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Abstract

The theory of production of radiations in the transoptical
region by the passage of high enerpy charged particles through
the interface of two media is discussed. Based on the theoreti-
cal model calculations are made for electrons of selected energy

range passing through mylar,



i, INTRODUCTION !
The yrediction, by Ginzberg and Frank (Ref., 1) that transition

radiations will be produced in the optical as well as in the x-ray
frequency range when charged particles of extremely high energy pass

through the interface of two medla, has openad up a new technique fox

experimental det@ct}on of charged paxticles occuring in upper atmos=

phere and also those produced in arxtificial laboratory conditiona.
The theoretical model to explain the mechanism and to evaluate the
quantity of radiation produced has been deveioped by Garibyan (Ref., 2)
and alno 1is exteneively discussed by Tex-Mikaelian (Ref., 3)

The present work is primarily concerned with quantitatively
evaluating the x-ray production eross sections based on the theoretical
method developed by Garibyan, A computex program is de§eloped vhere

varying parameters of the particle and detectors can be introduced to
§b

evaluate the x=vay production under varying conditions,

Transition radiations are reported to be emitted in an extremcly

‘narrow forward cone which is dependent on the energy of the incoming

particle, Further it is also reported that the intensity of the
radiation in the x-ray region has log y dependence where *t is the
Lorentz factor. Also it is of intgrest to investigate the increase

in yield %y using multilayer detectors, Therefore the code is designed

to vary parameters such as energy of the incoming particls and the

_ number of 1d}ers in the detector array.

A brief summary of the development of the theoretical wodel adopt=-

ed 18 also discussed.



2. THEORETICAL DEVELOPMENT .
Radiacion yield by the passage of chavged particle through a
+ laminar medium is dependent on v;rioun pavameters of the particle
such gg ite energy usually exprensed in teyms uf the Loxentz factor
Y where ¥ = (1-;32)“3E , the chavrge e and detector parameters such as the
- number of layers N, the absorption coelfficicent of the medium, the spac-
ing between detectors and cther similar quantities discussed below.
A brief summary of the model used in this investigation is discussed
below, :
When a particle with a velocity Vv entexs from one medium described
by a dielectric¢ constant €1 and magnotic permeability My to another for
which similar quantities are described by €y and Moo it is reasonable
. to neglect the enrgy loss per unit path length compared to its kinetle

energy. The field associated with the particle can be described by

Maxwell's equations.

;; Vi w4 4nyes (F - ve) (1)
‘ t e
o
] VB =0
(2)
v =22, )
7 +D = byed (¥ - v&) . : (4)
Resolving into triple Fourier integrals:one can write
B(E, L) = f k). o "t RE-ul)ge (5
where o= kv,
Dlk) = ek,
B ey, . (0)



Then the Fourier component of the fields can be written as

= el 1 (wh®)xw ~k
B (k) =52 o 'g—')““;lwi“;_'*)'r , A7)

(8)

<t
s
=

- - e
U (k) ==

liere ¥ =

From 7 and 8 D and B ave cnully evalupted, The quantities which
refer to both media one and two may be expressed by appropriate suffiz
Lor 2 in aquatioﬂa 6 through 8 s0 op to get the relevant equations fon
the first or sccond medium., It is convenient to anspume that the particle
is moving in the positive Z direction and also to set the interface gt
Z = 0, The solutions for the f£inlds must always satisfy the physilcal
boundary conditions ko be acceptable. In this case the obvious boundary
conditions are the requirement that the tangential component of E and ii
and the normal components of D and B be continious at the interénca
(Z = 0). Clearly the solutions for I and Ii as given in 7 and 8 do not
satisfy these conditions. It is necesgsary to take into consideration
the homogenous Maxwell's equations alse and add the solutions of thene
to the solutions of the inhomogeneous case as piven in 7 and 8 and
and thus obtain a general solution and thus satisfy the requived phy-
sical boundary conditions.

The solutions to the homogencous Maxwell's equations are writtben
in the form (Ref. 4)

E, (r,t) ufEh(k) exp {ilep 4+ M - w)} dk (9)

Similar expression can be written for the Il field also. In equation

]

9, p is the component of the wectox T in the x-y plane and

Ki



where A'is the real part and A''io the dmaginary part of A,
the first medium extends from % < 0 to == and therefore the solution

for the homogeneous Maxwell's equalion as given in 9 will diverge as

AN

M= (92 y -

by I:HA' B All

This can be averted by placing the vestriction X't < 0 for the

(10)

(11)

Obviously

first medium. Aleo £rom the physienl fact that the radintion propogntes

only in the negative 2 direction in the fivot medium it can be concluded

that A' < 0 for the firet medium.

seen that ¥ > 0 and N

‘ione in equations 7 and 8 one can write corresponding quantities for

the homogeneous case.

Thus for example

» 0 for the pecond medium,

From identical consideration it dn

Similar to expreso~

. Hh(i) - (-u-)“T;) [‘K e ﬂ?\) x ﬁ' (k)] .

Ad-~pting the following notations

X2 )

c .
: 1= Y A Y
N = (ﬁ i Y + ("'l o) Ap)
—(?2 - !I,)z. X =) (.:2 o “.,'f!-
e (2
und Emezd ey A2 .

Garibyan (Ref. 6) has shown that

& 2y e S g A
By, (k) = 5 AR
. L]
= s ~-ail i~
E'ln (k) =5t 0 ’
: = P ox el €1.0rv).
iy Q) ==l xS

12y

(13)

Ylﬁj

(15)

(16)

(W)



Here t and n denote the Cransverse and normal couponente respective~
1y, ‘Identical expressions are obtained for wedium 2 by replacing snffix

1l by 2 in equations 15 to 17.

IX, Radiation from a charged particle pacoing through a layer of thin plates
When a thin plate of thicknens n, +u dntroduced at 2 = §, the repion
of space through which the charged particle ilo trxaversing can be considercd

to be divided into three se:tions., As boefore, assuming the particle to

- be moving in the positive Z direction, in the reglon of space behind the

plate apéciﬁied by 2 <0 there will be only reflecred waven, In the region
0 <2 < a vhich is the region cccupied by the plate there will be both
reflected and forward moving waveu. The repgion dnfront of the plate
vhich is specified by 2 2.a, there will be waves only in the positive Z

direction, Let there be N plates of thickness a, each placed parallel

. with a distance of b between each plate, This arvrvangement can also be

clasgified into three regions. Clearly the region behind the plates wheve
* there are only reflected waves can be specified by %< 0, The reglon
shead of the plates wh;re Z'» Na + (Na - 1)b, there will be only fovward
moving waves propogating in the positive 7 direction.

The reglon of the plates gatisfy the condition 0 £ Z < Na + (U-1)b
and in this region there will be both reflected and forward moving waves.
Tor particlesléf interest here it is yeasonable to assume that B = f’* L.
Further is the frequency region of interest the dielectric constant of the

]

medivm ia givén by

L

ew) = 1 ~ %2 ’

wheré'



In this case Garibyan (Ref. 2) has given the following expression for
the tangential component of the E field emitted Iin the forward direction

for the case of N plates

el x w? €% (L=s)
2% Mg

ENt(k) - exp {i@a (atb) (N~1) +i¢ba}

X (} -{,xpr -i® ) ﬂ} ) L ~foxp -4 (¢:x4)ﬁj
v L - cxpf o (p=x ) ] (1.8)

In equation 18 the following additional notations are used

0?2
e
2
Ao-kZ - W 5
0'2

A?kzn

X

g o
‘L2 W 2
AO“ET X

2
A2 - gy-s -x2

f

L0

The radiation angle © is related to the dielectric constant of the plates -

of the media thiough the iInequality

Sin? @ + (1-8%) =< l\/b - 1\ (19)
Ve - 11 vl

This often written in the approximation

" So that the inequality is expressed as
Sin? @ + (1L - %) << 1 .
Obviously this will be satisfied in the extreme relativistic case if 0 is

extreﬁely small as is expected. It ‘remaing CO write down the flux of tlie

G .



?aynt'dngﬂ vector S beyond the stack of plates, This is written as

Vo f f EN,t (k) 2 w? dw 2w5in0de 5  (20)
. ¢ 4

Introducing the expression for I from equation 18 and Yearvang-

iyt
ing terms one obtains,

2
8e2 f (1-5)2 S48 Od0dn
o J (1=p%cos20) [1-B2(e~"8in%0) )%

X 8in 2[ @ - M] [%T | I
Where Ko Ean)iy (_:;,_,\121) " (22)

Clearly, the term Sinzﬂxpnn be replaced 6 functions, The condition to be
§in?X
satisfied for this substitution is das follows.

1im  Sin?NX

Nww SinZx. T N 6(X = wn) H (23)

Clearly for a, finite numbex N of the ordexr 102 or 103 which would be the
case in an ex;erimental situation, this condition is not strictly satiniied,
However, this substitution is valid as long as that pare of the §nregmd
which does not have a finite range s a smooth function of 6. TFurther one
can assume that in the cape of transition radiations.0 will be small.
Obviously reflection takes place at each boundary of between the succeusive
plates and the gap bétweeen them a&d this produces reflected waves in tlie
vegion of the plates, However the stipulation that ¢

r = (Ve ~ 1) (v& 4 1)

" %ET << ] (24}

’

requires that the contribution due to reflected waves at a pingle plate
is emall coﬁpared to the forward moving wave ond hence can be neglected.
Even in the case of an array of N plates, N being s finite number of the

7




orxder 10% and cherefore condition

(xN)?% << 1 (25)

is clearly satisfied. Thus it is eafie co assume that the contribution
will be mostly due to the tyansmitted waves. It is also a reasonable
to assume tuat the transmitted vadintion will be confined to a narrov

forward cone so that in the small ongle approximation one can write

Sin 0 + 6 (26)
'l‘
In addition to these assumptions, the following notations are

introduced.

hary i ‘
w!' = a(L = pey 27)

) m| - hiv
p T pT 8% '

ag
a Grv '

w't w2
P by '

p=a+th ,
E-lusz ’
nel-p2rdy
and y » g2 - .

Now equation 21 for the Poyﬁting vector can be rewritten as

) o
4 2202 d 2 .@i‘ll. Jo ML 2
SN -—— a-‘z”r y Sdnfn =i ok by i
o A ¥ d}' . (28)

E + )2 (n + y)2



% 1
w wh by

wé' (7] P *
Sin ﬂ' 'I' [ .ia [ — y
w mé iy

Thie can be written in a more compack fomm by making use of the following

(28)

Y=

definitions.
w'' u aw ’
Yor [~ 40— 4 ~— y (29)
' W w' v
m;' W o
and K-ﬂ(r + '-“?l;'-i'm- . (30)

Equation 28 will now take the form

w o0
4e2g2 [ du [ y Sin? ¥ _ Sin? NX .
Sx " ~we fuf"f Er NI A DY s x W (L
0 )

The part of the integrand in 31 which depends on y can be written as

A _{I'_g_z_ ¢
Pom s 'y T2 (32)
o o v » . :
where MW" EF N7 (nrn? (33)
’ Py = Sin2 ¥ . (34) |

The remaining part of the integrand should lead to a § function in
the light of previous digeussion. It is of dnteyest heve to investigaie
the maxima of I'y and Tz, Treating I'y as a function of y and equating the
first derivative of I'; to zero it is seen that the maximum of T} occurs

foxr !

L)

—— A

yn (n+E)+ Vin+ )+ 12ng

8



Noting the definitions of n and & it is casily concluded that the maxi~

wun of 'y occurs for

y v (l-3) (35)

L]

On the other hand a similar inveutipation of the maximum of Jlz scea

to occur wlen,
9._—.:1»" 0 ¥
dy

, da, 28nYCos YdYwO

¥
+

This obviously leads te the coadition that

Cop Y= 0
) w'! 0 ab . .
ie, Cos juf “a ca
( w0 oot W 3") =0 Y
0
w!! .
—g-n .l-n.-- hl-liu—. 2 b A
or “( W + W + hnv y) = (In+ )3 ’ (36)

Wheran can only take integral values O, L ecovers

From 36 it le easily seen that,

§ ow Iy \.’(zmaf 1% - (2o w&“)] (37)

From the definition of w} as

wl by - !@
a ﬂ(l - B ) ’

1l
*

or T T (38)

-and using 38 in 37 one obtains for

;-i’é_u-sﬁ)[ m - ﬂ;;-ww -%] . (39)
w

Prom the definition of y it is secn that negative values arve ex-
iy

cluded and thereforen ahould gtart with inLegral values largex than



It ie necessary to evaluate the widch of I'y and T’ to assess the
vomposite effect of these two functiono which effectively enter into the
calculation of Poynting Vector. Yhe defindtion of 'y hu piven in equalion
33 18 used to obtain the width of the functilen, The required conditdon

i8 that at the two nearest miniun
i p(y) =Ty (y 1), (40)

Further the first drivatives of ench be zZero and the second derivatives
be positive, These conditions enable one to evaluate the value of I

after some algebraic manipulatilons, - It is found that
L~ (1= p2) (41)

A similar investigation of the zerocs of I'p can be easily corrvied
- out by making use of equation 39. "Thae zeroes should be between puccessive
valuea the variable integer expressed within tre square bracket. Clearly

then the width of this function will be

w 1
ATymn -—3— (2 - §2) . C42)
When w.' > w clearly the contribution from I'y and TI'y will over lap
when this condition is satisfied. On the other hand for the repglon
w> wy', from equation 39 it is readily seon that y,the maximun af".
I'; will rapidly fall off and there will not be a sharp peak in the

contribution from I'» Thue the frequency rvegtriction ie stipulated

through the condition

wa' >> w . (43)

k]

It is only the region which satisfies condition 43 which contributes

to the integrand in equation 31. The frequency w' which satisfies

il




condition 43 cnn“ba denoted by Wy where W, can be made to satisfy the

required inequality by defining

0. e "
o a
ek %),

and from the definition of w " and m,' in equation 27 clearly

4]
ol
w, <<,

From 27 one can then write

R Te TN

wa' Charv) 2,
Then from 44
: 5w 9d_ofo(l-p?)

8 (mFE) (G e

Sinon,ﬁg < W,
in order that the equality in 46 holds true clearly,

1 Eiﬁgﬂﬁz_
Gk Yy Chv) 2,

, 2
or (wky) o, a<d

A—rin

(1-2) Cnv)

b

%]

4o

47

%)

When this inequality is satiefied the intensity of the radiation will

be a maximun,

Thus one ip left with the evaluation of thae contribution of the terw

Sin2NX
Sinzx

of thie functiom will occur at
X =5n .
Let the correspending value of ¥ be denoted by y,.

Then from equation 30,

iz

in equation 31 for the Poynting Vector., Cleaxly the maxiliunm



) )
m = 3 o4 m,é x T p]
and then
Chmyon = wp" - W, /
yn o P m( -—-—-w ml?’ ’ ig

"
it is possible that ( Eﬂ ‘+'ﬂ ) moy not be an integer, This can be
W w'p
made into the nearest larger inteper by defining the complement d(w)

where,

0 S d (h)) :‘_ 1 .
Then the nearest integer can be wriltten
11
Mpin w EE{ + fl»r d ()
w w'p i
When n» Mmin in equation 50, the correspon-

H ding value of y, will be zero. In orvdexr to obtain successive maxiina,

then n wust be written aa,
no= Ynda 4K ' l 5),
where k - 0| 1. 2---.--.

or equivdlently from 50 and 51
! 1
aew (" 0Dy wd () + ke 52
w w'p -

Therefore it 48 necessary to rewrite equation 48 which gives for

maximum due to thie part of the integral for53N ap

(w. ! Swall b
- 4uv \v(m‘“ +7 0 >+ d(w)-+ k w ~u'p

4" pu . P
- -:-;-‘u-’;l'- (d(m) "k ) (53)
F;om 27 “ \
| | AL (1-62) u'p | (54)

L §



Sl <A A ————

Thus
g = LR (1-52) [d(w) " k] . (55)

The distance between successive maxima ore glven by
) - ‘I - [ ] M - 2 .= n -
b Yk+1 yk w (1 =) { [d(lll) 4 k l] [d(m) o+ k]}
1
= HGR (1-p%) . (56)

The width Ae oI a particular maxina of this part of the function the

value of 'y = yk + Ap is used in equation 27 fLor X.

X -n" [mn e 1) . " m (yk " Al)]

u mp (n:v

and Y] -['x-"l-g-‘k'-" u—-—-\i”n’] -xk

" " pu

i
o (XLl _w ) Ay Auviod (m)+k1.

W wp] ® pw

AnyfX n

pwip ‘J

(57

where the defenition of yr in terms of d(w) and k as given in equation

53 ig uged. From 57 it is readily seen that

%u_z_.As _[_}_(__n]. (58)
LA A

In order to evaluate As the stipulation is made that equation 58 has

an order of magnitude of & .

N
Thus,
by N .

From the defenition of w'p as given in 27 it 18 veadily seen

it LA , (60)
w pu(1-8%)

Then from 59’and 60

14



Ag = A Any

| N pw
-.‘.*’..lP...Q‘%Zl , , bo(e1)
w
Sin?NX ‘ N
In order to traneform-giazi— y it 1s necessary to require that the width

of the maxima due to this part be less chan the width of the maxima

obtained from the analyais of I'y and I'y, Thus the conditon

b5 << ATz (62) i,
or .
A8 |
ar, <1 , (63)

ie imposed., It ie already shown in 42 that

!ﬂ'
ATy = —R  (1-p2)

w' 1
- —..2 ' - 2 —
AS " (L g%y N

Dividing one by the other

E

[ ]

L:a
=i

(64)

[ =
-y
r
=4
o

Combining 63 and 64

or '
“ N >> fﬁf; \ o (e3)

Depending upoa the frequency reglon chosen by the londitions w 5> w'a
and w'a > w as set in equation following 42 and in 43, it is possible to
investigage the restrictions on N. Condition 62 leads to 65 which is no
restrictrion on N at all. On the otherhand if the frequency region of
interest is such that condition 43 is to be satisfied, N has to satisfy
the inequality

N> Lo (66) |



In addition to this restriction on N as givern by equation 66, N should

also satisfy the condition laid out in equation 25,

(rN)2 << 1,

This earlier restriction has come about from the fact that in an actual

experimental situation N, the number detector plates will be a finite

quantity, These two limiting factors lead to an interesting restriction
-

on w'p as discussed below.

From equation 24,

g_ << 1 : (67)
T fw?
2<< 1
From 25 N 7, |
1 - (68)
N x< &
Combining g5 and gg it is seen
awt (69)’
\ Ne< =
However, from the requirement
w< o' _ (70)
whea combined with 66 leads to
wl i 1 .
__13. << A R (l])
w'y W
Combining 66 , 68 and 71
'p 9pt << s (72}
, )
o v 0
oF K . Ys e o <<l (73)
w'a P v

1.6



From definitions in 27

-“i;ll = i . : (7{‘)

Wa P
Further from 24
0
hw? A '
o
or \4Lr e " (75)

When 74 and 75 are used in 71 the inequality becomes

X
]

avh << ""p << Awd (76)
p 2 o

The indicated sum of & functions from the integrand for the Poynting

.

Veactor is now carried out as follows

Sin NX _ N Ad(y=y,) (77}
5in% J{ §0 k .

.

Where i ie given by 55 and A by 56.

Now it remains to calculate Poynting vector as given in equation 31

which can be written as ' ey

4c2a2 do | 8in® (R -+ Ty)
SN mlih/.(!"»%le)‘i(n-iy)‘ dy N%—:{)Aﬁ(yy)’

where
U "
R= Tehmn Y

i

T= Ty

and A and Y are already defined. The integration on y is rather Ledious,

however when carried out leads to

he? du (k+d) Sin?
sy = N 22 w"pf::;z 2

L)
[“"‘ (letdH —1’— TR .l
tqp

(k+d+—n-—-+-"-‘)2 (et m;-*)?

(79)
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Garibyan (Ref, 5) has shown that the nuwber of quanta beyond a stack of

N plates is given by

- [2a]
AN, X% m" 4 (k) in® (1 el 11 4 ...,... )]
dw N (W) ne w ’) f P
krg e o)
Tt 9 2
Gebdt " p w_) (k4d+ )
s L P
wheyxe
-ﬂ. ~paN
' lL - c
1w g H8 , {61

In the above equation u is the x-~xay absovpiédon coefficlent fox
thie detector material.

Computer Code Trax uses equation B0 to detevmine the x-ray photonn
emitted, The various quantities occuring dn the equation are defined :in
the provious discussion. The listing of code do glven dn the appendis,

A sample problem is run,for a parallel plate geometry using 100

myls * detectorss 'The x~ray absorption cocfficient for Mplaw was taken

to be
w22 B 029 (392,073 1 4 2,175 87

“where E je the x-ray energy in keV, In the sumple problem enewgies For
3 to ? GeV were used for incoming electrons, The vesults axe shown in
Fige 1 and 2,

Higashi etal have measured the x-ray production and have given the

"results for 3 and 8 GeV electrons. They have observed a transition radia-

tion peak at about 2,2 keV in the case of wylar. They have reported that

though theory predicts emission of transition radiations to much lower

18



energles such radistions wete not obscrved probably due to absorption

in the datector. Further it is also reported that they have met been able
to observe a linear increase in dntensity with increasing y. On the
other hand Prince etal (Ref, 6) have veported that they have observed

the yleld of transition photon to risc steeply with energy up to about

5 GeV and that it reaches saturation between 5 and 10 GeV,

19



i

E in keV du
v 3

0,32 L0149

0.34 10.088

0.36 97.73

0.38 268,01

0.40 371.3

0.42 349,43

0.44 243,91

0.46 132,76

0.43 83.5

0.50 42,18

0.52 20,52

0.54 10.26

0.56 4,89
TABLE - 1, X~ray Photon Production

for 3 GeV electrons in a parallel
stack of 100 Mylar detectovs.

R R RTY WONP PSP



[T

100\ LI

10 i — - -
.l oll .0 eV

Fig. 1

phelon energy spectrum for a stack of 100 wylar detectors

for 3 GaV Elcctyons,



E, in kev o
0.2 2500
0.25 890
0.3 200

* 0435 54,4
0.4 420,2
0.5 | 53,6
0.55 8.6
0.6 1.8
0.65 1.3
0.70 0.6
1.0 0.3
1.2 0.04
1.6 0.02
2 0.01
2.2 0.08
2,4 0.1
2.6 0,12
2.8 0.09
3 0,04

TABLE ~ 2, X~-Ray Photon Pyroduction for 5
~ GeV electrons (Photon range from
.2 to .3 keV) using a stack of
100 mylar dectectors

T T L S e St



dn
dw

10

10

10

1
10_3.
-p
10 L : . i , i
.2 ya 2.6+ keV
Fig .2

Photon energy spectrum for a stack of 100 mylar dectectors

for 5 GeV electrons
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VARTABLES
M - Masg of Partiele
EV - Energy of Phobon in keV
El - Dnervpy of Particle in GeV

N =~ Electron density per cuble centimeter
Photon absorption coeffilcient in
detector material

Number of detectors
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