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ABSTRACT 

The elastic scattering of protons from Ca**° by 

Brown and Class-*- revealed many Interesting features of the 

level structure of Sc1*1* Comparison of these results and 

those of Buechner^ on Ca**1 showed many similar features. 

However there were still many levels observed in the Ca1*1 

nucleus that had not been found in Sc1*1, To supplement the 

elastic scattering data, particularly for the narrow states 

which might be missed in the elastic scattering, the 

Ca^Cp^Sc1*1 reaction was studied. Due to the low yield 

expected, the beta decay of the ground state of Sc1*1 was 

detected instead of the gamma radiation, and a pulsed beam 

technique was used to reduce the background, 

A telescope counting system was devised which 

utilized two counters in coincidence to assure that all 

events came from the target. By a separate experiment the 

efficiency of this counting arrangement was determined, 

which permitted the determinations of absolute yields and 

hence of absolute cross sections. 

An excitation function was obtained from 600 keV 

to 5 MeV bombarding energy. The partial widths for gamma 

decay and upper limits on the total widths, as well as the 

energies for 19 states of Sc1*1 between 600 keV and 4.0 MeV 

were determined. In addition the energies of 43 states 

between 600 keV and 5 MeV \tfere determined. 



The Ca^Cp^iSc^ reaction also provided a method 

of obtaining Sc1*'1 in order to measure the fchalf life of 
its beta decay* This was done and the result obtained 

was .603* *005 seconds. 

IT.A. Brown and C. M. Glass, (To be published) 

C. K. Bockelman and W.W. Buechner.Phys. Bev. 107.1366 
(1957) 



I, Introduction 

f Doubly magic nuclei, consisting of closed shells for 

botfcl protons and neutrons, have been the subject of consider¬ 

able investigation. These nuclei are known to be unusually 

stable, and thus the system composed of a doubly magic 

nucleus plus a nucleon might be thought of as a tightly bound 

core and a nucleon. Thus it may be expected that a two body 

approximation may be adequate to describe the system, 

Considerable investigation of the level structure of 

this* type nucleus has been done, particularly for those 

nuclei of low mass number* In particular closure of the 

lsl/2sheH(He^), the lp3/2 shell(C12), the lp1/2 shell(016), 

and the shell(Si28) has been studied and much of the 

resultant level structure is known* The Gaf*0 plus a nucleon 

system has also been investigated, by means of the Ca^(d,p) 

reactihnf by Buechner and Bockelman2, and the Calf0(p,p)Calf0 

reaction by Brown and ClasS^* 

■ ■ :
 ILT ' Ul ' 

The mirror nuclei Ca and Sc would be expected to 

have the same level structure except for level shifts due to 

the coulomb energy of the proton and the mass difference 

between the proton and the neutron* Comparison of the Sc^ 

and the Ca^ states revealed that several states observed in 
hi Kn 

Ca had not been located in the spectrum of Sc^A, The 

Ca^Cp^Sc41 experiment was undertaken in an attempt to 

locate these states. Also, the measurement of the gamma ray 

cross section should yield the radiative widths of the 
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states and this information would be helpful in determining 

the spins of the states from the elastic scattering data of 

Brown and Class. 

The Ca^(p,/)Sc^ reaction has been observed only 

twice previously. Once by W* M. Martin1* who bombarded Ca^® 
l«n 

with 25 MeV protons for a half life measurement of the Sc 

beta decay, and by J. W. Butler?, who obtained an excita¬ 

tion function from 600 keV to 1900 keV bombarding energy. 

He observed 4 states which he attributed to the 

Ca^Cpj^Sc1*^ reaction. 

Because all of the excited states of Sc^ produced 

as resonances by the Ca1*® plus a proton reaction are 

particle unstable, the capture radiation is competing with 

much faster particle emission. Thus the radiative capture 

reaction is relatively strong and competes favorably with 

the particle reaction only for those states whose total 

widths are small. Such a narrow state is very likely to be 

missed in the elastic scattering experiment, and thus 

states not observed in the elastic scattering experiments 

might show up in the radiative capture experiment. 

Sc1*1 decays by positron emission with an end point 

energy of 5,61 MeV^ and a half life of .60 seconds, so that 

the excitation function for the ground state transitions 

can be obtained from the betas produced instead of the 

gamma rays. In this experiment a pulsed beam technique was 
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used to reduce the background and the positron decay of the 

Sc*1 detected* An excitation function was obtained from 

600 keV to 5 MeV bombarding energy and 43 states were 

observed which were attributed to the reac¬ 

tion, Thick target yields were obtained for the states 

observed below k MeV and these yielded the integrated cross 

sections and upper limits on the widths of the states. 
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II. Measurement of the Excitation Function 

A. Experimental Apparatus and Procedure 

hO s Ul 
The Ca- Cpyj)8o reaction has a low cross section 

and therefore required a low background to obtain useful 

data, A pulsed beam technique was used to achieve low 

background whereby the beam was deflected off of the target 

and the counting system turned on for a given period, after 

which the counters were turned off and the beam brought 

back to the target. She proton beam from the Rice 5.5 Me? 

Van de Graaff accelerator was pulsed by means of an elec¬ 

trostatic deflector and caught on a gold covered slit 7 

feet from the target as shown in Figure 1. The beam was 

deflected slightly at all times to prevent any neutral 

beam from reaching the target. The target holder was insu¬ 

lated from the rest of the system by a 4 inch length of 

teflon, which served as part of the beam tube. The target 

holder Itself consisted of a 1 inch O.R. lead lined alumi¬ 

num pipe* One end consisted of a flange to fit the beam 

tube, and the other consisted of a screw-on cap which 

pressed the target backing (in the form of a 3A inch disc) 

onto a silicone ring as a vacuum seal. The target 

holder served as the Faraday cup, with the 2 mil gold tar¬ 

get backing serving to stop the protons. In order to pre¬ 

vent integration of beam not striking the target, a 

circular tantalum sheet with a hole of just sufficient size 

to allow the beam to strike the target was placed before 

the teflon insulator. 
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FIGURE 1 

Schematic diagram of equipment used for the excitation func¬ 

tion. The beam is represented by the dashed lines. The 

electrostatic deflector deflects the beam and it is caught 

on the catching slit while the counters are on. 





The targets were made from natural calcium metal 

evaporated onto 99*9$ pure 2 mil gold foils. The target 

was transferred immediately from the evaporator to the 

chamber, since early runs proved that complete oxidation of 

the target introduced considerable fluctuation into the 

data* After prolonged runs on the targets transferred 

immediately little oxidation was visibly present and the 

fluctuations did not appear in the data. The charge col¬ 

lected was measured with a current integrator which was 

found to be consistent to 1/2$. 

A beta telescope was devised using a thin Pilot B 

phosphor (1/8 inch thick) on a Dumont 6291 photomultiplier 

as a dE/dx counter and with a 3“ x 3” Pilot B phosphor on 

a Dumont 6363 photomultiplier behind it as an E counter and 

requiring a coincidence between the two for an event to be 

counted. The relative position of the target and the 

counters is shown in Figure 1. The photomultiplier of the 

E counter was cut off by lowering the voltage on the guard 

ring of the Dumont 6363^ while the beam was on the target, 

but the dE/dx counter was on at all times. 

The pulses from the preamplifiers were amplified 

with Haraner N-302 amplifiers and the PHS output was fed 

into Texas Nuclear Coincidence equipment. The coincidence 

circuit as utilized had a resolving time of about i micro¬ 

second, The output pulses from the coincidence equipment 

were fed into an Atomic 4096 scaler. Figure 2 shows a 
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block diagram of the equipment used. Both counters were 

monitored with the RCL 256 channel analyzer, to check the 

bias settings, A window for the E counter corresponding to 

betas from 2,5 to. 5.0 MeV was set using a Pu-Be source with 

a gamma ray of 4.4 Me?, and a base line was set on the 
)»)» IKK 

dE/dx counter with a Ce ■-Pr beta source in order to 

eliminate the noise. 

Off resonance background of about 40-60 counts per 

minute was recorded in the E counter, while the coincidence 

rate was about 1-3 counts per minute in the region below 

4 MeV bombarding energy under normal operating conditions. 

The counting rates were not affected by turning off the 

accelerator, within the statistical uncertainty of these 

readings, for bombarding energies belora 4 MeV. Paraffin was 

placed between the E counter and the dE/dx counter at the 

higher bombarding energies where the background was up by a 

factor of three or four and reduced the coincidence rate to 

essentially zero, leading to the conclusion that the back¬ 

ground was beta radiation and was coming from the target. 

The energy of the proton beam was determined by a 

40 cm radius magnetic analyzer in which the field strength 

was measured by proton magnetic resonance. The energy of 

the proton beam is then given by E- ki '-W*^ 1. - where f is 

the frequency of resonance, k is the calibration constant 

to be determined, and m0 is the rest mass of the proton. 

For the determination of the constant a Li^(p,n) threshold 
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FIGURE 2 

Block diagram of electronic equipment used for excitation 

function. Not shown is the beam current integrator which 

turned the scalers off after a specified amount of charge 

had accumulated. 
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was run, determining the k value at 1.880,7* 0.4 keV?. The 
l^fri * 1.842 MeY resonance in Sc was then mm to determine its 

energy precisely and it was used as the calibration for 

future runs. ; ^ 
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B. Experimental Results 

A systematic search in the energy range from 600 

keV to 5 MeV was under taken for resonances in the excita¬ 

tion function. This was done in three separate runs, each 

with a different target, covering the energy regions as 

shown in Table I. 

TABLE I 

Energy Humber of Target 
Date Region Resonances Thickness 

8/1/62 1.83 to 4.24 MeV 19 9 keV at 2,15 

9/24/62 4.02 to 5.01 keV 23 4,5 keV at 1,84 MeV 

12/3C/62 .600 to 1.850 MeV 6 10 keV at 800 keV 

In each case enough overlap was provided to allow 

normalization of yields and comparison of energy scales. 

The steps taken on the excitation functions were generally 

about 3 keV until an increase in the counting rate was 

noted, then 1|- keV steps were taken to determine more 

accurately the yield and the apparent width of the states. 

Each point was taken for a charge accumulation of 30.02 

microcoulombs* Due to the previously mentioned effects of 

target oxidation and carbon build-up on the target which 

reduce the accuracy of both the width and the yield measure¬ 

ments, and due to the relatively large beam spread tolerated 

to allow the reduction of the time required to take the 

data, only relative yields and approximate positions of the 

resonances can be extracted from the excitation function. 
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The resonance; energies are estimated to he accurate to with¬ 

in ± 7 ke? and the relative yields to within a factor of 

two.? The low energy region was done with counting equipment 

with an efficiency ten times greater than that used for the 

other work. The new equipment will be described in a fol¬ 

lowing ;section. 

In an attempt to discover If some of the very weak 

resonances were due to contaminents, the bias level on the 

E countef1 was raised to exclude .energetically most of the 

betas from the competing reactions of those impurities known 

to be on a similar target®. The relative intensities of the 

various resonances did not change significantly, implying 

the betas counted in the two runs were of similar energy, 

which requires that they be Sc^, Several of the weak reso¬ 

nances correspond energetically to levels seen in the 

elastic scattering work, with assigned spin and parity such 

as to make the gamma transition to the ground state unlikely 

and a low yield would be expected. 

Table 2 lists the resonances found up to 5 Me?, 

giving the yield relative to the 1,842 Me? state and the 

corresponding elastic scattering state if one was found. 

The energies and relative yields for the states up to and 

including the 3*965 Me? state were determined from the pre¬ 

cise measurements to. he described, whereas those above 

3.965 Me? bombarding energy are from the excitation function 

alone. The excitation function is shown in Figure 3* 
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TABLE 2 

Levels Observed in Ca^CpjlOSe^ and Comparison to 

those of the Calh0(pJp)Calf0 reaetion3# 

%ah 

(MeY) 

Eexc Bel* Yield Corr. (p,p) 
State 

(HeY) 

0.648*0.006b 
1.711 0.02710.003 

0,835t0.007 1.894 0.02810.003 

1. 54110.004b 2*582 0.0714*0,0035 

1.622*0.004^ 2.661 0.077710.0031 

(1.657*0.007) 2*703 (0,02) 1.672 

1 ,842*0.004b 2.876 1.000 

1.93410.004 2.966 0.206*0.005 

2.153*0.004 3.179 0.708*0,008 

2.677-0.004 3.691 1,276*0.016 2.765 

2.76410.004 3*775 0.3^2*0.006 

3.010*0.004 4.015 0.284*0.007 

3*019-0.004 4.024 0.442*0.013 

3.24010*004 4.240 0.666*0,009 3.242 

3.32^0,004 4*323 0.335*0.005 

3.440+0.004 4.435 0.212+0.006 

3.51510.004 4.508 1.050*0,014 

3.82010.004 4.806 1.155*0,014 

3.88110.006 4*865 0,088*0.009 3*877 

3.96510.006 4* 946 1.404*0.019 3.961 

< 

(0) 

2 

2 

2 

2 



If .02610.004 5.053 1.34a 

4.o53to.oo4 5;O79 3.90 4.049 4 

4.158*0.007 5.134 0,09 4.159 1 

4.18210.007 5.158 2.70 

4*22010.007 5.195 0.08 

4.34110.007 5*313 0.37 

4.36810.007 5.339 0.17 

4.39310.007 5.364 0.59 

4.54110.007 5.508 1.10 4.546 (2,3,4) 

4.55710.007 5.528 0.37 

4.57010.007 5.537 0.13 

4.585-0.007 5.551 0.60 

4.64510.007 5.610 0.15 

4.673-0.007 5.637 0.99 

4.71310.007 5.626 0.20 

4.72810.007 5.690 1.14 4*724 (2*3,4) 

4*73610.007 5.698 1.04 

4.803*0.007 5.764 0.73 

4; 822-10.007 5*782 0.31 

4*834*0.007 5*294 0*97 4*833 (2*3,4) 

4.88H0.007 5.840 0*40 

4*894*0.007 5.853 0.94 4.895 1 

4.94110.007 5*898 0.23 

5.00810.007 5*965 0.63 5*008 3 
a 

Relative yields after this are plus or minus a factor of 2 

k These states were also seen by J. ¥, Butler^ 



FIGURE 3 

This shows the Ca^Cpj^Sc^ excitation function, where the 

positron yield is in arbitrary units. There has been no 

background subtraction. 
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III. Measurement of Widths and Partial Widths and Precise 
Resonance Energy Determinations 

A. Experimental Apparatus and Procedure 

As in the determination of the excitation function 

a pulsed beam technique was used to reduce the background. 

A new set of counters was built in order to increase the 

total solid angle and to increase the consistency of the 

system by providing rigid mountings and a permanent configu¬ 

ration. Also employed was the Cosmic multiple coincidence 

equipment which allowed much greater flexibility than the 

hybrid system used for the excitation function. The window 

settings could then be continuously monitored on a Nuclear 

Data 1024 channel analyzer. 

In order to increase the solid angle while still 

retaining the telescope principle, the scintillators were 

machined from Pilot B so that the dE/dx counter was a por¬ 

tion of a cylinder 4" high with an inside diameter of 7/8". 

The scintillator was made 3/16° thick which corresponds to 

an energy loss of .74 MeV for betas, giving sufficient 

pulse height to bias out the noise. The target is placed 

as far in the recess as is possible. The E counter, made 

from a 3“ cylinder of Pilot B then "wraps around" the dE/dx 

counter, with sufficient thickness to stop 5 MeV betas. 

The increase in solid angle over the previous system is 

about a factor of three. Figure 4 shows the counter-target 

arrangement. 
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FIGUBE 4 

Diagram of "wrap around" counter with target shown in normal 

position. A coincidence was required between the two for an 

event to be counted. 
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These scintillators were separately mounted to 

selected Dumont 6363 phototubes with Dow Corning 200 fluid. 

The phototubes were tested with a small piece of Pilot B 

for signal-to-noise ratio and for low noise. This was done 

for various values of the total voltage on the phototube. 

The best two of five were selected for this purpose, with 

the best being put on the dE/dx counter, because of the low 

signal pulse height expected. The pulse height distribu¬ 

tions obtained for both the counters are shown in Figure 5. 

Also noted are typical window settings used in the course 

of the work. 

Plots of yield versus counter position for motion 

of the counters with respect to the target in both the 

horizontal and the vertical directions are shown in Figure 

5* This illustrates the relative insensitivity of the 

yield to movements as large as 1 cm. Changes in yields due 

to slight position changes of the counter in the course of 

a run are then insignificant. The counters and assembly 

are mounted on a rack with a worm gear to allow positive 

repositioning of the counters after moving them in order to 

replace a target. This can be done to within 1 mm. 

Plots of yield versus bias settings on the E 

counter were taken, in conjunction with off resonance 

yields, in order to determine the most efficient region of 

operation. The off resonance background at about 1.84 Me? 

was found to be essentially proportional to the width of 

11 



FIGURE 5 

Figure 5a shows the pulse height distribution in the dE/dx 

counter for the Sc^ beta. Figure 5^ shows the pulse height 

distribution in the E counter, with the window set. Both 

are the spectra of betas in coincidence in the two counters. 

Figure 5C shows the yield versus counter position relative 

to the target with the zero corresponding to the normal 

operating position of the counters. 
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the window if the lower level bias was set above 1.2 MeV. 

Below this bias setting the coincidence rate increased 

markedly. 

The coincidence equipment was set up so as to 

give a resolving time of 20 ns. Ho accidentals were 

recorded over several 500 second trials at the highest 

counting rates encountered. Delay curves were run on the 

equipment using the variable delay feature of the Cosmic 

equipment in order to insure that It was being run with 

proper timing. 

The pulses from the photomultipliers were fed 

into pulsable preamplifiers of the type described by 

Cramer-^, which were modified to provide the 30 micro¬ 

second pulses required for the Cosmic amplifiers. It was 

found necessary to use the highly regulated Hamner high 

voltage supplies on the photomultipliers due to the load 

placed on the supply by the pulsing. With poorly regulated 

supplies the variation in high voltage and the long 

recovery time caused a decrease in resolution which caused 

an uncertainty in the window settings. The poorly regu¬ 

lated supplies also caused introduction of pulses of both 

proper shape and amplitude to be counted. 

The window settings and gains of the counters 

were continuously monitered to ascertain that no shifts 

occurred. Also by repeating resonances run earlier the 

12 



consistency of the entire system was checked. 

The remainder of the apparatus used was the same 

as for the excitation function, with the addition of a 3" 

long liquid nitrogen trap before the target chamber. Due 

to the sensitivity of "the experiment to deposits on the 

target, it was placed in position immediately after removal 

from the evaporator and the liguid air trap was kept 

filled. 
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1. Target Chamber 

Due to the sensitivity of this experiment to the 

presence of contaminants in the target and the affinity of 

calcium for oxygen, an evaporation "in place" was considered 

desirable to avoid exposure of the target to the atmosphere 

during transfer from an evaporator. A target chamber was 

built for this purpose, 

The chamber consists of a vertical 3" I.D. cylinder 

8" high which has end plates with rods on sliding seals to 

allow moving the evaporation apparatus in position for eva¬ 

poration and then out of the way of the beam. The target 

was contained in a "snout" made of aluminum and consisted of 

a 3An disc of 2 mil gold foil. The snout assembly is insu¬ 

lated from the chamber by a teflon insulator which contains 

within it a tantalum suppressor ring. To prevent the cal¬ 

cium from evaporating onto the teflon and thereby shorting 

out the Faraday cup, the holes in the chamber and the sup¬ 

pressor ring \ifere made only as large as required to pass the 

beam to the target. The teflon is thus shielded from the 

calcium and after several evaporations no calcium was vis¬ 

ible on the teflon, nor did the resistance from the "snout" 

to the chamber change as measured with a VTVM. The chamber 

is shown in Figure 6, 

The evaporators were made from 5 mil tantalum and 

their shaping provided a directional effect for the evapo¬ 

rated calcium. The lA“ brass rod also served as one of 

lb 



FIGURE 6 

This shows the target chamber used for "in place" evapora¬ 

tion of targets. Shown also is a full size drawing of the 

evaporator. 
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the conductors, -while a bus wire to the chamber side served 

as the other conductor. The progress of the evaporation was 

followed through the glass viewing port and the lucite end 

plates. 

Immediately before entering the chamber the beam 

passed through a 32" length of 3AM I.D, tubing held at 

liquid nitrogen temperature which served to reduce target 

build up due to hydrocarbons in the vacuum system. The 

system was pumped by an oil diffusion pump placed before the 

liquid air trap. The deflection plates, catching slits, 

etc. are as previously described. 

In order to determine the effects of oxidation of 

targets during transfer to the target chamber from the eva¬ 

porator as was done for the previous experiments, an evapo¬ 

ration in the chamber was done, after which the resonance at 

3.515 MeV was run in 1/2 keV steps to determine the yield 

curve. The system was then let up to atmospheric pressure 

for 3 minutes, which is approximately the time required to 

bring a target over from the evaporator, and the system was 

again evacuated and the resonance taken. The results are 

shown in Figure 7» A 5,5 ke¥ thick target was used. The 

two runs agree within statistics, although the oxidized tar¬ 

get did tend to slightly lower yields. No evidence of a 

surface layer of oxidation was present as the leading edge 

of the resonance occurred within .2 keV of the unoxidlzed 

data and was lower in energy for the oxidized run. 
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FIGURE 7 

Yield curve for the 3*515 MeV resonance plotted versus pro¬ 

ton energy for non-oxidized target (circles), and for the 

partially oxidized target (crosses). 
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2, Calibration of Counters 

In order to obtain the integrated cross sections 

the absolute efficiency of the counting system for betas 

in the energy range encountered here must be known. A sep¬ 

arate experiment was performed to measure this quanity. 

The beta spectrometer developed in this laboratory 

9 
by J. G. Cramer provided the means of determining the 

absolute yield of a reaction. A comparison of the yield 

obtained with the new counters to the total yield of betas 

would give the efficiency. The actual situation is compli¬ 

cated since a beta spectrum is a continuous distribution. 

Because the beta spectrometer requires a rather prolific 

reaction this Calibration could not have been done with 

the Ca^(p,^)Sc^ reaction. Measurements on the beta spec¬ 

trum of F20 by Cramer1*- through the F19(d,p)F20 reaction 

revealed that its yield was sufficient for the project and 

that its end point energy differs from that of Sc1*1 by only 

200 keV. 

As before, a pulsed beam technique was used and 

the signals from the spectrometer were fed into the first 

256 channels of the 1024 channel analyzer. The F20 beta 

decay also involves a 1.6 MeV gamma ray which had to be 

subtracted out. The procedure used for the subtraction was 

the same as described by Cramer in his Ph.D, thesis. A 

gamma ray monitor was set up and a window set on the F2^ 

gamma ray, which was counted on a scaler while the beta 
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spectrum was accumulating. The entire gamma ray spectrum 

was accumulated in the second set of 256 channels in the 

analyzer. Then a polyethylene plur 7.8 cm thick was 

inserted between the spectrometer and the target to stop 

the betas. A similar thickness plug was inserted in front 

of the gamma ray counter to equalize the gamma ray atten¬ 

uation for both counters* With the analyzer in subtract 

mode data was again accumulated until the F*^ gamma ray 

was subtracted out on the single channel counter. Also 

noted was the almost total subtraction of the gamma ray 

spectrum ion the analyzer. Spectra taken in this manner 

Over short time periods with good statistics appeared 

very good, but if the time required was on the order of 

several' hours the subtraction was not very satisfactory. 

(Jhecks of gains both before and after the run showed no 

shift, so this effect was attributed to the variation of 

background with time and with beam tuning which neces¬ 

sarily drifted slightly over this time interval. However, 

the beta spectrum from 3 MeV up was almost totally insen¬ 

sitive to the subtraction, so that by constructing a Fermi 

plot of the data above 3 MeV the spectrum could be obtained. 

A 13*+ ug/cm2 target of PbF2 was used in order that 

the data taken with the counters to be calibrated could be 

taken at counting rates comparable to those of the 

reaction. This was attained by running the accelerator at 

the lowest beam current with which it would run stably 
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when using the new counters, and using all of the team that 

could be attained when using the spectrometer* In order to 

hold the operating parameters as constant as possible this 

beam variation was accomplished by varying the current from 

the ion source, which amounted to a factor of 500 difference 

in the current on the target. 

Immediately after obtaining the spectrum in the 

Cramer spectrometer, the total yield for a given set of 

operating parameters was taken with the new counting equip¬ 

ment. Without disturbing the counting equipment a fresh 

calcium target was installed and two resonances carefully 

run to determine their yield. These two then served as 

secondary calibrations for future runs, necessitating only 

that one of them be run to determine the efficiency of the 

system. 

Figure 8 shows the F2^ spectrum obtained and the 

calculated curve using the parameters determined from a 

Fermi plot of the data. The Fermi function used was that 

given in the tables of the National Bureau of Standards 

Circular-*-?, Knowing the solid angle of the spectrometer 

the total yield of the reaction was then calculated. Due 

to the difference in end points of the two reactions a 

direct comparison of the total efficiencies for the Sc****' 

and F2^ betas was not thought realistic. Figure 9 shows 

the two calculated spectra and the window setting of the 

E counter. The efficiency for the detection of betas above 
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FIGURE 8 

F^ spectrum obtained for counter calibration, and the cal¬ 

culated curve used for the total yield determination. 
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FIGURE 9 

Calculated beta spectra for Sc^ (dashed line) and F^ 

(solid line). The number of counts is shown in arbitrary 

units. 
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the lower level was then obtained by plotting the spectrum 

and counting the yield possible above the threshold, then 

taking the ratio of the actual number of counts to this# 

This parameter was then assumed to be the same for both the 

and Sc^ betas and the total efficiency-computed by 

multiplying it by the fraction of the Sc1*1 spectrum above 

the window. The value thus obtained for this particular 

geometry and window setting was 2.63 * *27$. The total- 

thick.' target yield per microcoulomb of charge for the two 

resonances in the Ca
1*0 reaction was 813 t 81 for the 2,678 

Me? state and 736 -7^ for the 3-819 Me? state. 

TABLE 3 

Calibration Errors 

Window Setting 

Channel Width •*••••••••.. 

Computed Beta Spectrum & Fit • • • , • 

Integrator • « . , . .. . .... * . 

Solid Angle. 

Pulsing Period and Beam ?ariation. ♦ • 

Statistics of Resonance Measurement. • 

Oxidation of Target. «•..••••• 

The errors are shown in Table 3- As can be seen 

the total error is about t 10$. Errors introduced by 

erratic action of the pulsing system were eliminated by con¬ 

tinuous monitoring of the pulsing and preamplifier signals. 

± 3* 

± 2% 

i k% 

t 
t 3* 
± 2% 

± 3JS 

*356 
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The hackscattering of betas was fennel by calculation to be 

much less than V§> for the good geometry and high energy 

betas used in the measurement of the absolute yield with the 

beta spectrometer. 

•# 
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B, Experimental Results 

In order to establish an energy calibration of the 

accelerator, the hi7(p,n) and the C^3(p,n) thresholds at 

1.880 and 3.235 Me?? respectively, were run with the appa¬ 

ratus in the standard position immediately preceding the 

measurement of the thick target yields. The results of the 

two were consistent to within .01$, and the energies 

obtained for the resonances were within 5 ke? of those of 

the excitation function. 

The yields for a target measured to be 33 ke? thick 

at 2,6 Me? were obtained for the resonances from 2.6 to 4.0 

Me?. The total widths were, with the single exception of 

the 3.964 Me? resonance, less than the beam spread. Thus 

the observed widths were due to the beam spread within the 

experimental uncertainty. The observed beam spread was less 

than .03$ of the beam energy, which is consistant with a 

measurement by Class et. al.12. The 3,964 Me? state showed 

a width of 2.5 * .5 ke? which compares with Browns3 value 

for a state at 3.961 t ,004 Me? of 2.0 ke?. The radiative 

widths for the ground state transitions were obtained from 

the total thick target yield of the resonance, after cor¬ 

recting for the finite thickness of the target. 

The yields for the resonances from 600 ke? to 2.6 

Me? bombarding energy were obtained in two separate runs 

with a 60 keV thick target for all but the 1.541 Me? and 

the 1.622 Me? states, which were taken with a 5.4 ke? 
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target. Below 1 Me? the beam spread was on the order of 

.3$. This poor value was a result of the instability of the 

machine and the necessity of running large beam currents. 

Figure 10 shows the results obtained for the 2.677, 

2.764, 3.239 and the 3*324 MeV states normalized to the 

maximum thick target yield. Also shown are curves computed 

from the Breit-Wigner integrated yield equation given in the 

Appendix with the parameters as indicated on the figures. 

Also shown is the 3*964 Me? state to illustrate its measur¬ 

able width. 

The efficiency of the counting system is known to 

£ 10$ as indicated in the calibration section, and for most 

of the states investigated the statistical uncertainty is 

on the order of 2$. An uncertainty In the stopping power of 

Ca4o for protons of 10$, however, reduces the accuracy of 

the cross section results. The stopping powers used were 

calculated from the tables of Whaling20, but variations in 

different sets of data place this limit on the accuracy. 

For a few cases, as indicated in Table 4, the uncertainty is 

much larger due to the low yield to background ratio. Above 

3.4 Me? a higher background was observed which was attri¬ 

buted to many small states in Sc1*3- “piling up“ due to the 

thick target, but might also be due to non-resonant capture. 

These are attributed to Sc**3- because beta spectra of both 

the E and the dE/dx counters taken for the coincidence counts 

were identical with those obtained on the resonances and 

22 



FIGURE 10 

The thick target yield plotted versus proton energy for 5 

of the resonances observed in the Cal+0(p,tf)E>cl4'l reaction 

are shown. The curves shown were calculated from the Breit- 

Wigner thick target yield equation with the apparent width 

as shown. Note the exceptional width of the 3*964 Me? state 

compared to the others. 



Y
(
E
)
/
Y
 



indicate that the contributor is a beta of similar end 

point, the only one thought to be present being from Sc^. 

Background spectra with the beam deflected off of the tar¬ 

get were distinctly different with a strong low energy 

component. The difference in beam off and beam on target 

background was on the order of a factor of 3 to 4 for the 

higher energies. The background with the beam deflected 

onto the catching slit was found not to deviate from that 

obtained with the accelerator shut down which indicated 

that the background from the accelerator itself was negli¬ 

gible at all energies. 

At the lower energies, the background was prima¬ 

rily time dependent, and was considered as such in its 

subtraction to obtain the yield. At the higher energies 

where a combination of the two is present, only ,5% dif¬ 
ference is obtained by considering it in one case to be 

strictly time dependent and in the other to be strictly 

beam dependent. The yields were calculated assuming time 

dependence only for the lower energy resonances, and 

assuming beam dependence only for the higher energy reso¬ 

nances. 

The data for each resonance was taken in steps of 

approximately 1 keV for the background ana the high energy 

portions of the curve. In order to obtain the rise accu¬ 

rately, the low energy edge of each resonance was taken in 

steps of t keV. Also to check for carbon build up on the 
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target and drifts in the apparatus the first resonance was 

carefully taken again after twelve hours of constant run¬ 

ning* The yield for this latter measurement agreed with 

the first measurement well within statistics. The energies 

agreed to *5 keV which is less than the shift producible by 

retuning the beam* Thus no significant carbon build up had 

occurred during the first twelve hours of running. A simi¬ 

lar check was made at the end of the run with similar 

results. 

The calibration of the counting system for these 

runs was obtained by first obtaining the yield for the 

resonances measured in the calibration portion of the 

experiment. For the resonances below 2.677 MeV, the 1,842 

MeV state was calibrated from the 2.677 MeV state measured 

in the calibration and the yields of the lovrer resonances 

obtained from it in a separate run. 

The estimates of the errors are shown in Table 5. 

TABLE 5 

Errors in Yield Measurements 

Calibration - 10% 

Statistics on Each Resonance ....... t 1-3$ 

Statistics on Calibration Resonance .... - 2% 

Oxidation of Target i 3$ 

Integrator Consistency, .......... -.5$ 

Inaccuracy of Target Thickness. ...... i .3$ 
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A comparison of those results to those of Butler^ 

shows fair agreement between the energies of the 4 states 

he observed and those observed in the present experiment* 

His results for the l*54l, 1*622 and the 1.842 MeV states 

observed here are consistently 8 keV higher, but are within 

the 10 keV error he gives* 

His results for the integrated cross section for 

the above mentioned 3 states and for the .648 MeV state are 

about a factor of 2 lower than those obtained here, but are 

still within the total uncertainty of both methods. 

Table 4 shows the parameters obtained from the 

yield measurements and their errors. With the exception of 

the 3*964 MeV state only upper limits on the widths are 

given* The errors on the partial widths are the same per¬ 

centage as those on the integrated cross sections. The 

1.657 MeV state is listed only as a probable and the yield 

was obtained from the excitation function. 
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TABLE 4 

Resonance Parameters Obtained in 

the Yield Measurements 

Elab Obs. Width F'Lab J<rJ£ $fr 
(Me?) (keV) (keY) (ev~barns) (ev) 

0♦648*0*006 3.0+1,0 < 4.0 0.036+0.005 0^162 

0.83510.007 5.0+2.0 <6.5 0.03410.005 0.195 

1.541+0*004 0,510.2 < 0.6 0.05910.007 0.629 

1.622+0.004 0.5±0.2 < 0.6 0.062+0.007 1 .699 

(1,657+0.007) (0.01) (0.1) 

1.842+0.004 0.510.2 < 0*6 0.74!'0.08 9.45 

1 .934+0.004 0.410.2 < 0.6 0.1510.02 2.00 

2.153-0,004 0.310.2 ^0.5 0.471 0.05 7.07 

2.67710,004 0,310.2 4 0.4 0.741 0.08 14.5 

2.764+0.004 0.510.3 < 0.7 0.1910.02 3.69 

3.010*0.004 0.8+0,5 < 1.1 0,1510.02 3.15 

3.01910.004 0.7+0.5 <r 1.0 0.24+0.02 4.93 

3.240+0.004 0.610.4 < 0.8 0.3410,03 7.53 
3.325-0.004 0,7+0.4 <£ 1.0 0.1710.02 3.83 

3.440+0.004 0.510.3 < 0.8 0.10+0.01 2.44 

3.515f 0.004 0.3+0.2 < 0.7 o.5oi 0.05 12,2 

3,820+0.004 O.5I0.2 ^0.7 0.52+ 0.0 5 13.7 

3.881 lo.006 2.2+2.0 < 2.4 o.o4l),oi 1.0 

3.964+0,006 2.510,5 2.4 0.61+0.06 16.9 



®F, Half Life Determination 

A* Introduction 

The half life of the positron decay of Sc^ has 

been ..measured using the Ca^(d ,n)$c^ reaction^ v10?11 an3 

using the Ca**®(p,26 reaction1*' at 30 MeV, In the above 

reactions beta decay of similar energy and half life from 

and IC37 formed in the (d,©0 and (p,©d reactions compli¬ 

cate the determination. Both have transition energies of 

5.1 MeV while K37 has a 1.2 second half life and K38 has a 

metastatic state with a half life of 0.95 seconds. The 

results obtained have centered around 0.83 seconds3-0. 

recent attempts have been made to account for these effects 

by subtracting off the offending competitor11,6. jn the 

first case a value of 0.63 seconds was obtained. In the 

second J. G. Cramer^ assigns a value of 0.60 seconds. The 

location of relatively strong resonances in the Ca^OCp,^ 

reaction at energies below the (p,o<) threshold allows the 

half life measurement to be made, free from the major com¬ 

petitors K37 anfl K38# 

B. Experimental Procedure 

The counting system, target chamber, and associated 

apparatus are as described for the yield measurements. The 

primary difference is in the pulser which controls the 

deflection of the beam and counters, and in the analyzing 

system. In order to count for several half lives the pulse 

output of the Atomic 4096 Scaler was used. By running the 
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scaler at 60 cps and at a scaling factor of 256 one could 

get a pulse after 4.267 seconds. In conjunction with this 

the coincidence output was fed into the TKC 400 channel 

analyzer operating in the tine base mode such that the 

accumulation time in each channel was 10 ms. The operation 

was as follows. The scaler pulse was fed Into a flip flop 

which controlled the beam pulsing apparatus and also applied 

the desired voltage to turn off the phototubes. Assume the 

beam Is initially on the target, then the output pulse from 

the scaler triggers the flop flop to its other state, turn¬ 

ing on the 400 channel analyzer, and deflecting the beam. 

After 4 seconds the 400 channel has completed all channels 

and turns itself off. The next scaler pulse occurs a few ms 

after the analyzer is off, again triggering the analyzer and 

the flip flop, which turns the beam back on the target. No 

counts are registered on the analyzer at this time because 

the counters are biased off. The half life measurement was 

done at the 4.053 MeV resonance, with a 25 keV target, and 

with the lower level discriminator set so as to exclude all 

beta activity below 3»3 MeV to reduce the possibility of 

contaminants interferring with this measurement* The 

Li?(d,p)Li® reaction at 2 MeV bombarding energy was used in 

the Li® half life measurement. 

The time base generator of the 400 channel analyzer 

was checked in dwell mode by applying a 100 kc input to the 

analyzer from the Hewlett Packard counter which contains a 
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crystal oscillator. In order to prevent loading of the 

oscillator the Hewlett Packard counter was isolated by a 

Hasner amplifier, whose output was fed into;'the .400 channel 

analyser. Figure 11 shows a block diagram of the elec¬ 

tronics. 

G. Esrper iment a 1 Sesults 

fhe half lives for the decay of both 11® and Sc1*1 

were measured, thus providing a cheek on the system. Ill© 

result found for Id® was .84? * .004 seconds, and for Sc1*1 

was .603 “ .005 seconds. 

In order to deterrdne the "background accurately, 

and to uncover any long lived radiation in the measurement,- 

"both were rerun for 40 second sweeps. She results showed 

no evidence of longer lived decay and indicated a back¬ 

ground on the order of .03$ of the total yield in the first 

channels. A calculation showed that a misinterpretation of 

the background by a factor of four changed the results 1$, 

so that small uncertainties in the background are not a 

m@4or problem. Figure 12 shows the date plotted on a semi- 

log plot with log I! versus time. Sfhe best fits as deter¬ 

mined by a least square fit to the data are shown. 

these results are In good agreement with the 

measurement of 1. Janecke11 of the Li® half life who gave 

.848 - .005 seconds, iho Sc41 results are also in fair 

agreement with those of Cramer and Class^who give the 



FIGURE 11 

Block diagram of the electronic equipment for the half life 

measurement* 





FIGURE 12 

Plots of Log N versus channel number for the Sc^ lifetime 

(top) and for the Li® lifetime (bottom). The line is a 

least square fit to the data. 
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result ,55 - .03 seconds but admit that the most likely 

value is around .60 seconds. Their experiment as well as 

that of Janecke are plagued by the competing K37 and K38 

betas. Using a method of subtracting the contaminant until 

the resultant semilog plot is most nearly a straight line* 

Janecke^ gives .628 ± .014 seconds for the Sc*4'-*- half life. 
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V. Conclusions 

A. Comparison to the Elastic Scattering Results of 

Brown and Class3 

The elastic scattering of protons from Ca^® by 

N. A. Brown has yielded the energies and parities of 40 

states in Sc^ between 1.5 MeV and 5.0 Me? bombarding 

energy. In the (p,y) experiment 43 states were observed 

between .64 MeV and 5.01 MeV. For 19 of these states upper 

limits on total widths as well as integrated cross sections 

were obtained. The integrated cross sections of the 

remainder of the states may be estimated from the relative 

yields of the excitation function. 

Due to the particle instability of the excited 

states of Sc^, direct gamma ray transitions to the ground 

state are the most likely to be observed. A classification 

of the states according to which is most probable to decay 

directly to the ground state will allow some conclusions to 

be drawn as to the nature of the state, particularly in the 

cases where the parity is known from the elastic scattering 

results. Table 6 shows a comparison of the states in the 

order of decay probability to the ground state of Sc^ 

which is a 7/2" state. The decay probability is that cal¬ 

culated for the extreme single particle model by Weisskopf^l 

where E is the gamma ray energy in MeV. Also shown is the 

energy dependence which allows the observation of the higher 

multipole orders at the higher gamma ray energies. In each 
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case the state is shown where the probability is greatest. 

The 5/2“ and the 7/2" states are the most probable and 

would be expected to dominate at all energies considered. 

The 1/2“, the 3/2“, and the 3/2* are far down and would 

not be expected to be seen. 

TABLE 6 

■ P 
in.sj.uxou 
Type 

O 

(eVy 

E(l) 5/2+,9/2* 8.1X10-1 E3 

E(2) 3/2-,7/2- 6.9x10-6 E5 

E(3) 1/2+ 3.9x10-11 E? 

MU) 5/2“,7/2- 2.1xl0-2 E3 

M(2) 3/2* 1.8x10-7 E5 

M(3) 1/2“ 9.6x10-13 E7 

As shown in Table 2 there are only 10 states which 

appear to be common to both. The comparisons are drawn 

primarily from the correspondences in energy of the states. 

In the several cases where the energy correspondence is not 

very good or where there are several states in the (p,p) 

which are close in energy, the results are compared on rel¬ 

ative transition probability. The state observed in the 

(p,Y) at 1.657 MeV with the lowest yield of all the states 

observed is thought to correspond to the state observed in 

the (p,p) at 1.672 MeV and assigned in the (p,p) as a 

possible l/2+ state. This would correspond to an E(3) 
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transition which would be expected to have a very low 

transition probability as is the case. This state is listed 

only as a probable however because this region has only 

been investigated once and no attempt to ascertain its 

origin has been made. The state at 4.158 MeV in the 

radiative capture also has a very low yield and is thought 

to. correspond to the 4.159 MeV state observed in the 

elastic scattering, and assigned a value Jl-1, For a 1/2- 
state as would be expected from shell model considerations 

the ground state transition would be an E(3) which would 

be expected to give a low cross section. 

The state observed in the radiative capture at 

3.964 MeV corresponds to the 3*961 state observed in the 

elastic scattering and is confirmed by the width assigned 

of 2.0*0.5 keV for the elastic scattering and 2,5*0.7 keV 

in the radiative capture. The 3.881 MeV state in the 

radiative capture is thought to correspond to the 3.877 

state in the elastic scattering, although the low yield 

in the radiative capture prevents the definite assignment 

of a width. 

Further comparisons on the basis of the data avail¬ 

able is felt to be premature, since the possibility of 

cascade, particularly to the two low lying states at .648 

MeV and .835 MeV which could then decay to the ground state 

with a relatively lew probability for proton emission due 
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to the height of the coloumb harrier, complicates the 

picture. Prestent plans for extending this experiment to 

the observation of the gamma rays should enable the com¬ 

parisons to be made with more certainty, as well as deter¬ 

mining the relative decay probability to the lower states. 

B. Comparison of the Sc1*-*- Energy Levels to Those of Ca^ 

The energy levels in have been studied by 

Buechner^ up to 4.2 MeV excitation energy so that the levels 

observed in Sc^ may be compared to those of the mirror 

nucleus Ca^, Table 7 shows the comparison and Figure 13 

shows the corresponding energy level diagram. A similar 

comparison is also done by N. A« Brown3, 

The 1.947 MeV state in Ca1*! is the first excited 

state and has been assigned d-1 by Buechner. This corres¬ 
ponds to the 1.7.• MeV first excited state of Sc^i observed 

in the radiative capture, in the Ca**°(He3,d)Scli'1 reaction 

at 1.69 MeV by Wegner-*^ and assigned H =1 by him, and in 

the Ca1+0(d,n)Sc4l reaction by Macefield^ at 1.70 MeV. The 

2.014 MeV state in probably corresponds to the 1.894 

MeV state in ScI+l observed in the radiative capture reaction. 

The 2.469 MeV state in Ca^ is assigned jj=l by Buecner and 

probably corresponds to the 2.406 MeV state assigned j[ =1 
by Johnsonl8? an<j by Maeefield. The next two states 

at 2.584 and 2.612 MeV are observed only weakly by Buechner 

in Ca^l and probably correspond to the 2.582 and 2.664 MeV 
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FIGURE 13 

Comparison of the energy levels of Ca^ and Sc^. 
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Calf1 

Eexe 

(Me?) 

1.947 

2.014 

2.469 

2.584 

2.612 

2.667 

2.890 

2.96 7 

3.056 

3.206 

3.375 

3.405 

3.500 

3.531 

3*619 

3.682 

3.736 

3.837 

3.854 

3.950 

TABLE Z 
Comparison of Energy Levels 

of Se^l and Calf1 

Sc^1 Seen in 

Eexe 

(Me?) 

1 .711 

1.894 

2,406 

2.582 

2.664 

2.710 

2.876 

2.966 

(P,P) (Pj&O 

x 

X 

X 

X 

X 

X (x) 

X 

X 

3.179 

3.408 

3.691 

3.726 

3 *766 x 

3.775 x 

3,464 x 



3.921 

3.985 
3 * 963a X 

4.023 4,024 X 

4.101 

4.194- 4.240 X ' X 

a Uncertain as 
state in Ca41 

to whether it matches 3*921 or ; .985 MeV 



states observed weakly in the radiative capture. The 2.677 

MeV state in Ca^ is assigned 1=0 by Buechner and corre¬ 

sponds to the 2.667 MeV state in Sc1*-1- assigned 1=0 by 

Johnson and observed very weakly in the radiative capture as 

would be expected. The rest of the states up to 4.2 MeV are 

compared on the basis of their energies v?ith the exception 

of the strong 3*950 state in Ca^ assigned 1=1,2 by 

Buechner, which is compared with the strong state at 3.463 

MeV in Sc1*-1- assigned 1=1 by Brown, 

No corresponding states in Sc1*-1- are found for the 

3*056, 3*375) 3*500, 3*531, 3*619 and 4.101 states in Ca1*-1-. 

No states have as of yet been observed in Sc1*-1- below 4.2 MeV 

for which a satisfactory match in Ca1*-1- cannot be found* 
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APPENDIX 

CALCULATION OF£ AND Fy FROM THICK TARGET YIELDS 

For the case where the energy levels of a nucleus 

are widely spaced in relation to their widths, the 

Brelt-Wigner one level formula is relevant^and Is 

of the form: 

(1) 
where cr - 6 laz-tOlv-tO 

and J is the total angular momentum of the compound state 
I Is the spin of the target nucleus 
s is the spin of the incident particle 
Pp is the partial width for proton emission 
Pjf'is the partial width for gamma emission 
r* is the total width 
E is the energy of the incident particle 
% is the energy of the resonance 
# is the wavelength of the Incident particle 

For the narrow resonances now being considered P, 
rp, and Pf may be considered constant* This function 

then has a maximum at l=Er given by: 

(a) ^ = ?*«’•'>Wpv+ 
This is a constant for any one level, so that we may 

then write the capture cross section as: 

(3) "= JZH. (e-ej'tfy 
The yield from an isolated resonance may then be written: 

00 Y,® = % «-«p 
where: _ 

n is the number of target nuclel/cnr 
Q is the total charge accumulated 
e Is the electronic charge 

If the target thickness is considered to be much less 
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than the resonance width, then: 

n = (no, of trgt nuclei/unit volume) x target thick, 
= (no. nuclei/gm) x (no, gms/cm3) x thickness 

But the density may be expressed as no. gms/ev-cm2 if 

the target thickness is measured in electron volts. Thus: 

(5) n = N x 1/A x 1/S x t 

where: N is Avogadro*s number 
A is the atomic mass of target nucleus 
S is the stopping power of the target in ev-em2/gm 
t is the target thickness in ev 

Combining (k) and (5) : 

If the target thickness is not much less than the reso¬ 

nance width, the actual yield is given by the integral 

of the above expression over the target thickness. 

Letting Y^(E) go to dY(E) and t to dE, the fraction of 

the target for which the yield is dY(E), the result is: 

(7) J£*3 Jm -- Y/0 = I & f*s 
where 3£(E) is the number of nuclei produced for a target 

of thicknessj at a bombarding energy E after Q/e protons 

have struck the target. Letting QN/eAS = €, the yield 

then becomes: 

(8) YrCO~ -S/* [>*" 
1 £~^ 

For a thick target this becomes: 

■ A (9) 

Equation (8) has a maximum when E = Ep + J/2 , thus: 

(10) y® s qp r>„-' s/r 
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For a thick targets 

(ID Y»<*> ^ c 
Also: 

(12) =ikrp*w') 

Equation (8) has an apparent width at half maximum of: 

(13) r‘=(r\?-fo- 
Then from equations (11) and (12) : 

04) e -- -g *r -- -i" nlit£x 
_ _ rv* 

Since IJ«rp for the problem at hand: 

(i5)«%w^ *vxjznr 
The observed yields will be different due to the pulsed 

beam technique used. Using the result for the cross 

section given by Aldridge*^, the yield per cycle is: 

(16) AN ■ 
. * ; ({-£ J 

where: v is %/Q 
I is file beam current 
A is the decay constant of the radiation 
> is the pulsing period/2 
t^ is the time between beam off target and counter 

on time 
to is the time between beam off target and counter 

off 

The observed yield is then given by: 
-7*^ 

' -e- _ e ■j 
i/oLs & a o-jr7**') 

where f (-&,£) is the total efficiency of the counter 

system and t is the total run time for the data. Thus: 

(18) YJB) - C/-***^ 
1 -fc-rcc; ***~) 

Then the integrated cross section is obtained from: 

(19) =^-J£ YlE) J W A/ 
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and the partial width for gamma ray emission may be 

obtained from equation (15)* 

The resonance curve also yields the observed width 

i-i n 

/' , for the interquartile distance is this parameter. 

In the case at-hand the beam spread must also be consi¬ 

dered and thus the observed width would be given by* 

(20) 

where ^gis the ueam spread and P is the total resonance 

width at half maximum. The resonance energy for a thick 

target yield curve is the midpoint of the rise of the 

curve as can be seen from equation (9). 

It has been shown by Gove^ that the thick target 

yield is essentially independent of beam straggling, and 

that the resonance energy is shifted less than 0.03$ 

from the midpoint of the rise for a narrow resonance 

where the observed width is essentially beam spread. For 

P and each only a factor of four less than the 

target thickness, a difference of 4$ in the yield and 

of .25$ in the energy of the resonance was obtained. 
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