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Abstract 

Positron production in planar and tubular targets via wiggler ra- 
diated 7s 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 nnd compared with results for 
solid cylinders. 

1 Introduction 

This note concerns the production of positrons for we in TESLA or other 
proposed high energy e+e- colliders. More specitically it enlarges on a 
scheme of generating e+ via photons radiated by the ‘spent’ e- beam as it 
traverses a set of wiggler magnets [l]. Calculations exploring this method, as 
part of a preliminary c+ muIce design for TESLA, have been reported for solid 
targets of various composition and modnate thickness [z]. The main theme 
here is consideration of different beam-target geometries and their effect on 
e+ 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 
deflected back out. In pipe geometries, such particles may re-enter the target 
downstream-and continue 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. Jn 
addition to e+ yield, energy deposition density (pi) in the target is studied 
in some detail. 

The geometry envisioned for plate targets is sketched in Fig. la. The 
e- beam wiggles in the (vertical) YZ’ plane. For a short stretch of wiggler, 
the ‘spot’ made by the 7s on the target face is, to first order, determined 
vertically by the angular range of the wiggler oscillations times the wiggler- 
totarget distance, D,. Horizontally (along Z) the spot is defined by the 
angles of the ys out of the wiggler plane times D, and divided by the angle 
between wiggler axis and target surface. Vertically (along Y) 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 Gaussiana characterized 
by the photon energy (E,). Both amplitude and width of the Gaussians de- 
cline with ET. 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 a- beam proceeds through a set of wigglers which ‘point 
to dilferent 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 vs solid cylinders in as simple a setting as possible. 
The outcome of this may then decide whether or not to pursue more real- 
istic simulations. For pipe targets it is assumed hare 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 e+ 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 c- beam if the latta 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 
(5 pipe length). There are even more parameters for plate targets: ma- 
terial, target dfmensions, angular range of syncbrotron 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 (es in fig. la). 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. Con&ding 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 
AEOIS [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 7 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 bremsstrabhmg. 

Simulation of syncbrotron 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 l/E, [S]. First 
the angle (colatitude) is selected in straightforward fashion from the mergy- 
integrated, margy-weighted di%rential cross section. Then-given the cho- 
sen angle-the energy is selected using table lookup (this involves Bessel 
fuctions Kli, and K21s). For the pipe geometry, the emission angle does 

3 



not enter directly into the present simulations in view of the assumption of a 
fired 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 (- 27) s correction to energy deposition 
results. Fig. lb shows a photon energy spectrum radiated by 250 GeV e- 
Zn a 1.8 T field as generated in a typical; Monte Carlo run. 

The presence of an edge requires special care 161. As in [6] Coulomb 
scattering of ef 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 [y]. To 
accommodate curved surfaces, as for the pipes, the algorithm employed hare 
steps between discrete events as though the particle were in a homogeneous 
medium. Given initial coordinates and direction (ze, a:, ye, pk), those at the 
end of the step (21, a;, yr, pi) are determined by sampling the Fermi dis- 
tribution of multiple scattering (separately for sz and y). If the new location 
is inside the wall it must stiZl be ascertained whether or not the particle’s 
trajectory has crossed the boundary since the Fermi distribution sums over 
aZZ trajectories in a homogeneous target. If so, location and direction of 
escape must be det ermined. Even with as,yr outside the pipe waZl it is 
generally necessary to pinpoint (a, a’, y, y’) at escape more accurately than 
is possible from the information at the end points. Either way one proceeds 
by dete rmining coordinates and direction at mid-step where the distribution 
is particularly simple: an uncorrelated biGaussian with parameters 

(=) = (a+ 4 _ (4 - 4)E 
2 8 

where 6, is the rms scattering angle, redefined to exclude large angle scat- 
taring 161. 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 eqs. 1 and 2 (plus their y counterparts) and 
also by extrapolation from each (as, a& per pi) and (zr, z:, pr, yi). These 
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three distances are then tested OS a criterion based on ~a Erom eq. 2. If all 
three remain inside the wall (along with zr, yr) and if their product exceeds 
100~: [S] it is assumed that the particle has remained inside the wall the 
entire step. If all three (and zr, yr) are outside the wall and their product 
likewise exceeds 1OOd it is assumed the particle has crossed the boundary 
in that ha&step. The direction at the crossing is then determined from the 
locations inside and ouside the wall. If neither condition is fulfilled, a’ and 
y’ at midsegment are determined and the iteration proceeds on the lower 
half of the last s-segment. Since trz o( sola, 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 bremsstrabhmg) 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 fust deilection 
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 
bremsstrabhmg event, its angle is chosen tram the appropriate differential 
cross section [9] and included in the shower simulation. 

Monte Carlo results of PE as a function of location are in the form of 
2-D (pipes) or 3-D (plates) histograms over a set of biis 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 tbin layer 
pus cause considerable statistical uncertainty in a typical Monte Carlo run. 
Accordingly, these results are smoothed out [IO] and pr is then estimated 
assuming p.g peaks at the surface. Smoothing is also applied to the c+ 
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, PE, as 
a function of location witbin the target and a set of distributions of the 
produced e+ as well as of c- and 7. For a fust look at an entire array of 
targets of diverse composition and geometry it is convanient to condense 
these outputs to a few numbers for each case. With respect to pi two 
results merit particular attention: the integral of PE ovar the entire target 
(Etot) and its maximum value within the target (pr) [ll], obtained as 
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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 c+ 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), sm exit angle within 50 mrad, and p. within 25% of some 
central pf chosen so as to optimize the yield. These are referred to here as 
‘accepted’ e+. In the mamrer of [Z] all results below are normalized to one 
beam electron passing through one meter of wiggler. 

23.1 Plate Targets 

As mentioned in the Introduction and illustrated in fig. la, the plate geom- 
etry consists of a target, assumed to lie in the (vertical) YZ plane and a 
wiggler with axis along Z’ and orbits in the (vertical) YZ’ plane. The Z and 
Z’ axes cross at the origin, making a small angle 6,. Neglecting beam size 
and angular dispersion, the photons strike the target at I = D,&/fL, where 
6, is the angle between e- and 7 out of the wiggler plane (colatitude). The y 
distribution at impact is nearly uniform between y = iD,t$‘- where p* 
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 p fixes the 
wiggler wavelength-typically of order 10 cm here. Fig. lc shows total pho- 
ton energy incident on a plate target as a function of location as generated 
in a typical Monte Carlo run with v = 0, =O.l mrad, t,p =50 cm, and 
D, = 30 m. 

In this somewhat simplified picture all ys have z’ = 0, + 6, rr 6, and 
y’ = 0. is uniquely correlated with y = D,& at impact. Excluding a small 
fraction emanating from the back of the target, the e+ emerge with a’ < 0. It 
pays therefore to align the collection device at some angle 6. with respect to 
the target. Here 6, is held constant at -25 mrad which is close to the average 
angle of the accepted e+ for all cases analyzed. For all results reported here 
the target extends out to -oo along Z, unhlte in fig. la where a shorter 
target is shown for clarity, though obviously few accepted c+ originate at 
large negative z. An accepted e+ is required to have exit coordinates a 2 -1 
cm, ]y] 5 0.65 cm, and to be within the above mentioned constraints on pz 
aud 6 (measured with respect to 0,). 

Table I compares yields and energy densities for a limited number of 
plate target geometries. Target materials (here and below) are beryllium, 
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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’ siee of the 7s striking it. The latter may be defmed as 
AY x AZ where AY = D,v and AZ = Dw(O.,)/&. For this purpose 
(6,) = l/y f me/E,- (E 2pad 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 v and 0,, which are at one’s disposal, are 
likewise kept witbin narrow limits. Table I lists total and total accepted e+ 
which depend only moderately on target and geometry. Also in the table 
are total energy deposited in the (1 mm thick) target and pr. Not sur- 
prisingly both are substantially larger in the heavier targets. Table I also 
lists the ratio: (occeptede+)/p, ma0. 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 opt lmum 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 p and 6, at 0.1 mrad, target half 
length (trlt) of 50 an, 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 aud accepted 
e+s. All four have the same normalisation which llxes the marlmum of 
e+ 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 e+ [12]. Staying with the 
same target/wiggler geometry, fig. 3 presents n, a’ and y, y’ distributions 
of both total and accepted e+. Both figs. 2 and 3 demonstrate-as stated 
earlier-that relatively little is contributed by e+ emerging from the back 
of the target (i.e., with a > 0). Fig. 4 shows, for all c+, the momentum 
(p) and perpendicular momentum (p.t) 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 abovtflg. 5 displays, as a function of z, the 
numba of ys which lead to an accepted e+. On the s-e graph is shown 
the distribution of the s-coordinate at which accepted e+s exit the plate’s 
surface. These two distributions sre expected to be displaced by a distance 
of the orda of a radiation length (Xo). On the scale of fig. 6 this makes 
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them virtually coincident for tungsten (X0=0.35 cm) but well separated in 
the case of beryllium (Xe=35.3 cm). 

5.2 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 me directed to the 
inner surface of a pipe of given diameter and wall thickness. The photons 
are assumed to be uniformly distributed ova the pipe’s inner surface. The 
photon direction is at some tied angle with respect to the pipe axis and its 
trajectory is assumed to originate on the axis (i.e., 4’ = 0 where 4 is the 
azimuthal angle). A limited set of incident angles is explored. Hue accepted 
e+ have t < 0.6 cm along with the above constraints on 0 and pz. 

As mentioned such an incident photon flur may be furnished by a helical 
wiggler with pitch angle equal to the incident photon angle [13]. For 0.1 mrad 
incident 7s from 250 GeV e-s, a 1 m pipe contains the radiation much like 
1 m plate in the 0.1 mrad, D,=SO 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 shorta targets are briefly examined. Table II presents results for a 
sample of pipe targets of the adopted standard materials and with indicated 
angle of incident ys 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 z0.5 cm 
which has favored status since-with the 0.1 cm thick pipe wall added-it 
coincides with the assumed radial upper Emit for collection. The gain in 
accepted yield with increasing target mass appears to be more than offset 
by increases in pp and Et&. Decreasing the angle of incidence also benefits 
accepted yields but with large growth in pE”l while Etot decliues moderately. 

Scaling arguments may be used to estimate yields for pipes with dimen- 
sions simply related to those specif?ed in a Monte Carlo run. Most accepted 
e+ are created by showers at shallow depths in the pipe wall, i.e., radial pen- 
etration is much smalla than pipe radius. To a lessa axtent this remains 
true in the longitudinal direction (see, e.g., fig. 5 which compares longitu- 
dinal penetration in bayllium and tungsten). If penetration wae entirely 
negligible a simple rule would result: by scaling the problem equally in all 
dimensions, the coordinates of particles crossing the axit plane of the pipe 
likewise scale by the same factor and the total number exiting the pipe via 
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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 7s smaller pipes produce a higher e+ density but do not add 
any more particles (while pr 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 bean verified by Monte 
Carlo. For obvious reasons it works very wall for tungsten yet remains rea- 
sonably good even for beryllium. Also for obvious reasons it -ot be 
applied whae 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 e+ yield, on py, 
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-meta- 
targets thus appear to be a reasonable choice. This is also the length adopted 
in most plate target simulations which makes pipes us 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 cm long pipe of bayIlium-which is the material where it should 
the most noticeable. Both accepted yield and maximum energy deposition 
are presented as ratios to ‘targetzpipe’ results. Yields remain close to unity 
throughout while p, mn= closely matches the slight gain (<- 10%) in accepted 
e+ observed when target length decreases to N 70 cm. For much shorter tar- 
gets PE W= increases more rapidly with decreasing target length. These results 
illustrate-in a limited way and contbted to the longitudinal direction-to 
what extent the showers wash out nonuniformity of the incident 7s. 

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 a,~ plots of gross yields of 7, e-, 
and e+ along with that of accepted e +. The latter is close to uniform ova the 
interior exit face which may be of use in scaling applications. Fig. 9 presents 
combined a, a’ and 9,y’ phase space plots of both total and accepted e+ for 
beryllium and tungsten targets. Fig. 10 shows p and pi spectra of all e+ for 
aluminum along with their correlation. Fig. 11 displays distributions of the 
maximum radial shower axcursion, v, of accepted positrons in beryllium 
and tungsten pipes. e- is the largest radial excursion of the shower-as 
measured from the inna pipe radius-preceding an accepted e+. Thus, for 

9 



a pipe thinner than Ry the shower enits the exterior pipe wall and the 
e+ in question fails to be created. Fig. 11 shows that all significant e+ 
production occurs witbin a few microns of the inner surface which results 
from the smail angles of the particles involved in creating an acceptable 
positron. Small radial distances thus correspond to long pathlengths and 
most e+ 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 
Etot can be estimated as a function of pipe thickness. 

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 0.4X0 [Z]. 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 a, v distributions of all e+ and of accepted e+ for a 0.4X0 
long baylllum and tungsten targets with a beam radius of 0.3 cm. For the 
same targets, fig. 14 shows the combined a, a’ and y, y’ distributions-again 
of all e+ and of accepted e+. Much of figs. 13 and 14 is explained by noting 
that the bayllium target is exactly 100 times the length of the tungsten 
target. Fig. 15 shows the p and pl 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 pi than those 
for plates or pipes which by virtue of their length and geometry tend to 
eliminate low-p, high-pL e+s. 

4 Concluding Remarks 

In comparing the three target types much depends on which colunm in ta- 
bles I-III is chosen, which in turn depends on what may prove to be the lim- 
iting factors in a reallstic design. Target eiliciency (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 shorta 
wiggler can do the job. As listed, total energy deposited favors solid targets 
over pipe and plate targets. However, as already pointed out [ll], there 
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is considerable arbitrariness in the choice of target thickness for plates and 
pipes which impacts Et.+ Since Etot 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 
e+ collection device. For example, a solenoidal field present in the interior 
of a pipe or plate target which increases in strength with I could provide 
focusing for the emerging e+ beam and thus boost yields. With or without 
such a field a more detailed matching of collection device to target should be 
included ln furtha 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 furtha 
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 spechications. These and other variations on the 
present theme may be worth examining in the framework of a more realistic 
design study. 

If a copious supply of e+ 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 axponentially with time &er 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. 
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Fig. la Planar beam-target geometry with origin at center of target surface. 
Wiggler axis is along 2’ in XZ plane, at angle 8, to target surface. Electron 
beam oscillates in YZ’ plane with maximum angle vu between e- and 
wiggler axis. Collection device is along Z” at angle 8, in XZ plane. Length 
of wiggler is assumed small compared with distance to target, D,. 

z,cm 
Fig. 1 (b) Spectrum of synchrotron radiation as generated in typical Monte 
Carlo nm. 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: &=O.l mrad, v=O.l mrad, 
D, = 30 m, and :,/,=50 cm. 



..- i’ I 1 I -~.i‘“iil!“.‘.“- . .._. . . . , . . j ,i::::i~!i’:jj~jIJi.....;riil:i:!f’i:-.~’: “. 
$:i:jj!‘q’ ;:;.jj. ~jil::j!j~.,~~;::;‘~~~..~:~jjjl~,l~~~~j~~~j~~~~~ ~‘!lii’ 
: #j,“.:; 

I 

,$ i,ii,ij~i,ilii’~irijlil;,;iiifij 
,,,!‘i!Piji]‘,lliiii~~~~ll~~~~~~~~~~~l~j~~ :j’ijii,Q,!!: 
:i,+.!;js:.??!* fj/:$jjip;‘: :ji:fi,,;ilri:?:iili,j:~~~j~~jj 

, :i ,::.:, : j.?.r:?l.! 9 jjjj’! ;fz I :!~~::,.::,i::lii::iil t-jc: j-1 9 
.*i,,!~l,iii?!.i!r;~i~~~~i~~~!~:~~i~~li~~l fz 
tiijj$!ji 
jt!?:*ir!j!j!: 4 j’& ‘11 i;j?, .f 

r”jiii>j:ij $Zii1#]-1T!X1/ 1-i !-/.$~i.i 
yjy ijlifjij!ii!l! WI:: -&i: 

f 
i it ! t 

‘!:. j ! :.I ‘,g.-!:q!!:‘i 
~i~ii’ii;i~~ir~;i~i~~~~j~~~~~j~l~llj~~!j jy 
il~~j~]~iiijj~~ii~,~~~j~ll~~~~~~r~l~l~~~~~~~~~l 
.j,.~,rlliii%.r./.i -i- 
***!!:i*l!t!jjj! Ij’!jii’~i:i!ri~l~j~~j~~~~~ 
ijijjjjijitjjjjilr*jI:I:::;ii!j!i,ijllj!~r~ fjjjfi 
j~jijijif;ii!lili:?:~jijj~~*~..~-...:’ .%jL.W :::::::: . . . . . . i:!::::...::!!:fj.iiii’?’ “‘iijl ::::;;::?i:ii:ii:jjijj::!1!‘;;:;i:!:ri.i..-: .* . . . . . . +.a..: . . . . . *i:::::::::::*:.:: . m-:x. . . ..i.I**i.:i: i:Ijllljj;ljlld!iljj~jj~jj~jjj~~j~~~j:jj::~:~~:::~ 
jIjjjijjjjijljj!j:ij~j~jj~~~jj~~~~jj:~~~~~:~~~jjjj r:::::::::::::r::!-::::~:::::::::::::s~:~*.::~: i: . . . . . . . . . . . . ).... _ . . . . . . -...i . ..__.......__.. _ . _ . . . . . . . .._., . __ .,.....- --.-i.llii _____ ~rrrrf:, __ i’--‘iliiiijjrjljlli~~j~j:~jj~~~~~~~~j~ :r,si”“’ 
~,iSif~~jij’~jifiii’ijiiiiijEr’jjirrr:i 

._......._. .:.i.:.:::~liiarril;iti:tiirrTi:, 
I 

.'~":'~'*:i~~,j-: 1.-- 
;;:-:.i.iii:,..,r,~,irr!~Riiii~~~!!i3ii!iii~~~~' 

p2i ri{:i :*j:it& I r,..‘-J’. ‘-. 

!jjiijjiiitri:i:[fii 
i-!‘i’t.:.f-l:j.!i!lji;i/:ijlr:j!jt 

.:,i’!‘.‘.i!l’ijii.ii’t’ijri; ,.,i.! 
::I: 1 fjijj ;;:.!, ,!ji!ii:‘jjjf!f”~i~~ 

i!~;jtj~ili~~j~!!~~~~~~~~~~~~,~jj~~*,r.~~~~~~~ 
;;$;i$‘;re;ii+:r: ;.,,,..,.riijii:i:fll~r~li’;!i 
ti:irlii~,iiiiiij”~r~~~ji~~~~~~j~~~~~~~j~~~~ 

*j*‘!.::..:’ :jriTi;ifliiiiiji,rji;t ,jj 1 *ji.:~., ,.. ,i 
.::ri-:..l.i-:l::l:.~~*~~:.,?~:. !iij!,i*jt.:icf:-i-iIil 

a,.“ ,* I’(.:;‘;‘.,.._ j:.:;‘;)......i”‘.i’“:i,~‘*r;~~.:~~ 
.g~ifiijilij:jt!riidiii;f:ijil:j:ir’it:-~;l.ij 
l’L, ,.I,,-!-:.::pjri;itii!i~~*~~~.,.:t~t~~l.~ ~d:;k, ,__ :L). ,:I., :i;‘i:. ‘Y’, -4-r :ii ::j+ x!; :$i.Jf: St. .+ij ~~~~~~~~j:. .,: ,,lE. ‘$‘j;?.: ,i ..q*: ~. gp;i+ ~.!-il;‘a:,,i~liiliijl~i i<~i;.~~J,,,~~~~~ 
ie?;s&i:.;i:;; jl$ i 

., 
;;j / ;r :.r i ildii:;? :.*i+ 

jxjji;x’ii.iic.+ / 4 i.+!%vy,.: it ij;:t j; :‘t” :- :. 
Liijili-iiiiiifij~:ii;I:.. . . . . . . . . . <;//jj.:. _.i iti / :“( it &~‘::$jg~: 

‘:~li:i~ri;iiii;.:r.:,;L r;::r-;::.:.:i:::‘t:,.:::: . . .-“..‘-...“..““-‘~~~~~~~~j~~~~~~~~~~;ii 
iiiii-~;ii:i”“;i.:~i~::i,i:. 
;~~...iii.ilt;jjjji//rjilj~/Ji~:j~r~~.~iil) 

: .:~::::~~i~eii~~;~i~ 
~~:t;‘~~~~~li;~~:.:~i,~:i~:.. .__...: ~i~‘.?~.~i;iII;iii 

. . &:Jcic;; ::.,.:.*:,*: ::::: iili:‘:‘i-i~H:ii~~:::::. i:~:“:::‘““IiI::IiIiui:iiii.l,~~iiiit i:::.:.::::. . . 
I I I I , I I I I I I I ( I ( 

I I I I I I1~1 ,..:...:,::::.::i. .,::::: :: .,: .~~~~~~ ,. .,,.,. . . :, .., 

:::: ,,;;i!ii;:!i!jijjr!ij ~f,~*.::~~~~~~~,,;;. 
~;,j3--::i:::::iTjriiii;i.‘:.~. 

. . . . ~“‘““,“.. _. 
iiiiili6llr:r:i.,ir!!!i, l*...l.,.l -.;;;e:e. j”ii:i!!il.::::I:i:iiii. 
iii::jj;ijjjjj;jjif::jj..i . ..- *. .*::..v*..‘i” 

,ci~rij~jjinjrjrji..lj:.ll:jjjj:jjjjjjj~~~~~:~~~~~ 
.A::* . . . . . . . . . . . ~j;rr~.i::*:r;,,::;;;;;;;;i;i;:; 

.., ---:::::::i ._._... . . .._....._.. _ __.___.... :l?:::n::.i . . . . . . . * . . . ..i ::::: i ::::I::::::: i:ii:: 
;:;;::::::.::jit’.r;jjI::::::L;.:;;:t;;E;;;r: 

::ii::::i::::: :... 
~i~iiIijiiIjII:Ejlffj~~jj~j:: iil:iiiii.:iii ;;:-::: 

.___..__ tiiiiii:iii i -ii::: i-i:: 

::::l:i:3::i::::i::::::::::::::::::::::::~:::~j / /j 
~::::::;-::;:r:;:rr:rr:r;:r::::::::~:~j~~~~j~~:~:...~ 

---I: ..____. A::::::: ~Iliiiiiiiiiiiil~liiEIIRijiEIl:; . . . . . . . . . i ::::::: 
~:::::::;::::;:r:~:~:i:iiiE:::1:::i:i::..~......., 
~jiiIjiiiiIiiiIii;l(?ii(iiii(liiiiiIijiiiiIiiiiili 
~::::::::::::-:::i:::::::::::::::i::::i::::::::::::: 
i:::::::::::::::::::::::::::::::!::::::::::::::::~ 
:‘j:iliiiliijliiiiii:iiiliiii:lliillliif~~~: 
: :_..............._._.,.......,,,....,...,.....,.,~: 
i1.i ,j,‘~:ijiijljiijjiijjijrjrjjjr~,j~~~,~r~:~~~::~~.:~ 

:: :: :.;;i!jjjj~~!lji~!i~jiif!Li!iilli;hi, 
. . . . _ “‘““,“..-‘. 

iiiiili6llr:r:i.,ir!!!i, l*...l.,.l -.;;;e:e. j”ii:i!!il.::::I:i:iiii. 
iii::jj;ijjjjj;jjif::jj..i . ..- *. .*::..v*..‘i” 

,ci~rij~jjinjrjrji..lj:.ll:jjjj:jjjjjjj~~~~~:~~~~~ 
.A::* . . . . . . . . . . . ~j;rr~.i::*:r;,,::;;;;;;;;i;i;:; 

.., ---:::::::i ._._... . . .._....._.. _ __.___.... :l?:::n::.i . . . . . . . * . . . ..i ::::: i ::::I::::::: i:ii:: 
;:;;::::::.::jit’.r;jjI::::::L;.:;;:t;;E;;;r: 

::ii::::i::::: :... 
~i~iiIijiiIjII:Ejlffj~~jj~j:: iil:iiiii.:iii ;;:-::: 

.___..__ tiiiiii:iii i -ii::: i-i:: 

::::l:i:3::i::::i::::::::::::::::::::::::~:::~j / /j 
~::::::;-::;:r:;:rr:rr:r;:r::::::::~:~j~~~~j~~:~:...~ 

---I: ..____. A::::::: ~Iliiiiiiiiiiiil~liiEIIRijiEIl:; . . . . . . . . . i ::::::: 
~:::::::;::::;:r:~:~:i:iiiE:::1:::i:i::..~......., 
~jiiIjiiiiIiiiIii;l(?ii(iiii(liiiiiIijiiiiIiiiiili 
~::::::::::::-:::i:::::::::::::::i::::i::::::::::::: 
i:::::::::::::::::::::::::::::::!::::::::::::::::~ 
:‘j:iliiiliijliiiiii:iiiliiii:lliillliif~~~: 
: :_..............._._.,.......,,,....,...,.....,.,~: 
i1.i ,j,‘~:ijiijljiijjiijjijrjrjjjr~,j~~~,~r~:~~~::~~.:~ 

.', ~iil~~!iiii~riirjirjjrjj~~jj~; I ,I:: ' 
it: iiiitit iriil:!l*3i:vq ::i.-, ~,. 

;+":j'; i qi':i;;riii;:!irr : ; $- *.:-- 

i!l~~iiit,!i$iil,l,ii"iii!il;iii!i5i 

J'j J il!il!ri;l;;jl,ijl,,:!~~jj!..~~~:~~~i~~,~ jfiji !,J.q !:y! kif 

'Ai"i E~jji;,li:t::{sr: ' 

' j!'i'llftl~!'ii;ii!j!iirilil:;:j;il,!,~ 

qjirg ,Jj$f~ /::I &i:.j:l!fr 
ii'! 1;" 'p :i'fiiifl :X{~p+j 

::;t'i; 

,j 'i]yyp.g g; j&jj)j& 'j 
~~~~~~~~l~~lj~r.j~ . 

181 
Ji] 

j.! 
. < yf : 

I 
:!,.jt ..l,i!.l 

j: 
z I!:/$ 

* :.::: 
jji!,' il!!~I lii!iiii!.i,i!:~i::'ii:fii! 

:: *,:;,i*! f i 
""i&!' 

.Zib 
i!f,: j ii:jpj -::a. 

z '.!!iri iiii3i&t::'i 

i!l.::,.....,llri'!j't if!: ~i,!j~~~~ij~$y!:i 
:- ::jt 

,:::::::j,ig - 2 
gggijj;jz:::r -:.i..-* -r-%q:,..r ,,.:.j,~!r!!t:t:~*~~j~~~~~ . I-1-.-- 
/jij(jijjijrjgjjj;jj 
::i:i:'!jj:ji!i!Ii8iri.iiji;lii: j$+-gp::r-: 

..ltiriij!:jjIii:ijlj:j~~~~~jrj 

iii:iii?:ri:;..~.iii:ji::l...I..: i j i ;:;.i..&G 

~Ilijiijsiljiijfjj'jr.ii:!jilijj!j-ijji&ijjl~~~ 

;jjjjjjqjj!:jq jij:jjri[ljjiijij[~~jljjl~~jl 

i::j~jdi~ifljfi'il[ij~i~i!i!ijffii:ii"l'iiisi 

Q, 
iii')'~..j"jlli[*.il.'i"!j.. ::'&i!.?i: 
j&j ij~jjjiijj!fiiiltijiiiiiftiijjtijiiijil 

I I I I I I I , , 

. . 

0 

uJ3 ‘A 
: 

E 
v 

. 
X 

E 
v e 
X 

17 



s 
0 

5: 

pDJUJ‘,X ’ 

0 Q 
0 

POJU ‘,A 

B 9 ‘i :: iI ?Jz 
g a!’ 

0s +; k 
23 
fiiil s-! 
g7 

cq g 2 
9 ‘2 2 

2 
%B 
ail ‘a Y 
p d 

l 
Y 

-2 53 2-a II 
E ;a 5 

0 0, 
;j; 

h ct;a% 
97% ^ 

3-d E 
haLfi 
? s II 
.Y+ s 
k UQ 

cq 

? 

18 



I I I I I I I 

cl 
-s 

I - 0 
-0 ; 

,A _ “r” 
d 

I- ,: t?. -E 
,A:” 

I ,,&:” , M”” ,-IL--” ,I_ *ICI-.. .-11*_111*-*1*1--“--~~ _ 0 I I I I I I 
u,mvmcu-0 

I I I 1 
> In 9 Ir! 0 j ,’ 

s(!un .qm g2 40 JaqurnN 

I I I I 1 I I I 
: : 
:: 
:: 

: : 
:: 
:: 
:: 
:: 

ii 

:: 
: : 

;i 

: : 
: : 
: : 

ii 

: : 
: : 

: 

19 



I t I I I I I I I 4 I I I I 

-%xg 
yf%lr 

F 

rx 
wn %t 

7 RQ.” 5 

wi ad .e l Q JO J8qUJilN 

+ we aA s .M F& 
i$ 

q 

ia 2% 

E 
“; 

0 :3 
N’ g j 

iki o- N 28 
FOE 3u 
jt: a 
:- 
B !i z E- *I? 
Q z;,. rDM . .E 2 .- 2 Lrw 

20 



l’“‘l”“i”“1”“. 
7: B B p 

OU = Al 

o Fe x Be 
i 
P x x x 

i 
- x 

!I 
4 !I 

I 
2 
. 
‘9 100 
: 

a * 

00 0 0 0 0 

I,. , I I I I I e IO 3 I I 
0 100 200 300 400 500 

Pipe Lenqth. cm 
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Fig. 12 Longitudinally integrated energy deposition density as a function 
of radius for 100 cm long pipe of beryllium (x) and tungsten (0) and for 
incident angle of 7 uniformly distributed between zero and 0.1 mrad. 
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