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ON OPTICAL TRANSITION RADIATON
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In this paper we represent the experimental data on measurement of the transverse current density distribution of the annu-
lar beam with the sub-millimeter wall thickness. A digital photo camera was used to increase sensibility and possibility of image

processing.
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1. INTRODUCTION

One of directions in development of powerful RF
sources is the development of cluster klystrons with the
annular structure of a beam [1]. Experimental studying
both stability and formation of such beams requires a
spatial resolution of measurement of their structure less
than 0.01 mm. This requirement, at a beam power densi-
ty of about 10" W/m?, makes usage of a conventional
probe or scintillator techniques rather complicated. Op-
tical transient radiation (OTR) from thick cooled targets
is an alternative technique in this case. However, till
now, OTR diagnostics was utilized, basically, for rela-
tivistic beams at small thermal loads of the target. Ap-
plication of this technique for diagnostics of low energy
electron beams that began recently [2] still requires ex-
tensive researches.

The present work describes features of studying the
structure of a dense annular beam with OTR from metal
targets at the electron energy <50 keV. Possibility of
OTR registration in this case is limited by the two main
factors. Firstly, a solenoid, which is needed to transport
the beam, limits an aperture of the optical system.
Secondly, because of low energy of particles all the
beam power is dissipated in a thin surface leer of a tar-
get that causes its thermal erosion. Necessity of carrying
out researches of an transversal structure of an annular
beam arises in the context of development of a X-band
cluster klystron with an anode voltage of 50 kV [3].

2. THEORY

It is convenient to analyse the transversal structure
of a beam in the plane, which is perpendicular to the dir-
ection of beam propagation. Therefore orientation of a
target was chosen perpendicularly to the beam. Further,
beams with a longitudinal energy, which essentially ex-
ceeds transverse one, will be considered. In this case it
is possible to take into account only normal incident
angle of electrons on the target.

The spectral density of the radiation energy of a
charge e crossing on a normal a metal boundary is given
by an expression [4]:
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where S=v/c - relative velocity of an electron, 8- ob-
servation angle, dQ - solid angle in the direction of ob-
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servation, w- circular frequency of radiated waves,
& - relative dielectric permeability of the metal.

Brightness of the beam radiation with the pulse cur-
rent density j is defined as:
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where Aw=2.018-10" Hz is the visible part of the
spectrum.

Proceeding from the above-mentioned goal of a
practical application of the OTR technique, we shall
consider the radiation of an annular beam with an en-
ergy of 50 keV, external radius of 4 mm, thickness of a
wall of 1 mm and a current of 10 A (j = 45 A/cm?). For
this case dependence (2) is shown in Fig. 1.
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Fig.1. Radiation brightness versus the angle of
observation

This dependence can be used for calculation of an
exposition at photographing. However, at visual re-
search of pulse beams, it requires the correction. It is
connected with inertia of the visual sensation which dis-
appears gradually, during a relaxation time T
r=0.05-0.2's, depending on the brightness. At the
period of pulse repetition 7 << T, the brightness being
observed not essentially differs from its average
value [5]. It can be shown that for our experimental con-
ditions (pulse duration of 4-10°s and pulse repetition
period of 0.1s) the brightness being observed is
1.38-10™* time of that from Eq. (2).

3. ANALYSIS OF OPTICAL SYSTEM

As follows from Fig.1, the maximum of radiation is
at 6, = 73°. Capture of such an angle by an optical sys-
tem, without significant aberrations is impossible [3].
Therefore, an optical system directed under the angle
0 = 0, usually sees only a limited area around of the
maximum of radiation. Such a scheme is given in Fig.2.
In this case the position of the target is inclined relat-
ively to the axis of the optical system that causes known
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difficulties of transfer of the three-dimensional image
that is connected with the depth of focus and perspect-
ive distortions. Therefore a small angle @ is preferable
to limit such difficulties.
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Fig. 2. The scheme of OTR registration

Using Fig.2 it is possible to derive a condition of
sharpness of the image:
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where Y is the beam radius on the target, A Y is the
needed linear resolution.

It is possible to obtain a high resolution at high 6 only
at a small aperture angle U as it follows from (5). For ex-
ample, at AY/Y =0.01 and 6, = 30° the aperture angle U
is equal to 0.009°. The specified limitation of the optical
power of the system can be removed by the arrangement
of a registering photoplate in a plane of the image 1, as it
is shown in Fig.2. To estimate a gain in sensitivity of
measurements in this case, we shall define the luminosity
of the images in planes 1 and 2, taking into account (5).

By definition:
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where u - aperture angle of the ray, ¢ - azimuth of the
ray, M - magnification of the subject area. If the optical
axis coincides with the direction of observation then
from (2) B(u,6,¢) = B({) where
cos(¢) = cos(u) cos(d) + cos(p)sin(u) sin(H).
It yields in plane 1:

E\ = E{K*(1+K’tan’(0))"cos(0), AK/(1+K), 8},  (6)
where A = R/f is the relative aperture of an objective;
and in plane 2:

E, = E{K*cos(0), (AY/Y)/2tan(0), 6} . (7

The relation of E/E; at K =3 and 4 = 1/5.6 is given

in Fig.3. Let us analyse the relationship connecting 4, K

and U. The aperture angle U in expression (6) has the

limitation caused by non-uniform brightness of the tar-

get which is connected with different angles of observa-

tion 6y, 6, 6, of various points on the target (see Fig.2).

Let d denote a distance from an objective to the target
then:

tg(,)= tg(G)im_ ®

From (8) it is easy to see, that a difference
61 - 0, ~1/6 reaches the minimum value of 2Y/d at
6=0. From Eq. (8) and Eq. (2) it is possible to show
that AB/B < 0.1 at d > 300 mm for Y= 5mm and 6 = 30°.
Using relations AK/(K+1) = R/d and R < D/4, where D
is a diameter of a vacuum chamber, which limits trans-
versal dimension of the optical system, we shall obtain:
A <D(K+1)/(4Kd). )
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Fig. 3. The simulated relation of the image luminosities
in planes 1 and 2 (see Fig.2)

The depth of focus at visual researches does not lim-
it A, due to focusing. At equivalent pupil magnification
[5] the luminosity of the image on a retina of the eye, is
determined in this case from the formula:

E. = iimx -0 E{K*cos(0), 6K/2f.(1+K), 6}, (10)
where § is a diameter of the pupil, f: = 17 mm is the eye
focal length [3].

The reason of perspective distortion is the depend-
ence K(x) = f/x. Its value is estimated as:
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Here K,= K(x;), AK = K(x) - K(x¢). For technical

reasons: /' =24R [3], and R <0.25D. Therefore,
K] AK y D
°" K, Ysinf’ (12)

It is necessary to note that the value D is less than
the diameter of the solenoid.

As follows from (8) and (11), the reduction of an er-
ror in the transfer of luminosity and the form of cross
section of the beam requires reduction of the observa-
tion angle that results in reduction of brightness and,
hence, a current measurement threshold of the beam.
From (6), (12) one can see, that small optical magnifica-
tions are necessary for reduction of distortions of the
image and increase of its luminosity.

4. EXPERIMENTAL SETUP AND RESULTS

The special device (see Fig.4) was created for the
visual observation of transversal distribution of electron
beam generated by the magnetron gun [3] with the error
AY = 0.1 mm. Diameter of the vacuum chamber D was
140 mm. The optical aperture of the device was limited
with the radius of the output optical window
R, =22 mm. The distance between the target and the
objective d in experiments was 548 mm. As a basic ele-
ment of the optical system, the objective with the resol-
ution in the focal plane of 1/30 mm, 4 = 1/9 and /= 105
mm, an ocular - f,.=17.8 mm and 6 =30 were chosen.
Simulated values were the following: K =0.28,
AY =AY'/K=0.12 mm, AY/Y = 0.024, subjective mag-
nification G =f/f,.=5.9, diameter of the output iris
0 =2R/G =4 mm, tg(U) = 23.3/548 = 0.024.

At a given D, from Eq. (8) it is supposed that 4 = Y.
It is much more than the chosen 4 = 1/9. This circum-
stance is caused by additional requirements to the exper-
iment.




Fig. 4. Experimental setup: 1 - block of objective, ocular
and mirror, 2 - output window, 3 - mirror, 4 - target

Reduction of 4 does not result, however in he loss of
luminosity of the retina, and only limits the allowable
subjective magnification [5]. Such system, is inefficient
at photographing, due to the loss of light exposure £ ~ 4%
The condition (5) was satisfied therefore the focusing was
not required. As follows from (10), 4K/K, = 0.15, i.e. ex-
ceeds the given accuracy 0.1 because of perspective dis-
tortions. As d > 300 mm, the error in luminosity of a tar-
get is less than 10%. To linear resolution 4Y = 0.12 mm
at G =5.9 the angle of view 2.7’ corresponds, that is high-
er then the eye resolution, but it is below than the recom-
mended [5] value 4'. Such choice of G, below recommen-
ded value, explains aspiration to preservation of subject-
ive brightness of the image.

Calculation under formula (8) at specified 0 = 4 mm
gives the luminosity on the retina £, = 894.77 1x. With
taking into account (4) the subjective luminosity B (7,
7) = 0.12 1x, that makes 30 % of a normal light exposure
of the retina, corresponding to the angular resolution of
the eye in 1" [5].

The experiment has shown, that observation of the
beam with a current 10 A does not cause difficulties. Ap-
preciable lacks of luminosity of the image and the resolu-
tion is sensitive at currents of about 2 A and energy of
25 keV. It corresponds to j = 9 A/cm? and power density
2.2:10° W/cm?. The simulated light exposure of the retina
makes thus of 5% from normal. The specified parameters
correspond to the sensitivity of the device developed.

As have shown researches of a titanic and silver tar-
get, the beam thus forms the autograph with the sizes of
a surface roughness 0.02...0.05 mm. The view of such a
beam in the ocular is shown in Fig.5.

This image was obtained by the digital camera and
numerically corrected on the angle 8 = 30°. The elliptic
form of the cross section is caused by conditions of the
beam formation [3].

Fig.5. OTR from the target at a threshold of sensitivity
5. DISCUSSION

Sensitivity of the installation developed is limited by
the aperture of the eye, therefore is limiting for visual re-
searches. The detailed description of the image structure
requires brightness on the order greater than a detection
threshold of the luminescence. Therefore for OTR - dia-
gnostics at electron energy up to 50 keV it is necessary to
count the current density of about 45 A/cm?.

The spatial resolution thus is limited by the diameter
of the solenoid (see (11)), and in real conditions of the
free space for accommodation of optical system which
can be much less. The obtained resolution of 0.12 mm,
can be improved, as follow from technical possibilities of
solenoids, up to 0.03 mm. The threshold power density
2.2-10° W/em?, exceeds a limit ~ 1-10° W/cm? on evapor-
ation. Therefore, finally, the resolution is limited by the
sizes of surface protrusions 0.02...0.05 mm. As a prob-
able decision, of interest is a graphite target [2] though
carry of carbon to vacuum, in this case, requires studying.

Authors express the gratitude to employees of R&D
"Accelerator" for the help in experiment.
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UCCIEJOBAHUE CTPYKTYPbI KOJBHEBOI'O ITYUKA 110 IEPEXOJTHOMY OIITUYECKOMY U3JIYYEHUIO
H.U. Aiizaykuii, B.®. Kuzno, B.A. Kywinup, B.B. Mumpouenko, A.H. Onanacenxo
IIpencrarieHbl OCHOBHBIC XapaKTEPUCTUKU pa3pabOTaHHON CHCTEMbI BU3yalH3alldM U SKCIICPUMEHTAIBHBIC TaHHBIC MO
HM3MEPEHUIO TIOTEPEYHOr0 pacipe/ieNieH!s] INIOTHOCTH TPYOUaToro mydka ¢ CyOMUUTUMETPOBOM TONIINHON CTeHKHU. J{iisi mMOBbI-
LICHHS YyBCTBUTEIBHOCTH U BO3MOXKHOCTH KOPPEKIIMHU N300paXKEeHHs ITyUKa UCTIoNb3yeTcst udpoBas GpoTokamepa.
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JOCIIIKEHHSA CTPYKTYPU KIVIBIIEBOI'O ITYUYKA I10O NIEPEXI/THOMY OIITUYHOMY
BUITPOMIHIOBAHHIO
M.1. Aizayvkuii, B.®. Kuzno, B.A. Kywnup, B.B. Mumpouenko, A.H. Onanacenxo
[IpencraBieHO OCHOBHI XapaKTEPHCTHKH pO3pOOIEHOI CHCTeMH Bidyawizamii 1 EeKCIIEpUMEHTAIBHI JaHi MO BHMIpi
MOTIEPEYHOTO PO3MOIUTY TYCTHHH TPyOUacTOro mydka i3 CyOMiiMETpOBOIO TOBIIWHOIO CTiHKH. ISl MigBHIICHHS YyTIUBOCTI 1
MOXJIMBOCTI KOpEKIiT 300pakeHHs IydKa BUKOPHCTOBY€ETHCS U(poBa poToKaMepa.
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