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INTRODUCTION 

The intermediate image magnetic lens pair spectro¬ 

meter used originally by Bent, Bonner, and Sippel (Be 5£) 

to study the gamma radiation emitted by light nuclei under 

heavy particle bombardment was of limited applicability in 

that it was not capable of detecting gamma radiation of 

energy greater than Mev. Another version of this spec¬ 

trometer, involving a ring focusing principle (Du lj.9, 

Be 52), was used to study gamma radiation in the range of 

7*0 to 12.0 Mev. However, the ring focus arrangement had 

several disadvantages associated with it in that its 

resolution was not as good as that of the intermediate 

image arrangement, it produced persistent ghost images of 

unknown origin, and its use was inconvenient, since fre¬ 

quently much time was spent in setting up and calibrating 

this arrangement solely for the purpose of extending the 

range of observation from 9«& to 12.0 Mev. 

Consideration of the above limitations led to the 

decision to effect a limited modification of the spectro¬ 

meter in an attempt to extend the energy range of the 

intermediate image configuration to llj, or 15 Mev. It was 

the achievement of this modification that formed the main 

goal of the work herein reported* 

MODIFICATION OF THE SPECTROMETER 

The good resolution intermediate image arrangement 

of the unmodified spectrometer is shown in Figure 1. The 
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main focusing coils, A and B, each consist of 150 turns 

of .375" OD heavy wall copper tubing through which cool¬ 

ing water can be circulated. The coil G was used to gener¬ 

ate a magnetic field in opposition to the field of the main 

coils and thus produce a pronounced minimum in the axial 

component of the focusing field at the center of the spec¬ 

trometer. The focusing properties of this type of spec¬ 

trometer depend on the existence of this minimum and its 

magnitude relative to the value of the axial component 

of the field at the source point (SI ij.9). The above method 

of minimizing the field at the center of the spectrometer 

was obviously v/asteful of power and it was the lack of an 

unlimited source of power that established ah upper limit 

to the energy range of the spectrometer. It was thus ap¬ 

parent that the situation could be improved if the same 

magnetic field shape were produced by situating coils so 

as to increase the magnetic field at the ends of the spec¬ 

trometer rather than decrease it at the middle. In the 

pursuit of such a course it was necessary to maintain the 

total resistance of the coils constant in order to match 

properly the low output voltage, direct current generator 

which supplied current to the coils. 

Calculations were made of the effect of the coils 

D and E, shown in Figure 2, on the horizontal component 

of the magnetic field along the axis of the spectrometer. 

These calculations revealed that for a given field gradient 

a decided increase In the magnetic field per unit current 

flow in the coils could be achieved when the booster coils 
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were connected in series with the inner 120 turns of the 

large coils. 

On the basis of these calculations the decision 

was made, to reconstruct the spectrometer according to the 

design in Figure 2. The booster coils were mdo with a 

trapezoidal cross section in order to utilize all the space 

available. This shape required the construction, of funnel- 

shaped coil forms and funnel-shaped end pieces for the spec¬ 

trometer tube, These were made from brass, being centri- 

fugally cast in rough form and machine finished. Heavy 

wall 3/8” 00 copper tubing was chosen as the conductor be¬ 

cause of its comparatively ready availability. Calculations 

indicated that square copper tubing with a 1/8” diameter 

central hole would have been a better choice for the con¬ 

ductor except that it was more difficult to acquire and 

might have been more' difficult to wind. - 

The coil volume taken up by insulating materials 

was minimized by hand wrapping the copper tubing with 

♦ 002” by 3/1}" Scotch #5 electrical tape. This particular 

insulation was chosen for its high temperature resistance 

as well as its resistance to puncture. 

The addition of the two booster coils to the spec¬ 

trometer greatly restricted the amount of space available 

for the placing of baffles* detectors* target mounting and 

beam measuring assemblies. As a consequence, all these 

features of the spectrometer had to be redesigned with more 

efficient utilization of space the chief consideration. 

In redesigning the beam measuring device, provision was made 
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for collecting the beam either at the target or on the en¬ 

trance end of the central lead gamma ray shield, depending 

on whether or not the target and backing ware thick enough 

to stop the bombarding particles. 

An obvious method of extending the energy of the 

spectrometer was to increase the power available to the 

coils* The power was supplied by a Westinghouse motor- 

generator set, rated at 2$ kva, which had furnished up to 

ij.95 amperes through a resistive load of 0*138 ohms (3l}> kw) 

for shoz»t periods of time, A close study of the specifi¬ 

cations of the set indicated that the generator was capable 

of generating 600 amperes through the 0,120 ohm resistive 

load of tho modified coils (1*3 kw) without danger of excess 

heating, but that the i|.0 hp motor was not capable of driv¬ 

ing the generator under such heavy loads, 

A f>0 hp motor was procured and installed and the 

control system for the generator current was modified to 

handle and regulate th© heavier current loads. High current 

tests, one made under actual experimental conditions, have 

confirmed that the spectrometer can be safely operated at 

currents as high as 600 amperes* 

ALIGNMENT OP THE SPECTROMETER 

Although most of the basic dimensions of the spec¬ 

trometer were not changed in the course of the modification, 

it was still necessary to undertake an extensive alignment 

process in order to obtain resolutions and transmissions 

comparable to those of the unmodified spectrometer. The 
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first step in the alignment of the modified spectrometer 

was to approximate the field shape produced prior to modi¬ 

fication. This was done by using a flip coil and flux- 

meter to measure the horizontal component of the magnetic 

field as a function of position along the symmetry axis 

of the spectrometer for several different separation dis¬ 

tances of the large lenses. The desired field shape was 

obtained when the large lenses were separated by 25 cm, 

6 cm less than the separation distance for the unmodified 

spectrometer. 

The major portion of the alignment procedure con¬ 

sisted of the straightforward, but time-consuming, process 

of empirically determining the optimum positions of the 

source, detector, the baffles defining the acceptance aper¬ 

ture, and the intermediate image baffle. For this purpose 

a source of monoenergetic electrons was used to simulate 

actual experimental conditions and the performance of the 

spectrometer was gauged by the half-width and height of 

the curve obtained when these electrons were focused by 

the spectrometer. For these tests the electrons were de¬ 

tected at the exit end of the spectrometer by a scintil¬ 

lation counter consisting of an EGA 5819 photomultiplier 

looking at a 1.3T5,‘ X 0.l88n disc of plastic scintillator 

through a 1.375,f x l6n luclte light pipe. With this arrange¬ 

ment the effect of variations in the positional parameters 

mentioned above could be determined. 

The sequence of the adjustments of the spectrometer 

is not entirely immaterial and for this reason the alignment 
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procedure is outlined below. In each, adjustment the value 

of the parameter involved which gave the highest trans¬ 

mission was considered optimum. This value generally also 

gave the best resolution. 

Alignment Procedure 

1, The optimum source position was located with all baf¬ 

fles removed except an Intermediate image baffle with 

a 25 mm wide slit. (In this arrangement the apeetro-/ 

meter is virtually wide open and the limitations on 

the position of the source due to the geometry of the 

tube and detection arrangement are determined.) 

2, The intermediate image baffle for the good resolution 

setup was centered in the spectrometer tube and its 

optimum position along the axis of the spectrometer-was 

determined. 

3, The optimum radial position of the source was deter¬ 

mined. (This position was found to be 1,5 mm off the 

axis of the spectrometer for the source.of 1 Mev elec¬ 

trons used in the original alignment. However, later 

tests using pairs from the 6.055 Mev state of WQ^ in¬ 

dicated the best radial position to be dead center. 

It is probable that this discrepancy was brought on by 

failure to compensate for the effect of the earth*s 

magnetic field on the 1 Mev electrons.) 

I}.* The acceptance aperture baffles were positioned one 

at a time. This was done by moving them so as to re¬ 

duce the acceptance solid angle until further reduction 

. caused a decrease in the transmission, 
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5>, The position of the detector was varied within the 

rather narrow limits imposed by the V-shaped light 

pipe arrangement and the funnel-shaped end piece of 

the spectrometer. (In varying this parameter it was 

necessary, because of electron scattering, to simul¬ 

taneously vary the position of the exit foil so that 

the detector was always flush against the foil.) 

During the course of the alignment, several beta 

ray photographs were taken in order to facilitate the ad¬ 

justment process. Beta ray autophotography might have been 

used exclusively to align the spectrometer except that a 

strong source of energetic electrons is necessary to make 

its use practical. It is desirable that the electron 

energy lie within the range of electron energies which are 

met in the application of the spectrometer. The minimum 

electron energy the spectrometer sees is about 1 Mev 

(corresponding to 3 Mev gamma radiation) and so the inter¬ 

nal conversion electrons from the Bi^®^ source used in the 

alignment just meet this requirement. Since a strong source 

of 1 Mev (or higher energy) electrons was not available, 

the autoradiographic technique was used only to supplement 

the alignment method previously described. It was found 

that fogging of the film due to background radiation and 

other causes was sufficiently low to allow a considerable 

gain in image intensity, for a given exposure time, by the 

use of a film pack of three or four sheets of film. Pin 

holes punched through the assembled film pack made possible 
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the accurate realignment of the separate film sheets af¬ 

ter development. 

Studies of beta ray autoradiography by Cobb and 

Solomon (Go ij.8) and Steinberg and Solomon (St I4.9) indicated 

Eastman Kodak No-Screen x-ray film as the film most sensi¬ 

tive to high energy beta rays* This type of film was used 

for most of the photographic work involved in aligning the 

spectrometer* More recently Ilford x-ray film has been 

tried and found to be slightly more sensitive to 1 Mev 

electrons than Eastman No-Screen x-ray film, 

DETECTION SYSTEM MODIFICATION 

The detection system of the pair spectrometer uses 

two scintillation counters to detect positrons and electrons 

In coincidence. The effect of the magnetic field of the 

spectrometer on the photomultiplier tubes requires the use 

of Incite light pipes l6” in length to transmit light from 

the scintillating elements to the photomultipliers (Si 5>2). 

The use of a light pipe of this length reduces the pulse 

size of a scintillation counter by a factor of three and 

degrades the resolution. The latter effect requires that 

the scaling circuits recording the number of pairs be 

biased at lower levels in order to include all the true 

pair counts. At these lower biases the scaling circuits 

will record a higher proportion of background pulses. 

In an effort to improve the sensitivity and resolu¬ 

tion of the spectrometer detection system a series of tests 

was carried out wherein various combinations of scintil¬ 

lating elements, light pipes, and photomultiplier tubes 
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were compared to one another by using a single-channel pulse 

height analyser to observe the amplitude distribution of 

pulses produced in each arrangement by 1 Mev electrons. It 

was found that scintillating elements made of Pilot B plas¬ 

tic (manufactured by Pilot Chemicals Inc.) gave a mean pul3e 

height 20$ larger than the Unclear Enterprises plastic which 

had boon used previously in the spectrometer detection system. 

It was also determined that the resolution of the 

system could be improved from 35$ to 2i|.$ and the mean pulse 

height increased by about 30$ by replacing the shiny metal¬ 

lic (aluminum foil) reflecting surface covering the light 

pipe and crystal by a white, diffuse reflecting surface. 

The latter was made by mixing very fine-grained TiC>2 in a 

base of Zapon Aquanite (clear) lacquer and painting the 

mixture on aluminum foil. 

The improvement in pulse height results from the 

fact that the reflection coefficient of TiOg is higher 

than that of aluminum, (Under optimum conditions it is 

about ,998 for TIOg and ,9^ for aluminum.) This means 

that a lesser amount of the light not reflected by the 

lucite-air interface is absorbed. Another contributing 

factor may be the tendency of a diffuse reflecting surface 

surrounding the scintillator, whose index of refraction 

is slightly greater than that of the lucite light pipe, 

to prevent any entrapment of light in the scintillator, 

The reason for the improvement of the resolution 

may be at least partly understood by considering that with 

a perfect reflector surrounding the scintillator the 
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amplitude of the voltage pulse resulting from the stopping 

of a single electron should he independent of the point in 

the scintillator at which the electron lost its energy. 

That this is obviously not true for an inefficient reflec¬ 

tor can be seen by considering the case of a crystal sur¬ 

rounded by a perfect absorber of light. Experiments showed 

that when aluminum was used as the reflecting surface the 

counter resolution was sensitive to where the light pulses 

were being formed, being best when the light originated in 

a small region at the center of a wafer shaped scintillat¬ 

ing element, somewhat worse when the small region of ori¬ 

gination was off center and worse by a factor of up to 1.8 

when the whole wafer served as a light source. This be¬ 

haviour was not observed when the crystal and light pipe 

we re surrounded by the TiC^ reflecting surface. 

DETECTION OF PAIRS 

a) Good Resolution Configuration 

The reaction F19(p,o(jr)ol^ serves as a prolific 

source of pairs and hence was used as such in tests de¬ 

signed to gauge the performance of the pair spectrometer 

under actual experimental conditions. (Since the energy 

of the pair-emitting state in is relatively well known 

(6.0£5 t.015)* Mev, the reaction can also be used to cali¬ 

brate the spectrometer.) Figure 3 shows the nuclear pair 

line of '*0^6 as observed with the good resolution spectro¬ 

meter setup. The proton energy was i}..0 Mev and the target 

was a 1.5>8 mg/cm^ layer of calcium flouride evaporated on 

a silver backing 11.8 mg/cm^ thick. The ordinate of 
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Figure 3 is in arbitrary units, representing the relative 

yield of pairs per count of the gamma ray detector used to 

monitor the proton beam. The resolution of 2.3$ is as good 

as the best obtained with the equivalent setup on the un¬ 

modified spectrometer. A comparison of transmission is 

more difficult since good yield data are not available for 

either spectrometer. However, rough estimates indicate 

that the transmission has been improved, perhaps as much 

as by a factor of two, A current through the spectrometer 

coils of 2l}.l amperes was required to focus the pairs from 

w()lk. This means that 600 amperes will focus pairs produced 

by lev gamma rays. 

b) High Transmission Configuration 

Before a precise measurement of gamma ray energies 

from a given reaction is made it is usually desirable to 

make a quick survey of the reaction to determine where, if 

any, the regions of interest are. For this purpose it is 

desirable that the spectrometer have as high a transmission 

as possible, A high transmission is also a requisite when 

a search is made for gamma rays from weakly emitting states. 

The good resolution spectrometer can be transformed 

into a relatively high transmission instrument by removing 

the acceptance baffles, enlarging the annular intermediate 

image slit from 6 mm to 3k- mm, and by moving the source and 

detector closer together. (The last operation increases 

the acceptance solid angle, as defined by the spectrometer tube 

wall, but does so at a cost to the focusing power of the 
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spectrometer.) With these modifications the spectrometer 

transmits and detects 9*2$ of the electrons emitted by 

the Bi^®^ source mentioned earlier. The resolution is 

12,2$. However, in detecting pairs the resolution im¬ 

proves to 7*2 % and the transmission increases by a factor 

of about 60 over the good resolution arrangement. 

Figure i{. shows the 6*055 Mev nuclear pair line of 

as detected with the high transmission configuration 

of the spectrometer. The target and beam energy are the 

same as used in the test of the good resolution configura¬ 

tion, The maximum energy gamma ray that this arrangement 

will detect is 13,6 Mev, 

c) F^ipgCnflO^ Excitation Function 

It was thought that the high yield of. pairs pro¬ 

duced by the F^(p,0f7T)O^ reaction coupled with the re¬ 

latively high transmission of the 7*2$ resolution spec¬ 

trometer setup mi pda t make feasible a study of pair yield 

versus proton energy. This excitation function has been 

studied by several research groups (Ph 5l» Ch 50# Be lj.6, 

De 5^) in the proton energy range of 3l{-0 to 2000 kev. 

Phillips and Heydenberg used a coincidence arrangement to 

detect pairs and reduce counter response to strong gamma 

ray resonances from the F^9{p>(X^’)o^ reaction but even 

this method did not prevent gamma ray resonances from 

appearing on the pair excitation curve. 

The high transmission spectrometer arrangement, 

when set on the pair peak, will effectively exclude all 

gammas except those from the 6,08 Mev state of ^'O^, For 
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thin target backings the spectrometer detects nuclear pairs 

about 300 times more efficiently than gamma rays. For these 

reasons there should be little if any gamma ray contamina¬ 

tion of a pair excitation function obtained by the spectro¬ 

meter. 

To explore the possibility of using the spectrometer 

to obtain the pair excitation function a 0,261}. mg/cm? thick 

layer of CaFg (32 kev thick for 2.0 Mev protons) wa3 eva¬ 

porated onto a 13.0 mg/crsP silver backing and bombarded by 

protons in the energy range of 3.0 to lf.«k Mev, A Faraday 

cup, mounted on the end of the spectrometer lead gamma ray 

shield, was used, in conjunction with a current integrating 

device, to collect and integrate the proton beam after it 

had passed through the silver foil. Simultaneous measure¬ 

ments were made of pair and gamma ray yields as functions 

of bombarding energy. The gamma rays were observed by a 

geiger counter and a Hal scintillation counter biased to 

detect gamma rays with energies greater than approximately 

2 Mev. The angles of observation, relative to the beam, 

were 105° and 3ip0° respectively. A proton moment magne¬ 

tometer was used to measure the magnetic field of the beam 

analysing magnet. 

Figure 5 is a plot of the excitation functions for 

pairs and. gamma rays in the energy range cited. The gamma 

ray curve is that observed with the Hal counter and is 

essentially identical to that obtained by Willard et« al. 

(Wi £2) in this energy region except that the resolution 

is not as good. The 3.l6 Mev gamma ray peak observed by 
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Willard was used to calibrate the beam energy scale for 

the excitation functions in Figure 5. The observed pair 

peaks and level widths were: 

Sp (Mev) 3.15 3.36 3.50 3.93 4-.33 

rw (Mev) 0.16 0.09 0.10 0.27 0.10 

The level widths quoted are not highly accurate. 

These widths we re determined by subtracting an estimated 

background from the observed pair excitation curve, fitting 

the remainder to a sum of single resonance curves and cor¬ 

recting the widths thus obtained for target thickness ef¬ 

fects. The width of the resonance at h..33 Mev is probably 

correct to within #02 Mev. It is doubtful that the other 

widths can be quoted to even this accuracy. 

The performance of the spectrouie ter was such that 

the probable error limits are leas than the diameter of 

the circles used to indicate the points with less than 

four minutes counting time required for each point. The 

peak point at 4-.33 Mev represents a total count 2 x 10^ 

pairs with an attendant probable error of 0,5$. 
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