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Abstract

The light radiation from various internal targets at the nuclotron can be utilized for the operative control and time

optimization of the interaction intensity of the beam. The examples presented in the paper illustrate information about

the space characteristics of the circulating beam during one cycle of the accelerator run at the stages of injection,

acceleration and during the physical experiments, respectively.
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1. Introduction

In cyclic accelerators the internal targets are
widely used for purposes of the diagnostic of
space–time characteristics [1–7] and polarization
[8–10] of a circulating beam, improving its para-
meters [11,12], ion extraction (e.g. by means of
bent crystals) [13,14], forming secondary particle
e front matter r 2004 Elsevier B.V. All rights reserve
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beams [15], solving tasks by means of a target
beam crossing the interaction region under pre-
defined angles [16,17], and for realization of
various experiments in physics [18,19] as well. In
particular, the use of this technique at the super-
conducting accelerator—nuclotron [20] (Veksler
and Baldin Laboratory of High Energies, JINR,
Dubna) gives supplementary possibilities in carry-
ing out investigations in the intermediate field of
relativistic nuclear physics with beam energies
from hundreds of MeV to several GeV per nucleon
[21]. At the same time, one can investigate a
d.
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gradual transition of nuclear matter characteristics
from proton–neutron to quark–gluon states within
the unified experimental framework.
The internal target station, which is being used

now at the nuclotron, its potentialities and
obtained results are described in Refs. [22–28].
For optimization of these investigations, the
operative control of the interaction intensity of
the circulating beam with the targets is based on
and realized through the use of light radiation
technique. In this work we present the principal
results obtained in the experimental investigations
carried out in this direction.
Fig. 1. Time structure of the interaction of a gold foil target of

thickness 1:7mm with a circulating deuteron beam at a

momentum of 3.8GeV/c. The target light radiation is detected.
2. Light radiation of the internal targets and their

interaction with the beam

For the control of interaction intensity with the
target, various secondary particles can be used.
The investigations carried out at the nuclotron,
with the number of deuterons �108–1010 per cycle,
have proved that for this purpose the photon
radiation of the target material in the broad energy
range of 0.005–3.5GeVnucleon�1 is well suited. In
the experiments we have used ðCH2Þn; Cu, Al and
Au foil targets with dimensions of �4� 8mm2

and carbon, copper, tungsten and other fibre
targets with diameters of 8–10 mm: The foil targets
are hung up on quartz fibres of diameter 9mm in
C-shaped frames, which are attached in the
vertical position to a holder that is rotated by
means of a step motor. To provide a constant
stretch of these targets, the fibres are connected to
the frames through flat springs of special form.
The radiation is detected through the window by a
photomultiplier tube and by a microchannel-plate
detector placed in vacuum. The internal target
control system and acquisition of the data from
detectors are described in detail in Refs. [22,25].
For chosen foils the experiments have shown that
the intensity of light radiation reaches its max-
imum for thickness of the order of mm or less. In
this case practically all the mass of the target with
high coherent index takes part in its generation.
When increasing the thickness of the target, this
condition is affected; as a consequence, at the
constant luminosity, averaged over the accelerator
cycle run, one can observe a decrease of light
radiation. In principle, as a result of the decrease
of luminosity, the same effect can be observed
when changing the target for a heavier one with
approximately the same geometrical thickness. In
what follows, we introduce several examples of
data measured in these experiments.
In Fig. 1 we present the time dependence of a

structure of the light radiation of a gold foil target
with a thickness of 1:7 mm interacting with the
beam of relativistic deuterons with a momentum
of 3.8GeV/c. The sampling interval was 1ms. A
strong low-frequency modulation of the light
signal is caused mainly by a small lifetime
(�2� 10�4 sÞ of a part of the beam interacting
with the target. The same effect was also observed
in experiments with copper and tungsten fibres.
The modulation is practically missing when using
CH2 target (Fig. 2). The lifetime is substantially
higher (�3� 10�2 s) that the above-mentioned
one. It illustrates the structure and time depen-
dence of the interaction of the circulating beam
with targets. In a series of experiments carried out,
the ultraviolet and X-radiation from the targets
were detected as well. One can observe a good
correspondence among the shapes of the measured
signals. A time dependence of the microstructure
of the light radiation signals, with sampling
interval 20 ns, is shown in Fig. 3. It corresponds
to interaction of the internal target with individual
bunches of a beam at the different modes of
nuclotron run.
In Ref. [22] it has been illustrated that changing

from time to spatial representation of the radiation
intensity signal enables the operator to control the
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Fig. 2. Time structure of light radiation of a polyethylene

target of thickness 1:6mm in its interaction with a circulating

deuteron beam at an energy of 1.3AGeV.

Fig. 3. Microstructure of deuteron beam interaction with the

CH2-target of thickness 1:6mm at energy of 1.3GeV/nucleon at

various stages of the nuclotron run: (a) start of acceleration, (b)

starting point of the ‘‘plateau’’ of the magnetic field, (c)

circulation of the accelerated beam at switching off the RF field

(disappearance of bunches). The target light radiation is

detected.
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space characteristics of the circulating beam
directly during physics experiments. In order to
obtain actual information about the beam profile,
the value of a constant speed (V r) of the thread-
like target, crossing the beam, must provide for a
sufficiently intensive radiation at the minimum
beam perturbation. When having a small current
of circulating beam and a sufficiently large target
thickness (in g cm�2), the fulfillment of this
condition in one cycle of the target motion does
not seem realistic. For all that the representation
about the beam characteristics can be obtained
during its absorption from the side of the
intersecting target (maximum luminosity mode).
At the same time a space–time trajectory of the
target motion should be chosen so that the average
lifetime of ions interacting with the target was
lower than or nearly equal to the period of discrete
thread-like target steps or to time displacement of
the foil corresponding to the space resolution. For
the orientation the most rapid trajectory ensuring
the best space resolution (determined by step of
the motor) can be chosen automatically using one
operator command. The signals of circulating
current (I) and intensity of the foil light radiation
(Ng), which are typical for this kind of experiment,
in dependence on its space position relative to the
beam axis (Ob), are presented in Fig. 4. As
mentioned above, the observed structure is caused
by discrete steps of the target in the space-
homogeneous beam. To a considerable extent, it
is more apparent for targets with a shorter lifetime
of the beam. The attachment of the trajectory to
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Fig. 4. Dependence of the current (I) of the circulating

deuteron beam and intensity of radiation (Ng) of a polyethylene

foil of thickness 2:2mm on the value of the target space

displacement in the direction from the external radius. Ek=A ¼

1:6GeV=nucleon:

Fig. 5. Scheme of the horizontal displacement of an N-shaped

internal target of carbon fibres and dependence of the intensity

of its radiation (Ng) on time.
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the boundary of a beam transfer line (A) in the
interaction region allows one to determine
the half-width (Rbx) and a horizontal position of
the beam according to the axis (O). For character-
istics of the foil and beam presented in Fig. 4 and
for the time of interaction �0:3 s; the attainable
resolution in the space of the target motion is
estimated to �0:3mm:
In a series of physics experiments with thin

carbon fibres, we have used an N-shaped target
(Fig. 5). It allowed carrying out acquisition of the
events together with operational control of the
beam (B) space characteristics in both horizontal
(X ) and vertical (Z) directions [29]. In the lower
part of the figure, we present the typical form of
the detector signal of the light radiation in
dependence on time. The known distance Lc
between vertical fibres 1 and 3 provides one with
a scale that can be utilized for determination of the
horizontal beam profile independently of the speed
of target motion. Changing the speed influences
only the scale of the time axis (t) and the
correlation of the light intensities of fibres 1, 2
and 3, respectively. The value of the horizontal
beam size achieved from these measurements is in
good accordance with the results obtained from
the foil targets or individual fibres used in the same
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nuclotron run. Actually for experiments with a
deuteron energy of 1.6GeV/nucleon, this value
was 2Rbx �4mm at half-height of the beam
distribution (see also Fig. 4). When the position
of curve 2 is located in approximately the same
distance (in time) from maxims in the signals from
fibres 1 and 3, it indicates that the beam axis in the
experimental region is very close to the plane of
symmetry (Z ¼ 0) of the beam transfer line. Let us
assume that the geometrical cross section of the
beam has the form of a canonical ellipse and that
the angle a between fibres 1, 2 and 3 as well as the
measured value of Rbx are known; then one can
determine the vertical beam size

Rbz ¼ Rbx ctga
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðL2=2RbxÞ

2
� 1

q
:

In this expression the value L2 is equal to the
space width at half-height of distribution 2 for
such a target velocity when the amplitudes of
signals 1 and 3 are the same order and their widths
are approximately the same. For example, when
using the target with Lc ¼ 20mm; a ¼ 27� and
having the measured values Rbx �2mm; L2 �

5mm; one gets Rbz �3mm: By division of the
areas S1=S3 under curves 1 and 3, one can estimate
the average lifetime Tb of the deuteron beam
interacting with it. The effective thickness of the
thread-like target during its crossing of the beam
can be estimated as

tg � rd2=2Rbx;

where d and r are the diameter and density of the
fibre matter, respectively. If we have interaction
time as indicated in Fig. 5 and S1=S3 �1:5 the
obtained value of Tb �1 s is in good agreement
with the theoretical value of the product Tb � tg;
which is calculated by employing the algorithm
presented in Ref. [23] for a deuteron energy of
1.6GeV/nucleon. If we assume Gaussian distribu-
tion of the particles in transverse phase space
(Rbi=sbi ¼ 1:18; Z� sbi ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bi � �iðZÞ

p
; i ¼ x; z),

then for the measured values of Rbi and the
calculated values of bi functions of the accelerator
at the internal target region [30], we have obtained
the following estimations of emittance of the
circulating deuteron beam with an energy of
1.6GeV/nucleon: �xðZ ¼ 3Þ �3mmmrad; �zðZ ¼

3Þ �7mmmrad:
From the point of view of minimization of

particle losses and optimization of the working
mode of the accelerator we scanned the beam by
means of the internal target at stages of injection,
and acceleration represents an independent task.
In this case, using the light radiation technique one
can control in an operative way the evolution of
the beam space characteristics both in static
positions of the target in various regions of the
beam transfer line and during its radial motion
along the definite space–time trajectory. These
potentialities are demonstrated by the results
presented below. They were obtained during
investigation of the beam nuclotron dynamics
when running in the working modes different
from the above-mentioned ones.
In experiments with the deuteron beam with an

intensity of �1010/spill as scanning probes, we
have used the same targets as in physics experi-
ments, i.e. polyethylene films of thickness 12mm
and width 2mm and carbon fibres of diameter
8mm: Both of them had height sufficient enough to
cross fully the beam transfer line. The measure-
ments have proved that the polyethylene target
had higher sensitivity. Its light was detected by a
photoelectron multiplier at the energy of injection
(Edji ¼ 5MeV=nucleon; H ¼ 0:3 kG) and at the
beginning of acceleration. Placing this target at
static position (relative to the beam transfer line
axis — radius Ro) before the injection and then
changing its position successively in the horizontal
direction within the transfer line diameter + ¼

90mm made it possible to determine (by detecting
the light radiation) the position and typical size of
the beam. In the obtained results for H ¼ 0:3 kG;
one can observe a wide flat plateau of almost
identical interaction intensities in the range Ro

5–30mm. Figs. 6,7,8,9 illustrate the spatial beha-
vior of the beam for the given nuclotron working
mode. In the upper part of the figures we present
the time dependence of both the magnetic field of
the dipoles of the accelerator and signals from the
light radiation of the internal target, respectively.
In the lower part of the figures we present the
space–time trajectory of the target motion in the
range of real cross size of the beam transfer line.
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Fig. 6. Signals (1, in relative units, to the right) of the light radiation of a scanning polyethylene target probe in its interaction with the

deuteron beam at the stage of acceleration—increase of the magnetic field B(2) of dipoles in real nuclotron working mode in time (t).

(Bottom) The space–time trajectory (3) of the target in the beam transfer line with diameter + ¼ 90mm:

Fig. 7. The same as in Fig. 6 but with full cycle of the magnetic field. The moment when the RF field switches off is denoted by a

triangular index.

A.S. Artiomov et al. / Nuclear Instruments and Methods in Physics Research A 538 (2005) 8–16 13



ARTICLE IN PRESS

Fig. 8. Signals of the light radiation of a scanning carbon target with diameter + ¼ 8mm in its interaction with a deuteron beam

energy of 1.6GeV/nucleon. The notations have the same meaning as in Fig. 6. The moment when the RF field is switched is denoted by

a triangular index.

Fig. 9. The same as in Fig. 6 but with the scanning carbon target with diameter + ¼ 8mm and a different space–time trajectory.

A.S. Artiomov et al. / Nuclear Instruments and Methods in Physics Research A 538 (2005) 8–1614
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Taking into account the above-mentioned begin-
ning beam position, the motion of the target
started from the inside radius (RoRo). Fig. 6
illustrates the situation at the beginning stage of
the acceleration. First, during the forward motion
the polyethylene target interacts only with the
beam halo. Later on the back way, it interacts
entirely with the whole beam of higher energy and
significantly smaller sizes. Fig. 7 demonstrates the
character of the beam interaction when the target
is positioned statically in space. Except for halo
interaction at the beginning of acceleration, the
radiation is absent in the whole range of the
existing RF field. Only at the moment of switching
it off when the magnetic field reaches the
‘‘plateau’’ of accelerated beam is shifted in
the direction toRo and interacts again with the
polyethylene target. This space shift of the
accelerated beam with a slightly changed trajec-
tory of the target motion is illustrated in Fig. 8.
The first signal coming from carbon fibre radiation
and measured at the moment of switching on the
RF field has an average position of R̄ ¼ Ro �

25mm: The second signal (at the moment of
switching off the RF field) obtained already from a
much broader beam corresponds to the position
R̄ ¼ Ro � 19mm: The dynamics of the working
mode with significant displacement of the beam
orbit and the increase of R̄ during the acceleration is
illustrated in Fig. 9. The first interaction takes place
when the carbon fibre crosses the beam and goes in
the direction to higher R. However, in the process of
acceleration the beam is gradually shifted to the
position when it overtakes the target and conse-
quently the secondary interaction takes place.
3. Conclusion

The results presented in the paper proved that
even in the region of minimum energy losses of the
circulating beam, the internal targets that are
being used in physics experiments at the nuclotron
provide sufficient intensity of the radiation. The
light radiation from targets can be utilized for the
optimization of the beam–target interaction as
well as for the operative control of its intensity in
relative units for every accelerator cycle. It should
be noted that, in principle, by means of this
radiation one could realize also the operative
control of the luminosity during the experiments.
For this purpose however, after every specified
number of accelerator runs, it is necessary to
calibrate integral flow of the detected photons to
the number of secondary particles occurring
during the same time interval with well-known
cross-section. Here one can utilize, e.g., the
processes of elastic or quasi-elastic interactions of
protons or nuclei as well as some channels of
cumulative generation of the particles or the
results of activation analysis of series of targets
at the reactions 12C(p,pn)11C, natCu(p,x)24Na,
27Al(p,3pn)24Na.
The above-presented data of transverse sizes

(Rbx; Rbz) and the space position of the circulated
beam with constant energy are not the result of
dedicated systematic measurements of beam space
characteristics by means of internal targets. These
data were obtained during the process of the choice of
the optimal space–time trajectory as well as during
event data acquisition while carrying out experiments
in relativistic nuclear physics. However, the demon-
strated potentialities indicate the expedience of their
use during the adjustment and tuning of the working
mode of the accelerator for particular experiments as
well as in the control of the beam characteristics
during the experiment itself. The same applies to the
presented results from experiments using the targets
as scanning probes at the stage of injection and
acceleration. For scanning purposes as well as for
experimental purposes, we have used the same
internal targets in one nuclotron run.
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