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Abstract

The report presents the methods for finding of the parti-
cle velocity (energy) distribution of accelerator beams. Ve-
locity distribution is deduced from the Volterra integral
equation of the first kind with the right part, which is de-
fined by the dependence of Cherenkov radiation (CHR) in-
tensity on n, experimentally obtained for the given beam.
Velocity distribution is the second derivative of CHR in-
tensity. The problem of stability of the second derivative is
solved by attracting a priori information. Using of optical
dispersion of radiator is discussed. It enables to find veloc-
ity distribution even for the single bunch of particles. The
method also enables to find velocity distribution for beams
with a noticeable transverse velocity of the particles. The
method is virtually non-destructive in many cases.

INTRODUCTION

The development of the non-intercepting methods for
finding a velocity (energy) distribution of particles in ac-
celerator beams is of great importance for irradiation pro-
cess control in industry, medicine and science.

Existing methods of charged particle beam diagnostics
have well-known disadvantages especially in the case of
high energy beams. The non-traditional method of acceler-
ator beam diagnostics based on the use of the CHR is con-
sidered below.

CHR angular distribution is used for a long time for de-
termination of the velocity or the energy spectra of the
charged particles [1]. However application of this method
for the accelerator beams and especially for the electron
beams of the high intensity industrial accelerators is lim-
ited by an essential transverse velocity component of the
particles in the beam “smearing” the angular distribution
of the radiation. Addition difficulty consists in superimpos-
ing of a transition radiation at radiator boundaries on the
CHR angular distribution.

We consider two methods for finding a velocity (energy)
particle distribution of beams based on the dependence of
the CHR intensity and its spectral distribution on the phase
velocity of the electromagnetic waves in the optical ranges
(Fig. 1). The methods are practically non-intercepting and
may be convenient for the energy and the energy spectrum
measurements of beams including high intensity electron
beams.

1 trukhkt@com2com.ru

ISBN 978-3-95450-181-6
686

Cherenkov
) Tadiator
£ DT T
£ e
[ty

Mirror

Mirror Optics

Cherenkow
radiator

Prism or
grating

ressUN Pressure /
regqulator control

Optics
Ed

Multichannel
photodetector

Phota-

%/;/mecm

(a) (b)
Figure 1: Two methods for finding a velocity (energy) par-
ticle distribution with CHR. (a) The photons yield is regis-
tered by a photodetector depending on gas pressure. (b)
The photons spectrum is recorded by the spectrum ana-
lyzer.

THEORETICAL BASES AND RESULTS

For the first time the possibility of determination of av-
erage electron velocity in the beam of the electron acceler-
ator (the 4.5 MeV microtron) by the measurements of CHR
intensity dependence on a radiator refraction index # in an
optical range was demonstrated in [2, 3].

CO» was used as a radiator. The gases, which refraction
index n varies with pressure p as n(p) =1+kp at kp<<I,

are natural choice of the CHR medium in this case. Once p
passes the threshold of CHR for the maximum electron
beam velocity in the detector (1/fu. = 1+kp) the CHR in-
tensity / grows nonlinearly as more and more particles pro-
duce the CHR. Beginning from point where the minimal
electron velocity Si» of beam particles becomes equal to
the phase light velocity in the gas -radiator an intensity 7 of
CHR in the detector is dependent on kp linearly. The inter-
section of the extrapolated CHR linear part with a back-
ground level corresponds to the average electron velocity
in the beam [2, 3].

The same method was proposed in the work [4, 5] car-
ried out 15 years later without reference to [2, 3]. No non-
linear part in /(n) dependence was noted.

In works of one of us (K.T.) [6] it was shown that non-
linear part of the intensity curve can be used for obtaining
the velocity distribution and the energy distribution of the
particles in the beam.
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If the same part of the CHR light is registered by the
photodetector independently of the position and the direc-
tion of a particle (electron, nucleus etc.) passing through
radiator (as in the spherical Cherenkov detector for exam-
ple) then the velocity distribution of particles and the en-
ergy spectrum can be obtained for the arbitrary angular dis-
tribution of the particles. In the case under consideration
(the accelerator monitoring), this condition can be easily
fulfilled.

In further consideration, we will follow [6]. If n = n( A )

(A is wavelength) a number of the CHR photons Npn(n(4))
in a unit wavelength band reaching the photodetector can
be written as:

N =g | (1—1J-f(ﬁ)dﬂ~/12 (1)
ph % n(/l)2 -ﬁz

where f{(f) is a particle velocity distribution, g = 2zaN.kL,
where o is the fine structure constant, N, — the number of
the electrons, L- the length of particle path in detector, k —
the photon collection factor.

By successively differentiating (1) with respect to (1/n?)
we obtain the solution in the form of the first and the sec-
ond derivative of N:

dzz d N, 2)
g, '

" dp,

y )
f(ﬂz) :7{(ﬂ1)
2g

where 8, = 1/n(4) (Fig. 2).

The equation (1) is Volterra integral equation of the first
kind with the right part having experimental errors. Its so-
lution is ill - posed task. Finding derivatives from experi-
mental data containing errors is ill - posed task too. There
are several methods for solution of the problems. The sta-
bilization is based on using a priory information about pe-
culiarity of the solution. In this case, the main peculiarities
are the next: number of CHR photons is greater or equal to
zero, the first derivative is less or equal to zero, the second
derivative is greater or equal to zero.
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Figure 2: Dependence of CHR intensity on 1 /n? (a) and
its first (b) and second (c) derivatives.
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The equation (1) can be reduced to equation of convolu-
tion type [7]. Let us change variables:

12
B=y"% W(y)= fz(;’3/2); L:lez 3)

Then

<max

g [(y—z)¥(dy =N, (z(v) @

By successively differentiating (4) we obtain the solu-
tion as:

2
W)= LV )
g dz

Of course, the equation (4) is also Volterra integral equa-
tion of the first kind with the right part having experimental
errors.

The proposed method can be used not only for diagnos-
tics of charged particle fluxes but also for diagnostics of
powerful uncharged particles fluxes (neutrons, y and
bremsstrahlung radiation) with the help of the secondary
charged particles.

To avoid the gas dissociation by the beam usage of the
single atomic gases is preferable. For the narrow energy
spectra typical for microtron beams, beams from the high
brightness accelerators and for high energy beams the re-
quired change of the pressure will not large. The narrow
band filter before the photodetector and measurement of
gas refraction index with a build-up interferometer can de-
crease sufficiently the experimental errors. The instant gas
expansion by high power beam pulses can be neglected if
a pulse is very short (< 108 s).

The yield of the CHR near the threshold for the most ac-
celerators is more than sufficient for the reliable intensity
registration with the photodetectors (photomultipliers).
The energy loss fluctuations in the CHR detector should be
taken into account in estimation of a device resolving
power.

Consider now the second method based on the analyses
of a spectral distribution of CHR photons (Fig. 1b). It is
important that this method does not require sequential
measurement of the yield of CHR photons with changing
the gas pressure in the radiator. All measurements are per-
formed at the single selected gas pressure. It also allows
finding the velocity distribution of charged particles for
non-repetitive "bursts" and, in principle, even for a single
high power event.

Dependence of refraction index on the wavelength
causes known trouble in Cherenkov counter methods.
However, it becomes “friendly” phenomena in that variant
of the method. The essence of method consists in follow-
ing. CHR photons from the radiator is directed to a spectral
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device (grating, prism etc.) decomposing CHR into spec-
trum. CHR spectrum is registered with the line of photode-
tectors or with multichannel spectrum analyzer. Because of
refraction index for any medium depends on a wavelength,
the CHR threshold has such dependence also. Thus, the
measurements at the different wavelengths are analogous
to the measurements with variable gas pressure described
above or to measurements with a large number of the
threshold counters with different thresholds.

In the visible light range the refraction index decreases
with the wavelength increase. Thus, the higher is the parti-
cle velocity, the longer the wavelength of CHR threshold.
The number of the CHR photons having a wavelength /4 in
the unit wavelength range may be written as:

Bl

Nys=g | f(ﬂ)-(l—?z)w ap ©
B

(B, is the velocity threshold at the wavelength 4, g is as in
1).
Using known formula by Cauchy n(/l) =a+bA” ,

where a and b are the constants for given gas we obtain the
threshold wavelength for given f;:

=B —a)lb ()

Substituting (7) into (6), converting this one, performing
the differentiation with respect to Py, transforming, per-
forming the differentiation with respect to B, converting
again, we obtain:

>d 1 d b
ropp=Led L. d b 5 5 ®
2gdp, B, dp, B, —a
The equation (6) can be reduced as above (the equation
(3)) to the equation of the convolution type also (the desig-
nations are the same):

Zmax 2

JO-cp oy =2 Npscn O

Z

Its solution can be found by successive differentiating as
described above.

Thus, to get a beam velocity distribution it is necessary
to measure the number of photons in different wavelength
ranges and to get their first and second derivatives with re-
spect to the wavelength. The number of photons is known
with error and this procedure is ill -posed task, so appro-
priate methods to obtain stable solution must be applied.

The proposed method is convenient for the accelerator
beam monitoring especially in the case of the narrow en-
ergy spectra. As an example, at the bean energy 30 MeV
and the energy spread 0.5 MeV the spectral interval in the
case of xenon is from 400 nm to 600 nm. As already noted
it seems likely that the method will permit to measure the
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energy and the energy distribution at the single and non-
repeating powerful pulse fluxes of the charged and non-
charged particles. If the photodetectors (or special optical
shutter built-in between CHR detector and the photodetec-
tors) are high — speed then it is possible to measure the en-
ergy and the energy distribution within the pulse (the
bunch).

At Fig. 3 we illustrate energy spectrum measurements
for race-track microtron [9] done by first method.
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Figure 3: Energy spectrum measurements for race-track
microtron by first method: (a) is photodetector signal de-
pendence on gas pressure; (b) is reconstructed energy spec-
trum.
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