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Positron Production in Tungsten Crystals by 1.2-GeV Channeling Electrons
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The efficiency of positron production by a 1.2-GeV electron beam incident on a tungsten single crys-
tal oriented in an axially channeling condition has been experimentally studied. Positron yields from a
1.2-mm-thick crystal have been measured to~#5-3.0 times larger than those from amorphous tar-
gets with the same thickness. A simple model simulation of the positron production process shows that
coherent bremsstrahlung, as well as channeling radiation, contributes to the enhancement of the posi-
tron yields. [S0031-9007(98)05357-5]

PACS numbers: 29.25.—t, 61.85.+p, 78.70.—g

The study on the interaction of relativistic electronsneling radiation are low, the energies of produced positrons
with a single crystal has revealed interesting physicabre also low, facilitating capture in the subsequent accel-
phenomena such as channeling radiation, parametrigration stage. Two different ways of fabricating the target
x-ray radiation, as well as coherent bremsstrahlungcan be considered [3]: One way is to use the thin crys-
While these physical processes should be studied furthetal only for emitting photons, followed by the amorphous
it is expected that they will be applied in the generationmaterial to create* e~ pairs. In another way, the crystal
of various radiation beams. works both as a photon emitter and as*a~ producer.

Recently, there has been increasing interest in developn the latter scheme, some of the produced positrons are
ing high-intensity positron sources fet ¢~ collider rings  expected to enter the channeling condition in the target re-
and futuree™ e~ linear colliders in high-energy physics sulting in a narrow angular spread. Motivated by these
experiments. An intense positron source is also importartbvious advantages, several authors have estimated by
in advanced storage rings for synchrotron radiation andimulation how promising the crystal target is. The re-
accelerators for material science. sults show positron yield from the crystal may be several

Positrons for accelerators have so far been obtainetimes larger than that from the amorphous target with the
from high-energy electrons hitting an amorphous heavysame thickness for the multi-GeV electron beam [3].
metal target with a thickness ef2—-6 radiation lengths, If the crystal target were used in an actual accelerator,
depending on the electron energy. Positrons are producesbme difficulties such as radiation damage or the thermal
through the electromagnetic cascade shower process deformation of the crystal might arise. Before the study
the target. In this method, however, the electron-beamof these foreseen problems, it is indispensable at this
intensity is limited due to the heat load on the targetstage to make a proof-of-principle experiment. Thus, we
Also, the thick target causes an undesirable increase imave made an experiment to measure the fundamental
the multiple-scattering angle of the produced positrons. features of the positron production in the crystal using the

The use of a single crystal as the target has been prd-2-GeV electron beam from the electron synchrotron at
posed in order to improve the positron production ef-the Institute for Nuclear Study, University of Tokyo. The
ficiency [1-4]. This idea is based upon the fact thatduty factor of the electron beam &% [9], which is
incident electrons channeled along the crystal axis emit thkigh enough to allow the use of scintillation counters for
channeling radiation which is far more intense than the rameasuring the momentum and the angular distribution of
diation emitted by the Bethe-Heitler process [5—8], andhe produced positrons.
the target thickness corresponding to one radiation length In the present measurement, the tungsten single crystal,
is greatly reduced. Since the photon energies of the chanvhich acted as a photon emitter and as a positron generator,
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was mounted on a goniometer. Photons from the targetABLE I. Tungsten crystals prepared for the experiment and
were Compton scattered by an aluminum plate situated 1@easured positron-yield enhancements. All of the crystals were
m behind the target, and were detected by a sodium-iodid@igned along 8100) axis. FWHM is for the goniometer angle

’ . ependence of the enhancements.
(Nal) photon detector. The energy window of the Nal

detector was chosen between 0.8 and 6.7 MeV, where th&hickness (mm)  Mosaicity FWHM
contribution of the channeling radiation was much largerRadiation Length  (mrad)  Enhancement  (degrees)
than that from the Bethe-Heitler process. Thus, we could  1.2/0.34 <15 26+ 0.3 12 +0.1
adjust the crystal axis relative to the electron beam by  2.4/0.69 =50 1.6 + 0.3 24 + 0.1
observing the yield from the Nal detector. 4.8/1.37 =50 1.3 +03 22+ 0.1

The positrons produced in the target were momentum
analyzed by a magnetic spectrometer, which consisted
of a 50° bending sector magnet, a double Collimator’ ation. The pOSitron—yieId variation when the goniometer
pair of plastic scintillators and a total-absorption-type Nalis rotated around the vertical axis near the axial chan-
detector situated at the focal point of the magnet. Thédeling condition is shown in Fig. 1. The emission angle
momentum range was belo) MEV/C, the momentum and the momentum of the pOSitron @reand20 MEV/C,
acceptance being%. The angu|ar acceptances were 12respectively. One can see that the pOSitron yleld is dras-
and 6 mrad in the horizontal and vertical directions, relically enhanced when the crystal axig00) is parallel
spectively. The whole path of the positron was enveloped0 the electron beam. The goniometer angle giving the
in a helium bag to diminish multiple scattering, and Positron-yield peak coincides exactly with the one giving
counters were shielded against background radiation. Ahe photon yield peak, and the angular widths of the peak
twofold coincidence of the plastic scintillators defined theare almost the same as each other. A conspicuous broad-
positron emission from the target. The signals from thehess of the peaks, together with a curve in the figure, is
Nal detector were used to confirm the positron energiegiscussed below.
determined by the magnetic field. The spectrometer was When the goniometer is rotated off the electron-beam
mounted on a rotating table, which enabled us to measurdrection by 5°, the positron yield can be regarded as
the angular distribution of generated positrons. the same as that from an amorphous target. The mo-

The electron-beam intensity was monitored by a Specieﬂnentum distributions of the pOSitronS at this goniometer
device as outlined below. A stack of thin silicon crystal Position, together with those in the channeling condition,
foils, 1.7 X 1073 radiation length in total, was placed in have been measured for various production angles. As
the beam Supported by a goniometer_ The parametri@n example, the momentum distributionsDatare shown
X rays emitted from the Crysta| at3° with respect to in Flg 2. The enhancement of the pOSitron yleld at the
the beam were detected by the Nal detector [10]. Th&hanneling condition is seen over the measured momen-
ratio of the x-ray counting rate to the electron-beamtUm range up tet0 MeV/c. The emission-angle depen-
intensity was calibrated with a low-intensity electron dences of the positrons with a momentum26fMeV/c
beam. This intensity measurement system was highly
reliable since it was free from the spurious signals due :
to the soft components accompanying the electron beam.
The experiment was carried out with an intensity of about
10% electrons per second.

The beam emittance of the 1.2-GeV electron beam
extracted from the synchrotron is known to Hex
10~7 mrad in both horizontal and vertical planes [11].
The FWHM beam size at the target was 3.0 mm, giving
an estimate for the FWHM beam divergence at the target
of about 0.12 mrad.

We prepared three tungsten crystals as listed in Table 1.
Mosaicities shown in the table have been obtained from
Laue pictures, giving the states of the crystal surfaces.
The thinnest crystal and the other two are from different 0000 ' ' ' ' ' ' ‘
factories, the former being of much better quality than the LR S S R
latter two. However, the large mosaicity of thicker crys- Goniometer Angle (degree )
tals represents the local deformation of the crystal, and

does not mean that the mosaic structure ranges over théC: 1. Goniometer angle dependence of the positron produc-
entire crystal tion from the 1.2-mm-thick tungsten crystal. The positron mo-

. mentum is20 MeV/c, emission angle bein@°. The curve
Results of the measurements are described below baghows the results of calculation according to the coherent

cally on the thinnest tungsten crystal with less imperfecbremsstrahlung theory.

=

=

=
T

=
P
T

=
=

L %E%i;mﬂﬁfﬂﬂlﬂi %-!-ﬂl

Yield (etfe~/MeV/c/strad)

1438



VOLUME 80, NUMBER 7 PHYSICAL REVIEW LETTERS 16 EBRUARY 1998

¥ 105 becomes large. This behavior was expected because the
incident electron may be subject to so-called dechanneling
25 [7] and to multiple scattering during a short passage in the
0 i {1 crystal, and also because the mosaicity is larger for the
15 F i 1 thicker crystals in the present experiment.
0k 8 ] When one examines the results of the present experi-
5L e . | ment, it is notable that the peak of the positron-yield en-
o hancement has a large angular width even for the thinnest
S 10 15 20 25 30 35 40 45 crystal, as shown in Fig. 1. Itis about 10 times wider than
the critical angle for the channeling2U,/Ey, whereUj
Momentum ( MeV/c ) is the depth of a string potential in the crystal [12] afd
FIG. 2. Momentum distributions of the positrons from the IS the electron energy, being about 1 mrad in the present
1.2-mm-thick tungsten crystal at the channeling condition (opercondition. This fact suggests that an appreciable part of
circ[es) and.off the channeling condition (solid circles) for the the peak comes from other radiation processes than the
positron emission angle*. channeling, such as the coherent bremsstrahlung at the
very small angle along the crystal axis [14,15]. Thus, we

are shown in Fig. 3. The positron-yield enhancement i1ave made rough estimates on the significance of each ra-
observed up td0°. Both distributions show an expo- diation process by simple calculations. First of all, the
nential decrease of the positron yield for large productiorfffect of the channeling radiation in creating positrons

angles, and are similar to each other showing that mod¥@s calculated by combining the well-established com-
of the produced positrons do not satisfy the channelinguter code=Gs-4for the electromagnetic cascade shower

condition. 16] with the formula for channeling radiation [6,17]. In

The enhancement factors defined by the ratio of thdhe calculation, the tungsten crystal was divided into lay-
positron yield at the channeling condition to the one offérs With a thickness of00 um which corresponds to the
the channeling condition b§° are summarized in Fig. 4. dechanneling length [7], and the calculation was made
The enhancement factors are seen to be almost the saifle®ach layer with the initial conditions determined by
for different production angles within the error. As for the the previous layer. The probability of electron capture
momentum dependence, the enhancement factor rangé¥0 the channeling regime decreased sharply inside the
around 3 in a low momentum region and is about 2.5 folcrystal. The resultant positron-yield enhancement fac-
higher momenta, the weighted mean betng + 0.3. tor for the thinnest target remains 1.6 at most, which is

We made similar measurements for the other two piece8P0ut60% of the experimental value. Thus, neither the
of crystal. The fundamental results are summarized if0Sitron-yield enhancement nor its angular width can be
Table I. Itis seen that, as the crystal thickness increase§XPlained by the channeling radiation alone. .
the positron-yield enhancement for the aligned crystal Another critical angle of radiation is the “strong field

decreases and the angular width of the enhanceme@fdle” or the so-called Baier angl&y/m, whereV, is
the scalar of a string potential amdis the electron mass
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FIG. 4. The momentum and angular dependence of the en-
FIG. 3. Angular distribution of the positrons with a momen- hancement factors of the positron emission from the 1.2-mm-
tum of 20 MeV/c from the 1.2-mm-thick tungsten crystal at thick tungsten crystal. The open circles, the solid circles, the
the channeling condition (open circles) and off the channelingopen triangles, and the solid triangles are for the emission
condition (solid circles). angles0°, 5°, 10°, and20°, respectively.
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