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ABSTRACT 

The secondary positron beams produced by linear 

electron accelerators are used in scattering experiments 

with stationary targets, in electron-positron colliding 

beam experiments, and in the production of annihilation 

photon beams : they now approach primary electron beams 

in their energy, intensity, and range of application. 
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The study of elementary subatomic particles is made possible in large measure 

by the development in recent years of high-energy electron and high-energy proton 

accelerators. Progress in the field of “accelerator physics” is usually reckoned 

in terms of the maximum “primary“ beam energies ‘and intensities that the most 

advanced accelerators are able to produce.. More recently, as higher primary 

energies and intensities have been achieved, the production of high-energy “secondary” 

beams of mesons, photons, anti-protons, neutrons and ,antineutrons, positrons 

(anti-electrons) and even neutrinos and hyperons has assumed considerable importance. 

Secondary beams are produced when an accelerated beam of primary electrons 

or protons strikes a suitable target. The photon (x-ray) beams produced in x-ray 

tubes (Fig. 1) provide a familiar example: electrons emitted from the negative 

cathodc are accelerated by the electric field toward the positive anode where they 

emit x-rays with a wide range of energy and direction. Usually, secondary beams 

are col.limatecl to yield “pencil” beams traveli.ng in a well-defined direction. Unlike 

photon beams, chargecl particle beams can also be momentum-analyzed by bending 

the bcnms through a magnetic field. This resuIts in a beam of specific momcniun~ 

and momcnlum interval. Techniques are also available for distinguishing or fol 

separating out. pflrticlcs of a particular type. The resulting secondary beams, 

thou$ still very useful, necessarily have lower energies and much lower intcnsitics 

than the primary beams that gcncrate them. 

The positron beams produced internally by linear accelerators (Fig. 2) differ 

from other secondary beams in that their energies normally exceed the encrf;ics of 

the primary electrons incident on the positron target or “converter. ” Furthermore, 

positron intensities can, in principle, exceed primary electron intensities. The 

high energy is flchieved by usin, 0‘ a major fraction of the linear accelerator to 
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accelerate positrons. The high intensity results from a cascade production 

process in which a “shower” of low-energy positrons and electrons is produced 

in the converter by a single high-energy electron. 

In linear accelerators the particles are accelerated along a straight tube 

by an electric field confined within that tube. There are two basic types: first, 

the standing-wave machine, in which the tube consists of many segments and 

the accelerating field exists across the gaps between segments; and, second, 

the traveling-wave machine, in which the electric field moves down the tube 

with the particles. In the traveling-wave design (Fig. 3), which is better suited 

to the acceleration of electrons, the wave can be visualized as a sine curve with 

crests indicating the maximum accelerating force and valleys indicating the 

maximum decelerating force. As the wave moves down the pipe, it tends to 

push the electrons ahead of it, gathering them into bunches near the accelerating 

crests. The velocity of the traveling-wave is controlled by a series of ridges 

within the pipe and is synchronized so that the electrons remain bunched ncnr 

the crests of the waves. After the first few feet of acceleration, the electrons 

have gained 10 MeV and are traveling at nearly the speed of light. From this 

point on, the electrons travel at almost constant speed through the pipe, and 

the subsequent energy and- momentum gain appear primarily as an increase in 

the electron mass. 

Because positrons and electrons have opposite charge, the crests of the 

electron sine wave tend to decelerate positrons while the valleys tend to ac- 

celerate them. Positron acceleration can therefore be achieved by shifting the 

traveling n-ave one half cycle with respect to the positron bunches. Tf positrons 

can be produced and injected into a linear electron accelerat.or with the prol)cl 

phase, they can be accelerated just as efficiently and can reach just as high an 

energy as electrons injected a.t the same point \vith the same initial energy and 

clirec tion. 
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Two basic processes are involved in the production of positrons by an 

incident electron. In the first step, the electron “hits” an atom in the con- 

verter and is decelerated by the electric field of the atomic nucleus or of one 

of the atomic electrons. As a result of this deceleration, the electron emits 

a photon whose ener,T may be as high as the initial electron energy or lower 

than the photon energy in ordinary light. This same process also occurs in 

the anode of an x-ray tube. In the second step, those photons which have suf- 

ficient energy (greater than 1.022 MeV, the combined mass-energy of an 

electron plus positron) interact with other atoms in the same converter to 

create secondary electrons and positrons in equal numbers by “pair production. H 

If the initial electron energy is well above this threshold, a cascade occurs in 

which successive generations of positrons and electrons radiate additional 

photons, which in turn produce additional positrons and electrons (Fig. 4). Several 

other processes contribute to the cascade including “pair annihilation, I1 in which 

a positron and an atomic electron annihilate into two photons, and 71Compton 

scattering, lr in which a photon knocl~s an initially bound electron out of an atom. 

For incident electron of 5 BeV, the resulting shower may contain as many as 

thirty low-energy positrons at “shower maximum. ” Thus the positron intensity 

at injection is quite high. The final intensity is determined by the fraction of 

these positrons which is captured and accelerated. 

There arc several means available by which the number of positrons reach- 

ing the end of a linear accelerator can bc enhanced (Fig. 5). The most important 

of these is the acceleration process itself. During acceleration, the COmponent of 

the positron momentum perpendicular to the accelerator axis (tranverse momentun~) 
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remains constant while the component along the axis (longitudinal momentum) in- 

creases linearly with the distance traveled. As a result, the trajectories become 

more and more parallel to the accelerator axis. By the time the positrons reach the 

end of the accelerator, the divergent angle has been reduced by perhaps two orders 

of magnitude, and the number of positrons remaining sufficiently near the accelerator 

axis to avoid hitting the walls has been enhanced by a factor of ten thousand or more 

by acceleration alone. Even so, the probability of capturing a given positron 

in a long pipe one inch in diameter remains quite small. 

The capture efficiency for positrons can also be enhanced by surrounding a portion of 

the accelerator tube with a coLaGal solenoid which produces a uniform magnetic 

field parallel to the accelerator axis and thus parallel to the accelerating electric 

field. The motion of the positrons in such an electro-magnetic field is a helix of 

constant radius (determined by the initial transverse momentum) and of increasing 

pitch (determined by the increasing longitudinal momentum). For optimum effectiveness, 

the solenoid should be installed immediately after the radiator where the angle between 

the positron direction and the accelerator axis is largest. While positron solenoids 

have been installed over the full length of certain linear accelerators, the cost for a 

long (high-energy) machine is not justified by the slow increase in solenoid cffectivcness 

with solenoid length. Typically, the solenoid is terminated after lo-30 feet, by which 

point the angle made by the positrons with the accelerator axis has been substantially 

reduced by acceleration. Ideally, positrons leave the solenoid near the accelerator 

axis; their reduced angle then ensures an enhanced capture efficiency, usually one or 

two orclers of magnitude better than the no-solenoid case. 

In place of a long solenoid, magnetic quadrupoles spaced at carefully chosen 

intervals along the linear accelerator can be used to supplement a short solenoid 

installed near the positron converter, Used in pairs or in triplets, these quadrupoles 
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serve as magnetic lenses to refocus the diverging positrons back toward the 

accelerator axis. Quadrupole focusing depends rather more critically upon the positron 

energy distribution than does the helical “focusing” of the solenoid. Thus quadrupoles 

are not very effective near the converter where fractional energy differences are 

large, and they are normally located farther downstream where the energy gained by 

acceleration is a significant fraction of the total. Quadrupoles have also been used 

effectively just upstream of the positron converter to focus primary electrons. This 

insures that the positrons ori$nate in a small volume quite near the accelerator axis. 

For high-energy accelerators, quadrupoles and a short solenoid provide a reasonable 

compromise between a short solenoid used separately and a longer solenoid installed 

over the entire length of the machine. 

A number of technical details must be worked out before a positron beam becomes 

a practical laboratory facility. In most cases, a wide range of solutions is available, 

and the particular choice represents a compromise of scvcral competing factors. 

For example, photon radiation and pair production occur whenever a beam of high- 

energy elccti-ons or positrons is incident on an array of atoms: any converter rnaterj 2.1 

can, in principle, be used. The most efficient materials arc those of high dcllsity near 

the botton of the periodic table --lend, tantalum, tungsten, gold, and plntinun--hut 

other elements may be more resistent to heat, corrosion, ancl radiation damngc or 

may be cheaper or more easily machined. Heat conducti\rity and the longevity of the 

residual radiation hazard are other important considerations. Thus, while all of the 

elements listedabove have been used, others such as copper may in sore cases 

provide a more attractive compromise. 

Similarly, the optimum converter thickness is generally that thickness for which 

the number of positrons in the shower is rn&Kimurn. Nevertheless, thinner COII~~~~~~~S 

may actually be more efficient if rclnlively high-energy positrons are required for 
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injection or if the scattering of particles in the shower leads to positron angles 

too large for a satisfactory capture efficiency. 

Finally, while a “typical” positron converter may be visualized as a water- 

cooled tungsten cylinder one-half inch in diameter extending some fraction of an 

inch along the accelerator axis, a number-of more exotic converters have been 

proposed and sometimes used. Thus the ZOO-kilowatt power rating of the 5-BeV 

electron beam which strikes a positron converter at the 20-BeV Stanford Linear 

Accelerator Center has inspired physicists to consider “wands” which dip into the 

electron beam only on occasional pulses, “wheels” which rotate through the 

electron beam to dissipate the beam power within a larger volume, “brushes” 

with tungsten wire bristles projecting radially from the peripheries of rotating 

wheels, and even liquids such as mercury or molten indium which flow through 

the electron beam and into a suitable heat .cschangcr (Fig. G). 

The first positron beam produced by the Stanford Mark III Accelerator \vas 

developed by John Poirier, David Bernstein, and Jerome Pine around 1958.2 

The positrons lvere generated by 350-McV electrons incitlcnt on a thin CO~IJC~. 

converter near the midpoint of the accelerator, and no acceleration was used 

beyond this point. Bccausc the converter was thin, the shower did not progress beyond 

one or two stages on the average, and a few positrons produced with a substantial 

fraction of the incident electron energy reached the end OC the accelerator. These 

were collimated and momentum-analyzecl to yield a well-defined bc:un of 2004IeV 

positrons in the experimental area. The relatively low masimum intensity of 

several hundred positrons per accelerator pulse was well suit& to the requirements 

of a cloi~cl chnmbcr experiment in which th c scattering of positrons by 3tomic electrons 

in a beryllium plate 1~::s measured. 
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During 1959, extensive work was done by Jerome Pine and the author in an 

effort to increase the positron intensity to the point where positron experiments 

could be carried out with magnetic spectrometers and counters--the instruments 

normally used at Mark III to detect electrons. Positron acceleration and solenoidal 

focusing--both discussed by Poirier in his doctoral thesis--were first tried during 

this period, and various target materials, thicknesses, and locations were 

systematically studied for the first time. As a result, the positron beam intensity 

increased some five orders of magnitude from several hundred to 3~10~ positrons 

‘3 per pulse, 60 pulses a second (an average current of 0.3 nanoamps). This was 

still more than three orders of magnitude lower than the intense Mark III electron 

beam, but it far surpassed the intensities of meson and other secondary beams 

produced elsewhere without acceleration. In fact, it was beginning to compare favorably 

with some primary proton intensities. 

In effect, the new beam provided physicists at Stanford with an additional parametcr-- 

the charge, positive or negative, of .the incident particle--which they could vary almost 

at will. The existence of either a positron or an electron beam under identical 

experimental conditions had one further consequence: very precise comparisons could 

be made and very small differences detected in electron and positron interactions. 

The first experiment carried out with the new positron beam was a precise (to 

1% at some points) comparison of positron-proton and electron-proton scattering at 

200 to 300 MeV (Fig. 7).4 This experiment provided the first direct test of certain 

assumptions made in analyzing the extensive elect.ron-proton data obtained by 

Robert Hofstadter and his collaborators in the same laboratory. More ex- 

plicitly, the electron-proton interaction was assumed to proceecl via the eschangc 

of a single photon, and the exchange of two or more phoions was neglected. 
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The differences in positron-proton and electron-proton scattering provide a direct 

measure of the two-photon contributions. These were estimated to be of order 

Za! where Z = 1 is the charge of the proton in units of the electron charge and 

Q! = l/137 is the “fine structure constant;” however, deformation of the proton 

(polarization) by the interaction of one photon can in some models enhance the 

interaction of the second photon in the two-photon process. The Wofstadter 

experiments, in which electrons were used in a systematic study of internal 

proton structure, were of such fundamental importance that Hofstadter himself was 

awarded the 1961 Nobel prize for physics. 

The positron-proton work was subsequent.ly extended to 850 MeV ‘, at Stanford5 

and recently to energies above 1 BeV by physicists at Cornell University, 6 at the 

Cambridge Electron Accelerator, 7 and at the Deutsches Elelitronen-Syllchrot~,on 

in Hamburg, Germany. 8 The last three groups used circular accelerators and 

produced positron beams conventionally, that is, without positron acceleration, 

The experiment has also recently been done at scattering angles of 180’ (baclrurnrd 

scattering) by physicists at Orsay, Fr,a~~cc~~ During the last ycal.*, the positroll-- 

protoil experiment has been extended to 8 BeV at the Stanford Linear Accelc~*tl.t~r 

Center .1’ Within the few percent sensitivity of these experiment,s, no unexl~~ctctl 

differences have been found‘in positron-proton and electron-proton scat;icring 

from 200 MeV to 8 BeV. 

An exi>erimcnt in which cluitc large differences in positron and electron 

scattering were observed was carried out at Stanford immcdintely after the first 

positron-proton experiment. 11 
In this case, 300-MeV positrons and electrons were 

scattered off of cobalt (Z-27) and bismuth (Z-83) -“high-Z” clcmen ts hn\in~ conlplicat~~:1 
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nuclei consisting of many protons and neutrons. The two-photon effects were 

again expected to be of order ZQ,, i. e. , of order 27/137 and 83/137 respectively; 

thus they provide a readily measurable and rather sensitive probe of nuclear 

structure (Fig. 8). While not so fundamental as the studies of internal proton 

structure, this work on nuclear - as distinguished from elementary particle - 

physics has stimulated similar positron programs at Orsay 12 and Saclay, France, 

at Ssskatoon, Saskatchewan, at Frascnti, Italy, and at other laboratories in this 

country. 

The original positron-electron scattering exTerimcnt was rcpeatcd at Orsay 13 

using counters, a magnetic spec tronieter, and a positron beam developecl by Louis 

Burnod. The high intensity available by this time (1965) permitted an absolute 

measurement to lYO, which represented an order of magnitude improvcmcnl, in 

precision over the earlier cloud chamber results at Stanford. 2 

While the initial development of inknse positron beams was motiv&xl by 

scattering cq)eriment.s such as those just described, a second and very recent 

application may ult-imntely be of gl-ezlcr importance. Spccifirall~~, p~~:;iii~ons as 

well as eleclrons are no:\: being injected at high me1 ,gies into storage riugs. For 

relativistic reasons, the a\:nilable twcrgy in such a collision is highcl, than can 

lie achicwd even when posilrons of fiw grenter energy interact n-ilh ~~lc~c.t~~ons in a 

stationary target. Not on]\; does this permit an extension of the l,osit!‘on-elccl.l’on 

scatlcring eqerimenls to wry hi@ efrcctive cnel, *ties, but more in!p9i’t:?ntly, it 

allo\$‘s physicists tcJ stucly at these cilc!rgics a variety of annil~!ilztion rcL:C;iions, 

There is, in fact, a reasonoblc probnbility thnt, instead of nnnihilntin:; ill10 the 

usual pair of photons, the colliding positron and electron will prodwc pn irs Of 

n;eSOilS 01- l,:~l~>-~>nf;. T112 in!crnlcdinie :;tztc is :I vii-tu:ll pllotol; - 3, “b::ll” Of IR!l‘t’ 
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ener,T--which can then decay into any particle-antiparticle pair with rest mass 

energy up to the combined ener,T of the two beams. 

For the clashing beam experiment (ACO) (Fig. 9) now in progress at Orsay, 14 

the 1.3-BeV linear accelerator is divided into two units, each with its own elect.ron 

EW. The first, consisting of four 250-MeV sectors, is used to produce positrons: 

electrons at 750 MeV strike a tungsten radiator at the end of the third sector, and 

positrons from the radiator are accelerated to 250 MeV by the fourth sector. The 

fifth and final sector is used to produce a beam of 250~MeV electrons. After 

injection, positrons and electrons at 250 MeV are accelerated in the storage ring 

to 550 MeV, somewhat above the thresholds for proclacing~, 1~, and I< meson pairs. 

Processes involving a single intermediate meson of higher rest energy, such as the 

p, the w, and the $ are also being studied. 

The 700-MeV positron-electron storage ring (VEPP-2) l4 now operating at 

Novosibirsk in the Soviet Union has recently yielded a measurement of the P-meson 

production rate. The Soviet results- for the p-meson are believed byman3-ph~.sici~ts: to be 

the best obtained to date by any procedure. They agree lvith previous results escei,:. that 

they yield a significantly narrower resonance width than has been seen before (the 

resonance width is inversely proportional to the particle lifetime). 

The positron beam facility 
15 dcvelopccl for the 1.5-BeV storage ring (ADOXE) 14 

at Frascati, Italy, is noteworthy in several respects. The linear accelerator in clues1 ion 

was built commercially by Varian Associates, USA, specifically for electron and 

positron acceleration and injection into the storage ring. The accelerator is composed 

of ~XO sections: the high-intensity section accelerates electrons to an energy of 

65 MeV; the high-energy section adds up to 350 IGeV additional energy to either 

pOsitl~0lls 01’ electrons injcctcd at this point. For positro!) acceleration, the 
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electron beam at the end of the high-intensity section is focused on a converter by 

magnetic quadrupolcs. The converter is followed by a high-field (15-kilogauss) 

lens--essentially a short solenoid--and by a long, moderate-field (2.4~kilogauss) 

solenoid extending to the end of the high-energy section. This facility has achieved 

average positron intensities above 1 microamp at 360 MeV in a 1% energy band. 

This is about three thousand times the positron intensity obtained at the Stanford 

Mark III accelerator: it exceeds the primary proton and primary electron intensities of 

all circular accelerators in the BeV range and is only a factor of two or three below 

the primary electron intensities at the Stanford Mark III and the Orsay linear 

accelerators. 

The next generation of positron-electron storage rings is already under way. 14 

A 3.5-BeV ring (VEPP-3) is under construction at Novosibirsk, and a 3-BeV facility 

is being assembled in this country by adapting the 6-BeV Cambridge Electron 

Accelerator to accelerate and store positrons and electrons injected by a 130~MeV 

linear accelerator. Storage rings of 3 BeV have been proposed for the Deutsches 

Elcktronen-Synchrotron and for the Stanford Linear Accelerator Center. 

We have already discussed two applications for secondary positron beams, 

namely conventional scattering experiments in which the target is stationary, and 

colliding beam espcrimcnts in which the target is an electron moving in the 

opposite direction with the same velocity and encr,gy. A third application is of 

particular interest at the Stanford Linear Accelerator Center where positrons are 

now being used to produce “tertiary” beams of annihilation photons. 

In this third application, the positron beam is momentum analyzed and strikes 

a target or ‘Yadiator ” at the end of the accelerator, which is analogous to the 

converter in which the positrons were initially produced. Two main processes can 

then occur. First, the pcsitrons can radiate photons by clccelerution in the clcatric 

fields of the target nuclei and. electrons--the first step in the production of a. new 
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cascade shower. Second, unlike the electrons incident on the converter, the 

positrons hitting the final radiator can annihilate with atomic electrons to produce 

pairs of photons, each of which has a well-defined energy for a given angle with 

respect to the incident positron direction, Annihilation is enhanced relative to 

radiation by using a radiator material near the top of the periodic table, for 

example, liquid hydrogen, lithium, or beryllium. 

Annihilation photons are quite distinct from radiation photons, which 

can hare any energy up to the incident energy of the radiating positron 

or electron. Furthermore, annihilation photons are distributed over a broader 

angular region D At a particular angle, the complete photon spectrum. consists of a 

sharp spike at the annihilation photon ener,v characteristic of that angle, superimposed 

on a diffuse background of radiation photons. The underlying background is identical 

to the ordinary radiation spectrum produced by electrons for the same experimental 

conditions, 

Annihilation photons provide physicists with a partially monochromatic beam, 

that is, a beam in which a substantial fraction of the photons have the same cncrgy. 

The annihilation technique is important because photons have no charge and cannot 

be energy-analyzed by magnetic or electric fields. Partially monochromntic beams 

can also be produced by scattering laser light off of a beam of electrons or positrons, 

but this possibility is still being developed. 

In the earliest allllihilafioll-photon beams, developed in the late 1950’s by StanlcJ 

Fultz and his collaborators at the Unipcrsity of California, Lawrence Iindintion 
16 

Laboratory 

and by C. Tzara and his colleagues at Saclay, France, 17 the photons were produced at 0’ 

with respect to the incident positron direction, thereby enhancing t11c photo:1 yield 

near the incident positron energy. These early annihilation beams were used to study 

photonuclear rc:;.ci.ioils at energies below 50 ILI~V---an are:i of rcscnrch th~,i is 

C@~l~plimCilial~y to electron or positron scattering from nuclei and that is also nctivt? 

today. It is interesting to note that the St:lnford and Lawrence Rztlinlion Lnh~~a!ory 
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groups, working some 40 miles apart, evolved the positron acceleration technique 

independently and used positron beams in two rather different applications--scattering 

and the production of annihilation photons--simultaneously and for a considerable 

period before either group became aware of the other. 

The positron beam developed at the Stanford Linear Accelerator Center 
18 

(Figs. 10, 11) by Herbert DeStaebler, Jerome Pine and others - with 

fifteen times the energy and nearly the same intensity as the electron beam at 

Stanford Mark III--is now being used to produce a beam of annihilation photons for 

use in photoproduction experiments such as those being carried out in the one-meter 

hydrogen bubble chamber. The annihilation beam (Fig. 12) has been developed by 

Joseph Ballam, George Chadwick, Zaven Guiragossidn, David Leith,:Rudy Larsen, and 

Stephen Williams. 20 Because the magnitude of the annihilation spike, relative to the 

-- radiation background, decreases with increasing energy, it is necessary at high 

energies to take advantage of the relatively broad annihilation angular distribution 

and to enhance the signal-to-noise by selecting photons produced at some angle with 

respect to the positron beam direction. For 15-BeV positrons and an angle of half 

a degree, the annihilation spike occurs at 7.27 BeV (Fig. 13). 

The use of a positron beam to produce a specialized beam of high-ener,9 photons 

is perhaps the best measure of the extent to which the positron technique has 

progressed. In a very real sense, the positron beam at the Stanford Linear 

Accelerator Center is treated as a standard laboratory facility almost on a par 

with the electron beam in its range of applications. 
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FIGURE CAPTIONS 

1. An x-ray tube. Electrons emitted from the negative cathode are accelerated 

toward the positive anode where they produce x-rays with a wide range of 

direction and energy. The intensity of the electron and x-ray beams can be 

controlled by adjusting the filament current. The maximum energy of the 

x-rays is essentially the energy gained by the electrons during acceleration. 

The x-rays can be collimated to yield a well-defined beam traveling in a 

particular direction. 

2. An early positron beam facility developed at the Stanford Mark III Accelerator. 

Electrons injected at the left are accelerated to 600 MeV and strike a positron 

converter two-thirds of the way along the machine. Positrons from the 

converter are accelerated to 300 MeV by the last third of the accelerator and 

are collimated and momentum-analyzed to produce a welLdefined beam in the 

experimental area. 

3. Acceleration of electrons or positrons by a traveling-wave linear accelerator. 

A high-frequency radio wave generated by klystrons flows down an electrical 

waveguide (a). Negatively charged electrons are repelled by the negative wave 

crests and attracted by the positive wavecrests to cause motion to the right (I~). 

Positively charged positrons can be accelerated by the same wave if they are 

displaced one-half cycle with respect to the electrons. The process is not 

unlike the horizontal acceleration of a surf-board rider on ocean beach waves (c). 

Discs or ridges within a waveguide control the velocity of the traveling wave so 

that the “surfboard-riding” electrons or positrons remain in step with the 

wave crests (d). 



4. The development of a cascade shower. In (a) an electron (e-) incident on the 

left radiates a photon (wavy line) in the electric field of an atom (solid dot). 

The photon then produces a positron (e+) and an electron by pair production. 

The multiplication process continues until the photons no longer have enough 

energy to produce positron-electron pairs. Low energy positrons and 

electrons are continually being absorbed by ionization. In (b) the number of 

electrons in a typical shower is plotted versus the depth of penetration into 

a copper positron converter. The primary electron energy is 6 BeV. At 

shower maximum there are more than thirty electrons and about the same 

number of positrons. 

5. Methods by which the number of positrons reaching the end of a linear accelerator 

can be enhanced. In (a) there is no enhancement. In (b) acceleration causes 

the positron trajectory to become more nearly parallel with the accelerator 

axis. The addition of a long soIenoid (c) causes the accelerated positrons 

to follow a helical path of constant radius and of increasing pitch. In (d) a 

magnetic quadrupole lens supplements a short solenoid. 

6. Diagram of the copper wheel target or converter and associated mechanism used 

as a positron source at the Stanford Linear Accelerator Center. When installed 

in the 5-BeV, 200~kilowatt electron beam, the water-cooled wheel executes a 

circular motion about the beam to dissipate the intense heat through a larger 

volume. The wand, which dips into the beam only on occasional pulses, is 

shown to the Ieft of the beam centerline. 

7. Summary of the experimental results comparing positron-proton and electron- 

proton scattering. The “Feynman diagrams” describing the scattering of a 

positron or an el.ectron on a target proton are shown in (a) for a single-photon 

esc‘hnnge and in (b) for a two-photon exchange. In (c) the ratio of the positron 



an electron processes is plotted versus the square of the momentum transfer to 

the target proton, a quantity which increases with the incident energy and the 

scattering angle. Within the few-percent sensitivity of this series of experiments, 

no unexpected differences in positron-proton and electron-proton scattering have 

been found. 

8. Summary of the experimental results comparing electron and positron scattering 

from bismuth nuclei. The difference in the two processes divided by the sum is 

plot&d in (a) versus the scattering angle for an incident energy of 300 MeV. Four 

points taken at 150 MeV were scaled up to 300 MeV to test a theoretical scaling 

law. Qualitatively, differences in electron and positron scattering increase with 

the number of protons in the nucleus. Thus these data provide a sensitive test 

of various models of the distribution of charge within the 83-proton bismuth 

nucleus. The models used in (a) were obtained from electron-scattering experiments 

and are plotted in (b) for a root-mean-square bismuth radius of 5.52 X 10 -1.3 cm . 

9. The injection system for the500-MeV Orsay stora.ge ring (a) and a larger thawing 

of the ring itself (b). The first four 250-MeV sectors of the linear accelerator 

(not shown) are used to produce positrons while the last sector produces electrons 

when a removable electron injector is installed at the point denoted A. The main 

components of the Orsay storage ring are labeled as follows: a-&magnet sector; 

b--quadrupole focusing magnet; c--injector; 1 c --pulsed inflector for positrons; 

c2--pulsed inflector for electrons; d--radio frequency acceleration cavity; 

e --experimental equipment; f--vacuum pumps. 

10. Schematic drawing of the positron facility at the Stanford Linear Accelerator 

Center. Electrons originating at the injector are accelerated to 5 BeV and strike 

a converter one-third of the way along the two-mile accelerator. Positrons 



I 

produced. in the converter pass through a tapered high-field solenoid ancl a 

constant-field solenoid of moderate strength and are then accelerated the 

remaining distance to the Beam Switehyard. Quadrupole triplets located along 

the accelerator provide additional focusing, The location of the one-meter 

hydrogen bubble chamber, which uses positron-annihilation photons, is also 

shown. 

11. Photograph of the positron converter area at the Stanford Linear Accelerator 

Center. The view is in the direction of the beam, which enters from the left. 

12. Facility for producing a partially monochromatic photon beam at the Stanford 

Linear Accelerator Center. Well-collimated and momentum-analyzed positrons 

enter from the left and strike a liquid hydrogen radiator where a fraction annihilates 

to produce two photons. Unlike radiation photons, annihilation photons have a 

well-defined energy at a given production angle with respect to the positron beam 

13. 

direction. The positrons are deflected into a beam dump by a mag-uct (112) just 

after the target, while the uncharged photons continue on to the one-meter-long 

hydrogen bubble chamber. A liquid-hydrogen photon hardener is used to ahsorb 

very low energy photons, and sIit collimators define the. proper annihilatio:l 

angle. Sweeping magxcts are used after each collimator to eljminnte positrons 

and electrons produced by photon showers in these collimators. 

Idealized annihilation photon spectrum for incident positrons of 15 EeV. The 

coillpletc spectrum at 0. 5 degrees with respect to the pnsitron direction sholvs 

an annihilation spike at 7.27 BeV superimposed on background spectra from 

direct photon radiation and from indirect photon radiation. Direct radiation 

occurs at the proper annihilation angle; indirect radiation occurs at zero degrees 

after the positron has scattered into the proper annihilation angle. 
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