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Spectral maxima of parametric X-ray radiation (PXR) produced by 400 GeV/c protons in bent silicon
crystals aligned with the beam have been observed in an experiment at the H8 external beam of the
CERN SPS. The total yield of PXR photons was about 10~ per proton. Agreement between calculations
and the experimental data shows that the PXR kinematic theory is valid for bent crystals with sufficiently
small curvature as used in the experiment. The intensity of PXR emitted from halo protons in a bent

crystal used as a primary collimator in a circular accelerator may be considered as a possible tool to
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control its crystal structure, which is slowly damaged because of irradiation. The intensity distribution
of PXR peaks depends on the crystal thickness intersected by the beam, which changes for different
orientations of a crystal collimator. This dependence may be used to control crystal collimator alignment
by analyzing PXR spectra produced by halo protons.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Parametric X-ray radiation (PXR) is emitted by a fast charged
particle in a crystal due to diffraction of its virtual-photon field
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on crystallographic planes. PXR has been theoretically predicted
[1-3] and then observed and studied using electron beams of dif-
ferent energies [4,5]. The first experiment with the aim of PXR
observation from heavy charged particles was carried out on the
70 GeV proton beam at IHEP [6]. Recently, PXR has been success-
fully observed from 5 GeV protons and 2.2 GeV/u carbon nuclei
in a silicon crystal on the external beams of the Nuclotron at LHE
JINR [7,8].
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The characteristics of PXR are determined by the particle veloc-
ity v and they are independent of the charge sign and mass of the
particle. The energy of PXR photons generated by a particle in a
crystal at the angle 0 relative to its velocity is determined as [1]

gp
1— /g,Bcost’

where n is the diffraction order, g is the reciprocal lattice vector,
B =v/c and g, is the constant part of the medium permittivity
(€0 & 1 for X-rays). The experimental test of this formula was per-
formed in [9]. The PXR photon energies generated on the fixed
crystal planes may be calculated using the following detailed ex-
pression of the formula

2mhe Bsinfp
d 1-—./g;Bcosbpcosdy,’

where d is the interplanar distance, 6p is the orientation an-
gle of the crystal planes with respect to the particle momentum,
Op and 6y are the radiation detection angles in the diffraction
plane formed by g and E and in the normal plane, respectively.
The direction of the PXR maximum is determined by the angle

Op =20 and 0y (w) =,/y 2 + (wp/w)?, where y is the relativis-

tic Lorentz factor of the particles and fiw, =31 eV is the plasmon
energy in silicon.

The PXR generated by channeled particles in bent crystals has
been considered in [10] where the possibility of the PXR focus-
ing was discussed. The application of PXR for online diagnostics
of the beam and the bent crystal state was proposed in [11]. Re-
cently [12], it was suggested to use PXR to control the state of the
crystal deflector during its use for beam extraction and collima-
tion in high energy accelerators, which is slowly changed because
of defects produced by irradiation. Studies using a bent crystal as
a primary collimator for the Large Hadron Collider (LHC) are un-
der way now at the CERN Super Proton Synchrotron (SPS) [13]. The
control of the structure state of a primary crystal collimator is im-
portant because of its high irradiation by a growing collider halo.

In this Letter the results of PXR observation from 400 GeV/c
protons in bent silicon crystals in the collimation geometry at the
H8 external beam of the CERN SPS are presented.

En, =nhc

En, =nhwi=n

(1)

2. The experimental layout

Fig. 1 shows the experimental layout in the horizontal plane.
The figure parts (a) and (b) are for the experiments with quasi-
mosaic (QM) and strip (ST) crystals, respectively, produced accord-
ing to the methods described in [14-16]. The beam entered the
crystal in the collimation geometry such that it is parallel to the
deflecting planes, which are the (111) and (110) crystallographic
planes for the QM and ST crystals, respectively. A high precision
goniometer was used to orient the crystal planes with respect to
the beam axis with an accuracy of 2 prad. The accuracy of the pre-
liminary crystal alignment using a laser beam was about 0.1 mrad.
Five pairs of microstrip silicon detectors S1-Ss5, two upstream and
three downstream of the crystal, were used to measure incoming
and outgoing angles of particles with an angular resolution in each
arm of about 3 prad. The divergence of the incident beam mea-
sured with the detector telescope was characterized by the RMS
deviations oy = 10.7 prad and oy, = 7.6 prad [17]. The scintilla-
tion detector S, downstream of the silicon telescopes was used
as a trigger. It registered the number of protons in the beam N,
with an accuracy of about 10%. The average cycle time of the SPS
during the measurements was about 45 s with the pulse dura-
tion 10-11 s and the average number of particles per spill about
(1.3£0.1) x 106.

PXR generated due to diffraction of virtual photons of proton
field on the (110) and (100) crystallographic planes (“radiating
planes”) in the case of (a) and (b) shown in Fig. 1, respectively,
was registered by the X-ray detector D. The inclination angles of
these radiating planes relative to the deflecting ones and hence
with the beam were 6 = 35.26° (a) and 45° (b). The X-ray de-
tector was placed close to the PXR maximum direction, 6p = 26,
the detection angles 6p were 70.25° and 90° in the cases (a)
and (b), respectively. So, the real detector position in the case (a)
was shifted a little from the Bragg angle 6p = 70.52°.

The semiconductor silicon detector D used for detection of
PXR photons is 380 pm thick with a sensitive surface area of
about 13 mm? and with a 25 um beryllium window. The dis-
tance between the crystal and detector was changed in the range
Sq¢ = (95-127) mm. The detector D was placed in a cavity inside a
lead brick to reduce the radiation background. The crystal was seen
by the detector through a collimating window of 5 mm diameter
and 50 mm length. The semiconductor detector was calibrated by
using the lines of characteristic radiation excited in a copper target
by the proton beam (see [7]). The energy resolution of the detector
for the 8.046 keV K, line was equal to about 250 eV. The detec-
tor efficiency is close to 100% for photons with energies 4-8 keV
and it reduces with further increase of photon energy. The effi-
ciency estimated using the photoabsorption cross-section in silicon
was used to compare the experimental results with the PXR the-
ory.

3. PXR generated in QM crystal deflector

The QM crystal 40 x 30 x 2 mm?> (Height x Width x Thickness)
used for the PXR measurements in the case (a) was mechanically
bent along its height and placed with its thickness parallel to the
beam. The QM curvature produced along the thickness and hence
along the (111) planes with bend radius R = 17.4 m was used
for beam deflection in the horizontal plane. The crystal position
in the beam can be determined from Fig. 2a where the beam in-
tensity behind the crystal is shown as a function of the incident
horizontal coordinate X and the proton deflection angle. The crys-
tal has also an anticlastic curvature along its width, which changes
the orientation of the (111) planes with X. Therefore, the edge of
the crystal deflected protons due to channeling and deeper crys-
tal layers deflected them in the opposite direction due to volume
reflection. Fig. 2b shows the incident beam distribution in the hori-
zontal coordinate X where the crystal edge is shown by the dashed
line. The PXR detector is on the left of the crystal at a distance
S$ =117 mm as shown in Fig. 1.

The energies of PXR photons of different diffraction order n in
case (a) calculated according to (1) are equal to E, =n x E; with
Eq =5.59 keV. Fig. 3a shows the radiation spectrum measured by
the detector. Three peaks are seen above the background, which
was fitted by a fourth order polynomial function shown by the
blue curve. Fig. 3b shows the spectrum after background subtrac-
tion. The PXR peaks were fitted by Gaussians. The fit parameters,
which determine the peak center M, are presented in Table 1. The
peak positions are in excellent agreement with the PXR energies
E; determined by (1). The number of photons N, registered in
the peaks are given in Table 1. The total number of protons in the
beam N, and the beam fraction which passed through the crys-
tal during the PXR measurements, F.- =0.77 + 0.02 obtained from
Fig. 2, allowed to determine the PXR yields per proton I,. The PXR
yields and their ratio I,1/I,, are also presented in Table 1. The
errors of I, values are mainly caused by the errors of N,, and by
the error of Ny, which was estimated to be about 10% as it was
mentioned above. The total registered yield of PXR is larger than
10~% photon/p. More than half of the detected photons are the
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Fig. 1. (Color online.) A schematic view from below of the layout of the experiment for the observation of parametric radiation produced by protons in bent silicon crystals
BC in the horizontal plane. S1-Ss are the silicon microstrip detectors, S is the scintillation trigger. The experiment details: (a) for quasi-mosaic crystal, (b) for strip crystal.
The beam enters the crystal parallel to the (111) and (110) deflecting planes for (a) and (b) cases, respectively. The crystal bend is small and is not shown. PXR photons are
produced due to diffraction of virtual photons of the proton field on the (110) and (100) planes for (a) and (b) cases, respectively. Photon angles 6y are measured from the

direction 6p of the PXR maximum.

Table 1
PXR characteristics for QM crystal.
Reflex M (keV) N, I, (1077) Iy1/Iyn Theory Theory
I, (107) Ly1/Iyn
1 5.58 +0.01 420 £ 20 6.9+0.8 1 4.35 1
2 11.18+£0.01 230+ 16 3.8+04 1.8+03 3.33 1.3
3 16.70 + 0.06 47+ 8 0.77 +£0.12 942 0.69 6.3

first diffraction order ones because the detector is sufficiently close
and soft photon absorption in the air is small.

4. PXR generated in ST crystal deflector

The strip crystal 70 x 5 x 2 mm? (Height x Width x Thickness)
with its largest faces parallel to the (110) planes was used for
the PXR measurements in the case (b) and was mechanically bent
along its height. The anticlastic bending produced along the crys-
tal width, which had R =33.3 m, was used for beam deflection in
the horizontal plane (see the crystal figure in Fig. 2b in [18]). The
bend radii for the crystals used in our experiment are much larger

than the critical value R for particle channeling (R, = 68 cm for
the (110) silicon planes). Fig. 4 shows similar data to Fig. 2, giv-
ing information about the position of the strip crystal in the beam.
The crystal was in an amorphous orientation and deflected protons
only due to multiple Coulomb scattering. The left and right crystal
edges are shown by dashed lines. The beam fraction which passed
through the crystal is about Fq = 0.62 + 0.02. The PXR detector is
on the left of the crystal at the distance S =127 mm.

The energies of PXR photons in case (b) calculated according
to (1) are equal to E, =n x E; with E; = 6.46 keV. Fig. 5(top)
shows the spectrum observed in this case after background sub-
traction. Only two peaks are visible here. They were also fitted by
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Fig. 2. (Color online.) (a) Intensity of the beam crossing the QM crystal location
as a function of the incident horizontal coordinate X and the deflection angle of
the protons. The fraction of the beam on the left of the dashed line missed the
crystal. The edge of the crystal deflected the protons due to channeling, and deeper
crystal layers on the right deflected them in the opposite direction due to volume
reflection. (b) The incident beam distribution in the horizontal coordinate X. The
crystal edge is shown by the dashed line. The hatched area shows the fraction of
the beam intersected by the crystal. The PXR detector is on the left of the crystal.

Gaussians and Table 2 presents the measured PXR parameters. The
peak positions are in good agreement with the PXR energies Ej,
calculated according to (1). The PXR yield is more than two times
smaller than for the QM crystal because the (100) planes have a
lower atomic density and hence a lower density of electrons which
scatter the virtual photons of the proton field.

The measurements were also performed for another thin-
ner strip crystal (0.4 mm thick) in the channeling condition.
Fig. 5(bottom) shows the recorded spectrum after background sub-
traction. The second peak becomes less visible compared to the
results shown in Fig. 5(top) for the thicker crystal. This is readily
understandable because the attenuation length for photons with
energy E; in silicon is about 270 um, which is already compara-
ble with the crystal thickness. The measured parameters of PXR
are presented in Table 3. The PXR intensity was not estimated be-
cause the number of protons crossed the crystal was not recorded
in this case.

5. Calculations of PXR

The calculations of PXR characteristics from 400 GeV/c protons
in the silicon crystal deflectors for the experimental conditions
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Fig. 3. (Color online.) (a) X-ray spectrum recorded by the semiconductor detector
during the irradiation of the QM crystal by the proton beam. The blue line shows
the fit of the background with a fourth order polynomial function. (b) PXR spec-
trum after background subtraction. Blue lines show Gaussian fits to the PXR peaks.
Numbers in the plots correspond to the diffraction order for the peaks.

considered above have been performed according to the PXR kine-
matic theory [19]. Fig. 6 shows the angular distributions of PXR
photons emitted from the QM crystal (top panel) and from the
2 mm ST crystal (bottom panel) calculated taking into account the
distribution of protons across the face of the crystal as shown in
Figs. 2 and 4. The PXR photons are emitted along the whole length
of crystal parallel to the beam. The absorption of photons in the
crystal, air and 25 pm beryllium window of the detector was con-
sidered. The angular range of the detector is shown by the square.
It is seen that the main part of the PXR reflection is covered by
the detector in both cases.

The calculated PXR yields for different diffraction orders as well
as the ratios I,1/Iy; are presented in Tables 1-3. The dependence
of the detector efficiency on the photon energy was taken into ac-
count. It was calculated using the photoabsorption cross-section
in silicon. The agreement of the calculated PXR yields for second
and third diffraction orders with the experimental values is good
for the QM crystal (Table 1). The discrepancy of about 35% for the
yield of photons with E; is explained by their small attenuation
length in silicon, which makes the calculation results very sensitive
to the beam distribution across the crystal. The PXR yield discrep-
ancy is larger for the thick ST crystal, which might be caused by
a larger error in determining the number of protons that crossed
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Table 2
PXR characteristics for 2 mm thick ST crystal.
Reflex M (keV) Ny Iy 1077) Iy1/Iyn Theory Theory
I, 1077) Iy1/Iyn
1 6.46 £0.01 179+ 13 34+04 1 1.88 1
2 12.85+£0.02 101 £10 1.9+03 1.8+0.3 0.73 2.57
Table 3
PXR characteristics for 0.4 mm thick ST crystal.
Reflex M (keV) Ny Iy (1077) Iy1/Iyn Theory Theory
I, 1077) Iy1/Iyn
1 6.47 £0.01 287 £17 1 5.48 1
2 12.81£0.02 6248 46+0.7 1.21 4.54
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Fig. 4. (Color online.) The same as Fig. 2 for the ST crystal with 2 mm thickness.
The crystal is not in a channeling orientation and deflects protons due to multiple
Coulomb scattering. Both sides of the crystal are visible in (a) and indicated by
dashed lines in (b).

the crystal for this measurement. The difference of the I,1/1,> ra-
tio is about 45% (Table 2). For the thin ST crystal there is good
agreement of the I,,1/I,, ratio values (Table 3).

6. Conclusions
Our experiment allowed to observe parametric X-ray radiation

from 400 GeV/c protons in bent silicon crystals aligned with the
beam (in a collimation geometry). The measurement was per-

Photon energy (keV)

Fig. 5. (Color online.) PXR spectra produced by protons in the ST crystals with the
background subtraction. Blue lines show Gaussian fits to the PXR peaks. For crystals
with a thickness of 2 mm (top) and 0.4 mm (bottom).

formed for PXR photons generated by the whole incident beam.
The radiation was emitted in a direction normal or close to normal
to the beam. A few peaks in the X-ray spectra measured by the
semiconductor silicon detector correspond well to the PXR pho-
ton energies of different diffraction orders Ej,. The total yield of
photons was about 1076 per proton for the quasi-mosaic crystal
and a little smaller for the strip crystals. It was shown that the
relative yield of soft photons with the energy E; increases when
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Fig. 6. (Color online.) The angular distributions of PXR photons around the reflection
center calculated for the QM crystal (top) and the 2 mm ST crystal (bottom). The
black square shows the angular range of the detector.

the crystal thickness intersected by the beam decreases. The good
agreement of calculations with the experimental data shows that
the PXR kinematic theory [1,19] is valid in bent crystals with suf-
ficiently small curvature when the crystal bend radius R is much
larger than the critical one R..

The intensity of PXR emitted from halo protons in a primary
crystal collimator of a high-intensity circular accelerator should
be sufficient to control its structure state. It should be noted
that the PXR yield in the crystal inside the accelerator pipe will
be larger than the values observed in our experiment due to
vacuum conditions. The vacuum conditions should allow to ob-
serve also characteristic X-ray radiation of crystal atoms excited by
protons. The energy of the characteristic radiation peak in silicon is

1.74 keV and its yield [10] should be comparable to the one in the
PXR peaks. Furthermore, halo protons will pass through the crystal
collimator very close to its surface in the case of perfect alignment.
Therefore, PXR attenuation in the crystal will also be suppressed.
Both these circumstances will considerably increase the yield of Eq
photons. In the case of poor crystal alignment the distribution of
halo protons across the crystal collimator becomes close to uni-
form with a width of a few millimeters. For these orientations the
relative yield of higher order photons of PXR increases. Thus, the
analysis of PXR spectra recorded from halo protons crossing a pri-
mary crystal collimator gives an additional possibility to control its
orientation. Other issues, such as the radiation hardness of the PXR
detector are not included in our considerations.

Future experiments on PXR from high energy protons in bent
crystals may be devoted to the study of the radiation yield from
channeled particles and measurements of the PXR angular distri-
bution, which is important for the above mentioned application of
PXR.
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