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SUMMARY 
Beams of monoenergetic positrons with energies of a few eV to 

many keV have been used in experiments in atomic physics, solid-
state physics and materials science. The production of positron 
beams from a new source, an electron linac, is described. 

Intense, pulsed beams of low-energy positrons have been 
produced by a high-energy beam from an electron linac. The 
production efficiency, moderator geometry, beam spot size and other 
positron beam parameters have been determined for electrons with 
energies from 60 to 120 MeV. Low-energy positron beams produced 
with a high-energy electron linac can be of much higher intensity 
than those beams currently derived from radioactive sources. These 
higher intensity beams will make possible positron experiments 
previously infeasible. 

*Work performed under the auspices of the U.S. Department of Energy 
by the Lawrence Livermore National Laboratory under contract number 
W-7405-ENG-48. 
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i/)> zo \-'.v ::r*.'\'«'i«:: i:s .*"" e*rr-'''"or-is asinci bee-s of 
.':-•.•? o -fit-tie ,."'SiiiT':s Moro »3s seer, o eentinuing effort to 
. .;>-i:-3St; trc- intensity cf thejse rositron sources for both puHed 
.--.„ c-fntir.;.?j5 i:oo:"S. T>iose efforts nave centered rr.ainly around 
:-.-" irpro'.i.'"-';r.t in the conversion of energetic positrons frcn 
•;,..:acti'.c- Purees to '::.:,o-energetic, low-energy positrons Dy 
" i-'cino the "ccerotor material characteristics. This effort has 
]•.£ x: 'lici.er t w " intercity through improved moderator efficiency 
. z : ;ki'-c-r uv.acrstcncing of the proouction of low energy posi-
"v'-.-s zy i p".c<^ss cf diffusion to tne moderator surface and 
• -•• .hiMi ZJ the r.egatike positron work function. The efficiency 
.* ; ie rcceration process has Seen improved to such an extent that 
theoretical limits nave iec-n approched. Any further large 
increases in positron beam intensity must come from the use of 
r.oi-e intense sources. 

To provide a more intense source of positrons through 
racioactive oecay requires the use of sources with short half 
lives. The limit of the positron intensity from the usual sources 
of positrons, 2-Na o r 5c£ 0 ) results from the inability of the 
positrons from the back of the source to penetrate the source 
•aterial and escape the source configuration. The overburden of 
raterial is lower in sources that have short half lives, ^ C or 
-"'Cu but these sources :rust be continually renewed by 
irradiation with an accelerator1 or reactor.2 

Intense sources of high energy positrons can be obtained by 
pair production in the bremsstrahlung field that results from 
-itting a radiator-converter with the electron beam. Positrons 
are produced in electron-positron showers resulting from repeated 
cycles of pair-production and bremsstrahlung radiation. The 
positrons can be moderated and emitted as low energy positrons in 
much the same way as in the radioactive source systems. Low 
energy positron beams produced by this technique have been used at 
other laboratories, but the beams were of low intensity.'i* 
'•'.ore recently work at Livermore5 has demonstrated that intense 
beams of low energy positrons can be derived from linac electron 
jeams. 

In the Livermore experiments the important parameters of the 
production of low energy positrons from high energy electrons have 
~,een iaentified and operating ranges established: The geometry of 
tne electron radiator-convertor and positron moderator was studied, 
and the optimum raaiator-convertor thickness was determined for 
both tungsten and tantalum convertors. The variation in positron 
production with primary electron beam energy was measured. The 
size of the positron emitting region on the moderator was 
determined for several incident primary beam angles. Some of 



». v ^ t t U ' i ' U * ' *• *..' J v ,j 1 . . . -i h, . .. « r V A ^ ^ ' V M v. J -i . * i'_. - I j\. *-•..... i '•-..' L 

Jt *as fcur.a mat t''.c- :"OSt irrportont parcretcr affect ir.g 
If^-er.crg^ positren preeu'tien is Hie cccr.etry of ttie reaiotcr-
ccr, verier ar.d rcoderetor. Tre test results were obtained with the 
•civsest coupling possiDle ceueen these two elements. The option 
thickness of the radiator-converter is the same number of radiation 
3?ngtt!s for the ."ateriels studied and the overall positron produc­
tion was dominated by the power deposited in the radiator-converter 
regardless of electron beam energy for energies above 60 Mev. 
:>:?ERIKEKTAL DETAILS 

Tne initial Livermore experiments were performed with a 
conventional bent solenoic slow-positron transport system, similar 
to those described in Refs. 6 and 7. This apparatus was used to 
measure the slow-positron production efficiency. The electron 
beam passed through thin stainless steel windows to reach the 
position of the electron-positron converter. The converter-
moderator assembly was withdrawn to tune the electron beam. A 
bias between the moderator and an aperture accelerated the slow 
oositrons to energies between 10 and 100 eV. This transport 
system had 50 percent transmission 1 cm off the central axis. 

Initially, positrons were detected by a 1 cm diameter channel 
electron multiplier (CEM) positioned on the solenoid axis. The 
CEM was run in a single particle counting mode. Thus multiple 
positrons in a beam pulse were indistinguishable from single 
positrons. To measure the electron-beam-to-slow-positron con­
version efficiency accurately, it was necessary to restrict the 
electron beam current so that the positron counting rate in the 
CEM was about 30 percent of the beam repetition rate of 1440 sec" 1. 

A second system constructed at Yale allowed us to transport 
the slow positrons out of the accelerator cave and away from most 
of the beam-induced background. In this apparatus the positron 
transport efficiency is unmeasured but the transmission of thermal 
electrons is 86%. In the low background experimental area we used 
both Nal detectors and micro-channel plate detectors to measure the 
positron production rates with electron beam peak currents near the 
maximum available from the linac. Observations of both the output 
current trace of the micro-channel plate and the annihilation 
radiation counting rate in the Nal detectors placed far from the 
slow positron beam stop demonstrated that slow positron production 
was proportional to the beam current for all beam levels available 
at our linac. 

A third positron transport system was constructed as a 
prototype of the positron production part of a permanently 



.-., v." io;V " v, '"!•?'""?,./ positrcn soi": l ine 'dcdkotod to r o t e n a h ; 
: : ' C-: ^ : ' C ' r n : > , P:iq. 3. ]?; tfct prototype system .',0 cculd 
:..'-:::o"y cvt-.i iK- t f ie 's i re ovid shape of tfce positron ch i t t i ng 

•.' sr.-'t :>y or serving t«;e opt ical output ef a ^icro-channel 
; ' : : c . Frc": th<; e lec t r ica l output of the n;iero-chanr.el plate *e 

. :.?i.reci rosUren prccuctien ef f ic iency and the d is t r ibu t ion of the 
;o i>t i - : ! i tv :c of f " i g h t . 

', :>it; feature of the prototype transport system was that the 
••-.ciotor-cenvertor .;as outside the vacuum system and the moderator 
inside-. Vacuum »3s maintained by a thin aluminium window. The 
transport system also has the capability of extracting and trans-
- ..'-ting tne positrons using purely electrostatic elements or 
.'T.scnetic elements or a combination of both. By adjusting the 
fields in the prototype system it was possible to reduce the size 
of the spot or the micro-channel plate to less than 1/4 of the size 
.f the positron emitting spot on the moderator. 

In all transport systems the energy of the positrons was 
"easured by ti;e ti^e of flight. The agreement between the energy 
measured by time of flight and the acceleration voltage uniquely 
identified the slow positrons. There was also a prompt signal 
produced by the intense bremsstrahlung flash from the primary linac 
beam. The prompt signal served as a convenient time mark for the 
time-of-flight determinations. 
RESULTS 

We found in all cases that close coupling between the electron 
radiator-converter and positron moderator resulted in the highest 
slow-positron yield. This is expected, since the positrons 
emerging from the converter have a high angular divergence. The 
best materials for radiator-converters have the combination of high 
density, high atomic number, high melting point and low residual 
radioactivity after use. For the radiator-converter we have used 
either tungsten or tantalum at different times and found that the 
positron yield is not sensitive to which of these materials were 
used. Both of these materials have all of the desirable 
characteristic except that they have high levels of residual 
radioactivity. 

For the positron moderator tungsten was chosen from among the 
materials known to have high negative work functions for positrons 
because of its high positron yield, ease of preparation, and 
resistance to degradation in air. The higher atomic number of 
tungsten gives it a higher stopping efficiency for energetic 
positrons and a lower susceptability to radiation damage by 
positrons or electrons that have only a few MeV of energy. 
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Fig. 1. Front end geometry of the prototype system designed to 
study design features for the permanent beam line being installed 
at Livermore. Problems of shielding from residual radiation and 
removal of heat are simplified by keeping the radiator-converter in 
air. Positrons were detected with a micro-channel plate 1.5 m from 
the moderator. 



-recater "ate rial ;\3S pr^ored os tlcscriaed in fief. S and ti'.en 
: ~-«*v3 31'.; u-jnsferred in air to Hie experimental apparatus. 
.;,':'.or "cc ureters also have a high positron .yield, but rcust be 
: r. p-jrtd ire stored in a High vacuum' ond nay not be as radiation 
••:•.:istant as tungsten. 

Tne sest geometry found for the moderator and transport 
assists of tungsten foils a>ranged as a series of vanes with the 
front edges facing the transport system and the surface of the vane 
;.:;?•:Tie! to the magnetic guiding field in the transport. Several 

'.her geometries for the moderator were tried including flat plates 
'.in the plate surface perpendicular to the guiding field and a 

Scr-'es of wires arranged in a grid. Comparing these geometries, we 
fcjnd that the low energy positron yield was the highest with the 
•ancs end we3 lower in the other geometries by about the same 
a.i'Ount as the reduction in surface area of the moderators. 

In Ref. 5 the positron yield is reported for different 
electron radiator-converter thicknesses; the best yield was found 
=t three radiation lengths for electrons in tantalum. Similar 
reasurements, shown in Fig. 1, were made with 100 MeV electrons and 
a tungsten radiator-convertor in the prototype transport system. 
Tne maximum low energy positron production is still found at a 
thickness corresponding to three radiation lengths in the material. 
"hus about 95 percent of the energy in the original electron beam 
r.as been converted into other forms of energy, including positrons. 

The size of the positron emitting region of the moderator 
could be determined in the prototype transport system by observing 
tne positron spot on the micro-channel plate. These measurements 
were done for a flat plate tungsten radiator-convertor, three 
radiation lengths thick, with the moderator vanes placed directly 
against the downstream side of the plate. The edge of the vanes 
was clearly visible in the positron beam spot so the vane spacing 
provided a length calibration. An electron beam about 2 mm in 
diameter was incident on the plate at either 40° or 15°. For both 
electron beam angles the size of the positron emitting region of 
the moderator was roughly 1 cm. 

The highest efficiency to date was measured in the prototype 
transport system by reducing the electron beam intensity and 
counting single positron events in the micro-channel plate. The 
value is 2.0 X 10" 6 slow positrons per incident electron. This 
efficiency is high enough that with the beam from the Lawrence 
Livermere National Laboratory S-band Linac, slow-positron beams of 
j.5 namp average current are possible. With short pulse duration, 
beans with 8 X 10 s slow positrons per pulse can be produced in 
;.ulses shorter than 20 nsec repeated 1440 times a second. These 



;o;'.s -vrc scleral orders of magnitude r.oro intense than thosi.' frcT, 
•listing reductive sources. 
DlSCUSSICrj 

Production of positron beans with an electron linac results in 
special properties and problems due to the properties of the linac 
electron beam. Since the electron beam in most linacs is pulsed 
tiie positron beam will be pulsed as well. The time width of the 
positron pulse will depend on the width of the electron beam pulse, 
the lifetime of the positrons in the moderator and the qualities of 
the positron transport. In a typical rf linac the electron beam has 
a time structure consisting of a train of micropulses each about 
10" ^ s in duration separated by the rf period. The pulse train 
may have any length from a nanosecond to several microseconds. Thus 
with proper bunching it is possible to have positron pulses that 
are short enough to use in short lifetime experiments. Bunching 
techniques can also be used to compensate for the energy dispersion 
of the slow positrons and so very good time definition or very good 
energy definition can be obtained in intense slow-positron beams. 

With intense, pulsed slow-positron beams we can perform time-
of-flight energy analysis of scattering from gasses and 
time-of-flight measurements of positrons and positronium scattered 
or diffracted in a wide variety of conditions. Also we can perform 
new materials-science measurements including two-dimensional 
angular correlation measurements, and with a short positron pulse, 
positron lifetimes. These and other materials measurements such as 
Ooppler broadening can be made on samples during rapidly changing 
conditions to study transient effects. 

There are two practical problems with producing high intensity 
low energy positron beams with an electron linac: First is the need 
to dissipate large amounts of power in the radiator-convertor and 
also in the surronding apparatus. The LLNL linac produces 10 kw in 
the mode that has a high rate of short pulses and nearly 40 kw in 
the mode that has a low rate of longer pulses. In the production 
of low energy positrons a large fraction of the linac power will be 
deposited in the radiator-convertor in the form of heat which must 
then be carried off. Second is the high levels of radioactivity 
that, will be present during and after the positron production. 
Materials used in the construction of a low energy positron system 
must be choosen with radiation hardness and residual activation 
characteristics in mind. Organic materials degrade quickly when 
near the linac beam, and steel and many other metals remain 
radioactive for relatively long times after irradiation. 

There are also problems in setting up experiments with linac 
positrons. The intense bremsstrahlung produced during positron 
production must be shielded for many experiments. Also when using 
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.' -,ii! screes UIQ performance is often limited by detection 
.,:-.:.>.;•; ti'at corr.ot ccccr'cdate multiple events in one been pulse, 
^nis cr̂ se tne intensity of the source must be low enough that 
•.' detector will not respond at every pulse. If this condition is 
z ~et then the counting rate in the detector is just the source 

,-.ise rate <2nd the detector will respond preferentially to the 
ir ly events leading to a distortion of the data. In general the 
d.-ce intensity n;ust be limited so that about 303 of the source 
c-i;ses result in detector responses. There is a solution to this 
problem when the detector is capable of responding separately to 
several events during a single beam pulse. In that case the source 
strength is not limited by the pulse rate. 

At the Livermore linac there sre two beam lines under 
development for the transport of slow positrons. Both of these 
riiil be based on the use of long solenoids for magnetic transport 
of the low-energy positrons. One of these will be dedicated to 
positronium atomic physics experiments in a collaboration with 
groups at Yale and Stanford. The second transport will be for 
general use in solid state physics and materials science 
experiments. Eventually the materials science beam will have 
several useful features including a bunching system for lifetime 
experiments and sufficient energy range to cover both surface and 
oulk measurements. 

The atomic pnysics beam line has been constructed at Yale and 
is in final development at Livermore. The permanent materials 
science beam line has been designed and the basic system is under 
construction. The prototype of the positron production part of the 
transport has been used in tests and is now free for use in new 
experiments. 
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