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INTRODUCTION

Detailed information on the spatial distribution of
particles in the beam transport channel and at the site of
the experimental target is necessary for basic and
applied research using ion beams; therefore, beam
diagnostic systems are an integral part of almost any
experiment at an accelerator. In recent years, different
accelerator laboratories at GSI (Darmstadt, Germany),
CERN, Sacle, and the Institute for Theoretical and
Experimental Physics (ITEP; Moscow, Russia) have
placed high emphasis on development of systems for
nondestructive monitoring of intense charged particle
beams [1–5].

The use of different techniques allows the character-
istics of charged particle beams to be monitored in pro-
cesses of their formation, acceleration, and transporta-
tion to an experimental setup. Nevertheless, available
diagnostic methods (monitors based on residual gas
ionization, multiwire proportional chambers, optical
diagnostics, etc. [1]) permit measurements of the beam
parameters only in one of the directions. When a beam
possesses cylindrical symmetry, interpretation of
experimental results creates no problems. However, in
most cases, the beam has a more intricate shape and its
profile cannot be reconstructed from experimental
results obtained only in one direction.

In addition, in the majority of high-energy-density
physics experiments, an intense ion beam is focused at
the target into a spot with a diameter of several hun-
dreds of microns. In this case, the transverse beam
intensity distribution in the focal plane must be mea-
sured with a resolution of 10–50 

 

µ

 

m. The basic factor
that complicates such measurements is a high level of
energy density in the detector material. Even when
diagnostic tools perturb the beam only slightly (e.g.,
when multiwire scanners are used [1]), the detector
material is heated to temperatures of 2000–5000 K. For
example, experiments on the HHT setup at GSI have

demonstrated that most materials (in particular, tung-
sten) melt or evaporate under the action of a single ion
pulse [6–8]. Moreover, hydrodynamic expansion of the
heated substance occurs as early as when the beam
passes through the target (or the detector) and, there-
fore, the material density changes substantially during
the interaction [9, 10].

This problem becomes more acute in future high-
energy-density physics experiments on the FAIR facil-
ity for antiproton and ion research [11] proposed by the
HEDgeHOB collaboration [12, 13]. The ion beam
intensity on the new setup must be greater by at least
two orders of magnitude than the values now attainable
at the SIS-18 accelerator at the GSI.

In recent years, the potential of nonperturbing meth-
ods for diagnosing the spatial intensity distribution in
high-power beams have been actively investigated.
Among these methods are detection of the residual gas
ionization and optical diagnostics of gas scintillations
induced by transiting ions [14, 15]. By contrast to the
other techniques, optical diagnostics allows simulta-
neous measurements of several beam projections in the
same cross section of the channel, which helps recon-
struct the beam profile of an intricate shape with a high
degree of accuracy [16].

A set of experiments was carried out at the ITEP–
TWAC accelerating–storage complex with the aim of
investigating the physical fundamentals of the gas scin-
tillation method [17]. The results of these studies are
presented in this paper.

PHYSICAL FUNDAMENTALS
OF THE METHOD

Determining the profile of the ion beam by the spa-
tial distribution of the photon flux and the time varia-
tions in the radiation intensity forms the basis for the
diagnostic method proposed in this paper. In this case,
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the problem can be solved both by using special diag-
nostic chambers (with foil windows that limit the vol-
ume), which are filled with a gas to a pressure of 30–
750 Torr and integrated into the ion guide, and by
detecting luminescent emission of the residual gas
components. However, the residual gas pressure must
not be lower than 

 

10

 

–8

 

 Torr even when high-intensity
beams are detected; otherwise, luminescent emission
will be extremely weak and, therefore, undetectable.

Deceleration by ionization is the main energy loss
mechanism when a charged particle moves through the
gas that fills the diagnostic chamber. An ion traveling
through the gas suffers Coulomb interaction with elec-
trons and spends part of its energy on excitation and
ionization of atoms in the medium. The inner energy
levels are deexcited by emission of a photon. We
assume that the luminescent emission intensity is
directly proportional to the number of particles in the
beam. However, passing of an ion beam through the gas
is followed by production of numerous secondary elec-
trons, which can leave the region of primary interaction
between ions and the substance and also excite and ion-
ize gas atoms. This process may cause the luminescent
region to broaden and distort the image in comparison
with the actual ion beam profile [18]. In addition, in
practice, detected luminescent emission of the gas
excited by an ion beam depends both on the primary
interaction of ions with the substance and on subse-
quent interactions with gas atoms. Nonradiative
quenching of excited states, photoeffect, Compton
effect, and other phenomena should also be taken into
account.

EXPERIMENTAL SETUP

To test the proposed technique, a stainless steel
cylindrical vacuum chamber (Fig. 1) has been produced
by the ITEP. The chamber has been designed so that
luminescent emission of a gas can be observed from
five different directions. The chamber is located at the
end of the beam transport line and separated from the
high-vacuum channel by a composite foil. The chamber
can be pumped down to a pressure of 

 

10

 

–4

 

 Torr and
filled with various gases.

Systematic measurements of the luminescence
intensity of argon were taken on the ITEP terawatt
accumulator (ITEP–TWAC) at different gas pressures
in the diagnostic chamber. The layout of the experiment
is shown in Fig. 1. A beam of C

 

6+

 

 ions with an energy
of 216 MeV/amu was used in the study. Two 20K100
quadrupole lenses maintained sharp beam focusing
onto the gas-filled diagnostic chamber.

The cylindrical chamber volume is 300 mm in diam-
eter; its length downstream of the beam is 160 mm. The
entrance and exit flanges of the chamber are closed with
diaphragms; the diameter of the entrance and exit win-
dows is 150 mm. The base material of the diaphragms
is 108-

 

µ

 

m-thick kapton (

 

ë

 

22

 

H

 

10

 

N

 

2

 

O

 

5

 

, 

 

d

 

 = 1.42 g/cm

 

3

 

).
The kapton is coated on two sides by a 10-

 

µ

 

m-thick
copper layer, two nickel layers 10 

 

µ

 

m thick each, and
two gold layers 0.43 

 

µ

 

m thick each. Five glass windows
equipped with flange joints are mounted around the
periphery of the cylinder at different angles in a plane
perpendicular to the beam. These windows are either
light-insulated or used in accordance with the experi-
mental tasks. Argon was used in the experiments as a
working gas.

A fast current transformer (Bergoz [19]) was placed
directly behind the exit window of the chamber (down-
stream of the beam). This transformer was used to mea-
sure the time profile of the beam (an example in Fig. 2)
with a nanosecond resolution and determine the total
number of particles in the ion beam pulse. The pulse
duration at its base was 

 

≈

 

800

 

 ns.
The number of particles in a beam pulse was varied

from 

 

1.5 

 

×

 

 10

 

8

 

 

 

to 

 

3.5 

 

×

 

 10

 

9

 

 

 

ions/bunch. To measure the
number of particles in a pulse, the beam was spilled at
different ion stacking levels in the accelerator ring.

Ion-beam-induced light emission of the scintillator
was detected by an SDU-285 CCD camera [20]. The
camera was installed in a plane perpendicular to the
beam (see Fig. 1) and equipped with optical devices
providing a field of vision of 

 

~5

 

 cm. The coefficient of
transmission of an image from the actual plane to the
plane of the CCD array was 19.5 pixels/mm [20].

RESULTS OF MEASUREMENTS

Since, in our case, the extracted beam of carbon ions
has a low intensity and heats the material during inter-
action with it only slightly, we use a plastic scintillator
as a reference detector for determining the geometric
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Fig. 1.

 

 Layout of the experiment.
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characteristics of the beam. A vacuum-tight
feedthrough was inserted into one of the windows of
the diagnostic chamber and used to move an object
inside the chamber without breaking the air tightness. A
1.5-mm-thick plate of Bicron-412 scintillator was fixed
in place in a rectangular frame at the end of the vac-
uum-tight feedthrough rod and placed at the center of
the vacuum volume at an angle of 

 

45°

 

 both with the
beam direction and with the direction of observation.
Adjustment of the channel parameters and extraction of
ions into the diagnostic chamber were performed using
the beam image on the plastic scintillator. We decided
to use a beam with a transverse dimension of 

 

~2

 

 mm to
investigate gas scintillations induced by passing ions.
At an available resolution, this allowed us to obtain >50
digitization points on a beam image.

During experimental investigations, the gas pressure
in the diagnostic chamber was varied from 35 to
500 Torr. The profiles of the intensity distribution in a
beam cross section were determined from the obtained
images (Fig. 3). Figure 4 presents the typical profiles of
scintillations in argon at a pressure of 500 Torr and the
Bicron-412 plastic scintillator, which were recorded by
the camera placed above the beam axis. It is apparent
that these profiles coincide with a high degree of accu-
racy.

By processing the experimental data, we obtained
the dependences of the gas scintillation intensity
induced by the carbon beam on the number of particles
in a beam pulse for different argon pressures in the
diagnostic volume. Examples of these dependences are
presented in Fig. 5. The results obtained for different
gas pressures can be fitted by linear functions. Deter-
mining the slope angle of each straight line, we actually
find the average value of the specific light yield (per
single ion). The dependence of this quantity on the

argon pressure in the diagnostic chamber is presented
in Fig. 6.

The dependence of the average full width at half-
maximum of the scintillation profile on the gas pressure
is shown in Fig. 7. It is apparent that this parameter is
almost independent of the pressure (in the range of

 

1.5 

 

×

 

 10

 

8

 

 

 

to 

 

3.5 

 

×

 

 10

 

9

 

 

 

ions/bunch). The average width is

 

1.8 

 

±

 

 0.2

 

 mm; within the limits of the measurement
error, this value coincides with the full width at half-
maximum (FWHM) of 

 

1.9 

 

±

 

 0.1

 

 mm obtained using the
Bicron-412 plastic scintillator.

DISCUSSION OF THE RESULTS

The experimental data suggest that the dependence
of the luminescent emission intensity in argon on the
number of carbon ions is linear at pressures of 35–
500 Torr and a beam intensity ranging from 

 

1.5 

 

×

 

 10

 

8

 

 

 

to

 

3.5 

 

×

 

 10

 

9

 

 

 

ions per pulse with a duration of 1 

 

µ

 

s (at the
base).
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Fig. 2.

 

 Characteristic pulse shape of the carbon beam cur-
rent.
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Fig. 3.

 

 Luminescent emission of argon induced by the car-
bon ion beam; the image was recorded by the SDU-285
CCD camera.
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Fig. 4.

 

 Typical profiles of scintillations (

 

1

 

) in argon at a
pressure of 500 Torr and (

 

2

 

) Bicron-412 plastic scintillator.
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Within the limits of the experimental error, the
width of the beam profile measured by its image in the
gas is independent of the pressure in the diagnostic vol-
ume and the number of ions in a pulse in the investi-
gated ranges of the gas pressure and beam intensity.

The behavior of the specific light yield on the gas
pressure was found to be nonlinear (see Fig. 6). Such a
behavior has already been observed in the earlier stud-
ies [21, 22] and explained by an increase in the proba-
bility of collision (i.e., nonradiative) quenching of
excited states with an increase in the gas density. In
fact, in the presence of nonradiative deexcitation chan-
nels, the light emission intensity in transition 

 

n

 

  

 

k

 

 is
defined by the expression

 

(1)

 

where 

 

A

 

nk

 

 is the probability of the radiative transition

 

n

 

  

 

k

 

, 

 

n

 

g

 

 is the gas density, 

 

σ

 

i

 

 = 

 

σ

 

i

 

(

 

v

 

)

 

 is the cross sec-
tion of collisional quenching of a particular line in the

 

i

 

th channel, 

 

v

 

 is the relative velocity of colliding gas
atoms, and angular brackets denote averaging over the
velocity.

Unfortunately, the low intensity of the ion beam has
made it impossible in our study to measure the spectral
composition of detected radiation. Therefore, the avail-
able experimental data allow only a coarse estimation
of the total cross section for collisional deexcitation of
the ArI lines. Approximation of the experimental
results by function (1) provides the best fit at

 

/

 

A

 

nk

 

 

 

≈

 

 1.73 

 

×

 

 10

 

–19

 

 

 

(a solid line in Fig. 6).
Taking into account the spectral response of the used
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camera [20], we can assume that the main contribution
to the total luminescence intensity is made by the most
powerful short-wave ArI lines 3p54p  3p54s, for
which the mean probability of radiative transition is
~4 × 107 s–1 [23]. From this, it follows that the total
cross section of collisional transitions resulting in deex-
citation can be estimated as

 ≈ 1.73 × 10–19Ank/vt ≈ 1.76 × 10–16 cm2.

(In this formula, mean thermal velocity vt of Ar atoms
at normal temperature is assumed to be ~3.94 ×
104 cm/s.) The respective mean decay rate of excited
states k is ~2.3 × 105 s–1 Torr–1, i.e., ~1.9 · 103 s–1 Pa–1.
Similar results—k ≈ (3.16–4.24) × 103 s–1 Pa–1 for the
shortest-wave lines—were obtained in [21], in which
time-resolving measurements of the emission spectrum
of argon excited by 15-MeV α particles were taken.

Agreement as good as this is also observed for nor-
malized (on a per-atom basis) luminescence intensity,

σ

8

0 0.2

Light yield, rel. units

Intensity, 109 particles/bunch

1

7

6

5

4

3

2

50 Torr

0.4 0.6 0.8 1.0 1.2 1.4

100 Torr
200 Torr

Fig. 5. Experimental dependences of the light yield in argon
on the number of carbon ions in a beam pulse and their lin-
ear approximations at different argon pressures in the diag-
nostic chamber.
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which decreases with in increase in the gas pressure. In
our study, this value is ~0.42 at a gas pressure varying
from 75 to 450 Torr, which is very close to the mean
value of 0.4 obtained in [21]. The small discrepancies
can apparently be attributed to the abnormal behavior
of transition 2p2 with a wavelength of 696.5 nm (an
increase in the normalized intensity with pressure rise,
k ≈ 0.18 × 103 s–1 Pa–1), which makes a certain contri-
bution to the spectrum-integral measurements per-
formed in this study.

CONCLUSIONS

Our investigations showed that, for carbon beams
with an intensity of up to 3.5 × 109 ions/bunch and a
duration (at the base) of 1 µs, the image profiles
obtained using the gas scintillation method agree with
the profiles recorded with the aid of scintillating
screens (the full widths of the profiles at half-maxima
coincide within the limits of experimental errors). This
allows us to propose using this technique as a diagnos-
tic tool for this type of charged particle beams. Being
almost nonperturbing, this diagnostics can be consid-
ered an alternative to the traditional techniques and, in
addition, may turn out to be indispensable in experi-
ments in which continuous beam monitoring is
required.
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