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Abstract.  It is shown that the replacement of X-ray tubes used in 
coronary angiography with laser-electron X-ray generators 
improves the quality of imaging and (or) reduces the radiation load 
on the patient and the expenditure of the contrast agent. The main 
stages of the angiography procedure are implied to stay unchanged, 
and the advantages will be achieved at the expense of tuning the 
radiation spectrum to the absorption maximum of the contrast 
agent. The parameters of electron bunches and laser pulses inter-
acting with them are determined that, on the one hand, provide the 
required flux of X-ray radiation and, on the other hand, obey the 
limitations imposed by the thermal and photoemission properties of 
the photocathode. These parameters can be implemented using the 
up-to-date achievements in laser and accelerator technology. 

Keywords: coronary angiography, narrow-band X-ray radiation 
sources, laser-electron generators.

1. Introduction

Low-invasive (interventional) coronary angiography (CAG) 
is  a method  of  visualising  the  heart  coronary  vessels  using 
X-ray radiation with catheterisation and  injection of a con-
trast agent  (based on  iodine  compounds) near  the  expected 
lesions of coronary arteries. During recent decades, it remains 
a golden standard of diagnostics for myocardial ischemia and 
other  cardiac  diseases  [1 – 5].  In  modern  angiographs  that 
allow the cardiac vessel condition to be observed in dynamics 
with the temporal resolution 0.01 s and the spatial resolution 
0.15 – 0.2 mm, the sources of radiation are X-ray tubes [1]. In 
the present paper, following Ref. [6], we consider the possibil-
ity of replacing the X-ray tube used in coronarography with 
more perfect Thomson  laser-electron X-ray source  (LEXS), 
developed within the projects [7 – 12], etc. As shown by pre-

liminary  estimates  [6], due  to  the narrow-band  radiation of 
LEXS this replacement will reduce the radiation load for the 
patient,  keeping  the  same  or  improving  the  quality  of  the 
angiographic  images.  Besides  that,  it  may  be  possible  to 
increase the spatial resolution and to decrease the concentra-
tion of  iodine, which reduces  the risk of allergic reaction  in 
patients and makes the procedure cheaper. The advantages of 
LEXS over the X-ray tube are due to relatively small width of 
the radiation spectrum (Fig. 1) and the possibility of tuning 
the frequency near the iodine photoabsorption edge in order 
to optimise the above diagnostic parameters (see below).

The studies of CAG with the X-ray tube replaced with a 
monochromated beam of synchrotron radiation [13 –16] were 
carried  out  in  the  USA,  Europe,  the  USSR,  and  Japan  in 
1986 – 2003 [17, 18]. The goal of the studies was to increase the 
safety of the procedure by eliminating the catheterisation and 
reducing the dose of the contrast agent injected intravenously, 
as  well  as  by  subtracting  the  images,  obtained  at  different 
sides of the K-edge in the iodine photoabsorption spectrum. 
In  this  case,  the main  advantages  of  synchrotron  radiation 
(the collimation and the possibility of frequency tuning of the 
beam) were used. The developed technique was tested in hun-
dreds of patients; however, it is still not used in clinical prac-
tice. The number of publications on this issue has significantly 
reduced from 2003.

In  contrast  to Refs  [13 – 18],  in  the  present  paper,  as  in 
Ref. [6], we do not give up the catheterisation and only replace 
the radiation source. It is assumed that it will be possible to 
save the rest stages of the angiographic procedure (contrast-
ing, multi-projection recording, fluoroscopy, dynamical fixa-
tion of images on a hard disc, etc. [2 – 4]). The main purpose 
of replacing the X-ray tube with LEXS is the improvement of 
the informativity and safety standards of the procedure: the 
reduction of radiation and contrast agent doses, received by 
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Figure 1. Spectra of  the X-ray  tube used  in angiography  ( 1 )  and  the 
proposed LEXS ( 2 ) against the background of iodine absorption spec-
trum ( 3 ).
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the patient, as well as the improvement of spatial and tempo-
ral resolution at the expense of more suitable physical proper-
ties of the new radiation source.

2. Main parameters of CAG: radiation dose, 
image quality, iodine concentration, spatial 
resolution. Choosing the optimal energy  
of the quantum from a narrow-band source

X-ray images used in CAG for the diagnostics of contrasted 
vessels are obtained with an exposure of the order of a milli-
second  or  a  few  milliseconds  and  a  repetition  rate  up  to 
30 frames per second. This imposes sufficiently rigid require-
ments on the radiation intensity of the source. X-ray tubes of 
angiographs  operate  at  voltages  60 – 120  kV  (in  Fig.  1  the 
spectrum of a  tube operating at  the anode voltage 63 kV  is 
shown), so that the mean energy of the X-ray quantum may 
exceed the energy corresponding to the photoabsorption edge 
of  the  contrast  medium  (iodine)  by  1.5  times  and  more. 
Obviously,  in the case of the maximum of the source radia-
tion spectrum coincident with the wavelength of the K-edge 
of  iodine  the  efficiency  of  using  the  contrast  agent  would 
increase. However, it requires the reduction of the tube anode 
voltage, which would lead to unacceptable fall of the X-ray 
radiation  intensity.  It  is  impossible  to  compensate  it  by 
increasing  the  current  because  of  anode  degradation  and 
cathode limitations [19].

In other words, the high intensity of the source needed to 
obtain the CAG images  together with the  limitations deter-
mined by  the physical properties of  the  cathode and anode 
materials  do  not  allow  satisfactory matching  of  the  source 
spectrum with the absorption spectrum of iodine in the case 
of an X-ray tube. Note that the spectrum of radiation emitted 
by  the X-ray  tube anode  is much broader  than  the peak of 
iodine  photoabsorption,  so  that  a  narrow-band  tunable 

source would be preferable, provided that its intensity is suf-
ficient for video recording, prescribed by the above CAG pro-
tocols  (1 – 2 ms,  30 Hz). How  the use of  such a  source will 
affect  the main medical  characteristics of CAG? To answer 
this question, let us consider the expression for the radiation 
dose D(E)  required  to  obtain  a  single  angiographic  image 
with a narrow-band source [6]
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where E  is  the  photon  energy; M2  is  the  number  of  angio-
graphic image pixels; CNR is the contrast ratio; m and L are 
the mass and the thickness of the patient’s body; k and m are 
the absorption coefficients of the contrast agent in the coro-
nary vessel and in the surrounding medium, depending on the 
quantum energy; and d is the vessel diameter.

In  accordance  with  Eqn  (1),  Fig.  2  presents  the  depen-
dences of the basic CAG parameters on the photon energy. 
From the presented results, it follows that the replacement 
of the X-ray tube with a tunable narrow-band source allows 
one  to  improve  the  CAG  parameters  by  optimising  the 
X-ray quantum energy. In particular, the radiation dose can 
be  reduced by  several  times  [20] keeping  the  same  level of 
image quality. For the optimal quantum energy 38 keV, the 
value of the dose D(E) per frame for the image quality CNR 
= 15 amounts to 20 mSv, which corresponds to N = 2 ´ 1011 
photons (Fig. 2a). These values determined within the accu-
racy  of  15 % – 20 %  agree  with  those  obtained  in  Ref.  [6] 
using  a  semiempirical method, namely,  23 mSv, N =  2,5 ´ 
1011,  the  optimal  energy  being  43  keV.  The  semiempirical 
method [6] is based on using the data of the automatic dose 
rate  control  systems  of  a  commercial Allura FD10  angio-
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Figure 2. Medical CAG parameters [see Eqn (1)]. Dependence of (a) the radiation dose D received by the patient, (b) the contrast of images CNR, 
(c) the iodine concentration hI in the contrasting solution, and (d) the spatial resolution d of the monochromatic CAG on the energy of the X-ray 
radiation quantum E. The default values of the parameters not indicated in the corresponding plots are d = 0.2 mm, D = 20 mSv, hI = 400 mg mL–1, 
CNR = 15, M = 256. The calculations were performed for the mass of the patient m = 75 kg and the thickness of his body L = 20 cm.



567Laser-electron generators: the sources of narrow-band X-ray radiation

graphic complex  [19], and Eqn (1)  is used only as a model 
dependence of the dose on the photon energy. Thus, here the 
properties of the existing radiation detectors are effectively 
taken  into  account.  Hence,  for  further  estimation  of  the 
parameters of lasers and electron accelerator used in LEXS 
for CAG we assume the energy of  the photon E = 40 keV 
and the number of photons per frame N = 3 ´ 1011, preserv-
ing  the  existing  standards  of  exposure  time  (1 – 2 ms)  and 
spatial resolution (0.15 – 0.2 mm) [1, 19].

The diagnostics of vessel functioning is performed in two 
CAG regimes, fluoroscopy and video recording. In the latter 
case, the radiation dose per frame is higher by about an order 
of magnitude  [2 – 4]. The  total number of  frames  is about a 
thousand;  the repetition rate does not exceed 30 frames per 
second. The above protocols and parameters of the modern 
CAG are based on  the quantitative  studies of  the  radiation 
dose  in  different  regimes  with  simultaneous  recording  of  a 
large number of medical and technical parameters. Such stud-
ies  are  carried  out  in  many  countries  within  the  national 
health care programmes using commercial angiographs. The 
obtained  results  differ  within  an  order  of  magnitude  and 
depend on the equipment type, age, weight and condition of 
patient,  the  physician  experience,  and  many  other  factors 
[21 – 30].

As already mentioned,  the main goal of our  study  is  to 
improve these parameters and, therefore, the quality of diag-
nostics, by replacing  the radiation source  (X-ray  tube) with 
LEXS. The principle of operation and properties of LEXS are 
described below.

3. General information on LEXS. Total yield  
of X-ray radiation from collision of a laser pulse 
with a bunch of electrons

The X-ray  radiation  from LEXS  is a  result of Thomson or 
Compton scattering of laser radiation by relativistic electrons 
in the beams of linear or cyclic accelerators. Among the first 
experimental  works  on  the  observation  of  the  effect  let  us 
mention Ref. [31]. F. Carroll [32] proposed the idea of practi-
cal application of LEXS in medicine. At present, there are a 
number of operating setups for different applications [10, 33] 
and those under construction [11, 12, 34].

The main fundamental problem of constructing LEXS is 
related to the small value of the Thomson scattering cross sec-
tion  (sT  =  6.6  ´  10–25  cm2).  The  solution  of  this  problem 
requires  not  only  increasing  the  fluxes  in  the  interacting 
beams  of  electrons  and  photons,  but  also  decreasing  the 
transverse size of  their  interaction region. Since the  interac-

tion occurs in vacuum, this is possible only at the expense of 
tight focusing of radiation, in which both the transverse size 
of  the  focal  region  (waist)  and  its  longitudinal  size  become 
small. For the maximal efficiency of the beams interaction, it 
is necessary to provide as many potential interaction events in 
the waist  region as possible. One  can achieve  it  by  shaping 
both electron and photon fluxes as a sequence of pulses with 
the spatial length not exceeding the waist length. It is easy to 
estimate that for the transverse size of the interaction region 
of the optical pulse (in terms of Gaussian beams) 2sL = 10 mm 
and the wavelength lL » 1 mm, the required pulse duration 
t = 2ZR /c (ZR being the Rayleigh length) will amount to a few 
picoseconds.  Quantitative  estimates  of  these  parameters 
will  be  presented below,  and here we briefly  describe  the 
simplest  LEXS  scheme  that  allows  the  required  yield  of 
X-ray radiation.

Figure 3 presents the block diagram of LEXS based on a 
linear accelerator. The electron bunches of picosecond dura-
tion are emitted from the photocathode by the pulses of a spe-
cial  picosecond  photocathode  laser  (PCL)  operating  in  the 
mid-UV range. The requirements to the PCL depend on the 
choice  of  photocathode  material.  In  the  present  paper,  we 
restrict  ourselves  to  considering  the  copper  photocathode. 
Although its quantum efficiency is low (hc ~ 10–4), it has high 
heat conductivity that provides its higher resistance to radia-
tion loads. To irradiate such photocathode, a suitable PCL is 
the one that uses the fourth harmonic of the neodymium laser 
(the photon energy  cL'w =4.8 eV).

The obtained bunches of electrons arrive at the accelera-
tion unit, where  they acquire  the necessary  energy of a  few 
tens  of MeV.  The  acceleration  unit  is  a  system  of  coupled 
microwave cavities, in which the up-to-date level of technol-
ogy  allows  the  achievement  of  the  mean  accelerating  field 
above  25 MV m–1 without  using  superconducting  elements 
[35].  Hence,  the  size  of  the  required  acceleration  module 
(2 – 3 m) is, generally speaking, comparable with the overall 
dimensions of the rest units of LEXS.

Electron  bunches  accelerated  by  the  above  unit  are 
focused into the region of interaction with the pulses of laser 
radiation,  located  inside  the  optical  accumulator  (power 
enhancement  cavity  or  circulator).  The  use  of  the  optical 
accumulator allows the mean effective power of laser pulses, 
interacting  with  the  electron  bunches,  to  be  increased  by 
2 – 4  orders  of magnitude  as  compared  to  the  power  of  the 
pump laser at  the expense of  increasing  their energy (in  the 
case of a cavity) and repetition rate (in the case of a circula-
tor).  As  a  result  of  the  interaction,  a  narrow  X-ray  beam 
(~10  mrad)  is  generated  consisting  of  trains  of  picosecond 
pulses, which are directed onto the studied object.
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Figure 3. Block diagram of LEXS based on a linear accelerator.



  A.V. Vinogradov, N.V. D’yachkov, A.V. Polunina, N.L. Popov, V.I. Shvedunov568

Now  let  us  present  brief  but  rigorous  derivation  of  the 
basic expressions, necessary to calculate the LEXS intensity 
based on the first principles.

The beam generated by LEXS consists of repeating X-ray 
flashes with  the  repetition  rate  n  that  accompany  the  colli-
sions of large number of photons (NL ~ 1017) and electrons 
(Ne ~  1010), which we  consider  here  as  classical  relativistic 
particles with the concentrations nL(r, t) and ne(r, t). Using the 
definition of  the  effective  cross  section s,  the  yield dN  (the 
number of events, in our case the appearance of X-ray pho-
tons)  from the element of volume dr during  the  time dt  for 
any reaction in the system of coordinates, where one kind of 
particles (in our case electrons) is at rest, is

dN = s'cne'  nL' dr'dt'.  (2)

The  primes  denote  the  quantities  in  the  coordinate  frame 
attached to the electrons. The total number of events dN does 
not depend on the coordinate system. The other parameters 
in Eqn (2), except for the invariant differential cross section s' 
defined in the coordinate system, where the electrons are at 
rest, are  transformed under  the  transition  to  the  laboratory 
frame, which yields 

dN = s' [c – (kL, u)]nenLdr dt,  (3)

where kL is the unit vector for the photon direction of motion; 
and u  is the velocity of the electron. It  is easy to derive this 
formula from Eqn (2) keeping in mind that dr dt is a scalar, 
and  {nu, nc}  is  a  four-dimensional  current  vector  [36,  37]. 
Expression  (3) describes a wide  scope of processes with  the 
participation  of  photons.  For many  practical  estimates  the 
case of head-on collision is useful [(kL, u) = –c], for which the 
calculations lead to relatively simple formulae [38]. 

Let us use Eqn (3) to determine the total number of pho-
tons in the Thomson scattering of the laser pulse by the rela-
tivistic electron bunch. In this case s' = sT is the total cross 
section of Thomson scattering. Integrating Eqn (3) over dr dt 
and keeping  in mind that  the X-ray radiation arising  in  the 
head-on collision is mainly directed forward along the direc-
tion of  the  electron motion, we obtain  the  total  number of 
X-ray photons 

N = 2csTNe NLJ,  (4)

where

3

( , ) ( , )d dJ n t n t tr r re L=
3-
yyyy .

Here,  in  contrast  to Eqns  (2) and  (3), ne  and nL denote  the 
reduced  values  normalized  to  1,  rather  than  the  concentra-
tions  of  particles  themselves.  The  integral  J  is  determined 
exclusively by the geometry of the colliding pulses (bunches) 
and  the degree of  their  coincidence  in  space  and  time.  It  is 
related neither to the interaction type, nor to the result of the 
collision. Consider  the  collision  of  two Gaussian  pulses,  in 
which the distribution of reduced concentrations in space and 
time has the form:
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Here, according to [39], se and sL are the radii; b and ZR are 
the  longitudinal sizes of  the waists of  the electron and  laser 
beam; and le and lL are the lengths of the pulses at half-maxi-
mum level. Note that the radii and longitudinal sizes of the 
waists are related via the normalised emittance en of the elec-
trons and the wavelength lL of the laser radiation in the fol-
lowing way:
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where g is the relativistic factor of the electrons.
Substituting Eqn (5) into Eqn (4) we obtain
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From Eqns (4) and (7) we finally obtain [38]
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The dependence g(y) is illustrated in Fig. 4. With Eqns (7) and 
(8) taken into account, from this dependence it follows that 
the maximal yield of X-ray radiation corresponds to g(y) » 1 
and does not change essentially at y > 1. This criterion can be 
taken as a base  for  estimating  the duration of  the  colliding 
pulses and bunches. If we assume that se = sL and en /g << lL, 
then the pulse duration is
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Figure 4. Dependence of g on y.
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4. LEXS for CAG based on a linear accelerator

Now  let  us  apply  the  derived  expressions  to LEXS used  in 
CAG. The brief information about it is presented in Ref. [39]. 
Note that the relative spectrum width amounts to 10 % – 15 % 
and the divergence g–1 » 10–2. This allows us to use the results 
of Section 2 and to assume that all X-ray photons, described 
by Eqn  (8),  hit  the  necessary  area  of  the  patient  body  and 
serve for diagnostics. 

Since the radiation source for CAG must operate with the 
frame rate 30 Hz, the number of photons per frame (macro-
pulse), Np should be no smaller than 3 ´ 1011, and the dura-
tion  of  the macro-pulse  itself  tp  should  be  no  greater  than 
1 – 2 ms, the required mean flux of photons during the above 
time is 3 ´ 1014 s–1, and the mean flux during the recording is 
9 ´ 1012 s–1, i.e., the duty cycle amounts to 3 %. Below, Eqn (8) 
is used to show that to achieve these values one should satisfy 
rather high requirements to the components of LEXS, corre-
sponding to the current level of accelerator and laser technol-
ogy [40 – 43]. In most cases, it is due to fundamental reasons, 
namely, the thermal, electric, optical, and other properties of 
materials. As already mentioned above,  the reasons of such 
sort restrict the capabilities of modern angiographic systems, 
do not allow the matching of spectral maximum of the X-ray 
source with  the  absorption maximum of  the  contrast  agent 
(iodine)  and  implementing  the operation  regimes most  effi-
cient for improving the image quality. At the same time, the 
radiation spectrum of LEXS is determined by the energy of 
electrons and laser quanta, and the difficulties related to  its 
tuning are not so essential.

In  the  analysis  of  elements  of  the  accelerator  and  laser 
modules of LEXS, including the sources of microwave energy, 
photocathodes, cavities, etc., we benefit from the capabilities 
of commercial  technologies or  the  results confirmed experi-
mentally. For the first time such consideration was performed 
ten years ago [44, 45] for a wide scope of photocathode mate-
rials and different  types of LEXS.  In  the present paper, we 
consider the widely used copper cathode, and the main atten-
tion is paid to the specific requirements that follow from the 
CAG protocol  for  the photoinjectors and the  lasers used  in 
them, with  the  up-to-date  level  of  their  development  taken 
into account.

Let us estimate the parameters of LEXS that can produce 
Np = 3 ´ 1011 photons during the time tp < 1 – 2 ms. To this 
end, let us return to Eqn (8) that determines the photon yield 
from one electron bunch, one macro-pulse containing nb = ntp 
of them. Setting for simplicity sL = se and g(y) » 1, we obtain
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Here Ne and Q = nb qb is the total number of electrons and the 
total  charge of  the beam  in one macro-pulse,  containing nb 
bunches of charge qb. For the estimates in Eqn (7) in corre-
spondence with the energy of the K-edge absorption jump of 
iodine we will  use moderately  small  value  of  b  (1  cm)  and 
g = 90. The problem is to optimise the acceleration unit with 
respect  to  the parameters entering  the expression  for G  (the 
charge and the number of bunches qb and nb, the emittance en 

that determines the size of the interaction region se) in order 
to obtain the maximal yield of X-ray photons.

Since the electrons are knocked from the cathode by the 
PCL  radiation,  the  heat  resistance  of  the  cathode material 
(copper)  determines  the  values  of  the  first  two  parameters. 
The simplest model used by us to estimate the maximal value 
of Q is shown in Fig. 5. We assume that all the PCL energy 
required  to  produce  the  necessary  number  of  electrons  is 
spent on heating the cathode region, over which the heat from 
the irradiated spot can spread during the time tp. The emit-
tance, in turn, is mainly determined by the action of the spa-
tial charge forces (for a large charge of bunches) or by ther-
mal  straggling  of  momentum  of  photoelectrons  (for  small 
charge). From the known G and exposure dose Np, using Eqn 
(10), one can find the number of photons NL in the laser pulse 
stored in the accumulator.

First, let us consider bunches possessing the large charge 
qb ³ 100 pC. In tis case the emittance en is determined mainly 
by the effect of the spatial charge forces, and the ratio qb/en 
becomes  a  constant,  so  that  increasing  the  charge  beyond 
100 pC has no  sense  [46]. For qualitative  estimates of  such 
charges, one can use the ratio qb/en » 2.5 ´ 10–4 C m–1 and the 
focusing spot radius at the photocathode s0 = 0.8 mm. The 
total charge Q  is determined by the laser energy S pcL hitting 
the  photocathode  during  a  single  macro-pulse  (operation 
cycle) of the accelerator, which we assume to be nearly equal 
to the exposure time tp » 1 ms. Then, in correspondence with 
the  heat  balance  equation  in  the  region  having  the  depth 

pct  ( c being the thermal diffusivity, see Fig. 5), adjacent to 
the focusing spot of the laser radiation with the radius s0, we 
have

C TcL
p

p0
2ps ct rDS = .  (11)

Here C and r are the specific heat capacity and the density of 
the photocathode material, and DT = T – T0 is the photocath-
ode heating during the time tp. For the copper photocathode, 
substituting the values c = 1.2 cm2 s–1, C = 385 J kg–1 deg–1, 
r = 8.9 g cm–3, DT » 1000 K, and tp » 1 ms into Eqn (11), we 
obtain  the  total  energy  of  the  photocathode  laser  macro-
pulseа S pcL = 2.4 J. For the quantum efficiency hc = 10–4 (in 
Ref.  [47]  1.3  ´ 10–4)  and  the  laser  photon  energy  cL'w = 
4.8 eV, this corresponds to the charge Q = nbqb = 50 mC and 
the number of bunches nb = 5 ´ 105. Assuming the repetition 
rate of bunches n to coincide with the repetition rate of laser 

Beam of PCL radiation

Heated region

Photocathode

(ctp)1/2

2s
0

Figure 5. Model for estimating the photocathode heating near the PCL 
radiation spot. The PCL radiation energy required to produce the nec-
essary number of  electrons  is  fully absorbed at  the  irradiated  surface 
with the radius s0 and is used to heat the region of heat propagation. 
The overheating criterion is the achievement of cathode material melt-
ing temperature in this region during the time tp.
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pulses  in the accumulator and photoinjector, one can easily 
find  the pulse  (averaged over a macro-pulse)  and  the mean 
(for the recording rate 30 s–1) power of the PCL and the laser 
radiation in the accumulator of photons. All these quantities 
are presented in the first column of Table 1.

To choose the most convenient regime of the accelerator 
unit  operation,  let  us  consider  small  charges  of  electron 
bunches qb £  15 pC.  In  this  case,  the value of en  is mainly 
determined  by  such  factors  as  the  time  dependence  of  the 
accelerating field, the magnitude of the magnetic field at the 
cathode,  the  thermal  emittance,  and  after  the  appropriate 
optimisation of the microwave gun it approaches the value of 
the thermal emittance [46]. As a practical limit, one can con-
sider en » 10–7 m for the radius of the spot on the photocath-
ode s0 = 0.2 mm. The corresponding parameters of the accel-
eration and laser module are presented in the second column 
of Table 1.

In the present paper, we restrict ourselves to considering 
LEXS based on linear accelerators with copper photocathode 
and accumulators of laser radiation. In this case, as seen from 
Table 1, the large charge of the bunches gives rise to excess 
requirements  imposed  on  the  photocathode  laser  and  the 
pulse power of the beam. The requirements to the accumula-
tor of photons in this case correspond to the results of Ref. 
[48] (the energy S pL = 2.7 mJ, the power P pL = PL = 0.76 MW). 
In turn, the injector with a copper photocathode and a linear 
accelerator for LEXS with the small charge of bunches (qb £ 

15  pC),  on  the  contrary,  possess  a  low  pulse  power  of  the 
beam.  However,  the  photon  accumulator  in  column  2  of 
Table 1 excels the highest figures demonstrated to date both 
in energy and in power [48]. A more acceptable version from 
all points of view can be chosen using the parameters of col-
umn 3. Here the case of a large bunch charge is presented with 
the scaling factor h taken into account. In particular, for h = 
0.2  the  total charge Q and other parameters of  the electron 
beam  decrease  by  five  times,  which  essentially  softens  the 
requirements  to  the  accelerator  and  leads  to more  realistic 
characteristics  of  the  photocathode  laser  (see Ref.  [49]).  In 
this case, the required energy of the pulse stored in the accu-
mulator exceeds the result of Ref. [48] almost by three times. 
At  the  same  time,  the  pulse  power  P pL  corresponds  to  the 
achieved one, and the required mean power PL appears to be 
smaller by 30 times.

5. Discussion and conclusions

The proposed new method of CAG imaging consists  in  the 
replacement of the X-ray tube with the narrow-band source. 
In contrast to a number of other methods [13 – 16, 50 – 54] its 
aim  and  advantage  is  not  to  reject  catheterisation,  but  to 
reduce  the  radiation  dose  together  with  the  possibility  of 
improving the quality of images and decreasing the contrast 
agent expense. It is expected that the rest technologies of the 
interventional CAG (recording and processing of images, sur-

Table 1. Parameters of the accelerator and laser units of LEXS for CAG.

Parameters
Values of the parameters

1 2 3

Charge of a single EB qb/pC 100 15 100

PCL pulse energy SсL/mJ 5 0.75 5

EB emittance en/m 4 ´ 10–7 10–7 4 ´ 10–7

PCL quantum energy 'wcL/eV 4.8 4.8 4.8

PCL beam spot radius at the PC s0/mm 0.8 0.2 0.8

Quantum efficiency of PC hc 10–4 10–4 10–4

EB relativistic factor g 90 90 90

EB beta function in the IR b/cm 1 1 1

Gaussian IR diameter se/mm 6.6 3.3 6.6

PCL energy per frame S pсL /J 2.4 0.15 2.4h

Total charge of EB per frame Q/mC 50 3.1 50h

MP of the EB flux per frame Pe /MW 2.5 0.15 2.5h

Total EB number per frame nb 5 ´ 105 2 ´ 105 5h ´ 105

EB repetition rate n/MHz 500 200 500h

MP of PCL per frame Pp
cL  /W 2400 150 400.5h

MP of PCL per second PcL /W 72 4.5 72h

Coefficient G from Eqn (7)/cm–2 5.6 ´ 1019 1.4 ´ 1019 5.6h ´ 1019

Energy of a single LP S pL /mJ) 1.5 6.1 1.5h–1

MP of LP per frame Pp
L /MW 0.75 1.2 0.75

MP of LP per second PL /kW 25 40 25

LP wavelength lL/nm 1060 1060 1060

LP and EB duration t/ps 4.9 1.2 4.9

Note. The values of parameters in columns 1 and 2 correspond to the maximal load of photocathode (heating by DT » 1000 K during one macro-
pulse), the values in column 3 imply the optimisation of the parameters of column 1 at the expense of reducing the pulse repetition rate by h times. 
For all cases the duration of one macro-pulse (frame) is tp = 1 ms and the repetition rate of frames is 30 Hz; (EB) electron bunch; (PCL) photocathode 
laser; (PC) photocathode; (IR) interaction region of electron with laser radiation in the accumulator; (MP) mean power; (LP) – laser pulse, formed 
in the optical accumulator.
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vey protocols, etc.) will  stay unchanged, which significantly 
simplifies the practical implementation of the method.

The  laser-electron  generator,  the  development  of  which 
starting from Ref. [32] has been carried out in many research 
centres, can be such a narrow-band X-ray source. However, 
the already operating LEXS and those being designed still do 
not satisfy the requirements of present-day CAG by both the 
mean power and the pulse one. The version considered in the 
present paper is based on linear accelerators and looks imple-
mentable based on the up-to-date laser and accelerator tech-
nologies. It  is possible that the system comprising a storage 
ring will appear to be more energy saving although less com-
pact.  In  the  further  analysis  one  should  consider  in  more 
detail the laser module, particularly, the photon accumulator 
with  the  alternative  of  resonator  [48,  55]  versus  circulator 
[56,  57]  taken  into  account.  The  present  paper  formulates 
only the requirements to the stored laser energy S pL. 

In conclusion, we note that the replacement of the X-ray 
tube  with  the  narrow-band  X-ray  source  can  essentially 
reduce the radiation load for the patient and optimise other 
parameters  of  the  cardiac  vessels  diagnostics,  including  the 
image quality, spatial resolution, concentration and expense 
of contrast agents.

The laser-electron generator based on a linear accelerator 
and photon accumulator possesses the mean and pulse power 
required for CAG. Its basic components, apparently, can be 
created basing on the existing laser and accelerator technolo-
gies.

The analysis of  the  thermal  regime of  the photocathode 
and  the dynamic properties of  the generated  electron beam 
allowed the formulation of the requirements to the photoin-
jector laser and photon accumulator.

The  applied  calculation  technique  can  be  useful  for  the 
development of other LEXS applications, not rarely related 
to the requirements to the X-ray beam that are rather hard to 
satisfy [58 – 61].
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