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Abstract. A design study has been performed for a positron beam with an energy of 500 MeV to be realized
at the applied physics area of the Mainz Microtron MAMI. Positrons will be created after pair conversion
of bremsstrahlung, produced by the 855 MeV electron beam at MAMI in a tungsten converter target.
From the two conceivable geometries (1) pair conversion in the bremsstrahlung converter target itself, and
(2) bremsstrahlung pair conversion in a separated lead foil, the former was considered in detail. Positrons
will be energy selected within an outside open electron beam-line bending magnet, and bent back by an
additional sector magnet. Magnetic focusing elements in between are designed to prepare in a well shielded
positron target chamber about 6 m away from the target a beam with horizontal and vertical emittances of
εv = 0.055 π mm mrad (1 σ), and εh = 0.12 π mm mrad (1 σ), respectively, for a 10 µm thick amorphous
tungsten target and negligible momentum spread. At an accepted positron band width of 1 MeV, spots are
expected vertically with an angular spread of 0.064 mrad and a size of 5.0 mm (FWHM), and horizontally
with an angular spread of 0.64 mrad and a size of 7.7 mm (FWHM). The positron yield amounts to 13.1
per second, 1 MeV positron energy band width, and 1 nA electron beam current.

1 Introduction

The channeling phenomenon of charged particles in sin-
gle crystals has been applied in a number of areas. Well
known is the particle steering in high energy physics,
but considerable interest exists also in the construction
of compact radiation sources in the MeV range and
beyond, for an overview, see, e.g., Korol et al. [1]. In
these fields bent or periodically bent single crystals are
required, the production of which is already an art in
itself, and the understanding of the channeling process
in such crystals is of utmost importance not only for
electrons but in particular also for positrons. To study
channeling in such crystals, high-quality low-emittance
beams in the GeV range and below are required.

For electrons such a facility is the accelerator complex
MAMI at the Institute for Nuclear Physics of the Uni-
versity of Mainz which supplies an electron beam with a
maximum energy of 1.6 GeV and a beam current of up
to 100 µA. Outstanding qualities of MAMI are the con-
tinuous beam with an excellent beam quality of some
π nm rad emittance, a very low energy spread of less
than 10−4, as well as its extremely high reliability [2].
The electron beam is mainly used for nuclear physics
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experiments but the low divergence beam is well suited
also for all kind of channeling experiments in thin bend
crystals. Such experiments require a high quality beam
with a divergence less than the Lindhard angle which
is typically less than 0.3 mrad at 1 GeV. In the past
years, a large number of investigations on channeling
radiation [3–6], deflection of the electron beams in bent
crystals [7,8], and the generation of radiation in peri-
odically bent crystals [9–11] have been conducted at
MAMI.

Extending such studies for positrons hamper on the
fact that facilities for high-quality positron beams are
rare. There exists the DESY II test beam facility [12]
with selectable momenta in the range from 1 to 6
GeV/c. Another is the DAΦNE beam test facility at
INFN Frascati [13] which delivers a pulsed positron
beam in the energy range around 500 MeV. Outside
Europe we mention the End Station A Test Beam at
SLAC [14].

The final aim of the current design study is to con-
struct a 500 MeV positron beam line with an outstand-
ing emittance in one dimension, the vertical coordinate,
allowing for a beam divergence of less than 100 µrad.
To achieve this goal, the 855 MAMI beam is focused on
a self-converter tungsten foil in which bremsstrahlung
photons and positrons via pair conversion are produced
in one and the same target, utilizing this way the high
beam quality of MAMI. With such a beam, the initial
transverse energy in a crystal potential pocket, with a
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Fig. 1 Sketch of the positron beam line in red at the X1
experimental area of MAMI. The displacement for the 500
MeV positron beam at the single-crystal chamber (SCCh)
amounts to 1006 mm. Not shown are equipments behind
the SCCh like a BM3 which deflects the positrons into a
coincidence detector, and a photon detector for channeling
or crystal undulator radiation in a distance of about 5–8 m
from the SCCh

typical depth of 23 eV, could be defined at channeling
with an energy spread in the order of eV.

The paper is organized as follows. After this Intro-
duction, in Sect. 2 the positron production via
bremsstrahlung and pair conversion is described. The
key part of the paper is Sect. 3 in which the calculation
of the transfer matrix for positrons after passage of an
outside open beam line bending magnet is described.
In order to verify the calculations in Sects. 2 and 3,
test experiments were performed which are described in
Sect. 4. In Sect. 5, more or less standard ray trace cal-
culations are described to transport the positron beam
into the experimental area. The paper closes in Sects.
6 and 7 with a discussion and conclusions, respectively.

2 Positron creation

The positron beam line will be constructed at the X1
applied physics site of MAMI, see Fig. 1. The primary
855 MeV electron beam hits a 10 µm thick amor-
phous tungsten target (Z = 74) in which, in a first
step, bremsstrahlung photons are produced. In a sec-
ond step, these bremsstrahlung photons are pair con-
verted. There are two possibilities to produce positrons.
In the first one, called in the following the self-converter
geometry, the target is at the same time, both, the
bremsstrahlung photon source and the positron con-
verter. In the second one, called the separated-converter
geometry, the tungsten target is the bremsstrahlung
converter located upstream the bending magnet BM1,
and the lead positron converter is located inside BM1,
see inset of Fig. 4. The positron converter is shifted into
the BM1 by a certain distance in such a manner that
the deflected primary electron beam does not scratch

the positron converter. In this case study, all consider-
ations were done for a kinetic energy T+ = 500 MeV of
the positron beam.

In order to estimate the number of produced
positrons, the number of photons created by the elec-
tron beam in the bremsstrahlung converter target and
the cross section for positron creation in the converter
target must be known.

The threefold differential bremsstrahlung photon
number d3N0 created in the target per electron,
bremsstrahlung energy interval d�ω, solid angle dΩ,
and target density–thickness product d(ρt) can be writ-
ten in the case of an ultra-relativistic electron beam
with Lorentz factor γ � 1 as

d3N0

d�ω dΩ d(ρt)

=
NA

Mm
αZ2 r2e

F (�ω)
�ω

(
3
2π

γ2 1 + γ4θ4

(1 + γ2θ2)4

) (1)

with

F (�ω)

= 4
[(

1 +
(E − �ω)2

E2

)(
Φ1(g)

4
− 1

3
ln (Z) − f(Z)

)

−2
3

(E − �ω)
E

(
Φ2(g)

4
− 1

3
ln (Z) − f(Z)

)]
.

(2)
Here are

re = e2/4πε0
mec2 : classical electron radius

E: total energy of electron beam
NA: Avogadro constant
MM: molar mass of the target
Z: atomic number of the target.

Equations (1) and (2) have been taken from Koch et
al. [15, Formula 3CS]. In Eq. (1), the last term in big
parentheses is the angular distribution term which has
been included. The screening functions Φ1(g), Φ2(g)
were taken from Motz et al. [16, Formula 3D—1003]
with g = 100 ·�ω ·mec

2/E(E −�ω)Z1/3, and f(Z) from
[16, Table 6.05]. The solid angle integrated Eq. (1) reads

d2N0

�ω d(ρt)
=

NA

Mm
αZ2 r2e

F (�ω)
�ω

. (3)

The result has been checked with the tables of Seltzer
and Berger [17] for lead (Z = 82) at a beam energy of
1 GeV. An agreement of better than a few percent was
found. The function F (�ω) is shown in Fig. 2.

For the calculation of the positrons created in the
converter target, two approaches have been considered:
(1) the Davis–Bethe–Maximon formula of Motz et al.
[16, Formula 3D—1009], and (2) the Davies, Bethe, and
Maximon formula for the unscreened differential cross
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Fig. 2 Function F (�ω) as calculated with Eq. (2) for elec-
trons with an energy E = 855 MeV impinging on tungsten
(Z = 74)

section according to Hubbell et al. [18, Eq. (4)], multi-
plied by a screening correction factor f sc:

dσ

dT+
(T+, �ω)

= αZ2r2e
1

(�ω)3
(
(T+ + mec

2)2 + (T− + mec
2)2

+
2
3
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2)(T− + mec
2)

)
×
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2 ln
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mec2�ω

−1 − 2f(Z)
)
fsc(�ω). (4)

The screening correction factor

fsc(�ω) = σpair(�ω)
/ �ω−2mec2∫

T+=0

dσ

dT+
(T+, �ω)dT+.

(5)

is the total cross section σpair(�ω) in the nuclear field
as taken from the NIST tables [19] and the integral of
the differential cross section Eq. (4) over all positron
energies. Both approaches differ somehow in the shape,
see Fig. 3, and also in the total cross sections by about
10–20 %. It is not clear to us which approach is the
better one. Somehow arbitrarily, all calculations have
been performed with Eq. (4).

The positron yield has been calculated for various
kinetic positron energies T+ by the integral

dNe+

dT+
(T+) =

NA

Mm
ρCtC

×
855 MeV∫

�ω=T++2mec2

dσ

dT+
(T+, �ω)

dN0

d�ω
(�ω) d�ω

(6)

Fig. 3 Differential positron production cross section at a
photon energy of 855 MeV. The violet curve is from Motz
et al. [16, Formula 3D—1009], the blue one from Hubbell et
al. [18, formula (4)]

Fig. 4 Positron yields: curve 1 for a 10 µm thick tungsten
self-converter target, and curve 2 for a 10 µm thick tungsten
bremsstrahlung converter and a 20 µm thick lead positron
converter target in the separated-converter geometry shown
in the inset. Numbers are given per second, 1 MeV kinetic
positron energy interval, and an electron beam current of 1
nA

The converter target with density ρC and thickness tC
may either be a separated-converter target of, e.g., lead,
or the tungsten target with thickness tW itself. In the
latter case, the converter target thickness is tC = tW/2.

Calculated yields are shown in Fig. 4. Notice, the
lower the positron energy, the higher the yield. The rea-
son is the increasing number of bremsstrahlung photons
above the threshold T+ + 2mec

2.

3 Positron transfer matrix of bending
magnet BM1

The only nonstandard element in the positron beam
line to be constructed is the bending magnet BM1. In
this section, ray trace calculations will be described to
obtain its transfer matrix.
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The bending magnet BM1 is a modified version of
a θ0 = 30◦ magnet with a bending radius R = 3820
mm originally used at the electron-positron storage ring
DCI in Saclay. The iron return yoke was placed inside
the area of the electron circle, meaning that positrons
can leave the magnet into the free space outside. The
gap was reduced to 60 mm to reach a magnetic field
of B = 1.0517 Tesla which is required to achieve the
bending angle of 43.53◦ for guiding the electrons into
the beam dump.

The natural entrance point of the magnet has a dis-
tance from its nominal orbit symmetry point, in the
middle of the magnet and the middle of the pole piece,
of R sin(θ0/2) and R(1 − cos(θ0/2)) in longitudinal
and transverse direction, respectively. The magnet is
rotated counter clockwise by 21.765◦. A cartesian coor-
dinate system (xL, yL, zL) has been chosen with the zL
axis parallel to the beam direction, the xL axis in the
plane of the electron orbit pointing into the direction
as shown by the coordinate system in Fig. 1. The origin
of the coordinate system is displaced from the natural
entrance point by (22.8, 0, − 2.7) mm.

To obtain nominal orbits, ray trace calculations were
performed by solving the coupled differential equa-
tions in the laboratory cartesian coordinate system
(xL, yL, zL)

z′′
L(s) − qc

mc2
By

(
xL(s), zL(s)

)
x′
L(s) = 0

x′′
L(s) +

qc

mc2
By

(
xL(s), zL(s)

)
z′
L(s) = 0.

(7)

The vertical magnetic field component By(xL, zL) is
shown in Fig. 5 in the horizontal symmetry (xL, 0, zL)
plane. It is directed vertically into the direction of the
yL ≡ y coordinate. The magnetic field was calculated,
based on the geometrical and material configuration of
the magnet, with the code ’CST—studio suite’ [20]. The
quantity s = v t ≈ c t is the path length of the tra-
jectory (xL(s), zL(s)) which is the solution of Eq. (7)
in the horizontal plane, i.e., for yL(s) = 0. The charge
q is -e for electrons and +e for positrons, with e the
elementary charge. The quantity mc2 = E is the total
energy of the electrons (positrons).

The correctness of the solution of Eq. (7), which
have been performed with the Mathematica 10.4 pack-
age, was checked by calculating the trajectory of the
855 MeV electron beam. A deflection angle of 43.51◦
resulted which is rather close to the nominal angle of
43.53◦.

The W target is positioned in the self-converter
geometry inside the magnet at xL,W = 10.54 mm, zL,W

= 197.7 mm. The lateral displacement is due to the cur-
vature of the electron orbit which makes at the target
position an angle of 4.760◦ with respect of the zL axis.

The nominal 500 MeV positron beam exits the BM1
vacuum chamber, see Fig. 1, at z

(vc)
L = 1682.5 mm,

which is the distance from the entrance of the BM1
magnet and the flange of the vacuum chamber, at

Fig. 5 Magnetic field component By(xL, zL) of the BM1
magnet in the symmetry plane (yL = 0) as function of the
horizontal xL and zL coordinates in the laboratory system.
The maximum magnetic field is B = 1.0517 Tesla. The front
face of the magnet is tilted counter clockwise by an angle
of 6.765◦. The electron beam enters the magnet at xL = 0
and zL = 0. The gray area indicates the negative magnetic
field in the iron return yoke

x
(vc)
L = -355.0 mm. The angle with respect to the zL

axis amounts to − 19.28◦.
Deviations from the nominal trajectory were calcu-

lated by solving the differential equations

x′′(s) +
(

e2

p2
B2

y (r(s)) − k(s)
)

x(s) = 0

y′′(s) + k(s)y(s) = 0
(8)

with

k(s) =
e

p
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∂By(rL)
∂rL
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e

p

(
−tL,z(s)

∂By (xL(s), yL(s))
∂x

+ tL,x(s)
∂By (xL(s), yL(s))

∂z
tx

) (9)

and r(s) = (x(s), y(s)) the deviation from the nominal
trajectory counted perpendicular to the trajectory [21].
To obtain the quadrupole strength k(s), depicted in
Fig. 6, the directional derivative perpendicular to the
nominal trajectory must be known. It was calculated
in the laboratory frame with the tangential unit vector
t̂L(s) = (tL,x, tL,z) = (dxL/ds,dzL/ds) after a rota-
tion in the horizontal plane by an angle of —90◦ yield-
ing n̂L = (−tL,z, tL,x). With ∂By(rL)/∂rL, the gradi-
ent of the scalar field By(r) in the laboratory system is
denoted.

The transfer matrix for the column vector (x, x′, y, y′,
Δp/p) reads in general form with mhik and mvik the
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Fig. 6 Quadrupole strength k(s) of the bending magnet
BM1 as function of the path length of the trajectory s for
a positron energy of 500 MeV. The fluctuation is due to
numerical inaccuracies in the calculation of the magnetic
field

horizontal and vertical matrix elements, respectively,

M =

⎛
⎜⎜⎜⎝

mh11 mh12 0 0 mh13

mh21 mh22 0 0 mh23

0 0 mv11 mv12 0
0 0 mv21 mv22 0
0 0 0 0 1

⎞
⎟⎟⎟⎠ (10)

or numerically for 500 MeV positrons exiting BM1 at
z
(vc)
L = 1682.5 mm

MBM1 =

⎛
⎜⎜⎜⎜⎝

0.019387 995.886 0 0 395.73
−0.0009964 0.3992 0 0 0.2996

0 0 1.8302 2059.42 0
0 0 0.0009434 1.6084 0
0 0 0 0 1

⎞
⎟⎟⎟⎟⎠

.

The (2×2) submatrices have the structure of a
quadrupole. Since the element k(s) is negative, see Fig.
6, consequently also the element mh21 turns out to be
negative, and the bending magnet behaves for positrons
like a horizontally focusing quadrupole, and at the same
time, vertically as de-focusing one. The dispersion is for
500 MeV pv+/mh13 = 1.264 MeV/mm.

4 Experimental tests of calculations

Since the calculation of the transfer matrix for positrons
for the magnet BM1, as described in the last section,
turned out to be rather complex, it appeared to us
mandatory to test the results. An experiment was per-
formed behind the vacuum chamber of the bending
magnet BM1, see Fig. 1, with which not only the imag-
ing properties of BM1 could be checked but also the
calculation of the positron yield described in Sect. 2.

Positrons from a 10 µm thick W target, located in
the BM1 as described in Sect. 3, were analyzed with a
detector assembly shown in Fig. 7. Spectra taken with

Fig. 7 Detector assembly for the measurements of
positrons. A number of 12 LYSO crystals serve as a
calorimeter. Each of the crystals has a size of 100 × 10
× 10 mm3, read out with 6 × 6 mm silicon photomultipliers
operating in the Geiger mode. The radiation length of LYSO
is 11.4 mm and the Moliere radius 20.7 mm. Data acquisi-
tion is performed with a fast 125 MHz sampling ADC. The
aperture in front of the detector is made of 50 mm thick
lead with a 6 mm-wide slit. The support of the detector
assembly allows rotation, and linear movement along the
dispersive plane

Fig. 8 Energy spectra for positrons taken with the detec-

tor assembly of Fig. 7 at z
(vc)
L = 1682.5 mm for -xD =

317 mm (blue line) and 500.5 mm (red line). Tungsten tar-
get thickness 10 µm, electron beam current 14.2 nA, data
collection time 1000 s. According to an energy calibration
with electrons of the MAMI accelerator with energies of 855
and 350 MeV, the peak energies are 318.5 and 501.3 MeV

the LYSO calorimeter are shown in Fig. 8. A special fea-
ture of the detector assembly is the fact that both, the
lateral position xD of the positron beam at the posi-
tion of the flange of the vacuum chamber, and via a
rotation also its angle θD with respect to the zL axis
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Fig. 9 Angle and position measurements with the setup

shown in Fig. 7 at z
(vc)
L = 1682.5 mm. Values are −xD =

(317 ± 1) mm and (500.5 ± 1) mm with angles of −θD
= (17.5 ± 0.5)◦ and (25.0 ± 0.5)◦, respectively. The black
line “0 mm” indicates calculations at an optimized tungsten

target position, the blue one “L
(shift)
W ” with a 35 mm down-

stream shifted target. A precise comparison is depicted in
the insets

Fig. 10 Calculated positron yield for a 10 µm thick tung-
sten self-converter target compared with measurements.
The error bars are measurements taken with the detector
shown in Fig. 7 at the spectrometrically determined energies
of (369.3 ± 8.9) MeV and (549.9 ± 16.5) MeV. Dispersions
are 0.746 MeV/mm and 1.508 MeV/mm, respectively

can be measured. The results for two measurements are
shown in Fig. 9. At the calculation, the tungsten tar-
get position was adapted to match the measurement.
This way also the energy of the positron beam could be
determined since the whole construction is a magnetic
spectrometer.

Measurements of the positron yields for two spec-
trometrically determined energies are shown in Fig. 10
which agree well with the calculations described in Sect.
2.

The experimental test of the previously described cal-
culations was of particular importance since the beam
line to be constructed requires substantial funds.

5 Ray trace calculations

5.1 Self-converter geometry

The simplest way to produce a positron beam is to posi-
tion the target in the electron trajectory within BM1 as
described in the previous Sect. 3. Bremsstrahlung pho-
tons created in the target are pair converted in the tar-
get itself. The strongly forward directed positrons will
be deflected in the bending magnet BM1 into opposite
direction like the 855 MeV electron beam and energy
separated. A slit in the horizontal plane cuts out a cer-
tain energy band from the continuous energy spectrum,
characterized by ΔT+, or Δp/p ≈ ±1/2 · ΔT+/T+,
which will be deflected back by a second bending mag-
net BM2 and this way guided into the X1 experimental
area, see Fig. 1. To focus the positron beam onto a chan-
neling crystal in the single-crystal chamber SCCh, a
quadrupole doublet has been placed between the bend-
ing magnets BM1 and BM2, i.e., a horizontally defo-
cusing quadrupole QD(k,s) with kQ1 > 0 followed by a
horizontally focusing one QF (k,s) with kQ2 < 0.

With the standard expressions for the drift matrix
S (s) with s the drift length, for a defocusing and focus-
ing quadrupole, and for a bending magnet BM2 with
length sBM2 = RBM2 ·ϕBM2, RBM2 is the bending radius
and ϕBM2 the deflection angle, the total transfer matrix
reads

Mtot = S(s4) · MPE
BM2(sBM2, RBM2, ψPE) · S(s3)

·QF (kQ2, sQ2) · S(s2) · QD(kQ1, sQ1)
·S(s1) · MBM1 (11)

In MPE
BM2(sBM2, RBM2, ψPE) the pole edge focusing

matrix MPE(ψPE, RBM2) is included. With the param-
eters of the beam optics elements compiled in the
“Appendix”, the phase space ellipses can be aligned at
the SCCh for a momentum spread Δp/p = 0 parallel
to the horizontal x and simultaneously to the vertical y
coordinates. This way the angular spreads x′ and y′ are
minimized. Preliminary beam characteristics were cal-
culated with a trial-and- error method with input values
for the spatial and angular distributions at the target
position which are also compiled in the “Appendix”.
To illustrate the beam quality, phase space distribu-
tions (x, x′) and (y, y′) at the SCCh are shown in Fig.
11. In Fig. 12, the corresponding spot size and angular
distribution are depicted.

The effect of an accepted energy spread ΔT+ = 1
MeV (Δp/p = ±1.0×10−3) is demonstrated in Figs. 13
and 14. The angular distribution x′ in the (x, x′) phase
space widens while for y′ nearly no change in compar-
ison with Δp/p = 0 is discernable, compare with Fig.
11 right panel. As demonstrated in Fig. 14, the spread
ΔT+ affects only little the beam spot size, however,
widens significantly the angular spread x′. It turns out
that about 82 % of all events are located within a circle
with a radius of 5 mm.

As can be seen from Fig. 14, right panel, the angu-
lar distribution Δy′ = 0.064 mrad is vertically rather
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Fig. 11 Phase space distributions at the SCCh for Δp/p =
0, left horizontal, and right vertical. Calculations were per-
formed for 2000 rays randomly distributed at the 10 µm
tungsten target according to Gaussians with standard devi-
ations as described in the “Appendix”

Fig. 12 Spot size, left, and angular distribution, right, at
the SCCh position for Δp/p = 0. Projected FWHM are Δx
= 6.7 mm, Δy = 4.9 mm, Δx′ = 0.094 mrad, Δy′ = 0.063
mrad

Fig. 13 Phase space distributions horizontally, left, and
vertically, right, for Δp/p = ±0.001 at the SCCr. The energy
spread of the positron beam was assumed to have an rect-
angular profile

narrow. It corresponds to a transverse energy spread of
only 1.0 eV. This feature defines the orientation of the
single crystal in the SCCr. The angular spread Δx′ =
0.35 mrad in x direction is expected to cause low energy
tails of the channeling or undulator radiation peaks.

A thickness variation of the tungsten self-converter
target has nearly no effect on the scattering distribu-
tion at the position of the single-crystal chamber SCCh,
however, a very significant one on the size of the beam
spot. It can be concluded from the product tW f (tW)
shown in Fig. 15 that the tungsten target thickness can

Fig. 14 Spot size, left, and angular distribution, right, at
the SCCh, for Δp/p = ±0.001. Projected FWHM are Δx
= 7.7 mm, Δy = 5.0 mm, Δx′ = 0.64 mrad, Δy′ = 0.064
mrad

Fig. 15 Fraction of positrons accepted within a circle of 5
mm radius at the SCCh position as function of the tungsten
self-converter thickness tw for a positron momentum band
Δp/p = ±0.001. Shown is also the product with the target
thickness tW

be, in principle, increased by a factor of about 5. As
shown in Fig. 16, at a thickness of 50 µm the narrow
angular distribution in vertical direction is kept, irre-
spective of an increase of the energy spread. Since the
positron yield scales quadratically with the W-target
thickness, the intensity will be significantly increased.

5.2 Separated-converter geometry

In the separated-converter geometry, see Fig. 4, the
positron converter target is located also inside the
bending magnet BM1, however, not within the elec-
tron beam. The bremsstrahlung target should be posi-
tioned as close as possible to the positron converter
target, preferably outside the bending magnet BM1
since parasitic positrons should be excluded from an
acceptance by the beamline. Assuming as a safe dis-
tance between the electron beam and the positron con-
verter target 12.4 mm, the Pb positron converter tar-
get may be located at zL,Pb = 196 mm, similar as for
the self-converter geometry. In principle, all the cal-
culation described in the previous subsection can be

123



150 Page 8 of 10 Eur. Phys. J. D (2022) 76 :150

Fig. 16 Spot size, left, and angular distribution, right, at
the SCCh position for a tungsten self-converter thickness
tW = 50 µm, and an energy spread of 2.63 MeV. Projected
FWHM are Δx = 14.4 mm, Δy = 8.4 mm, Δx′ = 1.6 mrad,
Δy′ = 0.064 mrad. The energy spread corresponds at the
dispersion of 1.264 MeV/mm to a slit width of 2 mm

performed also for this geometry. We avoid to present
results which look similar to those shown in Figs. 11,
12, 13, and 14. However, there are differences which
originate from broader scattering distributions due to
the thicker lead target with larger charge number, and
an increased bremsstrahlung spot size at the positron
converter target. These effects must be minimized in
a future study to fully utilize the larger intensity for
this separated-target geometry in comparison with the
self-converter geometry.

6 Discussion

Since the positron intensity scales with the
bremsstrahlung converter thickness, in the self-
converter geometry quadratically, in the separated-
converter geometry linearly, the largest possible thick-
ness should be chosen. Beside possible restrictions
already discussed, also the angular acceptance of the
electron beam line into the dump is of importance. If
tails of the scattering distribution scratch constrictions,
a large radiation background may be the consequence.
Therefore, geometrical bottlenecks in the beam line
must be eliminated. Anyway, even after optimization
the separated-converter geometry has at least about a
factor of two higher intensity in comparison with the
self-converter geometry, probably more, however, on the
expense of a broader vertical angular spread y′ at the
SCCh.

Which spot size at the SCCh may be allowed is a
question of the observation geometry for the emitted
channeling or undulator radiation. Assuming the pho-
ton detector is 5 m away, and that the off-axis observa-
tion angle should not be larger than 0.4 mrad, the spot
size must have a radius of less than 2 mm. Positrons
impinging the single crystal target with larger radii can
probably be excluded by an anti-coincidence detector.

A count rate estimate will be performed for the 10
µm W target in the self-converter geometry for moder-
ate angular resolution studies. With an anti-coincidence

aperture of 2 mm radius in front of the single crys-
tal target in the SCCh, the acceptance may be 20 %.
Assuming for channeling or undulator radiation that
5 × 10−6/keV photons are emitted per 1 keV band-
width and that the peaks have a half width of 100 keV,
the count rate would be 5 × 10−6/keV × 100 keV ×
0.2 × 13.1/s = 0.0013/s for a positron beam with one
MeV bandwidth and 1 nA electron beam current. For
reasonable count rates, both, the beam current and the
target thickness should be increased. At a beam current
of 0.5 µA, and a somewhat thicker target an increase of
the count rate by about a factor 103 should be feasible.

For a high angular resolution study in the self-
converter geometry, the count rate is significantly lower.

7 Conclusions

Positron yields have been calculated for a 10 µm thick
tungsten target in the self-converter geometry, and for
the separated-converter geometry for also a 10 µm thick
tungsten bremsstrahlung converter and a 20 µm thick
lead positron converter target. The yields at a positron
beam energy of 500 MeV, defined as positrons per sec-
ond, 1 MeV positron beam energy interval and 1 nA
electron beam current, are 13.1/(s MeV nA) and 32.8/(s
MeV nA) for the self-converter and the separated-
converter geometries, respectively. An existing outside
open electron beam line bending magnet behaves for
positrons like a horizontally focusing and vertically de-
focusing quadrupole for which the transfer matrix was
calculated. Experimental results are in good agreement
with expectations of the positron yield as function of
the energy. A beam line has been designed which fea-
tures in vertical direction an angular divergence of 64
µrad (FWHM) at a spot size of 5.0 mm (FWHM). At
a currently allowed electron beam current of 0.5 µA,
and a tungsten target thickness of 10 µm, about 6×103
positrons/s with a band width of 1 MeV could be avail-
able for experiments at single crystals.
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Appendix

Parameters of the beam line

According to Eq. (11), the total transfer matrix is
Mtot = S(s4) · MPE

BM2(sBM2, RBM2, ψPE) · S(s3) · QF

(kQ2, sQ2) · S(s2) · QD(kQ1, sQ1) · S(s1) · MBM1.
The pole edge focusing has been included in MPE

BM2
(sBM2, RBM2, ψPE) = MPE(ψPK , RBM2) · MBM2

(sBM2, RBM2) · MPE(ψPE, RBM2).
The following parameters were used: s1 = 329.0 mm,

kQ1 = 3.965 × 10−6, sQ1 = 300.0 mm, s2 = 200.0 mm,
kQ2 = −2.160×10−6, sQ2 = 300.0 mm, s3 = 425.0 mm,
RBM2 = 2382.6 mm, sBM2 = 652.1 mm, ψPE = −7.13◦,
s4 = 2600.0 mm. The total transfer matrix reads

Mtot =

⎛
⎜⎜⎜⎜⎝

−3.06552 2631.86 0. 0. 2262.6
−0.000377 −0.00233 0. 0. 0.3177

0. 0. −0.648338 1877.5 0.
0. 0. −0.000534 0.00183 0.
0. 0. 0. 0. 1.

⎞
⎟⎟⎟⎟⎠

At the maximum induction of the second dipole mag-
net BBM2 = 0.7 Tesla, the 500 MeV positron beam exits
BM2 with an angle of − 3.60◦ with respect to the zL
axis.

For the calculation of the positron beam character-
istics in the SCCh, various spreads at the target posi-
tion must be known. For the beam spot size σx = 0.1
mm, σy = 0.05 mm and corresponding angular spreads
assuming horizontally and vertically emittances εx =

10 × 10−6π mm rad and εy = 2 × 10−6π mm rad,
respectively, were assumed. The angular distribution for
the bremsstrahlung photons has been approximated by
a Gaussian with σbs = 0.8/γ855, i.e., long tails have
been neglected which causes errors of about 7 % in
the intensity. The angular distribution of the converted
positrons was assumed to be σ+ = 0.8/γ+. The scatter-
ing distributions of the 855 MeV electrons and 500 MeV
positrons in the W target were assumed for the 10 µm
thick W target to be in the mean σsc(855 MeV)/2 =
0.33 mrad, σsc(500 MeV)/2 = 0.57 mrad. Where appro-
priate, distributions were added quadratically.
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