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Abstract - In the paper are reviewed methods for 
quantitative evaluation of current density distribu-
tions across the powerful beam (called beam pro-
file) and connection of the changes of the beam 
profile in different cross-sections along the beam 
with the beam emittance(area of the  phase plane 
of coordinates and impulses, where  are situated 
the points, representing the beam particles). Appli-
cation of computer-tomographic method for recon-
struction of the beam profile from projections of 
the beam current density distribution at some cuts 
in different directions of a beam cross-section is 
shown. Some examples of diagnostics of high power 
low voltage electron beams are given. 
 
1. Introduction 
 
High brightness electron beams are subjects of interest 
in accelerator community and among researchers 
promoting technology applications of these concen-
trated energy sources. The beam diameter, the beam 
width and the beam profile (namely distributions of 
the beam current or energy densities across the beam), 
as well as the angular distribution of the beam elec-
trons, are of critical importance in many applications. 
The angular distribution or collimation of the beam 
current governs the changes of the beam profiles along 
the beam axis. To ensure a reproducibility of the 
product performance, optimization and quality im-
provement of the results of electron beam treatment a 
proper setting of the beam parameters is requisite.  
Conventional method for setting power distribution 
relies upon the operator to visually focus the beam on 
a secondary refractory target. This requires significant 
operator experience and judgment, but in each case 
different setting could be obtaining due to rough and 
subjective visual interpretation of the emitted light. To 
provide proper quality of the products and to avoid the 
need of destructive and expensive experiments after 
every change of the cathode or adjustments of the 
electron optical system is necessary monitoring and 
quantitative measurements of the beam profile and the 
beam emittance. The beam emittance[1,2] represents 
2D-projection area of the volume, encompassing the 
points presenting the beam particles in 6D - phase 
space of coordinates and pulses of these particles. In 
the absence of coupling between motions in the xz and 

yz planes, and at keeping in mind conservation of   
energy   of the beam electrons in the draft space ( ve-
locity component Vz=Const.) the beam phase-space 
distribution is presented by 4-D space or by corre-
sponding  two emittance diagrams e(x,x') and e(y,y') 
where x,y are coordinates across the beam, z is longi-
tude along the beam and x' and y' are the directions of 
particles movement(x'=dx/dz and y'=dy/dz). The emit-
tance is quality characteristics of beams: more big 
value of brightness means a lower value of the   emit-
tance.   For    comparison and optimization   of   
beams one could use normalized emittance еn 
=(Vz/c).е where e is emittance, c is light velocity . 
Respective normalized electron brightness is B/U 
where B is mean value of the beam electron brightness 
B=I/S.Ω. There I is the beam current, S is the beam 
cross-section area and Ω is the beam convergence or 
divergence solid angle. The limits of integration of S, 
Ω and I are not generally accepted and a convention is 
assumed every time. The sign U means accelerated 
voltage. Most important phenomenon for non-
interacting particles beam is a steady distribution 
function f(x,y,x',y') and a conservation of the phase-
space volume. The Liouville’s theorem state: The par-
ticle density in 6D phase space of coordinates and 
impulses is invariant value during the beam axis. So, 
the volume in the phase space, occupied by represen-
tative points as well as the emittance are invariant 
along the beam axis (for beam in draft space) or the 
normalized emittance-along the whole beam axis in 
general case.  

This paper is a short review of references [3-12] 
from the point of view of a new approach and some 
illustrative results on the evaluations of the quantita-
tive characteristics of the powerful beam current (or 
energy) distributions – beam profile and emittance are 
given. 
 
2. Measurements of the beam profile 
 
When measuring beam profile of a intense beam (that 
power excess of 1kWand are going to tens or hun-
dreds of kW), the beam has enough energy to deterio-
rate most sensor or current collectors, that might be 
placed in the beam path. So, a sampling assembly, 
often consisting of a scanning (rotating, moving) wire, 
pinhole, drum or disc containing a knife-edge or slit, 
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permits to measure passed or absorbed part of the 
beam using one collector, Faraday cup or sensor , irra-
diated with this small beam part at any time. Except at 
the two-direction-moving pinhole [4] the signal ob-
tained is integrated along the sampling slit (wire, 
edge) and detailed information is difficult to obtain by 
simple scanning the beam along a direction of beam 
cut. More axes of beam cut are need to create tomo-
graphic reconstruction of beam profile [5,8,10]. Some 
rotating drums could obtain data for  projections of the 
beam current density at up to seven different cut axes 
(changing slit angle toward the movement direction), 
but never in the cut axes coinciding with the direction 
of movement. An excellent proposal for use of a Fara-
day cup and radial slits in a disc on which the moni-
tored electron beam is rotated had been given by 
Elmer and co-workers [5,8]. In both cases tomo-
graphic reconstructions of detailed beam profiles, us-
ing sophisticated (but available) software is possible. 

 
 

Fig.1. Scheme of measurement of Projection of 
beam current density integrals using a rotating 
drum 
 

 
Fig.2. Scheme of measurement of Projection given 
on Fig.1 under a direction of beam cut on angle θ. 
For tomography reconstruction are need a lot of 
such Projections at various cut directions 

 
Fig.3. Faraday cup set, proposed to measure the 
beam part, passing through the slits on top disc (c) 
from refractory metal; a)Faraday cup, b)isolator, 
d)hood, e)signal  lead-out, f)connection to ground 

 

 
Fig.4. Modified by Elmer et al. Faraday cup; there 
a) additional shield for backscattered electrons with 
wider slits, b) second Faraday cup for calibration 
(measuring whole beam at it centering), c) the car-
bon disc for minimization of back scattering elec-
tron and improved heating  stability, d) a clammer 
for pressing the measuring disc, shown on Fig.5 
 

 
Fig.5. A tungsten disc with radial slits on which 
the beam is rotated. The part of the beam passing 
through these slits is measured by Faraday cups. a) 
a wider slit for the space orientation of  the meas-
ured signal. 
 

Some examples of profiles of the current distribu-
tion and energy of beams are shown and discussed in 
ref. [8,10,11]. An illustrative example of beam profile 
is given on Fig.6. On Fig. 7 are given 3D presenta-
tions of measured beam profiles. 
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Fig.6. An example of a contour plot of the current 
density distribution, reconstructed by 17 projec-
tions of the beam current density distribution 
 
3. Measurements of the beam emittance 
 
For measuring the beam emittance in (x.x') and (y,y') 
phase planes using pinhole methods[6] one can use 
two parallel plates and for every point of evaluation of 
beam profile in the  plane of first plate (at 32x32 sam-
pling position or measurements points as mini-
mum[11]) the evaluation of angular distribution of 
beam electrons must be done measuring in  similar 
number of the measuring positions of the pinhole in 
second  plate. Then the measurement time will be too 
long and the limit of measured maximal beam power-
very low.  

Practical decision could be find if we simplify the 
emittance measurement (mainly angular distribution 
of current density in the beam)  
assuming 2D normal distribution of particles in the 
beam. In that case the probability density N is: 
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where σx, σx′ are standard deviations of the x and x′, 
and r is correlation between these random quantities.  

The use of 2D normal distribution (2) leads to an 
elliptical shape of the boundaries of the particle distri-
bution diagram in the xOx′ plane. 

The equation of these ellipses could be writ-
ten as: 
 

γx2+2αxx′+βx′2 =εp                                     (3) 
 
There εp is the emittance of part of the beam (defined 
as the divided to π area, occupied by the part p=I/I0 of 
the beam current I from the total beam current I0). 

As an example, at r=0 (no correlation) the prob-
ability density N could be presented by the product of 
two normal distributions and the boundary of the pro-
jection of phase space on xOx′ takes place of an el-
lipse in a canonical position – its main axes coincide 
with x and x′ axes. In the case of r=1 the ellipse be-
comes a straight line x′=(σx/σx′)x. 

The emittance εp and the standard deviations are 
related: 

εp = C.σx.σx′                                                                            (3) 

where the coefficient C could be calculated as: 

   C = [-2ln(1-p)]1/2.                                        (4) 

The relations between the emittance εp and the 
product of σx and σx′ at a radial symmetrical beam for 
various parts p are given in Table 1. 

 
Table1. Relation between the values of  

the emittance and the part p of the beam current. 
p 0,63 0,78 0,86 0,99 
εp 2σx.σx′ 3σx.σx′ 4σx.σx′ 9σx.σx′ 

 
The transformations of coordinate x and x′ in the draft 
space (that is free from external to the beam forces) 
are given in a matrix expression as: 
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There index 1 stands for the cross-section at z=z1 be-
fore the draft region with length L and index 2 – at 
z = z2. 
 
4. Method of calculation of the emittance using  
two or three measurements of the radial current 
distribution 
 
In our paper [3,9] we propose a method for evaluation 
the angular distribution of  EB through the measure-
ment of two beam profiles and a known focusing 
plane position or by three measured current density 
distributions in respectively three cross-sections of EB 
at the assumption of 2D Gaussian distribution of the 
current density in the phase plane. Fig. 7a – Fig. c are 
three examples of measured EB profiles.  

On the base of the theorem for the  dispersions of 
the sum of two random quantities and a zero value of 
the co-variance between x0 and x0′ due to the canonic 
position of the emittance diagram in the cross-over 
image plane (called usually “focus” of the beam) and 
using eq. (5) a system of three equations can be writ-
ten:   

(σx1)2 = (σx0)2+(L0-1)2( σx0′)2,                     (6) 
(σx2)2 = (σx0)2+(L0-2)2( σx0′)2,                     (7) 
(σx3)2 = (σx0)2+(L0-3)2( σx0′)2.                     (8) 
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Fig.7a) Experimental beam 
current distribution at 
z=320mm. 

Fig.7b) Experimental beam 
current distribution at 
z=245mm. 

Fig.7c) Experimental beam current 
distribution at z=170mm. 

 
 

 There indices 0-1, 0-2 and 0-3 are respectively the 
differences between z of the mentioned cross-sections 
(L0-1 +L1-2 = L0-3 and vice versa). At measured values 
of σx1, σx2 and σx3 and known L1-2 and L1-3, the “focus” 
parameters L0-1, σx0 and σx0’ can be found. In the case 
of known position of the beam “focus” two equations 
(or measurements of the beam profile) are necessary. 

  Table 2 shows some of the evaluated data [18] for 
the investigated beam in the cross-section at z=z1 (see 
Fig.7). 

 
Table 2. Emittance and ellipse main axes at various p 

p  0,39 0,78 0,99 
ax mm 0,222 0.384 0,666 
bx’ mrad 10,92 18,9 32,76 
ε mm.mrad  2,42  7,27 21,8 

 
Here ax and bx’ are the main axes of the ellipses of 
emittance diagram, given by: 
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5. Method for the calculation of emittance using a 
slit and a deflected beam with a changing place of 
the beam “focus” [12] 
 
In the investigated cross-section there is a water 
cooled plate with a narrow slit. The beam is deflected 
across that slit. From a previous investigation the rela-
tions between some values of the focusing coil current 
and the focusing length of the electron gun magnetic 
focusing lens f (knowing also the corresponding posi-
tions of beam “focus” planes zbf1, zbf2 and … zbfi) are 
known. Please, do not mix the focusing length f of the 
electron lens with the distance between central plane 
of focusing lens and crossover image plane (called 
usually the beam “focus” plane). 

The base electron lens equation is used: 
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There zco is the cross-over place on the beam axis; zbf 
is the place of the beam “focus” (image plane) and zfl 
is the central plane position of the magnetic focusing 
lens of the electron gun (see Fig. 8). 
 

 
Fig. 8. Measuring of the beam current distribution 
by changing the position of the focal plane. 

 
For the calculation of the standard deviations of 

the normal distributions of electrons at the beam “fo-
cusing” planes (images of the cross-over) at various 
focusing lengths σi0, …, σn0  the coefficients of magni-
fications ki are calculated by : 

i
flbfi

cofl k
zz

zz
=

−
−

,                                         (11) 

and          σ0i=σ0.ki.                                                  (12) 

On Fig. 9 are presented the results, obtained on the 
base of experimental data (curves 1), from fitting the 
measured integral current distributions to normal dis-
tributions (curves 2) at three “focus” plane positions. 
They are fitted using the least squares method. It can 
be observed, that with the decrease of the beam di-
ameter the accuracy of the approximation of the cur-
rent distribution with a normal one increases. 
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     a)        b)         c) 

Fig. 9. Experimental (curves 1) and fitted to normal (curves 2) integral beam current distributions at different 
“focus” positions: a) f1=447.3539 mm, b) f2=377.4209 mm and c) f3=287.5243 mm. 

 
 

Table 3. The parameters of the beam current distribution. 
f σxi [mm] a2 [mm] ki σxi0=σ1ki |Δ0-i|=|ai0-a650| σi0

2 [mm2] σ’x0i [mm] ε [mm.mrad] 
447.3539 0.9749 1115.5091 1.4936 0.2850 465.5091 0.0812 2.0028*10-3 0.5708 
377.4209 0.3837 762.9821 1.0216 0.1949 112.9821 0.0380 2.9248*10-3 0.5701 
287.5243 0.8510 467.4968 0.6259 0.1194 182.5032 0.0143 4.6167*10-3 0.5512 

 
 

Then, using the equation: 
 
  (σxi)2=(σx0i)2+(z0i-z0)2(σx’0i)2,                     (13) 

written at a condition of zero value of the co-variance 
between x and x′ in the canonic position of the emit-
tance diagram, one can find σx′0i at measured  σxi. 

The parameters of the beam current distribution, 
calculated on the base of experimental data, for the 
mentioned three positions of the “focus” plane are 
given in Table 3. 

 

6. Conclusions 
 

In the paper evaluation of the beam profile as two 
methods of beam emittance measurement are dis-
cussed. Instead of the complicated mechanics of the 
point-by-point measuring device and the long cycle of 
measurements, due to the big number acquiring pulse 
data needed for the investigated beam radial and angu-
lar distributions, measurements of beam profiles (ra-
dial current distributions) in a few cross-sections of 
the beam are proposed. Providing objective data for 
the beam quality instead of the subjective operator 
setting of various beam parameters is an important 
step toward the improvement of technology itself or 
the scientific application of the intense electron 
beams. 
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