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Abstract

Positron production in planar and tubular targets via wiggler ra-
diated s is investigated. Such targets offer distinct advantages over
the canonical solid cylinders. Results of Monte Carlo simulations on
a sampling of such targets are reported and compared with results for
solid cylinders.

1 Introduction

This note concerns the production of positrons for use in TESLA or other
proposed high energy e*e~ colliders. More specifically it enlarges on a
scheme of generating et via photons radiated by the ‘spent’ e~ beam as it
traverses a set of wiggler magnets [1]. Calculations exploring this method, as
part of a preliminary e* source design for TESLA, have been reported for solid
targets of various composition and moderate thickness [2]. The main theme
here is consideration of different beam-target geometries and their effect on
et yield and energy depostion in the target. The geometries explored here
consist of a wiggler followed by a target which is either a thin plate or pipe.
Wiggler photons strike the planar surface of the plate, or inner surface of
the pipe, at a shallow angle and induce an electromagnetic shower in the
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target. Some of the shower particles will escape via the same surface, i.e., are
defiected back out. In pipe geometries, such particles may re-enter the target
downstream—and continne the shower—or exit the pipe from its interior.
For both target types, positrons are examined upon exiting the geometry
as candidates for inclusion in the initial e* beam. Positron collection is
not addressed in detail here. Instead, some simple cuts are imposed on the
momentum of the produced positrons to estimate the amount collected. In
addition to et yield, energy deposition density (pg) in the target is studied
in some detail.

The geometry envisioned for plate targets is sketched in Fig. 1la. The
e~ beam wiggles in the (vertical) ¥ Z’ plane. For a short stretch of wiggler,
the ‘spot’ made by the vs on the target face is, to first order, determined
vertically by the angular range of the wiggler oscillations times the wiggler-
to-target distance, D,. Horizontally (along Z) the spot is defined by the
angles of the vs out of the wiggler plane times D,, and divided by the angle
between wiggler axis and target surface. Vertically (alongY’) the spot is thus
very nearly uniform between rather sharp limits. The horizontal variation is
a bit more complicated though it is well known and easily included in simu-
lations. Roughly speaking, it is a superposition of Gaussians characterized
by the photon energy (E,). Both amplitude and width of the Gaussians de-
cline with E.,. The latter implies—happily, for the present purpose—better
focusing of the more energetic photons.

Pipe targets may be thought of as consisting of a combination of such
plate targets. The e~ beam proceeds through a set of wigglers which ‘point’
to different spots on the inside pipe surface. Alternatively, helical type wig-
glers may provide more uniform irradiation. This note does not venture
beyond these simplistic notions of wiggler/target geometries—which can be
imagined to be quite complicated. The main purpose here is to investigate
the merits of these targets va solid cylinders in as simple a setting as possible.
The outcome of this may then decide whether or not te pursue more real-
istic simulations. For pipe targets it is assumed here that the synchrotron
radiation from the wiggler is distributed uniformly over the interior of the
target pipe with fixed angle of incidence. This is an idealization and devia-
tions from it will affect both energy deposition and et yield although some
of the lack of uniformity of the incident synchrotron radiation on the pipe
wall gets washed out by the spread of the electromagnetic showers and by
the phase space of the e~ beam if the latter were taken into account. Com-
putationally, a great virtue of this arrangement—which the plate geometry
lacks—is its cylindrical symmetry. The reduction to two dimensions makes
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pipe simulations converge much quicker and greatly simplifies their analysis.

Throughout it is assumed that the e~ beam has an energy of 250 GeV
and that the wiggler has a magnetic field of 1.8 Tesla. Even after fixing
these, and with the simplifications already introduced, there remain a num-
ber of parameters to explore for the pipes: material, diameter, and length
of the pipe as well as the incident angle of the synchrotron radiation. In
addition, it appears advantageous to irradiate only the front part of the
pipe so as to leave room for the positrons to emerge before encountering
the collection device. This introduces yet another parameter: target length
(< pipe length). There are even more parameters for plate targets: ma-
terial, target dimensions, angular range of synchrotron radiation, distance
and angle between wiggler and target. Spatial and angular distributions of
the emerging e+ have rotational symmetry for the pipes but only up-down
(Y) symmetry for plates leading to at least one more parameter for the lat-
ter: the angle between target and collection device (8, in fig. 1a). Again
the preference—from an analysis standpoint—of pipe targets over plates is
obvious from these parameter lists.

Below, sec. 2 briefly describes the model of the calculations. Sec. 3
presents some results on pipe and plate targets as well as a limited compar-
ison with solid cylinders. Concluding remarks are in sec. 4.

2 Calculations

All calculations reported here are basically Monte Carlo simulations of pho-
ton induced electromagnetic showers. These are performed with the program
AEGIS [3) which is a weighted simulation of e — 7 cascades in arbitrary 3-D
geometry. For the present purpose three key ingredients must be added to
the standard version: (1) selection of the incident v energy and angle from
the distributions appropriate for synchrotron radiation (4], (2) propagation
of showers in the presence of an edge, and (3) angular distributions of pair
production and bremsstrahlung.

Simulation of synchrotron radiation is readily incorporated into the Mon-
te Carlo. As in all of AEGIS, particle selection is biased proportional to en-
ergy and the photon thus incurs a weight proportional to 1/E, [5]. First
the angle (colatitude) is selected in straightforward fashion from the energy-
integrated, energy-weighted differential cross section. Then—given the cho-
sen angle—the energy is selected using table lookup (this involves Bessel
fuctions K,/3 and Ky/3). For the pipe geometry, the emission angle does



not enter directly into the present simulations in view of the assumption of a
fixed angle of incidence with respect to the pipe axis. Photons below 5 MeV
are not traced through the geometry since they contribute little to e* pro-
duction and necessitate only a small (~ 2%) correction to energy deposition
results. Fig. 1b shows a photon energy spectrum radiated by 250 GeV e~
in & 1.8 T field as generated in a typical; Monte Carlo run.

The presence of an edge requires special care [6]. As in [6] Coulomb
scattering of e* is divided into small and large angle scattering with the
former treated in the Gaussian approximation and the latter as discrete
events. Most of the rest of [6] deals specifically with straight edges [7]. To
accommodate curved surfaces, as for the pipes, the algorithm employed here
steps between discrete events as though the particle were in a homogeneous
medium. Given initial coordinates and direction (zy, 5, ¥o, 15 ), those at the
end of the step (z1, 24, ¥1, ¥}) 8re determined by sampling the Fermi dis-
tribution of multiple scattering {separately for z and y). If the new location
is inside the wall it must still be ascertained whether or not the particle’s
trajectory has crossed the boundary since the Fermi distribution sums over
all trajectories in a homogeneous target. If so, location and direction of
escape must be determined. Even with z;,y; outside the pipe wall it is
generally necessary to pinpoint (z, 2/, ¥, y') at escape more accurately than
is possible from the information at the end points. Either way one proceeds
by determining coordinates and direction at mid-step where the distribution
is particularly simple: an uncorrelated biGaussian with parameters

(z) = (&1 : 20) _ (=1 -;25)2 (1)
A (2)
(e = Aoz _ (eh+eh)e .
o =22 (4)

where 6, is the rms scattering angle, redefined to exclude large angle scat-
tering [6]. There is a similar distribution for y,y'. The above expressions
form the basis of an iterative algorithm. The distance from the boundary
is determined at mid-step from eqgs. 1 and 2 (plus their y counterparts) and
also by extrapolation from each (zg, =4, yo, vh) 8nd (23, 2}, p1, ¥1). These



three distances are then tested vs a criterion based on o, from eq. 2. If all
three remain inside the wall (along with #;, y1) and if their product exceeds
10003 [8] it is assumed that the particle has remained inside the wall the
entire step. If all three (and z;, y;) are outside the wall and their product
likewise exceeds 10003 it is assumed the particle has crossed the boundary
in that half-step. The direction at the crossing is then determined from the
locations inside and ouside the wall, If neither condition is fulfilled, z' and
¥’ at midsegment are determined and the iteration proceeds on the lower
half of the last z-segment. Since o2 o z%/2, each reduction in steplength by
a factor of two eases the test requirements considerably.

In electromagnetic showers, the angular spread due to pair production
(or bremsstrahlung) can ordinarily be neglected when compared to that
incurred from multiple Coulomb scattering. But in the present problem—
where a photon strikes a surface at a shallow angle—the very first deflection
encountered is, typically, associated with pair production, and this may
already direct a member of the pair back out of the wall. Therefore af-
ter selecting the energy of the outgoing particle in a pair production or
bremsstrahlung event, its angle is chosen from the appropriate differential
cross section [9] and included in the shower simulation.

Monte Carlo results of pg as a function of location are in the form of
2-D (pipes) or 3-D (plates) histograms over a set of bins which cover the
entire target. Energy deposition is also calculated within a set of thin layers
near the inner surface. The small volumes associated with the thin layer
pEs cause considerable statistical uncertainty in a typical Monte Carlo run.
Accordingly, these results are smoothed out {10] and pZ°* is then estimated
assuming pg peaks at the surface. Smoothing is also applied to the e*
momentum spectra. Calculations for solid targets use essentially the same
code minus the worries about edge escape.

3 Results

The main outputs of the calculations are energy deposition density, pg, as
a function of location within the target and a set of distributions of the
produced et as well as of e~ and 4. For a first look at an entire array of
targets of diverse composition and geometry it is convenient to condense
these outputs to a few numbers for each case. With respect to pr two
results merit particular attention: the integral of pg over the entire target
(Eot) and its maximum value within the target (pE°®) [11], obtained as



stated above. The latter is concerned with target integrity over short time
scales and the former with possible cooling requirements to avoid longer
term heating problems. Positron yield information is likewise condensed
into two numbers; total et at the end of the target and those suitable for
capture in an initial e* beam. For simplicity this is assumed to comprise all
e+ inside an area of about one cm? (the precise delineation of which depends
on target type), an exit angle within 50 mrad, and p, within 25% of some
central p? chosen so as to optimize the yield. These are referred to here as
‘accepted’ e*. In the manner of [2] all results below are normalized to one
beam electron passing through one meter of wiggler.

3.1 Plate Targets

As mentioned in the Introduction and illustrated in fig. 1a, the plate geom-
etry consists of a target, assumed to lie in the (vertical) Y Z plane and a
wiggler with axis along 2’ and orbits in the (vertical) Y Z' plane. The Z and
Z' axes cross at the origin, making a small angle 8,,. Neglecting beam size
and angular dispersion, the photons strike the target at z = D0, /8, where
8, is the angle between e and 7 out of the wiggler plane (colatitude). The y
distribution at impact is nearly uniform between y = 2D, 8“* where ¢
is the largest angle between the electron orbit and the wiggler axis. Given
the field (1.8 T} and energy {250 GeV) of the e~, specifying 67*** fixes the
wiggler wavelength—typically of order 10 cm here. Fig. 1c shows total pho-
ton energy incident on a plate target as a function of location as generated
in a typical Monte Carlo run with 67*%® = §,, =0.1 mrad, t;/3 =60 cm, and
D, =30 m.

In this somewhat simplified picture all vs have ' = 6, + 8, ~ 6, and
y' = 8, is uniquely correlated with y = D0, at impact. Excluding a small
fraction emanating from the back of the target, the e* emerge with z' < 0. It
pays therefore to align the collection device at some angle 8, with respect to
the target. Here 6, is held constant at —25 mrad which is close to the average
angle of the accepted et for &ll cases analyzed. For all results reported here
the target extends out to —oo along Z, unlike in fig. 1a where a shorter
target is shown for clarity, though obviously few accepted et originate at
large negative z. An accepted e* is required to have exit coordinates z > -1
cm, |y| € 0.65 cm, and to be within the above mentioned constraints on p,
and 6 (measured with respect to 8.).

Table I compares yields and energy densities for a limited number of
plate target geometries. Target materials (here and below) are beryllium,



aluminum, iron, and tungsten. Target size is varied relatively little with
thickness held constant at 1 mm, while the lateral area is chosen to accom-
modate the ‘spot’ size of the ¥s striking it. The latter may be defined as
AY x AZ where AY = D, 6™ and AZ = D,(8,)/8,. For this purpose
{6,} = 1/¥ = m./E.- (~ 2prad for 250 GeV e~). Target (half) height
(AY) is kept constant at 0.6 cm while (half) width (AZ) is varied over a
limited range. The angles ™% and 8,,, which are at one’s disposal, are
likewise kept within narrow limits. Table I lists total and total accepted et
which depend only moderately on target and geometry. Also in the table
are total energy deposited in the (1 mm thick) target and p**. Not sur-
prisingly both are substantially larger in the heavier targets. Table I also
lists the ratio: (accepted et)/pH®®. For targets of the same composition but
_ different type or dimensions this number may be said to measure relative
target efficiency. Comparison among targets of different composition should
include their thermal and mechanical properties. The variation of target
efficiency—so defined—seems to indicate that an optimum exists within the
parameter set of table I, though serious attempts at optimization should
await more complete simulations and analysis.

For an aluminum target with both ™2* and 0,, at 0.1 mrad, target half
length (t/;) of 50 em, and D,, of 30 meters, fig. 2 shows scatter plots of the
z, y distribution at the end of the target of ys, e~s, and of total and accepted
ets. All four have the same normalization which fixes the maximum of
et per bin at 40. This convention is followed in all similar figures below.
It permits, within the limited range of these plots, to clearly display the
location of maximum density of produced e* as well as the density variation
in its vicinity. It can be seen that, due to Compton scattering, e~ are
somewhat more numerous (by about 20%) than et [12]. Staying with the
same target/wiggler geometry, fig. 3 presents z,z' and y,y’' distributions
of both total and accepted et. Both figs. 2 and 3 demonstrate—as stated
earlier—that relatively little is contributed by et emerging from the back
of the target (i.e., with z > 0). Fig. 4 shows, for all et, the momentum
(r) and perpendicular momentum (p, ) spectra as well as their (smoothed})
correlation. A diagonal across fig. 4c corresponds to the angular 50 mrad
cut with those above it rejected. For beryllium and tungsten targets—
with the same geometry as above—fig. 5 displays, as a function of z, the
number of 4s which lead to an accepted et. On the same graph is shown
the distribution of the g-coordinate at which accepted e*s exit the plate’s
surface. These two distributions are expected to be displaced by a distance
of the order of a radiation length (Xo). On the scale of fig. 5 this makes
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them virtually coincident for tungsten {Xo=0.35 cm) but well separated in
the case of beryllium (Xp=35.3 cm).

3.2 Pipe Targets

To restate briefly the model for pipe targets: photons with energy spectrum
generated by 250 GeV e~ traversing a 1.8 T wiggler are directed to the
inner surface of a pipe of given diameter and wall thickness. The photons
are assumed to be uniformly distributed over the pipe’s inner surface. The
photon direction is at some fixed angle with respect to the pipe axis and its
trajectory is assumed to originate on the axis (i.e., ¢’ = 0 where ¢ is the
azimuthal angle). A limited set of incident angles is explored. Here accepted
et have r < 0.6 cm along with the above constraints on 8 and p,.

As mentioned such an incident photon flux may be furnished by a helical
wiggler with pitch angle equal to the incident photon angle [13]. For 0.1 mrad
incident 4s from 250 GeV e~s, a 1 m pipe contains the radiation much like
1 m plate in the 0.1 mrad, D,,=50 m case. More uniform illumination may
be provided if, e.g., pitch angle is made to vary with distance along the
wiggler. Again, the e~ beam emittance will tend to blur the correlation
between photon energy and point of incidence.

For most cases analyzed here target length is taken equal to pipe length
but shorter targets are briefly examined. Table IT presents results for a
sample of pipe targets of the adopted standard materials and with indicated
angle of incident 4s and pipe radius. All have length of 100 cm. While a
few results for an inner radius of 0.3 cm are shown, most have r=0.5 cm
which has favored status since—with the 0.1 ¢m thick pipe wall added—it
coincides with the assumed radial upper limit for collection. The gain in
accepted yield with increasing target mass appears to be more than offset
by increases in pB°® and E,.:. Decreasing the angle of incidence also benefits
accepted yields but with large growth in p%* while E;,; declines moderately.

Scaling arguments may be used to estimate yields for pipes with dimen-
sions simply related to those specified in a Monte Carlo run. Most accepted
et are created by showers at shallow depths in the pipe wall, i.e., radial pen-
etration is much smaller than pipe radius. To a lesser extent this remains
true in the longitudinal direction (see, e.g., fig. 5 which compares longitu-
dinal penetration in beryllium and tungsten). If penetration were entirely
negligible a simple rule would result: by scaling the problem equally in all
dimensions, the coordinates of particles crossing the exit plane of the pipe
likewise scale by the same factor and the total number exiting the pipe via



its interior remains unchanged. Scaling thus implies that a pipe with radius
equal to the collection limit is close to the optimum. For the same number
of incident s smaller pipes produce a higher et density but do not add
any more particles (while pB°® increases). For larger pipes some e* cross
the exit plane outside r = 0.6 cm and are thus ‘lost’ while particle densities
in the central region are diluted. This scaling has been verified by Monte
Carlo. For obvious reasons it works very well for tungsten yet remains rea-
sonably good even for beryllium. Also for obvious reasons it cannot be
applied where penetration distances are comparable to or exceed target di-
mensions, i.e., for targets shorter than a few radiation lengths. Note that
such scaling does not extend to energy deposition which depends strongly
on penetration distance.

Fig. 6 shows the effect of pipe length on accepted et yield, on pB*<,
and on their ratio. Roughly, the latter appears to reach a plateau around
100 cm—independent of target species. For beryllium this also corresponds
closely to the maximum in accepted yield. For a first look such one-meter-
targets thus appear to be a reasonable choice. This is also the length adopted
in most plate target simulations which makes pipes vs plates comparisons
somewhat more significant. Results of a brief study of the aforementioned
effect of making target length shorter than pipe length are shown in fig. 7
for a 100 em long pipe of beryllium—which is the material where it should
the most noticeable. Both accepted yield and maximum energy deposition
are presented as ratios to ‘target=pipe’ results. Yields remain close to unity
throughout while pB2* closely matches the slight gain (<~ 10%) in accepted
et observed when target length decreases to ~ 70 cm. For much shorter tar-
gets pR°* increases more rapidly with decreasing target length. These results
illustrate—in a limited way and confined to the longitudinal direction—to
what extent the showers wash out non-uniformity of the incident -s.

Figs. 8-10 show results for tubular targets similar to those presented for
planar ones. All are for 100 cm long pipes and incident angle of 0.1 mrad.
For an aluminum target, fig. 8 compares z,y plots of gross yields of 7, €™,
and et along with that of accepted et+. The latter is close to uniform over the
interior exit face which may be of use in scaling applications. Fig. 9 presents
combined z,z’ and y, 3’ phase space plots of both total and accepted et for
beryllium and tungsten targets. Fig. 10 shows p and p, spectra of all e* for
aluminum along with their correlation. Fig. 11 displays distributions of the
maximum radial shower excursion, RT*®, of accepted positrons in beryllium
and tungsten pipes. R™** is the largest radial excursion of the shower—as
measured from the inner pipe radius—preceding an accepted et. Thus, for
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a pipe thinner than RT*® the shower exits the exterior pipe wall and the
et in question fails to be created. Fig. 11 shows that all significant e*
production occurs within a few microns of the inner surface which resuits
from the small angles of the particles involved in creating an acceptable
positron. Small radial distances thus correspond to long pathlengths and
most et created beyond a skin depth of a few microns are re-absorbed.
Fig. 11 illustrates that radial scaling also works better for tungsten than
for beryllium but the micron scale indicates that it should work well for all
targets. Fig. 12 plots the radial dependence of the longitudinally integrated
energy deposition density for beryllium and tungsten targets from which
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3.3 Solid Cylinders

Table III contains some results for solid targets included here for comparison.
Target lengths correspond to rounded values of 0.2, 0.4, and 0.6 radiation
lengths with most attention paid to 0.4X, [2]. It is assumed that the pho-
ton beam is uniform, of circular shape, without angular divergence. It is
otherwise generated in the same way as for plates and pipes.

Fig. 13 shows z, y distributions of all et and of accepted et for a 0.4X,
long beryllium and tungsten targets with a beam radius of 0.3 cm. For the
same targets, fig. 14 shows the combined z,z' and y, ¢ distributions-again
of all e* and of accepted et. Much of figs. 13 and 14 is explained by noting
that the beryllium target is exactly 100 times the length of the tungsten
target. Fig. 15 shows the p and p, spectra for an aluminum target (3.6 cm
long, 0.3 cm radius) which compares with figs. 4 and 10 for plates and pipes
respectively. The spectra of fig. 15 peak at lower p and higher p, than those
for plates or pipes which by virtue of their length and geometry tend to
eliminate low-p, high-p, e*s.

4 Concluding Remarks

In comparing the three target types much depends on which column in ta-
bles I-T1I is chosen, which in turn depends on what may prove to be the lim-
iting factors in a realistic design. Target efficiency (last column) is broadly
comparable though with a decided edge for the pipes. Total e* accepted
is much higher for pipes and plates than for solids which implies a shorter
wiggler can do the job. As listed, total energy deposited favors solid targets
over pipe and plate targets. However, as already pointed out [11], there
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is considerable arbitrariness in the choice of target thickness for plates and
pipes which impacts Eyo. Since E;, relates mostly to possible cooling re-
quirements, it should be noted that pipes and plates are easier to cool by
virtue of their geometry and their length. Planar and tubular targets appear
also much simpler to integrate into the 250 GeV beamline as well as into the
et collection device. For example, a solenoidal field present in the interior
of a pipe or plate target which increases in strength with z could provide
focusing for the emerging et beam and thus boost yields. With or without
such a field a more detailed matching of collection device to target should be
included in further studies. The strong dependence of momentum spectrum
on wiggler/target geometry indicates that the generic cuts applied here are
not of much value beyond taking a first look. It is clear also that further
work is needed on optimization of target—type, size, and shape—and wig-
gler. It is likely that the latter will not just be an off-the-shelf type but
will require some unique specifications. These and other variations on the
present theme may be worth examining in the framework of & more realistic
design study.

If a copious supply of et is easily produced in this manner one might
consider including its mirror process: e~ from the spent e* beam. A low
energy e~ source is still needed to initiate the entire process, though with
less demands placed on it. Following such initialization, beam intensities
increase exponentially with time after which the production rate increase
can be slowed toward achieving steady state at the desired intensities. This
can be accomplished in a variety of ways by adjustments to wiggler, target,
or collection device.

Acknowledgement. My thanks to H. Edwards for suggesting to include
the plate targets and for many useful comments on the manuscript. Thanks
also to D. Finley for his comments.

References

[1] V. E. Balakin and A. A. Mikhailichenko, Novosibirsk Preprint INP-79-85
(1979).

{2] K. Floettimann and J. Rossbach, DESY Preprint M-91-11 (1991); K. Floett-
mann, ECFA Workshop on e*e~ Linear Colliders, Garmisch-Partenkizchen
(1992).

[3] A. Van Ginneken, Fermilab Report FN-309 (1878).

11



[4]
(8]

fé]
[7]

[8]

J. D. Jackson, Classical Electrodynemics, Wiley, New York (1867).

In AEGIS the entire e — v shower is represented by a single, weighted e, e™, or

«. Its selection is proportional to its energy which, in turn, is roughly propor-

tional to its ability to propagate the shower and deposit energy in the target.
This bias also serves well the present purpose, vis., creation of positrons.

A. Van Ginneken, Phys. Rev. D37, 3292 (1988).

Approximating the cylindrical edge with its (local) tangent plane does not
work very well since et energies are typically only of the order of tens of MeV
leading to fairly large scattering angles and necessitating an iterative approach
to locate the boundary crossing.

This somewhat arbitrary measure makes an intermediate outside excursion
highly unlikely. These procedures could be refined but results appear rather
insensitive to the precise scheme employed.

[9] Y.-S. Tsai, Rev. Mod. Phys. 46, 815 (1974).

[10] A. Van Ginneken, Nucl. Inst. Meth. A305, 453 (1991).

(11} For plates and pipes the utility of E,, is diminished by its dependence on

(12]

target thickness. Beyond a micron-sized skin any extra thickness contributes
relatively more to Ej, than to et yield. In a realistic design, target thickness
is thus likely to be determined from considerations of mechanical stzength and
cooling efficiency—questions which are not addressed here. To make Ey more
meaningful, target thickness is kept constant {at 1 mm) thronghout for plates
and pipes. Interpretiation of p°* is also somewhat ambiguous. Calculations
show pr to peak at (or extremely close to) the surface and then decline rapidly
over a microscopic scale with distance into the target, e.g., for an aluminum
pipe and incident angle of 0.1 mrad, pg falls to ~70% of its maximum at &
depth of 0.2 u. It is not obvious that one can treat pg in such a thin surface
layer in the usual manner (i.c., as though it were inside of a typical thick
target) with regard to heat transfer, melting, etc.

The contribution from §-rays to the et yield—via bremastrahlung followed by
pair creation—is neglected here.

[13] B. M. Kincaid, J. Appl. Phys. 48, 2684 (1977). For the present purpose, the

spread along the pipe in the z direction can be expressed as A = 7, /(763)
where 8, is the pitch angle of the wiggler and v = E/m for the beam e~s.

12



-1 ] qiZo°P Z61°9 e'19 S9E08°'Q IrZ'd 79 29 P FA ] )
8ER°D 1Z90° 9 Y911 rA S ] r'rl 3140 89E° 9 oz [} ] Z'9 Al ] M
19 89EB°D gor-o a1’ ' 19909 are o 1] [} 1°9 '8 )
819°9 tA4 " M) .80 ri'e Z°1e 6l00°@ qir'g 2t 2} ] e 10 )
9ER’ 9 LiEO" @ Z8g't T’ L9 199979 L3E°P 2t )] 99 a9 A
960° 8 .11 0 o ] e1°'e S°tL YA 8er-o 14 29 FA | <R .
9E'e plea'o ri‘e S1°2 Z'19 G6rB 9 £2E°D e9 29 ‘9 ' UL
aL’'o EIER'D PEE°D L) r° o E600°' P €ar'e [} 4 (3] 19 &) *]
8lo° 9 orie’e 1iL°e 8L'e r°'e9 poSR'9 pre R [ 13 23S Se'9 - ]
el 340" My orA" 91°9 v o 99€3° 9 8tZ’o )] 23 z'o e ¥
e 66824°'0 ag1e 1’0 8°r9 yeoe @ PEY°Q oz (] z'p F- v
- R § oLIO @ erp"9 o1'@ r'a9 rosSo"@ Q0E" O P9 23 1’9 1'e v
£o'@ P0Z0° 0 eIty i1°8 ¥ z9 6ELD D ivr @ (] 4 P9 e 1°e v
6E°D ariD'9 160°'0 i1°'e 8 ol q9ER° @ P1z°0 29 #9 98’0 - - (3 4
L1°® ZL19'9 orr'e 81’9 't P0lD' 9 1€r'e e (1] S9°e 99 v
EL°1 ZoI0°R 898°9 i1°8 8°'23 1890°9 qle'0 T4 "] e 2'9 g
68°1 1818°0 890" 0 81°'® &°'as q9E90° 0 QoL 0 ("4 09 e 1°0 g
91°1 LE10° D L1 0 sl°9 2 rs €i60° 8 €90 [+ 29 1‘'e Z'e g
" M § EL10° O 980" 9 81’9 '€ 1599° 9 [ ]8:0 ("] 3 SL 1°9 19 eg
98"t 1T108°0 1ot4- M | 8L'e 8°E9 oTra @ gz 8 P23 29 18 T'e *g
150" M 4 EE1R D 1909 srL'P 8" 89 goao°9 E1E" 0 14 29 18 1's *q
€T°0 srio @ 19€°'9 81'® Z°8¥ r6LD™ @ 1Er'e ("] 4 29 1°9 1'@ g
£€8°0 &6800° 9 690°9 81’® 8°1s 6LYO O 9520 "1 92 19 1°9 g
88°D L1190’ ® 198°@ 81°® r°zo Br¥o° Q@ 1€2°9 pe a3 S0°9 1'9 g
19°Q tEIR’' @ 660°@ &61'@ 219 16509 BIE"® 14 [} ] 1°9 aw'e og
or'D L110°9 86o°@ s1'0 9°€E9 19v0° 0 930 14 3] a@we 990 *g

dep-3 xew ASD wd*no/Aen o/ AN Je00 wy peJu puJw
—————— dep-3 dep-3 padooe ;oW pydose +0 eduE1Ip y3Bue omm:n e|Bus qew
pydow +» | #8303 b ujoed s j®AGUeD | €309 1 2309 »ua\GI i1y 353} 309 /6a -9 Xew 184

$130UVL HVYNYd

I 37ave

13



Z9'® 48] Ay 9892°'@ pL o 9 £ 12" @ 18%°'02 i 2 30 M
ar'e 09860°0 £LT 0 q91'e 8°'ts 680°0 865" @ 1’0 $'e )
51°@ r9i0°0 [ 15" Il & 10 Z°Er 919 oré'e 1a8°e 99 a
91 itin'8 T 44 L3 ] 2°E0 :F4" " 8oz o ‘1 9'D LE |
-] M § 9r00° 0 9LIO"O ST'0 8°Z9 reg e Sra'o t'e 9°0 LF |
er'a 1950°'9 93E°Q FAN T EF 191 @ €08°9 109 99 .
[ 4 Zéto @ (30 ] 1o 9°ED iR e mwi'e ¢ 90 vy
| 2 3 LEED°D 9zZa"® o102 8°'Z9 F¥Y- M ler'e 1'0 S0 v
£Er'1 [A:P4" Iy 8rép" 0 B1I°P rry S9€1°0 FA- T 2’9 80 1y
TR ¢ Z6EB' D FA- 14" 0" ] It'e 2’99 o8I0’ Q 1912 i 1 £'9 v
6€°1 oste'e ricQ @ oL £°93 Z90'9 &6ZE'0 1'e e 1y
L' LOED" R qLET" D al'e T 6F 6070 ¥E9'9 1e°9 £'e iy
P8 grie’e 82000 £1°9 9'te (24 0] 1919 1 99 .g
"9 pIZR" 0 Y60 o FAS 8°19 2900 ZTE'D "9 9°0 g
1°% FEAl M S0E0° R 6170 rore tge'p irr'e ia'9 9°9 g
dep-3 xew A®D wo*na/aen o/aen pEtu wy
e ———— dep-3 dep-3 padoow wow padaos -0 ejbus sn|pwd i
‘0&0. ﬂ.o..— i I&O& b1 "] GGDIL.— _lhﬂﬁou nloﬂ...__ —I&ﬂ& >u il od m.ﬁ ..—O&

(w> @@1 = HLONIT 13DHYL = HLONI 3d1d)
$13%dvl  3dId

11 3avl

14



FA-1 L60° O 69279 i10°9 8'z8 cSIP' R 188°0 €e Iz'0 )
ve'e Sya'@ ¥90°9? FAA- 918 rSlp' e tol'e S5°@ o L)
119°@ 9900’0 oz 9 ZZo'P ro8 rSio'o toL'e £'e ri'@ M
60RO SroR° o 868°1 Ze'e ¥ o8 ¥sie'e €EBL'® 1'e LA M
ri'e 2108°90 Zet’o £ED' O 9*al 6E10° 0 S1r’'0 £'9 100 )
91'e 919" @ ceR’e wa'e 2°'v8 SEI9°P 219" 2 L [ 4 bt |
15°@ P809° @ L2B° 0 L2092 8’28 8c10°'0@ res o 9°9 oL'9 a4
8L'e 2809°9 9.8 9 Lig° 0 828 erie o £15°0 £'6 oL@ o4
4 c800'0 gZr'@d LZ9°0 8’28 8ETR @ S19°9 1'0 elL'e a4
8Z'e 104 62r2°'0 LE0 D 894 czIn'e EEE’D t'e se'e 24
68 1T ) reiR’e reo°e 9°18 €209 63e° @ €' r's v
1'2 Z119°9 09000 6t0°9 8'ce azio"9 82E" @ §'e 9°€E v
¥6'o i119°9 SE1g'D 9E0° 0 g'ce 1210°'0 6rc’Q@ t'e 9t 1y
sr'e 61102 ZRis o 9ED" 0 e’'rs LzZ1e°9 99E" @ i'e '€ v
1 Yoo D coTo'0 Er@ 9 9’18 ritece aqoz e £'e 8t v
1z B6ZO'0 | 8o’ 909 2758 60079 Le1'0 €'e 12z =d
S'r gate‘'e | riZeo o 690 @ . 918 9600° 8 6ET"@ 5@ ri °g
€'z £610°@ | LlEYOD'D 990° 8 ¥ 8 ooin’ e 24918 g0 144 g
ir'e 8612 @ tize'e €E9R'e 8°c8 G600 O 931°'@ 1'9 14} 8
ez o800 | 09¥00° 6 990°'9 r'es S600°0@ FR 4 £'o r3 |
dop-3 xew A29 |w2-no/fpd9 3/ASN wa wa
———— dop-3 dop-3 padooe wouw padooe +2 sniped | y3buay Jew
p3doe 303 | €303 xeu uzoed} | edjquaD ) €309 | €30% weaq 163 469

S139WVY.L H3AOGNITAD QIT0S

IIXI 37avi

15



ys/MavVee . m of wiggler

.
-

wiggler

.
1
.
. I
.
|
.
}

Fig. la Planar beam-target geometry with origin at center of target surface.
Wiggler axis is along 2’ in X Z plane, at angle 8, to target surface. Electron
beam oscillates in Y 2’ plane with maximum angle §™°* between e~ and
wiggler axis. Collection device is along Z” at angle 6, in X Z plane. Length
of wiggler is assumed small compared with distance to target, D..
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Fig. 1 (b) Spectrum of synchrotron radiation as generated in typical Monte
Carlo run. Photons below 5 MeV are exluded from spectrum and from
calculation. Photons above 250 MeV are included in calculation though
not shown above. (c) Relative measure of total energy incident on plate
target as a function of location for geometry: 8,,=0.1 mrad, §***=0.1 mrad,
Dy =30 m, and t1,3=50 cIm. :
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Fig. 8 Number of accepted e* (top) and maximum energy deposition in
the target in GeV/em?® (middle) vs pipe length for four target species (per
beam e~ and per meter of wiggler). Bottom graph is their ratio (e* per
GeV/em?).
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long beryllium pipe (relative to target length = pipe length values).
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Fig. 11 Distribution of maximum radial excursion of electromagnetic show-
ers leading to accepted e* for 100 ¢cm long pipe of beryllium (histogram) and
tungsten (stars) and for incident angle of 7 uniformly distributed between
zero and 0.1 mrad.
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