurement, it became necessary to reduce the count rate 

in the beta detection system. This was accomplished by 

decreasing the effective solid angle subtended by the 

scintillators by sliding the counters back a few inches. 

The singles count rate was cut by about 25 % and the coin¬ 

cidence rate was reduced by a factor of 8.5. The same energy 

point was run before and after the counters were moved to 

determine the normalization factor. By this method the 

data from 3.0 to 4.0 MeV was normalized to that of the lower 

energy region, correct to within 6 %» 

As can be seen from the plots of the excitation function, 

there is a basic continuum yield that increases very sharply 

at first, .then gradxn-illy levels in the region approaching 

4.0 MeV. The resonant structure is very slight below about 

2.0 MeV, but becomes very pronounced at higher energies. 

The resonant fluctuation is somewhat obscured by the semi¬ 

log scale, but at 4.0 MeV the yield varies as much, as 20 %. 

Also shown in the figures are the relative amounts of 

^Sc betas, 38j£* betas, and any other activity which was 

considered as background. These curves (connecting the 

circles) represent the results of the six decay-curve analyses 

made at the energies indicated. 

An additional feature of Figure VII is the result 

of the measurement of the total non-prompt activity from 

the gold target backing itself. It is evident from this 

result that the activity from the gold, the target chamber, 

and roc-a background comprised only about 50 % of the back¬ 

ground yield. The remainder of the background activity 
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must be attributed to either silicon, magnesium or flourine, 

as discussed later in this chapter. 

Periodic checks of room background radiation from long- 

lived nuclei ('halflife on the order of a minute) were made 

by stopping the beam outside the target room and then count¬ 

ing for a 100-second period. The results of this measurement 

showed that the beta activity dropped only slightly dur¬ 

ing this length of time, thus could be considered as constant 

background compared to the halflife of the ^Sc betas. 

Quantitatively this activity composed less than 1 % of the 

total yield over the entire energy region. 

Decay-Curve Analysis 

The decay curve of the total target activity was 

measured over a time interval of 10 seconds. A typical 

result is shown in Figure VIII. The dots represent t?ne 

activity from ^Sc, ^®K*, and all other contaminants. The 

individual decay curves from ^‘Sc, one unknown com¬ 

ponent with a halflife of 4.40 seconds, and constant back¬ 

ground term are also indicated. These are the results of 

the analysis to be described. 

This data was analyzed with the aid of a computer program 

developed by Clark (Cl 68). This program basically performed 

a least-squares fit to the decay curve with a given number 

of exponential decay components of specified halflives plus 

a constant background. The reliability of this method of 

analysis was studied in detail by Clark. In an analysis of 

a decay curve with components similar to those of the present 

work, Clark found that the computer analysis agreed with a 

"hand" calculation to within 5 %. It was further determined 



FIGURE VIII 

A typical decay curve representing the total activity 

from the target., Also shown are the individual decay curves 

from ^Sc, 38K*, one unknown component with a halflife of 

4.40 seconds, and a constant background. 
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that the error was associated with the hand calculation 

rather than with the computer analysis. 

In the present work, the data was fitted to three 

exponentials, these being characteristic of the decays of 

4^Sc, 88K*, and one additional interfering decay along with 

a constant background. To determine the possible interfering 

betas, a check was made of each element which could be exposed 

to the deuteron beam. A list was then made of every beta- 

active nucleus that could be produced from these contaminant 

nuclei. The check covered not only those materials listed 

in the spectroscopic analysis of the gold target backing 

and the metals from which the chamber was constructed, but 

also the elements usually present in vacuum systems. Most 

of the resulting beta decays were eliminated because of a 

low endpoint energy or a very long halflife. The final 

list is given in Table 1. 

TABLE 1 

Reaction 

19F(d,p) 20]? 

24Mg(d,n)29Al 

24Mg(d,?)26Al 

29Mg(d,n)
28 Al 

28Si(d,c/:)26Al 
28S.i (d, n) 29P 

108Pd(d,2p)108Rb 

110Pd(d,cc)108Rh 

110Pd (d , 2p) 118Rh 

Endpoint Energy 

5.40 MeV 

.3.24 MeV 

3.21 MeV 

3.21 MeV 

3.21 MeV 

3.95 MeV 

4.5,3.5,4.1 MeV 

4.5,3.5,4.5 MeV 

5.5 MeV 

Halflife 

11 sec. 

7.2 sec. 

6.5 sec. 

6.5 sec„ 

6.5 sec. 

4.4 sec. 

17 sec. 

17 sec I 

5 sec. 
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Flourine contamination is a usual problem in vacuum 

systems and any silicon present can be attributed to pump 

oil. The magnesium is a known impurity in natural calcium 

metal, while the palladium was listed as an impurity in the 

gold used for a target backing. 

A fit to the decay curve was computed using each of 

the possible contaminants listed in Table 1. It was found 

that in most cases, the contributions of the constant back¬ 

ground and the interfering third component were small compared 

to the contribution of the 4^Sc and the ^8p-.v decays. This 

fact made it impossible to positively .identify the third 

component. However, it was also noted that the amounts of 
44Sc and betas were practically independent of which 

interfering reaction was chosen. 

Given in Table 2 are the relative amounts of the decays 

from 4^-Sc, an(j background. The background includes 

not only the constant background but also the third component 

described above. The quoted error is the larger of the 

TABLE 2 

Enerqy (MeV) 41Sc Yield 38R Yield Background 

4.00 65.9 ± 0.64% 33.2 ± 0.55% 0.7 + 0.14% 
3.50 67.8 0.71 30.8 0.60 1.2 0.37 
3.00 73.0 0.90 24.7 1.20 2.2 0.41 
2.50 70.8 1.80 25.2 2.70 3,9 0.80 
2.00 65.2 5.00 19.3 

o
 

I
>
 0 15.2 2.80 

1.17 1.1 21.0 27.8 32.8 71.0 11.8 

statistical error as sociated with the fit and the uncer 

in the numbers due to the fact that the third component 

decay could not be identified. The errors associated with 
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the higher energy measurements are relatively smaller because 

the higher yields at these energies provided better sta¬ 

tistics „ 

The large error in the result at 1.17 MeV was due mainly 

to the very low yield at this energy which precluded the 

practicality of obtaining sufficient statistics in the data. 

However this point becomes of relatively minor importance 

when one notes that the total cross section is very low in 

this region compared to the remainder of the energy interval. 

The results of the decay-curve analysis of the excitation 

function indicate that the 38^* contribution to the total 

yield increases slowly with energy, being 20 % at 2.0 MeV’ 

and reaching 33 % at 4.0 MeV. The 43-Sc beta yield ranges 

from 65 % to 73 % of the total with its peak at 3.0 MeV. 

The background contribution becomes increasingly important 

at lower energies, being as large as 15 % at 2.0 MeV. 

Reduction to Absolute Cross Section 

The results of the decay-curve analysis applied to the 

excitation function data made possible a determination of 

the absolute cross sections for the production of 41gc 

ground state and of 0.13 MeV excited state. To make 

this calculation it was necessary to find the relationship 

between the number of nuclei of ^-*-Sc (and ^^K*) actually 

formed and the number of beta decays observed per micro¬ 

coulomb of beam during a pulsed beam run. This relation 

involved first a correction for the fact that the beam, as 

well as the beta counters, was being pulsed and secondly 

a correction for the efficiency of the detection system. 
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The expression, as derived by Aldridge (Al 62) and explained 

in detail by Clark (Cl 68), may be written: 

Nf = ffU/t) f2(.D.,E) Yobs 

= C (constant) Y0;bs 

where Nf is the number of nuclei actually formed and Y0;bs 

is the observed'yield corrected to that of an infinitely 

thick target. The pulsing correction factor fj_ is given by: 

£lU,t) .  _ 

(1 - e~Acr) (e“Atl - e“Xt2) 

where X is the decay constant of the beta activity and V, 
ti, and t2 are defined in the previous chapter. The counter 

efficiency correction factor f 2 (.G.,E) is a function of the 

solid angle XY subtended by the counters and of the percent 

of the ^Sc (or ^®K*) betas that fall within the coincidence 

window. (This percentage is a function of the beta end¬ 

point energy E„) 

A direct method was used to determine the correction 

factor C given above. This method involved measuring the 

peak yields (corrected to infinite target yields) on several 

isolated resonances of the ^®Ca (p, &') ^Sc reaction, then 

comparing these values to the absolute yields (Nf) for an 

infinitely thick target determined by Youngblood (Yo 65a). 

Since there are essentially no competing reactions in the 

proton bombarding energy regions used, the resulting correction 

factor applies strictly to ^Sc betas. 

After a measurement of the peak yields on three isolated 

(p,$) resonances, a correction to infinite target thickness 

was made. As a first step, the beam dispersion £ and the 

actual target thickness ? had to be determined. Since all 

three resonances have intrinsic widths small compared to 
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the thicknesses of the targets, the observed width P' could 

be related to the beam spread and target thickness by (Fo 48): 

r,A = 7* + Z* 
- The beam spread was taken to be the interquartile dis¬ 

tance of the leading edge of the resonance curve when measured 

with a thick target (Fo 48). Thus, the above relation was 

used to calculate the actual target thicknesses * 

Next the relationship between the observed yield and 

the infinite target yield (Fo 48) was applied: 

Y(|)/Y (») = 2/IT atan (f/S) 

Therefore a conversion factor between the number of betas 

observed and the actual number of nuclei formed could be 

determined by comparing the infinite target yields to the 

absolute yields of Youngblood,. 

Yotmgblood has found that the total corrected peak 

yield for the 1.842 MeV state in the (p.o) reaction is 

388.6 - 71.2 counts/microcoulomb. Other resonances used in 

the normalization were the 4.025 MeV and the 4.054 MeV, 

having yields relative to the 1.842 state of 2.053 1' 0.041 

and 6.674 1' 0.134 respectively. These values give infinite 

target peak yields of 979.8 ± 162.1 cts/t|C and 2593.5 ± 527.3 

cts/i-'C for these states. 

The results of the application of the above relations 

to calculate the correction factor C are summarized for each 

run in Table 3 below. The units are as in the text. 

TABLE 3 

Run Resonance z Y(?) Y(«>) Ab. Yield Correction 

1 1.842 14.6 3.61 7.29 8.01 389 48.6 
4.054 14.5 (3.36) 42.2 49.8 2594- 

average 
52.6 
50.6" 

2 4.025 9.56 2.40 11.2 13; 3 797 

CO 0 

L
O
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The 3.61 keV value for the beam dispersion obtained 

during run 1 was taken as more nearly correct since the target 

was thick enough at 1.8 MeV (25 keV) to produce a plateau 

yieldo This was not the case at 4.0 MeV. 

The above correction applies only to the ^d-Sc beta 

yield, therefore a correction factor for the beta decay 

of 38jr* must be determined. It was found that the result 

of a subsit ution into the beam pulsing factor fj(A/t) 

was nearly independent of A, especially for the present 

case where the A's are of the same order of magnitude 

(1.16/sec. for 4-lgc and 0.73/sec. for -%<*) . Thus the main 

difference in the conversion factors for ^Sc and 

lies in the efficiency function f2(lhE), and more specifi¬ 

cally in. the percentage of the beta energy spectrum that falls 

within the coincidence window of the detection system. 

The percentage of the beta spectrum within the window 

can be determined through a calculation of the theoretical 

beta energy spectrum as is represented by the equation 

(Se 55): 

N(E) = K2 G(Z,E) E2 (E - Eo )2 

where: N(E) = the number of betas of energy E in the 
range E to E -l- dE 

K = a constant 
G(Z,E) = a modified Fermi Function 

Eo = the beta endpoint energy 

The function G(Z,E) is tabulated in Seigbahn (Se 55), 

and for convience K was taken to be 1. The total area under 

the spectral curve was calculated numerically and compared 

to a similar calculation of that portion of the curve that 

lay within the coincidence window. Thus the percentage 

of the total, beta spectrum was calculated for both decays. 

The results for a baseline setting of 1.5 MeV were that 
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43 c2 % of the 41Sc betas and 34.6 5 % of the 38K* betas 

were within the window., As a consequence, the efficiency 

function for the betas was 1.18 times that for 4^‘Sc 

betas «, 

The next step was to convert the corrected yields of 

the 44Sc and the 38^* betas to a cross section« As derived 

in Appendix. I, the total scattering cross section in milli- 

tarns for a proton or deuteron beam on a 4^Ca target is: 

cr = 1.056°10“5 Y/(Qt) 

where: Y = the total corrected yield 
Q = the charge collected in microcoulombs 
t = the target thickness in mg/cm^ 

• Using the values for the yield corrections, the charge 

collected and the target thicknesses, the cross sections 

in millibarns are related to the experimentally observed 

yields by: 

Run 1 Run 2 

cr(44Sc) = 2.566*10“5 Yexp cr(41Sc) = 5.284 *> 10 “5 Y 1 exp 
± 41 % ± 36 % 

O' (3 8K*) = 3.184«10~5 Yexp o" (3 8K*) = 6.230°10“
5 

^exp 
± 42 % ± 36 % 

The above formulae were used in the calculation of 

the 44Sc and 38K* cross sections; the results are shown in 

Figure IX. The observed yields used in the formulae were 

calculated with the application of the decay-curve analysis 

percentages to the total yields given in Figures VI and 

VII. It must be pointed out that only the continuum portion 

of the two cross sections could be determined from the 

six halflife measurements. All the resonant structure 

was arbitrarily attributed to the 44Sc reaction, therefore 

some of the resonances in the 44Sc cross section may actually 

be due to “JK*. 



FIGURE IX 

The absolute cross sections for the production of 

^Sc and by the 40Ca + d reaction,, Some of the 

structure exhibited by the 41gc cross section may be attrib- 
O O 

uted to K* resonances as explained in the text,, 
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It must also be pointed out that the 38K* cr0ss section 

includes not only those 38^ nuclei formed in the 0.13 MeV 

excited state but also those formed in any of the many 

excited states up to 5.12 MeV (En 67) which gamma decay 

to the 0.13 level. 

The main source of error in the measurement and calcu¬ 

lation of the cross section for the production of 4^Sc 

and 38J<;-.V is the 21 % uncertainty associated with the absolute 

yields of the 40Ca (p, <f) 4^Sc resonances of Youngblood. 

Other lesser errors are summarized in Table 4 below. 

TABLE 4 

Uncertainties in Absolute Cross Section Due to: 

Absolute calibration (Youngblood) 21 % 
Statistics 1 % 
Decay-ciirve analysis separation 2 % 
Normalization of total yield to Youngblood data 10 % 
Beam current integrator 1 % 
Normalization of data (applies to first run only) 6 % 
Determination of efficiency function for 1 % 

The statistical error was as high as 2 % at 1 MeV, but 

rapidly dropped below 1 % with increasing energy., As pre¬ 

viously mentioned, during the first run the counters were 

moved bach from the target to avoid excessive count rates 

and a normalization of the data was required in the region 

between 3.0 and 4.0 MeV. The associated error was determined 

to be less than 6 %. An error of 1 % was attributed to the 

calculation of the ratio of the efficiency functions f2 (e.,E) 

for 4*^Sc and 38^*. All of the relative yields determined 

from the decay curve measurements were in error by less than 

2 %, with the exception of the point taken at 1.17 MeV. 

Here tk 1 error was as high as 33 %, but the insignificance 

of this error has already been discussed. 
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As a final look at the two cross sections shown in 

Figure IX, one might note the nearly linear increase of 

the continuum yield of both from about 2.0 MeV. It is 

clear that all of the resonant structure seen during the 

first run with the thicker target was repeated very well 

on the second run with the thinner target. There is also 

the appearance of a more detailed structure during the second 

run, due not only to the thinner target but also to the fact 

that finer energy steps were taken. 



IV. THE STUDY OF THE EFFECTS OF MULTIPLE SCATTERING 

The recoiling 41-sc ions in the calcium target are of 

sufficiently low energies (100 - 400 keV) when produced 

by a 4.0 MeV deuteron beam to be subject to multiple¬ 

scattering effects as they traverse the target. As pre¬ 

viously mentioned, one of the proposed experiments to be 

performed is to measure the net polarization of the ^'^Sc 

recoils as a function of laboratory angle. Thus it was 

necessary to study the multiple scattering in targets of 

different thicknesses. Also investigated were the practical 

problems associated with the recoiling of heavy ions such 

as the preparation and mounting of the targets and the 

geometry with respect to the location of the catcher foil 

and the counting system. 

The. ^®Ca(p, V)^Sc reaction was chosen for this study 

first because of the freedom from competing reactions, and 

secondly because the initial recoil cone is kinematically 

limited to 3.3 degrees due to the small gamma-ray momentum. 

Thus, as mentioned in the Introduction, the kinematic effects 

did not interferewith the determination of the multiple¬ 

scattering effects. The ^Sc recoils, having an energy of 

100 keV, are subject to pronounced multiple scattering as 

is evident in the data presented later in this section. 

In this chapter, the theory concerning the multiple 

scattering of heavy ions will be discussed and theoretical 

calculations will be made in application to the present 

study. After a presentation of the experimental measure¬ 

ments, the results will be interpreted in terms of the 

multip.'1 e-scattering formulae. 
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The discussion of the application of the multiple- 

scattering effects to the (d,n) reaction will be reserved 

for the next chapter. 

Theory of Multiple Scattering of Heavy Ions 

The specific energy loss of ions recoiling through 

matter resulting from collisions with atomic electrons 

has been well described by Bohr (Bo 48). This type of 

collision has the effect of slowing down the recoiling 

nucleus, but has little effect upon its direction. However, 

as the ion slows to a velocity on the order of e^/'ji 

(ci 2'10® cm/sec), the cross section for the transfer of 

energy to the nuclei of 'the stopping medium becomes impor¬ 

tant (Li 61). These nuclear collisions are approximately 

elastic and have been described by a cross section derived 

from a modified screened potential. It is the large-angle 

scattering resulting from nuclear collisions that is the 

topic of study of this section. 

For the region of recoil energies to be studied in 

this and the next chapter, it is necessary to determine 

both the electronic and the nuclear contributions to the 

total stopping power dE/dx of the calcium target. With 

this information, a calculation can be made of the angular 

distribution function of the scattered ions over a range of 

target thicknesses. 

To simplify the equations it is desirable to intro¬ 

duce a notation used by Lindhard, Scharff, and Schiott 

(Li 63) in their development of the theory. This theory 

is summarized by Blaugrund (Bl 66) as follows. Two dimen- 

sionlens variables, e proportional to the recoil energy E 



and p proportional to the penetration depth x of the ion 

in the target, are: 

50 

€ = CL /A, a 
2" i re a ( M i t Mo.) 

E ^ - 
M-TT a1 A/ MiJ/W_ 

(Mi + MA')- 

where the subscripts 1 and 2 refer to the recoiling ion and 

the target atoms respectively. The electron screening 

parameter a = 0.8853 (n2/me2) (Z^3 + Z^)-^. m and e 

refer to the electron mass and charge, Z and M to the atomic 

number and atomic mass, and N to the number of target nuclei 

per unit volume. With this notation, the electronic stopping 

power for recoil velocities e2A is given by: 

where: K = 2" 

lie i 
cl<? 4 

I tb o. o q 3 

= K e; 

•/« Va r* (a, + f,u.)Vu- 

Thus we see that the electronic stopping power is a linear 

function of velocity in the recoil energy region of this 

experiment. (e2/h corresponds to a ^Sc recoil energy of 

about 946 keV.) 

The nuclear stopping power is derived by use of a 

universal differential atomic-scattering cross section given 

by Lindhard et al. (Li 63) as: 
c\t 

clo-(e) * no.0- f(*fe) 

where th = €sin(0/2) and © is the deflection of the recoil¬ 

ing ion in the center of mass system. This cross section 

is similar to the Rutherford cross section in that f(t*2) 

would become 1/(2t^) for the case of Rutherford scattering. 

The function f(t^) is plotted in Figure X along with the 

corresponding Rutherford value. The above cross section 

is derived through use of a modified screened potential of 

the The mas-Fermi, type. 



FIGURE X 

The upper graph is a semi-log plot of the function 

f(t^) vs. t^ = e sin 0/2. Also shown is the correspond 

ing f(t^) ~ 1/(2t^) for the Rutherford scattering 

cross section. This coincides with the Lindhard cross 

section for energy transfers above t2 - 10. 

The lower graph gives the energy loss of ^Sc 

ions per unit path length in a ^Ca target (correspond¬ 

ing to a K of 0.1558). Shown are both the nuclear 

stopping power de/d<>)n and the electronic stopping 

power dc/d(>)e as well as the total de/d(>. The plot 
p 

is vs. 6 2 which is proportional to the ion velocity. 

Indicated by the dashed line is the initial recoil 

energy of 100 keV. 
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Upon■integration of the energy transfer between the 

recoiling ion and the target nuclei over all possible 

energy transfers as determined by cr(0), one arrives at the 

nuclear stopping power as a function of particle energy: 

This expression was evaluated numerically over a range of 

values of <3, arid, the results of both the electronic and 

nuclear stopping power are plotted in Figure X for the 

case of the present experiment. The initial recoil energy 

of 100 keV is indicated as G- 0.988. One can see from 

this graph that the' nuclear stopping power dominates the 

electronic energy loss in the region of present interest. 

With the knowledge of the total stopping power, a 

calculation was made of the range-energy curve for ^Sc 

ions recoiling in ^Ca targets from the expression: 

<1 e  
e " X„ de/b 

where: yff. „ sLs. ) , <lj~ \ 
cl Q “ J Q 4 + d {J A 

Tlie results of this calculation are shown in Figure XI. 

target traversed by the ion. The energy scale remains in 

terms of e, where for the case of the present experiment 

the effective range is reduced by the effects of the multiple 

scattering associated with the nuclear collisions. 

The complete angular distribution function for the 

scattered reco.i3.ing ions is based upon a multiple-scattering 

theory developed by Goudsmit and Saunderson (Go 40) and 

extended by Lewis (Le 50) . The theory is further extended 

The range is expressed in terms of the ug/cxa?' of 40ca 

e •- 9.88 E with E in MeV. Thus for the 100 keV recoiling 

43-Sc, the total range in ^®Ca is about 31 i/g/crn^. However 



FIGURE XI 

The range of ^Sc ions recoiling in a target. 

The energy scale is in units of e (£ = 9.88 E, with 

E in MeV). and the range is expressed in terms of 

ALg/cta? of ^°Ca target. 
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by Blaugrund to take into account the recoil of the target 

nucleio The resulting angular distribution function for a 

heavy ion traveling a distance x into the target is; 

where PL(COS4>) are the unnormalized Legendre Polynomials 

and dcr(<s5) is the differential scattering cross section of 

Lindhard as a function of laboratory angle. 

The above infinite sum has been calculated by computer 

through L = 50 via a double numerical integration over 

a range of target thicknesses, using the dc'(0) of Lindhard 

(i.e., using the values of f(t^2) given in Figure X). The 

conversion to the laboratory coordinate system was made 

and dc'(i) = dc(0) when the above relation is satisfied. 

The results of the calculation over a range in target thick¬ 

ness from one to ten pg/cm2 are shown in Figure XII. It 

is evident from the broadening of the distribution with 

increasing thickness that the multiple scattering is a 

strong function of target thickness. The convergence of 

the infinite series was quite complete by L = 50 for the 

cases of the thicker targets, but was very poor for the 

thin target calculations. The error associated with these 

curves will be discussed later in this chapter. 

It might be pointed out that the function F(<!>,x) is 

normalized in the sense: 

where: 

using: 

taw 41 
/tA | / fv\ Ct t ^ 

1 



FIGURE XII 

The angular distribution function F(«J>,x) vs. 

laboratory angle. The curves representing target 

thicknesses of 1.1 and 2.2 /fg/cm^ do not follow the 

general smooth trend because of the lack of convergence 

of the infinite series at L = 50. 
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It then directly follows that: 

(cos = e. X p i ~ S0 ^1 C! % ) 

Blaugrund introduces similar quantities in the center of 

mass system: 

where: 

(co 5 O S' - X p C ~ Jo X ) 

H\ o ~ N S [ i ~ P Ceos Q) J clicrio) 

where: 

and: 

If one substitutes for Pg(cos£') and d(f{9) , one easily 

obtains: ^ 

<COS 0> - exp l-i 

I" ~ M i / IA a 

1 - f"cU- 

where denotes the initial recoil energy of the ion and 

£ is the energy to which the ion has slowed when being 

deflected on the average by cos 0/1 The above expression 

was evaluated numerically using the values calculated 

previously for de/dg)e and de/dp)n and by relating £• to 

penetration into the target via the range-energy relatione 

The <lcos 0} was then converted to the corresponding labor¬ 

atory angle and the results are given in Figure XIII for 

different values of initial recoil energy. As stated pre¬ 

viously, each (?- corresponds to approximately 100 keV of recoil 

energy. The use of this graph in the analysis of the 

angular distribution of the recoils produced by a deuteron 

beam will be discussed in the next chapter. 

Of particular interest in this experiment is the 

resulting effect upon the multiple scattering of the ions 

as the calcium target becomes oxidized, forming CaO. It is 

a straight forward exercise to show that the above expression 



. FIGURE XIII 

The average value of the laboratory scattering angle 

of ^Sc .ions vs. penetration depth into both oxidized and 

unoxidized ^®ca targets over a range of initial recoil 

energies. The penetration is expressed in terms of/'g/cm^ 

of ^®Ca in both types of targets. The recoil energy range 

represented by this family of curves is approximately 

100 to 700 keV. 
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for <Ccos applies to a CaO target if one replaces the 

integral I by: 

I ■ 
+ C (f * >>* 

(ii- fer d s 
/cl p i 

€ + C' ^G/c!(y)0 jf 

where the subscript "o" refers to parameters calculated 

using the Z's, M's, etc. of ^^Sc and -^0 rather than those 

of ^-*-Sc and 40CS/ and where: 

_ Ho z?ac Qo MI ~h h'\o. 

N &<>. Cl AAi -f- 

and where d.e/dQ) 0 and de/d^)n0 
are evaluated at & 

where: 
% = ' I. fe 3 ' 10 3 Mi Ma   

?* Hfs. ( ‘2, + ?/7s) v* CM , + M.rj 

The results of this calculation are also given in Figure 

XIII. 

Description of the Data 

The ^Ca (p, V) ^Sc reaction was studied with the use 

of a target chamber (discussed in Chapter II) designed to 

allow for the evaporation of thin targets in the chamber 

itself. Also, the recoil catcher foil was rotatable about 

an axis through the target, enabling angular distribution 

measurements to be made. 

The data was taken precisely on the peak of the very 

narrow 4.054 MeV resonance. Each data point was run for 

a set charge collection of the proton beam of 1200 /jC, 

resulting in a collection time of about twenty minutes. 

First, to determine the background count rate, an angular 

distribution over the ± 15 degree range was taken with 

the probon beam incident upon the 10^g/cm^ carbon foil 
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later used as the target baching. Then a 40Ca target of 

4 ug/cm^ [calculated using the cross section measured by- 

Brown (Br 63)], was made by the evaporation-in-place technique 

described in Chapter II. Three passes were made over the 

angular range of -15 to +15 degrees ? outside this range 

the count rate was essentially indistinguishable from back¬ 

ground. The raw data including background is shown in 

Figure XIV. 

Two immediate conclusions can be deduced from the raw 

data. First it is evident that the data is statistically 

poor, thus any analysis must draw conclusions from the 

general trend of the resulting distributions. Secondly, one 

can observe a definite drop in peak yield and a spreading 

of the total yield into the wings of the distribution. 

This effect can be attributed, in part, to the rapid oxidation 

of the target immediately after the evaporation. Also, as 

shown later, there is evidence of a buildup of other con¬ 

taminants on the back of the target, such as carbon and 

silicon, as well as a possible formation of Ca02°8H20. 

The problem of beam stability (in this case resulting 

from a beam dispersion of about 2.5 keV with a target of 

only 0.26 keV) has already been discussed in Chapter II. 

To correct for the possibility of the beam energy not being 

precisely 4.054 MeV, a normalization or correction of the 

data was made using the net yield of the elasically scattered 

protons from the ^®Ca(p,p)reaction. An excitation 

function was run in fine steps over the 4.054 MeV region to 

determine the relative sizes and location of both the (p,p) 

and the (p/fr) peaks. Both the beta yield from the (p,#) 

reactio i and the net proton yield from the elastic scattering 



FIGURE XIV 

The angular distribution of the recoil ^Sc nuclei 

vs. laboratory angle. This is the raw data, collected 

for an integrated beam current of 1200 Mc, Background is 

included, and the average background level is indicated by 

the straight line. The +'s represent the first pass over 

the angular range, the x's the second, and the triangles 
— ^ the third pass. The recoil solid angle is 3.52•10 ~ 

steradians, and the window setting covers the energy region 

of 1.5 - 4.5 MeV. 
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data are plotted in Figure XV, the betas being observed 

at zero degrees with respect to the beam direction. An average 

background of 30,400 counts was subtracted from each elastic 

data point taken during the angular distribution runs, and 

the beta data was then normalized to the greatest of the 

(p,p) data points. In other words, the resulting normalized 

beta activity is that that would be observed per 1200 MC 

of charge if the beam energy had been kept precisely on the 

resonance. Figures XVI and XVII show the normalized net 

beta yield resulting from a window setting of 1.5 to 4.5 

MeV, for a charge collection of 1200 /{C, and through a recoil 

solid angle of 3.52*10"^ steradians. Also shown is a computer 

fit to the data with one unnormalized Gaussian curve. 

Essentially the program determined the amplitude of the 

Gaussian via a least squares analysis after being given a 

value for the full width at half maximum (FWHM). Then the 

FWHM was varied by a specified amount and the amplitude 

was again calculated. This process was continued until a 

minimum was reached in chi-square. The fit was to the 

nearest 0.05 degree in the FWHM. 

Before the FWHM resulting from the fits could be compared 

to the theory, a correction had to be made for the 3.3 degree 

initial recoil cone. It was assumed that this correction 

could be made by taking the kinematic scattering to be 

another Gaussian shape with a FWHM of 3.3 degrees. In this 

case the true multiple scattering width W could be related 

to the observed width W' by: 

vv%
 = w 1 -i-C-3)* 

The results of the computer fit, with corrections are given 

in Table 5. 



FIGURE XV 

The yield from tooth the ^Ca (p,p)^Ca and the ^^Ca 

(P/2')^Sc reactions vs. toeam energy. The resonance energy 

is 4.054 MeV. The elastic proton data represents the net 

number of protons observed at a laboratory angle of 120 

degrees with respect to the beam direction, within a solid 

angle of 1.10'10“^ steradians, and for a charge collection 

of 1200 MC<, The lower graph represents the beta yield from 

recoiling ^Sc ions at a laboratory angle of zero degrees, 

through a solid angle of 3.52*10“^ steradians. 
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FIGURE XVI 

The normalized net beta yield from the ^Ca (p, 2') ^-Sc 

reaction for run # 1 over the angular region indicated. 

The numbers are characteristic of a charge collection of 

12001/C, a recoil solid angle of 3„52*10~3 steradians, and 

a window setting of 1.5 - 4.5 MeV. Also shown is a fit to 

the data with a single; unnormalized Gaussian curve. 





FIGURE XVII 

The normalized net heta yield from the ^Ca (p, g) ^-Sc 

reaction for runs # 2 and # 3 over the angular regions 

indicated,. The numbers are characteristic of a charge 

collection of 1200 JAC, a recoil solid angle of 3.52*10“3 

steradians, and window setting of 1,5 - 4.5 MeV. Also shown 

are fits to the data with single unnormalized Gaussian 

curves 
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TABLE 5 

Run Amplitude Observed Width (W) True Width (W) 

1 ' 

2 
3 

248.94 
95.62 
87.85 

6.00 

11.15 
9.30 

5.01 
10.60 
8.70 

The results shown in Table 5 indicate the gradual thick¬ 

ening of the target during the three runs to such an extent 

that the FWIiM during the third run was less than that of 

the second run. The actual thickness of the target was 

determined from the elastic scattering data to be 4.07 

Mg/cm2. However on the average, the recoiling 4^Sc ions 

passed through only 2 ,ug/cm2 of calcium. To estimate the 

effect of the oxidation of the target one can refer to the 

curves of Figure XIII corresponding to 100 keV recoils (6 = 1) 

for both Ca and CaO targets. From these curves one can 

determine that a CaO target will produce the same scattering 

effects as a pure Ca target about 1.72 times as thick. 

This holds true over the range of target thickness given 

in the figure. The next step is to determine the extent 

of the oxidation of the target during each of the three 

runs using the elastic scattering data. From the cross 

sections for the 160(p,p)160 reaction as measured by Harris 

(Ha 61), the thickness of the oxygen layer could be cal¬ 

culated. Table 6 summarizes the oxygen buildup. The 16 O 

thicknesses given during the runs are corrected for the 

160 already present on the carbon foil before evaporation. 

The amount of oxygen needed to completely oxidize the 

4.07 /<g/cm2 target was 1.62 ,ug/cm2. Thus if we consider 

a fully oxidized target to be the equivalent of a 40Ca 
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TABLE 6 

Average 

Average 

16 
16 

0 thickness before evaporation 

0 thickness during run # 1 

" # 2 
M # 3 

0,47 /Ig/crn^ 
0,91 
1.20 
1.43 

target of 72 % greater thickness, and if we assume that 

the degree of the effect of oxidation depends linearly upon 

the percentage of the oxidation, we can calculate an effective 

pure ^Ca target thickness for each of the three runs. 

These calculations are summarized in Table 7, 

TABLE 7 

Run Ave, 3-6 0 Th i ckn e s s 

1 0.91 JJ. g/cm^ 
2 1.20 
3 1.43 

% Oxidized 

56.1 
75.0 
88.2 

Effective 

This % of 72% Thickness 

40.4 2,86 }j g/cm-- 

54.0 3.14 ~" 
63.6 3,34 

Comparison of Data to Theory 

The theoretical angular distribution functions were 

shown in Figure XII. It is obvious that the theory predicts 

a large amount of scattering past 15 degrees which is virt¬ 

ually undetectable in the laboratory due to the small per¬ 

centage of the recoil solid angle that is sampled at these 

large angles. Since the actual data was fit to a Gaussian 

curve that was essentially zero past 15 degrees, the only 

comparison that one can make to the theory is the FWHM. 

The FWHM of the theoretical angular distributions are plotted 

vs. target thickness in Figure XVIII. One would expect that 

the distribution theory should predict a zero width for a 



FIGURE XVIII 

The theoretical FWHM vs„ target thickness., The 

extrapolated curve represents the fact that the FWHM must 

be zero for a target of zero thickness. This curve must 

also pass through the error bars (explained in the text) 

and must match the points at the higher values of target 

thickness for which convergence was complete. 
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target of zero thickness. The reason for this discrepancy 

in the theory lies in the fact that, for the case of the 

thinner targets, the infinite sum did not converge by L = 50. 

In fact, in the calculation for the 1.1 /{g/crn2 target thick¬ 

ness the terms in the series were still increasing at L = 50. 

As a measure of the degree of the convergence one can 

look at the terms in the series being added to determine 

F ((o = 0,x) for each of the target thicknesses. The L’^'1 

term can be denoted by FL(0,X). Table 8 gives the value 

of FggCOfX) as compared percentage-wise to the total F(0,x) 

at L ~ 50 for each target thickness. 

TABLE 8 

Tear get Thickness F(0,x) FL (0, x)  %_ 

1.1 93.708 2.582 2.76 
2.2 44.970 0.804 1.79 
3.4 23.270 0.243 1.04 
4.5 13.117 0.071 0.54 
5.6 8.052 0.020 0.25 
6.8 5.334 0.005 0.10 
7.9 3.762 0.001 • 0.04 
9.0 2.785 0.000 0.01 

To estimate the error in F(0,x) , one can first construe 

a graph of FL(0,X) VS. L from L = 1 to 50, for the case of 

each tcirget thickness. Then these curves can be extended 

until FLCOJX) becomes sufficiently small. The curves for 

thick targets were already at zero by L = 50; those for the 

thinner targets were then extrapolated to zero , following 

the same general shape as those for the thicks r targets. 

In this' manner a value for a totally converged F (0, x) 

could be estimated, and an error could be attributed to 



the F(0,x) at L = 50. Table 9 gives the results of this 

calculation. 
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TABLE 9 

Target 
F(0,x) Estimated Addition j, i Error in 

Thickness to L = 50 to F (0, x) for L->«* F (0, x) at L = 

1.1 93.71 (too large for an estimate) 

2.2 44.97 49.55 110.0 

3.4 23.27 10.74 46.2 

4.5 13.12 2.01 15.3 

5.6 8.05 0.12 1.5 
6.8 5.33 0.00 0.0 

7.9 3.76 0.00 0.0 

9.0 • 2.78 0.00 0.0 

The error in the peak of the angular distribution can 

be related to the error in the FWBM of each distribution 

very simply if we consider the distributions to be closely 

approximated by an unnormalized Gaussian curve. (This 

assumption was justified by an actual fitting of the 

theoretical curves to an unnormalized Gaussian in the 0 - 

10 degree region. The fit gave the FWHM correct to within 

20 % in all cases.) A normalized Gaussian distribution 

function centered at zero has the form: 

G-oo = ----- 
\r'X lr O' 0 

- X2- /■}. err¬ 

and : p \A/ J-I /v'\ = 2 cr 12 1 hi’ 

Thus the peak amplitude Go is related to cr by: 

ef 
I 

y nft ' Go 

Thu; 
F wi-l M » 

yy. ir 
We see that the percent error in the FWBM is the same 

as that in G0• The error bars shown in Figure XVIII indicate 
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the percent error in the FWHM calculated in this manner. 

Falling within these errors is an extrapolated curve which 

matches the FWHM for the thicker targets and passes through 

the point (0,0) as one would expect. The FWHM measured 

can now be compared directly to the theoretical values pre¬ 

dicted from this extrapolated curve using the effective 

target thicknesses determined for each run. The results 

of this comparison are summarized in Table 10, 

TABLE 10 

Run Target Thickness Theoretical FWHM Exper.imenta 1 FWHM 

1 2,.86 /Jg/cm2 . 4,8° 5.01° 
2 3.14 " 5,4° 10.60° 
3 3.34 " 5.9° 8.70° 

The results of the first run agree very well with the 

theoretical predictions of the FWHM. The target was freshly 

made before this run. By the beginning of the second run, 

the target was some four hours old, and there is a factor 

of two discrepancy between the experimental and theoretical 

FWHM. Such a broadening can only be attributed to the 

buildup of contaminates on the back of the target in addition 

to the calcium oxidation. As mentioned earlier, this can 

very logically be attributed to carbon and silicon from the 

vacuum pumps in the system, as well as the possible formation 

of CaC^'Ql^O* Again, from proton elastic scattering data 

and the -^C (p, p)-^C cross section (Ph 56), it was possible 

to calculate the buildup of carbon on the target during the 

extent of a run. It was found that in a 5 hour period 

an increase in the carbon thickness would typically be 
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2 jug/cm . It was, of course, impossible to tell what 

percentage of this thickness was on the bade side of the 

targets thus inhibiting the recoiling of the ions. This 

contaminant buildup is even more pronounced during the 

last run, when the FWHM actually decreased. This latter 

effect can, in part, be attributed to the actual stopping 

of the recoils in the target. 

To relate the recoil yield to the total infinite-target 

yields as observed by Clark (Cl 68), it was necessary to 

integrate the angular distribution over all solid angle and to 

compute the total observed counts per ;.JC of beam-charge 

collected. A numerical integration of the Gaussian fit to 

the first run, taking into account the recoil solid angle, 

gave 0.687 counts/ac in the region between 0 and 6 degrees. 

It was felt that this region was fairly accurately described 

by the Gaussian fit when considering the Gaussian fits to 

the theory for the targets on the order of 2 or 3 /Ag/cm.2 in 

thickness. The correction to infinite-target yield was 

done in the same manner as described in Chapter III, using 

a beam dispersion of 2.5 keV and a ^^Ca target thickness 

of 4.07 ;ug/cm^ (0.26 keV) . The result was an infinite-target 

yield of 10.3 cts/uC. This, of course, does not take into 

account that yield beyond 6 degrees. It was estimated from 

the theoretical curves that for an average effective target 

thickness of 2.86 ;jg/cm^, approximately 40 % of the total 

yield would be observed between 0 and 6 degrees. Thus 

correcting for the unobservable portion, of the beta yield, 

a result of 25.8 cts/juC was obtained. This number can be 

compared to an infinite target yield of 41.5 cts/uC observed 

by Clark, on several occasions. 
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Several conclusions may be drawn from the theoretical 

and experimental results of this chapter. It is now clear 

that the problem with respect to further measurements with 

the (d,n) reaction is one of producing a maximum recoil 

yield while beeping the multiple scattering to a minimum. 

In general, a higher yield can be obtained by using a thicker 

target? however, this would seriously increase multiple 

scattering, at least in the recoil-energy region of the 

present study (& 450 keV). A further examination of the 

theory shows (Figure XIII) that at higher recoil energies, 

the increase in multiple scattering when thicker targets 

are used is not as great. Thus, it may be proposed that 

higher beam energies be used in future (d,n) experiments. 

The feasibility of this proposal, however, depends upon the 

relative amounts of ^Sc and beta yield at these higher 

energies. Therefore, before definite conclusions can be 

made with respect to beam energy and target thickness, a 

measurement of the ^Ca + d excitation function along with 

decay-curve analyses must be made over the higher energy 

region (Ebeam V 4.0 MeV). 

An additional problem that arises out of the present 

work is that of a rapid deterioration of the target due 

to oxidation and contaminant buildup. It was found that 

the 4 A'g/cm^ target used in the experiments of this chapter 

completely oxidized in a period of about 15 hours. Again, 

as can be seen from Figure XIII, the increase in multiple 

scattearing due to oxidation is not as pronounced at higher 

energies as at lower energies. Thus, we see another reason 

for using an increased beam energy. 

With the proposed production of higher energy recoils, 

it may also be proposed that after a target is made it be 
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allowed to oxidize completely. This can be acc omplished by 

emitting air into the system after evaporation. This would 

insure greater target stability during the course of a run. 



V. THE ANGULAR DISTRIBUTION OP THE RECOILS 

The bombardment of ^Ca with 4.0 MeV deuterons produces 

^Sc recoils in an energy range from 32 to 470 keV and 

within a cone of half-angle of 35.8 degrees. However, 

due to the multiple-scattering effects, the initial recoil 

distribution is spread out over a large angular range, even 

for thin (i„e., a few/,ig/cm^) targets. It is the purpose 

of this section to discuss the measurement of the final 

angular distribution function and then to make a comparison 

to an initial recoil distribution (before multiple scatter¬ 

ing) calculated from measured neutron distributions (Gr 70). 

This comparison consists, of the prediction of the final 

recoil differential cross section by the application of the 

nrultiple-scattering theory discussed in Chapter IV to the 

initial recoil distribution. In addition, the final ^"Sc 

polarization is calculated through a similar application 

of the multiple-scattering theory. 

Description of the Data 

The angular distribution of the “ Sc recoils was measured 

in two-degree steps from 10 to 45 degrees with a ^Ca target 

of 6.20 Mg/cm^. Using the -^O(d,d)cross section as 

measured by Baumgartner and Fulbright (Ba 57), a 56 % 

average oxidation of the target was determined from elastic 

scattering data. The raw ^Sc recoil distribution data for 

baseline settings of 1.0 and 1.5 MeV and including back¬ 

ground is shown in Figure XIX. The background level was 

measured by moving the target out of the path of the beam. 

Each data point was taken for a set beam-charge collection 

of 600 fAC over a time period of about 450 seconds. The use 



FIGURE XIX 

The ^Sc recoil angular distribution raw data„ The 

circles indicate the total beta yield, including background 

for baseline settings of 1„0 and 1.5 MeV. The triangles, 

connected by dashed lines, represent the background levels 

determined by moving the target out of the J.ine of the 

deuteron beam. The error bars represent statistical error 
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of higher beam intensities was not possible because of the 

heating of the carbon foil. 

The reduction of the data to actual cross section made 

use of the following equation, described in Appendix I: 

J3 ry* 

= 1O056«10“5 y/Qt (mb/sterad.) 

where Y = the total corrected yield 
Q = the charge collected in microcoulombs (600) 
t = the target thickness in mg/cm^ (6.20*10-3) 
XI = the solid angle subtended by the recoil catcher 

foil (3.52“10"3 steradians). 

As discussed in Chapter III, the observed yield must 

be corrected to account for the pulsing of the beam and 

for the efficiency of the beta detection system. Because 

the target was thin and was not nested within the counters, 

no attempt was made to determine this factor as previously 

outlined. Instead, the correction was made using a number 

found to be characteristic of the system by Clark (Cl 68) 

on several occasions. This typical efficiency factor was 

56 it 10 %. Thus: 

Y = 56 * Observed Yield (Y0) 

Consequently the differential cross section scale 

factor reduces to: 

” = 0.452 Yo 
d.o- 

The equation applies to the data observed from the 1.5 

MeV baseline setting. It was further determined from the 

data that the ratio of yields from the 1.5 MeV baseline 

to those of the 1.0'MeV baseline was 0.60. Thus the yield 

correction factor for the 1.0 MeV baseline setting is: 

Y = 35 * Yo 
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and the cross section is: 

~ = 0.0282 Yo an 
After computation of actual cross sections for the 

two baseline settings, the results were averaged. The 

experimental cross sections are shown in Figixre XXIV. 

Comparison to the Corresponding Neutron Angular Distribution 

The neutron angular distribution from the (d,n) reaction 

was measured at 4.0 MeV by Greenwood (Gr 70) and is given 

in Figuare XX. This data was taken in 5 and 10 degree steps 

in the center of mass system, and is extrapolated to 0 and 

180 degrees as shown. Also plotted is the 4lSc distribution 

in the laboratory system, derived from a simple application 

of kinematics to the neutron data. This is, of course, 

the initial recoil angular distribution before multiple 

scattering. The infinity at the kinematic limit is attrib¬ 

uted to the solid angle conversion factor between the two 

systems. 

A numerical integration of the neutron cross section, 

using Simpson's Rule in five degree steps, gives a total 

cross section of 21.6 mb. This may be compared to the ex¬ 

citation function measurements of 17.6 mb. and 19.9 mb. 

described in Chapter III. The discrepancy in the three 

measurements is probably due to a difference in the bom¬ 

barding energy of the deuterons or to an error in the scale 

factors used in the reductions to cross section. 

The first step in the application of multiple-scatter¬ 

ing theory to the initial recoil angular distribution was 

to integrate the cross section in one degree steps, i.e., 

to determine the total cross section in each degree of the 



FIGURE XX 

The neutron center of mass differential cross section 

as measured by Greenwood, and the computed ^Sc differential 

cross section from the (d,n)^Sc reaction at 4.0 MeV 

bombarding energy. The ^Sc distribution is double-valued, 

with the two portions of the curve corresponding to "for¬ 

ward-scattered" neutrons (GCm £ 54°) and "back -scattered" 

neutrons (0cm 54°). The kinematic limit of the ^Sp 

recoils is 35.80 degrees; the corresponding neutron center 

of mass angle is 54.20 degrees. 
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recoil interval. Hie integration was actually performed 

on the neutron center of mass cross section over angular 

ranges corresponding to one degree steps in the ^-*-Sc lab¬ 

oratory system. The total cross section in each degree step 

is represented in the bar graph of Figure XXI. Note that 

a distinction has been made between those ^Sc recoils 

produced in conjunction with "forward-scattered" neutrons 

and those with "back-scattered" neutrons. The distinction 

between "forward" and "back" is made at the neutron center 

of mass angle (0 = 54.2°) that corresponds to the ^Sc 

kinematic limit (35.8°). The reason for this division is 

that their recoil energies will be different, and thus they 

will experience different degrees of multiple scattering. 

The largest portion of the cross section lies near the kine¬ 

matic limit. This can be understood simply from the fact 

that at the kinematic limit, a one degree step in ^Sc 

laboratory angle corresponds to some 11 degrees in the neutron 

center of mass system. 

As a second step, the total cross section in each degree 

interval was assigned an average initial recoil energy 

determined from the kinematics of the reaction. 

In proceeding with the analysis, it was necessary to 

average or "scatter" the cross section in each interval over 

the entire laboratory angular range according to a probabil¬ 

ity distribution function F(^,x) similar to that calculated 

in Chaptea: IV. Here the angle 4 is the resulting multiple¬ 

scattering angle for a target thickness x. This function 

must be calculated for each value of the recoil energy. 

In Chapter IV, the calculation was made for the case of a 

100 keV recoil; and, for thicknesses of the targets used in 



FIGURE XXI 

The total cross section in each interval of one degree 

in the ^Sc laboratory system. The shaded bars represent 

41sc recoils produced in conjunction with "forward-scattered" 

neutrons, while the clear bars correspond to "back-scattered" 

neutrons. Integration was accomplished by use of Simpson's 

Rule in steps of one degree or less, over the neutron center 

of mass differential cross section. The values of the 

neutron cross section corresponding to the appropriate angles 

of integration were calculated via Stirling's quadratic 

interpolation formula. 
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the experiment (4-6 r4g/cm2), convergence of the infinite 

series was rather good after 50 terms. However, due to the 

nature of this function, convergence of the series would 

become greatly inhibited at the higher initial recoil energies 

characteristic of this measurement. To understand this it 

is necessary to note that the distribution function F(4,x) 

is based upon a statistical averaging over the total number 

of collisions. The calculations in the previous chapter 

gave poor convergence of the series for thin targets where 

the total number of collisions was small, and therefore the 

convergence would not be as complete if the initial recoil 

energy were increased. Consequently, the time and error 

involved in a computer calculation of a less rapidly con¬ 

verging series would make any further calculations of this 

type impractical. 

The practical calculation that was made, however, was 

merely the average value of the multiple-scattering angle 

as a function'.of both target thickness and recoil energy. 

These results are shown in Figure XIII. It is immediately 

evident from the figure that the amount of multiple scatter¬ 

ing decreases more than linearly with recoil energy, thus 

reinforcing the above arguements. Using the results of 

Figure XIII, a relation was constructed between initial 

recoil energy and average scattering angle. This is shown 

in Figure XXII. The curve represents a 56 % interpolation 

between curves corresponding to a pure calcium target and 

a fully oxidized calcium target, since this was the average 

degree of oxidation of the target during the taking of the 

data. The.average ^^Ca thickness encountered by the recoils 

was tak ;n to be 3.10 /jg/cm . 



FIGURE XXII 

The average value of the multiple-scattering angle 

as a function of initial ^Sc recoil energy for an avert 

target thickness of 3 „ 1 /vg/cm^ of calcium which is 56 c.5 

oxidized. 
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With the information given in Figure XXII, the 41gc 

recoils in each-one degree range were also assigned an 

corresponding to their average recoil energy. 

The next step was to spread out the total cross section 

in each interval (as would be done by multiple scattering) 

but with only the knowledge of the average scattering angle, 

as opposed to the actual probability distribution. Since 

this function was not calculatable, an attempt was made to 

approximate it by assuming that its shape would be indepen¬ 

dent of recoil energy, and thus could be completely described 

or defined by the value of the average scattering angle. 

That is: 

~ cos * E ^ cos 1 ~ coS 1 [ ^ h (fM ) cos <h cl-£V' 3 

This assumption can be based on the fact that the 

calculations made in Chapter IV for each target thickness 

gave an F(</;,x) that was very nearly Gaussian in the small- 

angle range (0-10 degrees), with a smooth tail out to 

90 degrees. This is analogous to a normalized Gaussian being 

completely defined by its standard deviation. 

The characteristic shape of the distribution function 

was taken to be that of F(<$,x) calculated (in Chapter IV) 

for a 9.0 1/g/cm^ target as shown in Figure XII. This function 

was then integrated in steps of approximately 2 degrees or 

less, up to a value of 2 The calculation gave the prob¬ 

ability of the multiple-scattering angle being within each 

of the two-degree angular regions. A probability calcu¬ 

lation of this type was done for each value of the number 

of steps of 2 degrees (or less) was, of course, dependent 

upon 0} itself. The resulting probabilities were then 
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divided into one degree steps in 4* from 0 to 90 degrees 

(cp being the actual multiple scattering angle) . 

The averaging calculation that followed consisted of 

taking the total cross section in each one-degree step of 

the initial recoil range, assigning to it the average of 

the two angular limits on the interval (denote this angle 

by ©x>) , and then coupling 0^ with each one-degree interval 

in the integrated probability function to determine the 

final laboratory scattering angle. More precisely, the 

steps in the integrated multiple-scattering probability 

function were also assigned an angle equal to the average of 

the two limits of each one-degree step (denote this angle 

by 0') . Then OJL and Q' were coupled to give a final lab 

angle 0. The portion of the cross section then assigned to 

0 was weighted by the probability of the multiple-scattering 

angle being between ©' - h° and &' + h°. 

The method of determining the final lab angle 0 is 

depicted in Figure XXIII. Let the unprimed system (x,y,z) 

be the laboratory system with initial recoil angle QJL and 

final recoil angle G. The multiple-scattering cone will 

be in the primed system and will be about the z' axis. 

This cone will be characterized by the angles 0' and <3>'. 

We can consider only one ray of the initial recoil cone, 

namely that in the y-z plane, and along the z' axis. Since 

the recoils possess azimuthal symmetry, the scattering of 

those particles between GU - h° and + h° will be the 

same for all other values of the lab azimuthal angle (j>. 

Upon this ray of the initial recoil cone is superimposed 

a multiple-scattering cone of angle 0'. (Actually the cone 

has a thickness of one degree — O' - h° to 0' + h°.) 



FIGURE XXIII 

Determination of the probability of the final recoil 

angle being in a one degree interval about ©. The unprimed 

system is the laboratory system* The primed system repre¬ 

sents the multiple scattering through an an angle ©! » 

The final recoil angle depends upon the position on the 

recoil cone determined by ' for each value of Q± and O' * 

Note that the primed system is rotated about the 2 axis 

through an angle 
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Thus given Oj. and O', we can calculate 0 as a function of 

the primed system azimuthal angle 1 from the relation: 

cos© = cos QJL COS 0' - sin Ox sin 0 1 sin 4 ' 

We can see that Q takes on all values from I B.i - S'I (when 

K -90°) to l ex + G'l (when ef>' = +90°) . 

What one really wants to calculate is the total cross 

section in each one-degree interval in 0. Up to this point 

we know the total amount of cross section in a one-degree 

range about Qjt, and the probability of these particles 

ending up between the cones defined by 0' - h° and O' + %°. 

Now we wish to calculate the fraction of these particles 

that will be between I &A - 0 7 + 1° and f 0.4 - 0'} +2°, etc., 

in one-degree steps to | Gu + 6 ' I . From the figure it is 

obvious that the probability for particles being between 

! OX - &'\ and l&i - 0 7 +1° is: 

4>jLJZ-M. 
180° 

90° +(jy? 

180° 

where 4k!, , etc. can be calculated from: 

cos 0.1 cos ©' - cos & 
sin (|> 1 = 

sin QJ sin Q ' 

This method of averaging was programed on computer 

and was performed for each one-degree interval in initial 

recoil angle. The sum of the final cross sections in each 

interval from 0 to 125 degrees of the final distribution 

differed from the original total cross section by less than 

0.01 %« To simulate the data taken with the apparatus 

described in Chapter II as having a 2.5 degree resolution, 

the total cross section in each 2.5 degrees of the distri¬ 

bution was divided by the total solid angle in that range. 

The results of this analysis are shown in Figure XXIV. 



FIGURE XXIV 

The experimental and calculated ^Sc differential 

cross section after multiple scattering. The error bars 

on the data points of the experimental cross section rep¬ 

resent statistical error resulting from two averaged 

measurements of both the total yield and the background 

yield. The upper solid line is the actual calculated dis¬ 

tribution, while the lower curve represents a 25 % reduction 

in the calculated shape which gave the best fit to the 

data. 
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In order to further check the agreement between the experi¬ 

mental and calculated distributions, the calculated curve 

was reduced by such a factor as to obtain a minimum in the 

total absolute error. This factor was found to be a 25 % 

reduction, and the results are indicated in the figure. 

The difference in absolute magnitude can, in part, be 

attributed to the discrepancy in the total neutron and ^Sc 

cross sections, which has already been discussed. This fact 

could account for an 8 to 18.5 % reduction in the calculated 

cross section. Additional considerations include a possible 

buildup of contaminates on the back, side of the target 

(as discussed in the preceding chapter) which would increase 

the multiple-scattering effects. Also to be considered is 

the possiblility of some of the recoiling ions being actually 

stopped in the target. 

An additional consideration that must be made is the 

possible presence of recoils in the ^'J"Sc experimental 

distribution. Even though the total cross section was 

known (11 mb. at 4.0 MeV), no attempt was made to include 

the 3£3K differential cross section in the preceding analysis 
O O 

because there was no way of knowing how the K were 

distributed over the entire recoil sphere. (There is no 

kinematic limit for the recoils.) If one assumes that 
O O 

the K ions recoil isotropically into the forward half of 

fhe sphere and undergo an isotropic multiple scattering, 

the differential cross section would be approximately 1.7 

mb/ster. This value would lower the experimental points in 

Figure XXIV by between 10 and 20 % and increase the disagree¬ 

ment between the calculated distribution and the experimental 

distribution. Supporting the magnitude of the above 

differential cross section is the result of a decay-curve 
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analysis performed iipon the tota.1 activity from the recoil 

catcher foil. This analysis indicated that the comprised 

about 15 i 10 % of the total of the ^Sc and yields. 

Of course, as indicated, the error in this measurement was 

relatively large. 

The final polarization function of the ^Sc recoils 

was calculated in conjunction with the differential cross 

section. The initial neutron polarization was calculated 

via a DWBA computer program by Greenwood (Gr 70), and is 

shown in Figure XXV. Preceding as in the previous analysis, 

the average ^Sc polarization was computed in each one- 

degree interval in the lab system by averaging the neutron 

polarization over, corresponding angles in the center of mass 

system by the formula: 

U Pce> o*ce) c/n-s, 
P*’ «r c e; rln,c 

where &-£, - 0a corresponds to a one-degree interval in the 

43-Sc laboratory system. The integrals were, of course, 

evaluated numerically. The polarization was then averaged 

by weighting each element of the total cross section assigned 

to the final one-degree intervals in the lab system by its 

average polarization, and by dividing the sum of the elements 

in each final interval by the total cross section in the 

interval. The final ^Sc laboratory polarization is plotted 

in Figure XXV. 

The interesting feature of the results of the differ¬ 

ential cross section and the polarization calculations is 

that the maximum in both occur at very nearly the same angle 

(approximately 30 degrees). 



FIGURE XXV 

The neutron polarization in the center of mass system; 

the ^Sc. polarization in the laboratory system. (The 

actual 4^Sc polarization will have opposite sign.) 





APPENDIX 1: The Cross Section Scale Factor 

The basic definition of the scattering cross section V 

is: * dl 

I 
-Ntrdx 

where dl = the change in intensity of the incident beam, 

I = the intensity of the incident beam, 

N = the number of scattering centers per unit volume, 

and 

dx = the increment in target thickness. 

Upon integration of the above equation, we arrive at 

the final intensity of an initial beam of l0 particles 

per unit time as a function of target thickness x: 

I Io e“N<rx 

We actually measure the scattered beam or AI 

A I 

Io 
1 

I 

Io 

Io If 

= 1 - e“N(rx 

- 1 - (1 -- Ntrx) if Ntrx is small 

= NcrX 

Now: I = yield (Y) per unit time, 

Io~ charge (Q) collected in Faraday cup divided 

by the charge on each incident particle 

(ne, where e = the electronic charge). 

Thus: A I _ Yne 
Io Q 

For a proton or deuteron beam ne = 1*1.620206•lO-^ 

coulombs = 1.60206 MC. Thus: 

Al/Io = 1.90206 •10”13/4C. Y/Q 

Nx is merely the number of scattering centers per 

unit area perpendicular to the beam. 



108 

Nx = # nuclei . 1 mole . 10 3 grams . #mq . # cm 

mole # grams mg cm3 

= (Avagadro's number) (1/atomic weight) 10“3 t 

where t is the "target thickness" expressed in mg/cm2. 

= 6.02252-1023 1/A 10“3 t 

= 6.02252*1020 t/A (1/cm2) 

Thus the scattering cross section is: 

For a 4'^Ca target, 

cr 
AI 
X O 
Nx 

1,60206 «10~13 Y/Q  
6.02252*1020 t/A (l/cm2) 

2.66012 410-34 Y/Q A/t (cm2) 

2.66012‘10"7 ¥A 
Qt 

(millibarns) 

A = 39.6925889: 

Cr = 1.05587 °10“5 Y/Qt 

with cr in millibarns 

Q in microcoulombs 

t in mg/cm2 

If we measure the yield as a function of angle, we 

measure the yield per unit solid angle,and 

— = 1.05587 -10“5 ~ 
drt ‘U3DD/ Qt dsx 

is defined as the differential cross section in millibarns 

per steradian. Of course, in practice we measure: 

dY Y 
dn. 

where .0. - the solid angle subtended by the detection system. 

Thus: 

df r± 
dO- ~ 

1.05587*10-5 Y 

Q.at 



Al 62 

Ba 57 

Be 67 

Bl 66 

Bo 48 

Br 63 

Cl 68 

Co 59 

Co 63 

Cr 59 

En 67 

Fo 48 

Fu 69 

Ge 67 

Go 40 

Gr 70 

Ha 61 

Le 50 
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