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The discussion of experimental da ta on the transit of re­

lativistic electrons through both the laminar and the porous media 

is given. The generated transition radiation and interference phe­

nomena in stacks of aliminium foils are analysed . The effects of 

multiple scattering on the transition radiation are discussed af 

well. 

1. The physics of electromagnetic processes attending the 

transit of charged particles through the matter is of interest not 

only from the purely cognative point of view, but also because of 

the applications the effects of this branch find in different 

fields of science and engineering. On the other hand , the theore­

tical foundations of these processes are well developed and it is 

always possible to make a quantitative comparison between experi­

uental data and theoretical predictions. 

The transition radiation is one of the most interesting 

phenomena in this field. The generation of such a radiation in op­

tical band was first considered by Ginzburg and Frankfi..Jin 1947. 
· 121 r3J Some time later G.Garibian and K.A.Barsukov theoretically 

showed , that · the intense radiation is al s o generated in X- ray 

rrequency range when relativistic particles traverse the 

interface between two media. 
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2. Th• formula for the intensity of X-ray transition 

radiation produced in a stack of n lt-thiok platH with the 

spacing g between th- could b• written in its moat general 

form c4,5,6 J as 

c1s _ 4e2<w~lf (K+d)Jt:n 2frk+d+f!f.,. ~ > 77a:1e1 _ c1> 
c(..Q - n ,.... 3 [ •I a 

II<: W k -+ c/ + ~ -r !d... ] ( t -f ti -r u.:11 w ~) 
K=-o W t.Jp I / 

where - Wa W _ 'kl~ + t.J I If J ii ) 

cl - w + w'f ( t::J t.J~ ' 

q 2. 

wr=-~ 117.,,. 
' cJ/ = OWo 

'trr 
, iJo'- Ylftr , /:> = a + ~ 

I f(f~"-) I 

f rr #e01. tJ,, = -'-- is the plasma frequency of a aediua, e -the charge 
m. 

of electron, ;V is the number of electrons per 1 cm3 and t..J 

is the freqaency of quanta emitted. 

The curly braoltet11 in the expression for d giTe th• 

biggest integer for the n:umber in brackets. The region of the 

applicability of this formula is specified by following condi-

tions: 
, r·{) 3/.2 

n» "/vP ' f) ~o << 

I /, 2 

w,. << ~ 
I W:z. 0 

(2) 

~· aJlgl1l.ar distribution of thi• radiation hall a shax9 

ux1m1m at an angle e,..., Ii 18;: with '.reference to the directi~n 

of particle motion. · 

Important in the ph;faic• of transition radiation are 

cbaracteriatio lengths called the radiatieR formation zones in 
1 

vacuua and in a mediWD.. 
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These expre11sions haT• a simple physical meaning. The particle 

traversing the interface between two media emits transition radi~ 

ation quanta not instantaneously on the interface, but on the . ' 
definite lengths of its path on either side of the interface. 

These sections of particle path constitute the formation zones 

in these media. 

3 • Not to go into detailea of experimental arrange-

ment we shall but DOte , that the measurements in ( 5 ; 20) 

KeV range were made with the help of multicell proportional cham­

ber and in (20: 120) KeV range by //aJ(IRJ scintillation spectro­

meter. The arrangement .was repeatedly calibrated by means of stan­

dard~- sources. FWHM for proportional chamber made· 16% at 

the "( -energy of 13.8 KeV and ;:: 30% for scintillation counter 

at the r -energy of 60 KeV. Prior to the discussion of measur~­

ment data we give in Fig. I as an illustration some typ:l.cal tran­

sition photon events in streamer chamber with Xe. admixture. To 

s eparate transition photons,the electrons were deflected upward 

by a small bending magnet placed after the radiator. 

a) Laminar radiatorsf7,a,1o] V 
To take into account the contribution of background, each run 

included measurements of radiation spectrum from a solid radia­

tor of equivalent thickness which was then subtracted from the 

laminar radiator data. The spectra given are plotted with due 

regard for the efficiency of the detection of multiple photona 

as one photon and for a finite resolution of spectrometer. 

In Pig.2. (a,b,c,d,e) the spectra of transition radiation 

-5-



of 3 GeV electrons in (5 720) KeV frequency range are given fo~ 

a stack cf 230 Al foils each 8.1' thick with following spacings 

between adjacent foils: 111DD; 0.5mmi O. 5mm; 0.1mm; 0.05l!llll. 

At least two maxima are seen in the figure that grow less 

distinct with the decrease in foil spacing. The positions of maxima. 

remain the same in all cases, the foil spacing varying noticably. 

Since the thickness of foils was unchanged during the measure­

ments and the spacing varied on a large scale, these maxima are~ 

presumably, due to the interference of the radiation from two 

boundaries of each foil. 

It follows from the figure that the total intensity of 

t ransition radiation decreases as the spacing decreases. Thie 

phenomenon could be explain,ed by the interference of radiation 

from different foils. 

In the same figure we plotted by dark circles the scin­

tillation spectrometer data. The agreement between the data ob­

tained by different techniques is highly remarkable, as we have 

not made their artificial lacing. 

In the same figure the full-drawn lines represent theore­

tical curves calculated by transition radiation formula taking 

into account the absorption[g~ The the~retical spectra are seen 

to have also the interference maxima positi~ned just as in expe­

rimental spectra. A slight divergence for large values of ~ in 

(15 7 25) KeV range is apparently due to the errors in the esti­

mation of multiple photon effect and should be taken into account 

especially for larger values of the mean photon number. 

It follows likewise from theoretical spec t ra, that the tor 

tal intensity of transition radiation falls wi th the decrease of 

g , and the positions of maxima also remain unchanged. For 
- 6 -
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if =0. Imm and 0.05mm the experimental errors are t~b great the 

interference to be observed. It should be noted that for these 

spacings the accuracy of foil interposition is low and the smear­

i ng of interference patt ern ma~ take place due to the sticking of 

foils. Thus, the irreeularities of foil spacings as well as the 

experiment al errors render the observation of interference pheno~ 

mena impossible for small ,f. 
In Fig.3 (a

1
b

1
c,d ,e) marked by dark circles, transition 

radiation data as taken by scintillation counter are shown in the 

frequency range h"c.o;;:.. 25 KeV and Spacings/ =1mm; 05mm; 025mm;011lllh 

and 0.05 mm respectively. In the same figure several points from 

Fig.2. are plotted for comparison. ( /tu>;< 25 KeV) (blank circles ). 

The radiation spectra in frequency rangenui>>25 KeV show smooth 

decrease,i.e. in this frequency range the interference phenomena 

are not observed in trarJ-3i tion radiation spectra. In the same fi­

gure we give theoretical spectra of transition radiation (full­

drawn lines) allowing for the radiation absorption in the lamina-

ti on. 

Theoretical a,1d experimental data are in good agreement for 

large/; for/ =0 . 05 nun and / =0. 1 mm the experimental points 

are somewhat higher th<m t he corresponding theoretical ones owing 

to the irregulariti~~ of spacings be t ween foils. 

In Fig.4 the/ - dependences of the total number of transi­

tion photons are given in different frequency ranges of photons . 

We see, that with the increase of I the intensity of transition 

radiation shows a steep ri s e with the subsequent development of 

a plateau. The total intensity of transition radiation in (5-20~ 

KeV :1.'requency range grows slower than that in the (20-100)KeV range 

i.e. the plat eau is reached appropri ate l y in the latter cas e s ooner 
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than i n the- former. Such a behaviour of the total intensity wi tf, 

the increase of J follows from the fact, that the radiation fo1 .. 

mation zone in the air for lower energy photons exceeds that for 

higher energy photons. The calculations show that the ~ va-

lues at which the photon number curve reaches the plateau coin­

cide with radiation formation zones in these frequency inter-

vale. 

Thus, we can conclude that experimental data are in good 

agreement with transition radiation theory. 

Recurring again to the interpretation of interference 

peaks we note that the interference from different foils does 

not lead to new maxima in, the spectrum or to any changes in the f'ona 

of maxima, but only suppresses all th~ radiation spectrum, the 

soft part of spectrum being suppressed stronger than the hard one. 

This phenomenon admits the following interpretation: to form a 

transition photon of frequency vJo , the particle path in air 

equal toZZa.;z(w) is necessary. When the spacing between foils is 

much lesser than ~;i(w} ·· ,then the photons will take two foils 

as ~ne and the intensity of radiation at this frequency will re­

duce. If / <<Z,;z(w)for all the stack, then the intensity of tran­

s i tion will not be high on this frequency. 

It should be noted then, that in this case the interfe­

rence of radiation from ·both boundaries of each plate will not 

increas e essentially the intensity of transition radiation. 

Let us now discuss the measured dependencies of transi­

t ion radiation spectra on the number of foils n as given in 

Fig .5 . The radiator used consisted of ? =1,2g/cm3 dense orga­

n ic f oils of following composition:Cl-44%,5-6,5%,C-42%,H-7%. 
- 8 -
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The thickness of foils wa s a=2.0( an~ the spacing between them 

made 500(' • The data for n =.£ were taken i n/ii» 5KeV range and 

ror other values of n. in/ivJ-7- 2 0 range. 

No noticable interference is observed in this case i n 

t ransition radiation spectra. The singl e maximum in the spectrum 

for fl =32is due to the absorption of soft photons i n the r ad ia-

tor and in the material of helium sack windows and of counc er 

aperture. 

In the same figure the full-drawn l i nes repres ent the 

theoretical spectral distributions with absorptiorfglfor 11=32 

and fl = 125. Good agreement is again observed between theory 

and experiment. The discrepancy for higher frequency values is 

connected with the multiple photon effect and the finite resolu­

tion of spectrometer . The hardening of spectra with the increasP. 

of n. is due to the absorption of soft photons in the radia-

tor. As an illustration we give in Fig.5 the calculated spectra 

(dashed lines) for(l =63,125,and 595 using the spectrum for 

11 = 32 with due regard for photoabsorption and Co~pton scat -

t ering in the radiator itself. Again good agreement between cal-

culated and measured spectra are noticed. 

In Fig.6 the radiation spectra as measured with the uc i n­

t illation spectrometer are given for fl =64 radiator at diffe -

r ent energies of electrons: E :1.0 GeV (blank c i rcles ); £ =2 . 0 

GeV (dark circles); E =3.0 GeV (blank squares) and£ :4 . 0 GeV 

(dark squares). The radiation spectra are seen here to sl i ghtly 

di, f f er one from the other for E ~ 210 GeV . This decrease in the 

radiation intensity growth with the increase of particle energy 

i s bett~r seen in Fig.7, where the £'-dependence of total pho­

ton number is given. This phenomenon is explained by t he radia-
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tion interference in the stack. 

Let us now consider t he effec t of multiple scattering on 

the transition radiation.{"toj The multiple scattering of 600 MeV 

electrons in the radiator consisting of 240(' paper sheets was r e­

portedf11•1~o greatly increase the intensity of transition r adia-

ti on. 

This radi ator is by far not an optimal one, as the zone of 

radiation formation in paper makes about Ij" for 670 MeV electron~ 

in (20 7 50) KeV photon fr equency range, i.e.(I-4' 5)f paper sheete 

are necessary f or the effective generation of transition radia -

tion. The rest of the sheet t hickness only increases the bremss­

trahlung background and the probability of secondary radiative 

processes. The radiator used in our experiment with 680 MeV elec­

trons consisted of 50 paper sheets with/=2..m spacing. As an equi­

valent radiator we used the compressed stack of the same paper or 

the wooden bar of equivalent thickness. 

In Fig.8 we give rad i at ion spectra recalculated for one 

sheet. The measurements were made wi t h laminar radiator (blank 

circles) and with equivalent r adiator (crosses). Full-drawn line 

represents calculat ed t ransit ion radiation spectrum and dashed 

line represents the spectrum of resonance radiation taking into 

account the multiple scatterin[I2]. The experimental data taken 

from Ref. [12] are denoted by squares. The theoretical spectra 

are also taken from Ref. [12] . 
It appears from the figure, tha t the predicted t~ansi-

tion radiation was not observed in this experiment owing to the 

smallness of its contribution in comparison with experimental er­

rors. Meanwhile, if the enchancement of radiation intensity on ac­

count of multiple scattering took place, i.e. the dashed line spec­

trv~ were th• case,we should have observed it. as the expected 
- Tn -
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number of photons was seen to exceed the experimental errors. 

It should be noted once again, that owing to the smallness 

of experimental errors this exceeding in the (20 7 50) KeV fre­

quency range would have been observed irrespective of the nature 

of background . 

In the same figure we show bremsstrahlung spectra calcula-

ted by B~the-Heitler formula (dot-dashed line) and by Ter- Mi -

kaelian formulaf17J (two dot-dashed line). 

In the same figure we plotted by oblique crosses the mea­

surements of bremsstrahlung in an equivalent radiator, i.e. the 

data corresponding to crosses with substracted hall background. 

So, our results are seen to be in good agreement with the theory 

of bremsstrahlung in "/ivJ ( 30 KeV frequency range in absolute va­

lue too. In '/;(J) < 30KeV frequency range the experimental points 

lie slightly higher, but we can asstlllle this agreement to be satis­

factory for all frequencies as the theory predicts ~t~ong suppres­

sion of breD1Bstrahlung in the soft photon region. 

Thus, our experimental data testify against the influence of 

multiple scattering on the transition radiation for electron ener-

gies up to 3 GeV. 

To end the discussion of transition radiation data in re-

gular and plane-parallel spaced foil media we conclude, that all 

the effects connected with this radiation are well described by 

transition radiation theory in wide energy range of electrons and 

performance of radiatorsf5,9J. 18,19. 

b) Porous radiators (styrofoam) 

The transition radiation in porous mat•rials was experimen­

tally dicovered f 15• 16]by our group in 1969· The importance of 

the investigation of transition radiation in these radiatirs is 
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connected not only with the fact, that they help to understand 

the physics of phenomenon,but also because of the oppotunity to 

utilize them as radiators in particle detectors. 

We have shown in first experiments already that in styro­

foam radiator of density f' :0.04 g/cm3 the number of generated 

transition photoas is, at least, no less than that for laminar 

radiator with almost optimal performances. 

In Fig.9 the transition radiation spectra for 2cm thick 

styrofoam of density {' :0.04 g/cm3 are shown for 1GeV, 2GeV and 

3 GeV electrons in the p4oton energy interval (5 7 125)KeV. The 

blank figures represent aata taken by proportional counter, the 

dark ones-by NaJ(TI) crystal. (Circles correspond to Ee = 3,75GeV, 

squares to Ee = 2,0 GeV and tringles to 1.0 GeV). 

The hardening of spectra is observed with the increase in 

electron energy ,but the maxima don't shift when the electron 

energy changes. This phenomenon occurs also in laminar medium, 

in which the maxima of spectra don't shift with the variation of 

particle Lorentz-factor. It is clearly seen that the E-dependence 

of photon number for photons up to 25 KeV is weaker than for pho~ 

tons of '/iw.>25 KeV ~nd the higher the photons energy, the more 

diverge the spectra. This is well illustrated in Fig.10, where 

the dependences of the total photon number on the electron energy 

is given in (5 7 25) KeV frequency range (blank circles) and 

(25 ~ 125) KeV (dark circles). 

In the first case the plateau is reached already at 2GeV, 

while in the second case plateau is not reached at all at our 

energies. Thus, the total number of photons in an energy inter­

val from several to 2o KeV depends on the energy of primar;yt 

partic.l.e :'l!_ea_k er, than the number of hardeT' photons. This result 

~ I2 
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is very important and is to be taken into account when develop­

ing particle detectors. 

The efficiency of transition radiation generation was stu-· 

died at three density values of 1 cm thick atyrofoam: 0,025/g/ca3; 

0,044g/cm3; 0.06 g/cm5 and the electron energy of 3 GeV. The sty­

rofoam blocks of density 0,06 g/cm3 and 0.09 g/cm3 were obtained 

by the compression of 0.04 g/cm3 dense styrofoam and we can as -

sume, that the thicknesses of partitions remained unchanged. The 

radiation spectra in these radiators are given in Fig. II. Blank 

figures denote proportional counter data, dark figures denote 

NaJ(Tl) data. Circles correspond to .f' :0.09 g/cm3, squares to 

~ :0.04 g/cm3 and traingles to ~ =0.025 g/cm3. 

The spectra are seen to grow harder with the increase of 

density, the soft part of spectra (1uJ<2o KeV ) being almost 

unchanged when the density varied fr~m 0.04 g/cm3 to 0.09 g/cm3. 

In the hard photon region the noticable difference is marked bet­

ween spectra at various densities. The hardening of spectrum 

with the increase of density can be explained first, by the in·­

cre ase of soft photon absorption and second, the dimensions of 

the pores become, apparently, too small the photons of low fre­

quency (see formula (3)) to generate effectively. Here, also, 

good lacing of spectra as measured by two techniques is observed . 

Unlike other spectra, the spectrum for ~ =0.025 has a dip iL 

the region of lacing, that could be explained by statistical 

errors. 

In Fig .12 the total number of photons as a function of 

styrofoam density both in (5 7 25) KeV frequency range (blanck 

circles) and in (25 ~ 125) KeV frequency range (dark circles) 

is given. - I3 -



One sees that in the first case a noticeable decrease of the 

degree of photon number growth takes place for higher densities, 

but in the second case such a saturation is not observed. 

Thus, at ~ ::6.1o3 the number of transition photons growe 

with density' up to the value of 0.09 g/cm3. We regret to add, that 

we lack any data with higher density radiators to continue this 

dependence to higher density region. But one could assert, that 

the selection of styrofoam radiator has to be made by the maximum of . 
radiation generation. The spectra of transition radiation for dif-

f erent lengths of styrofoam radiator are shown in Fig. 13.The 

portion of hard photons is seen to increase with the increase in 

styrofoam thickness. This effect is explained by the more intense 

absorption of soft photons in comparison with the hard photon 

absorption • 
, 

In Fig. 14 the dependence of photon number /2 on the thick-

ness of styrofoam in the range (5 7 25) KeV (blank circles) and 

(25 7 125) KeV (dark circles) are given. 

The total number of photons is seen to grow lineary in 

(25 :. 100) KeV range with styrofoam thickness at least up to 

~ :~O cm, followed by the slowing-down of ita growth.In the soft 

photon region the slowing-down occurs comparatively earlier. 

It follows from the comparison of transition spectra for 

laminar and porous radiators, that they are identical except the 

interference in the first case under certain conditions 4 ,5, 6 • 

In conclusion the author wishes to thank Prof.A.I.Alikha~­

ian,A.Ts.Amatuni and S.G.Matinian for support,G.M.Ga~;hian for 

helpful discussions. 
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FIGURE CAPTIONS 

Fig. I. Transi tio_1 Radiation Events as Detected in Streamer ChSIL~ 

ber with Xe Admixture. 

Fig.2 

Fig} . 

Spectral Distributions of Transition Radiation in Al Foi~ 

Radiator in 

(5 7 2 O)KeV 

(5 :. 20) KeV Frequency Range 

a) J :Imm, b) -I' = 0,5mm, c) / = o,25min 

d.) / ~ Imm, e) / = 0.05 mm. 

Spectral Distribution of Transition Radiation in Al Foi~ 

Radiator in (20 :. 100~ KeV Frequency Range. 

H / :Imm 2 ) / :0,5 mm 3) / :0.25 KeV 4) / =0.Inla 

5) I ::0 .05mm. . . 

Fig.4 . The Total Photon Kumber in Al Foil Radiators as a Func­

tion of Foil Spacing in (5 ~ 20) KeV and (20 ~ 100) KeV 

Frequency Ranges. 

FiG .5 · Spectra of Transition Radiation in Organic F0il Radiator 

<CR - 44%, ,S - 6,5%, e - 42%, H -7.7%> 

for Different Number of Foils . 

Fig. 6 Transition Radiation Spectra in Organic Foil Radiator at 

Different Electron Energies. 

Fig.7. Ee- Dependence of the Total Photon Number for Organic 

Foil Radiator. 

Fig. 8. Spectral Distribution of Radiation in Paper Sheet Radia-

tor at Ee= 680 MeV. 

Fig. 9. Radiation Spectra in Styrofoam of Density 0,04 g/cm3 at 

Different Electron Energies. 

Fig.10. Ee- Dependence of Total Photon Number. 

Fig.11. Transition Radiation Spectra in Styrofoam at Different 

Densities. 
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Fig.12.Total Photon Number as a Function of Styrofoam DeJurity. 

Pig.13.Transition Radiation Spectra in Styrofoam of Density 

f = 0.04 g/cm3 for Different Lengths of Radiator . 

Fig.14.Total Photon Number as a Function of Styrofoam Length. 
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