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The experimental layout designed to study properties of focused parametric X-ray radiation generated by relativ-
istic protons in a bent crystal and parametric X-ray radiation generated by relativistic ions and positrons at accelera-
tor U70 is described. Preliminary results of measurements of spectra of characteristic and parametric X-rays ob-
served at 50 GeV proton beam are shown and discussed. The origin of the background radiation that obstacles for
detail research of the PXR properties at proton beam is identified. Moreover, the distribution of the ionization losses
of relativistic charged particles in the X-ray detector similar to Landau distribution is measured and discussed.

PACS: 78.70.—g, 41.60.-m

INTRODUCTION

The parametric X-ray radiation (PXR) of relativistic
charged particles in crystals has been observed and stud-
ied experimentally in a number of papers (see, for ex-
ample, reviews of some experimental research in Refs.
[1, 2]). In particular, the PXR excited by relativistic
protons in crystals has been observed in Refs. [3 - 5].
Therein, a significant background radiation in X-ray
spectra was observed but the origin of the background
was unclear. We have started experiments to observe
the focused PXR emitted by protons in bent crystal [6]
and PXR emitted by relativistic ions and positrons at
accelerator U70; however, a significant background
radiation hampers the detail research. In this paper we
describe the experimental facility and report about the
experimental observation of characteristic and paramet-
ric X-ray spectra and identify the origin of the back-
ground radiation at proton beam.

1. EXPERIMENTAL

The experiment has been performed at extracted pro-
ton beam in accelerator U70 at IHEP, Protvino, Russia.
The beamline of the extracted proton beam and the ex-
perimental layout are illustrated in Fig. 1.

The proton beam is extracted from the accelerator
U70 to the beamline Ne4a by a Si crystal bent on
90 mrad. The extraction of the beam by a bent crystal is
well described in [7]. The extracted by the bent Si crys-
tal proton beam population is about 10’ protons per a
cycle. The BM1 are BM2 are the 6-m long bending
magnets that provide a bending angle of the proton
beam of 40 mrad. The copper collimators CH and CV of
length 75 c¢cm form a rectangular shape of the proton
beam. The 2-m long quadrupole lenses (QH and QV)
provide the beam divergence of about 100 prad in both
horizontal and vertical planes.
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Fig. 1. The beamline and the experimental layout: The
proton beam of energy 50 GeV is extracted from the
U70 circular accelerator by a bent crystal BC. Then,

the beam passes the bending magnet (BM1), horizontal

and vertical collimators (CH and CV), bending magnet

(BM2), quadrupole lenses (QH and QV), and target (T)

mounted on a goniometer. The number of protons in the
beam is registered by a fast scintillator counter (B).

The X-ray detector (D) is shown at two locations

The proton beam profile measured in the vicinity of
the target is shown in Fig. 2. The measurements were
performed using the Dosimetry Film EBT2 and a scan-
ner with the resolution of 20 um.

The spectra were measured by a spectrometer con-
sisting of an X-ray thermoelectrically cooled Si detector
XR-100CR and a digital pulse processor PX4, both
from Amptek. A 500 pm thick Si crystal detector with
area of 6 mm’ is equipped with a 0.3 mil Be window.
The detector contains an inner collimator with area of
4.4 mm?, which is opaque for soft X-rays but transpar-
ent for hard X-rays and relativistic particles. Due to in-
tense background radiation we applied the shortest
available in the PX4 peaking time 0.8 ps. The energy
resolution of the spectrometer is about 260 eV at X-ray
energy 5.9 keV. The measurements were performed
during the extraction of the proton beam. The extraction
time was 1 s executed every 9 s. The typical beam popu-
lation was about (5...8)-10° protons per extraction.
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Fig. 2. The proton beam profile in the vicinity
of the target

Crystalline targets were mounted on a goniometer
with angular step of 2.18-10” rad. The goniometer, the
targets and the X-ray detector were assembled in air.
The proton beam propagated from the vacuum tube to
air through a Mylar foil. The distance from the Mylar
foil to the target was about 1 m.

2. OBSERVATION OF CHARACTERISTIC
X-RAY RADIATION

To make sure in our equipment we performed meas-
urements of characteristic X-ray radiation (CXR) ex-
cited by 50 GeV proton beam in a copper target. The
experimental setup is illustrated in Fig. 3.
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Fig. 3. The experimental setup for observation
of characteristic X-ray radiation. Beam protons excite
characteristic X-ray radiation in a copper foil.
The spectrum of x-rays is measured by the detector D.
The secondary relativistic particles like muons and
pions accompanying the proton beam also cross
the detector along its surface

As a target, we used a 20 um thick Cu foil tilted at
45" angle with respect to the proton beam. The X-ray
detector was installed at a 90° observation angle 60 cm
away from the target. The measured spectrum is shown
in Fig. 4 without the background subtraction.

In the spectrum shown in Fig. 4,a one can clearly see
two spectral peaks with energies practically coinciding
with reference energies of 8.0 and 8.9 keV of K, and K
CXR radiation of Cu respectively. The observation of
the Cu CXR clearly demonstrates the possibility to
measure X-ray spectra at the facility despite of the
background radiation. In Fig. 4,b one can see the con-
tinuous background in the entire spectral range. The
origin of this continuous background will be discussed
below.
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Fig. 4. The measured spectrum of characteristic X-ray
radiation is shown without background subtraction
in the range of 3...13 keV in Fig. a and in the range

of 3...317 keV in Fig. b. Peaks with energies of 8.0 keV’

and 8.9 keV are due to K, and Ky characteristic
X-ray radiation from the Cu target

3. OBSERVATION OF PARAMETRIC
X-RAYS

As a target, we used a flat 300 um thick Si crystal
slab with (111) crystallographic plane oriented parallel
to the slab surface. The detector was installed at obser-
vation angle 6, ~19.9° at distance 25 cm away from

the target. The Si target was mounted on the goniometer
and preliminarily aligned for observation of the PXR in
Bragg geometry. The experimental setup for the PXR
studies is shown in Fig. 5.

Fig. 5. The experimental setup for the PXR
measurements

The transverse proton beam dimensions on the target
were about 25 mm in vertical direction and 10 mm in
horizontal direction. The experimental angular resolu-
tion was about 0.11 rad in vertical direction and 0.05 rad
in horizontal direction. Both angular resolutions exceed

typical angular size of the PXR reflection 7/_1 , where ¥

=0.019 rad at

proton beam energy 50 GeV. Therefore it is impossible
to resolve clearly a fine structure of the PXR reflection
yield in present experiment. Two spectra measured
when the PXR reflection is aligned towards the detector
and when the PXR reflection was aligned aside from the
detector are shown in Fig. 6.

is the relativistic factor. In our case ]/71
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Fig. 6. Spectra without background subtraction
measured when the PXR reflection is directed towards
the detector (a) and when the PXR reflection is aligned

aside from the detector (b). The arrow shows
the PXR spectral peak

In Fig. 6,a one can see a spectral peak with the en-
ergy of 10.0 keV. However, the peak is absent in the
same spectrum shown in Fig. 6,b measured at random
crystal orientation. The energy of the measured peak
coincident to the energy 7@ of the PXR reflection cal-
culated by Eq. (9.5) [1] at the angle of crystal orienta-
tion of ¢ =8.7°

o — h-g-V-sing ’
l—ﬂ-x/;-cosﬁobs

where g is the module of the reciprocal lattice vector

()

for Si crystallographic plane (111), V' is the proton ve-
locity, f=V/c, & is the permittivity, €, is the ob-

obs
servation angle. Thus, the spectral peak with the energy
of 10.0 keV definitely appears due to the PXR reflection
from Si crystallographic plane (111). Other experimen-
tal data on the PXR will be considered in more details
elsewhere.

The PXR peak / background ratio in the spectrum
shown in Fig. 6,a is about 1:1. This ratio is much worse
then one in experiments at electron beams, where the
peak / background ratio can reach values 100:1 or more
[1, 2]. The origin of so high spectral background at pro-
ton accelerator and the wide asymmetric spectral peak
with the maximum at energy of about 156 keV is con-
sidered below.

4. THE ORIGIN OF THE SPECTRAL
BACKGROUND AND LANDAU
DISTRIBUTION OF THE IONIZATION
LOSSES

Let us consider the origin of the wide asymmetric
spectral peak with the maximum of the peak at energy
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of about £ =155 keV observed in Fig. 6. During the

experiments we found that the properties of the peak at
a fixed detector location are the same for an arbitrary
target alignment or even without the target at all. This
means that the peak belongs to some kind of back-
ground radiation in the experimental area. We suppose
the peak and the spectral background are generated by
secondary relativistic charged particles such as muons
and/or pions, which are produced as a result of the in-
teraction of beam protons with bending crystal, and/or
the collimators and/or other components of the beamline
shown in Fig. 1.

The shape of the measured spectral peak is very
similar to the shape of the Landau or Landau-Vavilov
distribution of ionization losses of charged particles in a
slab, which one can see, for example, in Fig. 27.7 in [§]
and in Fig. 3 in [9]. The secondary particles move al-
most parallel to the proton beam and pass in the X-ray
detector, where they produce the ionization losses. We
found that the energy in the maximum of the measured
peak nearly coincides with the calculated value of

E&" =154.7 keV of the most probable ionization en-

ergy losses by ultra-relativistic particles in our Si detec-
tor. The calculation has been performed using Eq.
(27.11) [8] for ultra-relativistic particles accompanying
the proton beam

2mc*é
(ha)p )2

where m is the electron mass, j=0.200, o, is the

ES =& 1n

+7 )

plasma frequency of the Si detector crystal,
E=(K/A4)(2/2)-(x/p*), K=47-N,-r}-m-c,
A is the atomic mass, Z is the atomic number, N, is
the Avogadro’s number, X is the path in units g - cm™,

r, is the classic electron radius. The particle path in the
Si detector crystal at PXR experiment was
T'/cos@, =0.523 mm, where T is the Si crystal de-

0
tector thickness.

A good agreement of the experimental and calcu-
lated values means that the spectral peak really is the
result of the ionization losses in the detector by ultra-
relativistic charged particles accompanying and moving
almost parallel to the proton beam. Moreover, the addi-
tional confirmation is that the ionization peak is absent
in the spectrum measured when the detector surface is
parallel to the proton beam (Fig.3) as it is seen in
Fig. 4,b. In this case the ultra-relativistic charged parti-
cles pass through the detector along its surface and their
path in the detector is about 2.45 mm. The most prob-
able ionization losses calculated by Eq. (2) are 780 keV,
which is out of the operating range of our spectrometer.

It is worth it to point out that in the PXR experiment
the cooled Si detector was working simultaneously both
as the X-ray detector that registers the PXR spectral

dE
peak with the energy of 10.0 keV and as the d_ detec-
X

tor that registers the ionization losses of ultra-relativistic
charged particles with the most probable energy losses
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of 155 keV. One can see both spectral peaks in the spec-
trum shown in Fig. 5,a. The relation of the number of
the PXR quanta in the PXR spectral peak to the number
of charged particles in the ionization spectral peak is
about 1.0-10”.

The continuous spectral background with energies
below 155 keV can be generated by the charged parti-
cles that cross the detector close to its edges. The reason
for the growth of the number of counts in the vicinity of
300 keV is not clear yet, because we were unable to
reduce the amplification gain in the spectrometric tract
to observe energies above 300 keV. Nevertheless we
can note that the growth is not only due to possible pile-
up effect because a similar growth is observed in the
spectrum shown in Fig. 4,b where the spectral peak with
energy of 155 keV is missing.

5. SPATIAL DISTRIBUTION
OF SECONDARY PARTICLES

The background arising due to the secondary ultra-
relativistic particle interaction with the detector is the
main obstacle in detailed research of the PXR effect. To
find out an optimal place for the X-ray detector, we per-
formed the measurements of the distribution of such
particles around of the proton beam. The measurements
were performed by the same detector aligned perpen-
dicularly to the proton beam and installed at different
distances from the beam. The experimental layout is
shown in Fig. 7.
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Fig. 7. The experimental setup for measurements of the
spatial distribution of the secondary ultra-relativistic
particles in horizontal and vertical directions

In the measurements, we registered the number of
counts in the ionization spectral peak with energy in the
maximum of about 145 keV as a function of the position
of the detector. The measurements were performed for
the same charge of the proton beam registered by the
counter B. The results of the measurements of the num-
ber of counts in the ionization spectral peak after spec-
tral background subtraction are shown in Fig. 8.

The measured spatial distribution of the secondary
particles shows that their intensity is significant up to
the distances of about 2 meters from the proton beam.
The distribution is practically symmetric with respect to
the proton beam trajectory in the horizontal plane. It
means that the secondary particles are produced mainly
in the proton beamline.
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Fig. 8. The number of ultra-relativistic charged parti-

cles crossed the detector as a function of the distance

from the proton beam to the detector in horizontal (a)

and vertical (b) directions

6. RESULTS AND DISCUSSION

We succeeded in observation of X-ray radiation ex-
cited by 50 GeV proton beam despite of a strong radia-
tion background. In particular, the clear spectral peaks
of characteristic X-ray radiation from a copper target
and the spectral peak of parametric X-ray radiation
emitted from (111) crystallographic plane of a flat Si
crystal in forward hemisphere in Bragg geometry were
observed. In both cases the spectral peaks were ob-
served on a significant spectral background.

The origin of the radiation background at the proton
accelerator is identified. We found that the background
is mainly due to secondary ultra-relativistic charged
particles like muons and/or pions that are generated in
the proton beamline. Besides, we have measured the
distribution of ionization losses of the secondary parti-
cles in 500 pm Si detector and found that the distribu-
tion is very similar to the well-known Landau distribu-
tion. The measured value of the most probable ioniza-
tion energy loss practically coincides with the calculated
one for ultra-relativistic particles.

This experiment is a basis for forthcoming studies of
properties of the focused PXR emitted by protons in a
bent crystal as well as properties of the PXR emitted by
heavy ions and other kinds of particles like positrons in
crystals.
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HABJIIOAEHUE MIAPAMETPUYECKOI'O PEHTTEHOBCKOI'O U3JIYYEHUSA, BO3BYXKJAEMOI'O
IMPOTOHAMM C SHEPTHUEM 50 I'’B, U UAEHTU®UKAIIUAS ITIPOUCXOXKIEHUS
CIHEKTPAJIBHOI'O ®OHA

A.I. Agponun, I U. bBpumeuu, F0.A. Yecnoxoes, I1.H. Yupkos, A.A. /lypym, M.IO. Kocmun, A.B. /Ilymues,
B.A. Mauwees, A.A. Anosuu, A.B. lllazun, B.H. Tpymens, B.b. I'anenxo, H.B. Kupunnun, H.®. Illynvea,
A.C. Kyoanxun, AL Ilomwiruyvin, A.C. I'ozones, C.P. Yenos, I0.M. Yepenennuxos,
II. Kapamaes

OnucaHa ’KCIIepUMEHTalIbHAsl YCTAHOBKA Ha BBIBEIGHHOM Iyuke yckoputens Y70, KoTopas npeqHa3HadeHa s
uccie0BaHui chOKYCHPOBAHHOTO MapamMeTprudeckoro peHtreHosckoro uanydenus (IIPU) n ITPU, Bo3Oyxaaemoro
PEeNATUBUCTCKMMU HMOHAaMU U Jp. dacTHLamu. [IpuBeneHs! nmpeaBapUTEIbHBIE PE3yJIbTaThl U3MEPEHHUH CIIEKTPOB
[IPU u xapaKTepUCTHYECKOTO PEHTTCHOBCKOTO HM3ITyueHHA. VIeHTH(HUIIMPOBAHO TPOUCXOXKIICHIE CIIEKTPATHLHOTO
(omna, nmpemarcTBytomiero uccienosanusMm [IPU na yckopurene npotoHoB. 3MepeHo U 00Cy»)maeTcs pacmperene-
HHE MOHHU3AIMOHHBIX MOTEPh PENTHBUCTCKUX 3apsDKCHHBIX YacTHIl B PEHTIEHOBCKOM JAETEKTOpE, MOJ00HOE pac-
npenenenuto Jlanaay.

CHOCTEPEXEHHSA MAPAMETPUYHOI'O PEHTTEHIBCBKOI'O BUITPOMIHIOBAHHA,
O 3BYKYETBCSA NIPOTOHAMM 3 EHEPTTEIO 50 I'eB, I IIEHTU®IKALIA ITIOXO/KEHHS
CIIEKTPAJIBHOI'O ®OHY

A.I'. Agponin, I'.I. Bpumeiu, F0.A. Yecnoxos, II.H. ipkos, A.A. /[ypym, M.IO. Kocmin, A.B. /lymues,
B.A. Maiwecee, A.A. Anosuu, A.B. Illacin, B.1. Tpymens, B.b. I'anenko, 1.B. Kupunnin, M. ®. Hlynvea,
A.C. Kybankin, AL Homunuyun, A.C. I'ozoneg, C.P. Yenoe, FO.M. Yepenennikos,
I1. Kapamace

OnmcaHa excriepuMeHTallbHa YCTaHOBKA Ha BUBEJICHOMY ITy4Ky NpuckoproBada Y70, sika mpu3HadeHa Juis 10-
CJIIIKEHb C)OKYCOBAHOTO ITapaMEeTPUYHOro peHTreHiscbkoro BunpominioBanus (I1PB) i IIPB, 30ymxyBanoro pe-
JSATHBICTCPKUMHE i0HAMH Ta iH. YacTHHKaMH. HaBeneHo momepenHi pe3ynbTaTi BUMipioBaHb criekTpiB [1PB i xapak-
TEPUCTUYHOTO PEHTTEHIBCHKOTO BHIIPOMIHIOBaHb. [MEeHTH(IKOBAHO TMOXOMKECHHS CIIEKTPaIbHOTO (DOHY, IIO Tepe-
mKopkae mociimkeHHsM [IPB Ha mpuckoproBadi mpoToHiB. BUMIpsSHO i 0OTOBOPIOETHCS PO3IOALT 10HI3AIHHNX
BTPAT PEIATUBICTCHKUX 3apAHKEHUX YaCTHHOK Y PEHTT€HIBCBKOMY IETeKTOPi, HoniOHuil posnoxiny Jlannay.
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