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1. DEFINITION OF A 'POWERFUL' SOURCE

The development of more powerful sources plays a major role in

the overall improvernent of X-ray techniques in general and of

topography in particular. In recent years some progress has been

made to increase the brightness and also the total photon f lux

of conventional sealcd off X-ray tubes. Rotating anodc tubcs havc

been developed to greater variety, to more reliability and to

higher brightness and flux. Synchrotron radiation has entered the

field of X-ray diffraction and, with the increasing availability

of storage rings dedicated to the production of Synchrotron X-

rays will presumahly replace conventional X-ray sources in many

experiments in the near future . Cornpared with a conventional

source a Synchrotron source is rather costy and, in general , re-

quires the individual experimenter to leave his hörne laboratory,

transfer his equipment to the Synchrotron radiation center and

start using X-rays äs member of a 'users Community' at the storage

ring. Considering the amount of f inancial and organisational

disadvantages experienced by the newcomer to the big facility it

is very important to find out clearly whether the Synchrotron

source is better for the particular problem to be solved and how

much it is better.With this rcspect the Statement, the Synchrotron

source is 'more intenso' is certainly not adequate, since, with

this generality, it may not cven be true in the particular casc.

Hence i^b is highly desirable t.o de f ine the powerfulncss of a

source precisely.

Certainly a 'bottcr1 (more powerful) source is one which del ivers

a larger nurr.ber of photons per time interval to the detectiny

to be published in Plenum Press äs Prucetdings of the Nato Advanced Study
Institute "The characterization of c rysCa l d e f c c t s by x-cay methods",
Durham, 1979
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system of a particular experiment under otherwise equal para-

metcrs of geometry and resolution, where resolution refers to

spacial, angular, spectral and/or time resolution depending

whatever the method is specifically airaing at .From this defini-

tion of powerfulness it is obvious that it cannot be given for

the source alone but that the acceptance and transrnittance pro-

perties of the measuring apparatus have to be included.

For a quantitative discussion we define the following source

characteristics (Fig. 1)*

_i _2 —2
brightness n (x, z, Z, 0« E, t) [phot. s mm rnrad per

O.1% AE/E], gives the number of photons emitted at time t fr r'in

the source point (x, z) along the direction {£,, ;|0 with energy E

per time interval, unit source area, unit solid angle and 0.1%

bandwidth

• - 1 - 2intensity N (£, y, E, t) = l n dxdz [phot. s mrad per 0.1%

partially intcgratcd intensity

— 1 — 1
N1 Ur E, t) 5 f Hd^j [phot. s mrad per 0.1% iE/Ej-;/2

With a Synchrotron radiation source the Integration is normal

to the plane of the electron ortait.

"

total flux l [phot.s
-1
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[im] is Standard deviation of horizontal, vertical source or
J n *j

{2.35)': [mrrrbeam size, respectively. Source area A = <j
(Pull width at half maximum is 2.35o) x

o', a' [rnrad] is Standard deviation of horizontal, vertical beam

i - (2.35J2
Y

divergence respectively. (J = a'

horizontal emittance E [mm mrad]

vertical emittance a" [mm rnradl

The parameters defined above can be marked with subscripts o

and T if o- and i-polarization states have to be distinguished.

It should be noted that n, N, N', *„ and *T give number of photons

per sec and not directly radiated power.

For a source to be 'powerful1 or to be better than another source,

different techniques usually require different source parameters

to be maxirnized. We shall illustrate the Situation by giving a

few examples:

(a) Fluorescent spectroscopy: 5 should be large over a certain

energy ränge. The values of n, N, A and to sorne extent also of

n are not important.

(b) Focusing X-ray optics, techniques employing narrow slit

Systems and topographic techniques, where the geometrical re-

solution depends on the source size: n should be large.

(c) Perfect crystal techniques: N should be large and o'

equal to or sraaller than the pcrfect crystal diffraction ränge,

n needs not necessarily be large since mostly relatively widc

beams can be used.

(d) Time resolved studies: a sharp pulse structure of n. N,

*s and $ is advantageous.
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We shall see below that with respect to the above requirements

Synchrotron sources and conventional X-ray tubes can score with

different techniques totally different.

In general, X-rays can be produced in at least three principially

different ways: by electron impact on {usually) solid targets

(EI), by fluorescent excitation (FE) and äs Synchrotron radiation

(SR) from electrons or positrons orbiting in Synchrotrons and

storage rings or following curved paths in special magnet Systems

like wigglers and undulators set up at storage rings. Due to

their gonerally low intensity, FE sources play no role in topo-

graphy, and we shall not discuss them further.

2.X-RAYS GENERATED BY ELECTRON IMPACT ON SOLID TARGETS (EI)

The most cornmon method to produce X-rays is to employ an X-ray

tube. Electrons emitted from a hot tungsten wire (catbode) are

accelerated towards the target (anöde) by applying a suitable

DC voltage from 10 kV to 1OO kV between cathode and anöde. In

rare cases in which extremely hard X-rays are wanted a betatron

operated in the MeV ränge [1, 2] can be employed for electron

acceleration. For X-ray diffraction topography_X-ray energies

above 100 keV are practically not needed.

As is well known, the spectrum obtained with EI consists of

two parts: the continous bremsspectrurn and the spectrum deter-

mined by the atornic level system of the element(s) composing the

target.

2.1. Bremsspectrurn

For the thick targets which have to be used in high power

tubes, it is practically impossible to calculate precisely

the characteristics of the continuum radiation like polari-

zal.ion, spectral and spacc distribution. In order to estimate



the intensity for a comparison with SR sources we use the

approximate expression which was derived by Kulenkampff and

coworkers [3, 4, 5l from experimental data

I = Cz (v -v) crq s ] (1

where I, is the encrgy radiated by one elcctron at frequency

v per unit frequency into 4 TT solid angle, z is the atornic num-

ber of the target material and v = E /h the upper frequency

limit äs determined by the electron energy E = eU. U is the

tube voltage, e the electron Charge and h Planck1s constant.

C = (5 ± 1.5) x 10" erg s ]

is an empirically found constant.

The actual continuum spcctrum differs from that given by equa-

tion (1) mainly due to absorption in the target. The effect is

considcrable at the high energy side of the absorption cdge(s)

of the target material and varies also with the take off angle

6 of the X-ray beam, Nevertheless the total intensity is fairly

well given by Integration of I over \ . We set E
v

energy normalize to an energy band AE/E = Av/v =

obtain per electron and 4 11 solid angle

h v the photon
-3 and

Z 0 .1% "10 C 7 2 EeE f 1 - iH [erg]h e
(2)

From (2) we calculate the spectral flux 2>pE generatcd by a current

i "mAj (i.e. i x 6.24 x 1O15 clectrons s~ )with C=5.75x10~50 erg s2

where U is i n W and E in keV.
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It should be noted, that in the low energy limit (lang wave-
,-3lenijth) the number SB

of bremsstrahlung photons per 1O band-

width becomes independent of E.

We shall use (3) to mako a rough estimate of the nurnber N of

bremsstrahlung photons diffracted by a pcrfcct crystal in a

typical topography experirnent. Let the source (Fig. 1) and the

slit havo a size of o - nz = 5 mm x 0.5 mm each and be 1O mm

apart. Then a 1 ='/mrad and with an assumcd Bragg angle GR = 45

we have s' = ix/i = AE/E = 10 . Thus the energy band is of the

order assumed in deriving equation (3). However, for a fixed X

and hence fixed E the accepted divergence is determined by the

perfcct crystal diffraction ränge AO - O.1 mrad which is con-

siderably less than o 1. Furthermore o,1, = 10 mrad, hence thex

solid angle accepted by the crystal at fixed E is il'i = o' AE

2
- l mrad i.e. N is in effscL (..he source intensity N deiincri

per O.U AI]

Values cf WR for U = 40 kV, i = 40 mA are given in Table -\r typical target naterials at their corresponding K -energics

for comparison wilh estlmat.es of characterisl.ic line inbcnsi-

ties (section 2.2). It may be noted that for photcgraphic ex-

posure these intcnsities are cxtromely l OW..AS will foc shown, w.i th

charactyristic lir.cs and v/ith SR rnuch higher intcnsitiüs can be

obtained.

The breinsstrahluny ia found uc be sJ i ' jh t ly polarize^ parallel [{£

to the äirection of the elactron hean ' 6 , / ] , Vcry close t.o the

short wavi= lnnq t .h l i m i t t.hfi po l . i r i z aL icn P is la rcfes l - , whorfi äs

•.isual wc cel inc



p =
J-+ N«"

(5)

Values of P between 10% [6] and 4G% [7] have been observed.

Observations on Pt, Ag, Cu and Fe targets failed to rcveal

any significant dependence of polarization on atomic number.

With thick targets, the Variation of eraitted intcnsity with

angle is not very pronounced. Nevertheless there is a maximum

of emission at right angles to the incident electron bcam (if

the detection is not impossible because of absorption), With

increasing voltage the maximum shifts somewhat towards the

direction of the electron beam [8].

2.2. Characteristic line spectrum

The question of how many Characteristic X-rays will be genera-

ted when one electron hits the target was studied by Green [9]

who measured line intensities for a number of target elements

at different tube voltage:; U and compared them with the theory

by Green and Cosslett [10]. Satisfactory agreement of experirnent

and theory was observed for the K-series but not for the L-scries,

According to Green's experimental results, the total number
D

of quanta generated per electron in a line j (j = K , K , L ,

etc.) is

1 .63
(6)

E is the electron energy and E . is the minimum excitation

energy in keV for the elernent with atomic number z and the seriös

to which the line j belonqs. Values of E . äs well äs of E . ,
J •> ejs ]z

the energrles of Characteristic lines, are tabulated in [11 j. K.
D z

are experimental quantum efficiencies cf Characteristic X-ray

production given in [9].For a particular line j, K. depends
Dz

on z but not on the tube voltage U. From the data given in

[9] we have derived K. values for some common target materials
J 2

(Table 2).Observed is not directly P- but rather p. f (i)/4 n,

where P./4 TT is the number of quanta generated by one electron

per steradian, f (£) is a factor taking into account the absorp-

tion within the target. f (S) depends on U, on the take off ang-

le ö between X-ray beam and surface and on the incidcnce angle

of the electron beam. Green [12] rneasured f (ä) at normal inci-

dence for the K lines of C, AI, Ti, Fe, Cu, Ge, Mo and fig and

for the L , lines of Nd, Ta and Au. Values taken from [12] for

i = 6 , the usual take off angle with X-ray tubes, and for diffe-

rent tube voltage are given in Table 2-

For the comparison with the continous spectrum (equation (4)) we

derive the observable intensitv NT of Characteristic lines per
2rnrad generated by a current i [mA]

HT - 5L 10° K f (M
J *•

1-63[phot.s-1mrad-2 per 0.1% TT]

(7)
where Eg and E. are inkeV. Values of N calculated for

U = 40 kV, i = 40 mA, f- = 6° are given in Table -] for five

different lines. When comparing N with correspohding intensitiesj_j
N,, of the continuum is has to be rernembered that the bandvjidth
b

AE/E ~ 3 to 5 x 10 for Characteristic lines (natural line width

of Mo K (Mo K.i2) is 3.79 x 10~d (3.93 x 10 4), respectively

13]lwhereas N is normal!zed to fiE/E = 10-3 This mcans that NB
is in effect even about 1/3 to 1/2 lower when normalized to the

same bandwidth. Furthfirmore, the samc solid angle ü:".: = l mrad

can be reaiised with a difcracting perfcct crystal by niaking

o' = 10 mrad äs betöre, Ayain for a fixed >., er' = AO - 10 mrad

is detcrrnir.ed by the perfect crystal diffraction ränge AP , henc R

<\::= 1 mrad . As is soen by conparison of N and N of Table 1 ,
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the llne intensities are roughly 10 times larger than the

corresponding bremsstrahlung intensities.

Regarding the relative intensities of differcnt lincs of the

same series the following erapiric rules hold [13]

(a) for most elements = 2 N

(b) HKa1 KB2

Ka2

100 : 5O : 35 for W

100 : 50 : 25 for Cu

2.3. Efficiency of X-ray production by EI

The total intensity I per incident elect

continous spectrum is obtained by integrating equation (1

The total intensity I per incident electron contained in the

d = r̂ C z (8)

Dividing by eU.the energy applied by the impinging electron we

obtain the efficiency n for bremsstrahlung generation

"B - i « "
(9)

where U is in kV. Lquation (9) is in agreement with rneasurements

and calculations by Rump [ 1 4 ] , Kramers [ 1 5 ; and Kulenkampff and

Schmidt [ 5 ] . With z - 42 (Mo) and U = 40 kV we have IB = 1.7 x10

which is very low.

-3

The energy of the characteristic radiation per incident electron

is calculated by multiplying eqi

energy of the emitted radiation

is calculated by multiplying equation (6) with E. , the quantum

jz
1.63 (10)

- 10 -
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Dividing again by eU = E , the energy applied by the incident

electron, wc obtain the efficiency nL for the generation of

characteristic radiation

1 .63
(11

For a typical line like Mo Ka with E- = 17.5 keV, E ., = 20 keV,] z e j z

K. = G.4 x 10~ (Table 2) generated with a tube voltage of

-4
U = 40 kV we calculate nT = 3.7 x 10 which is even lower than

V

It follows, that practically the total energy of the electron

beam is convertcd into heat. Thus the problem of anöde cooling

sets in effect the limit to the total flux 5 of an X-ray tube.

2.4 X-ray tubes

There are two principal objectivcs in designing an X-ray tube:

first to cool away äs much power äs possible in order to obtain

a high total flux 0 and, secondly, to keep the size of the

focus small in ordcr to increase the brightness n, which, äs

is known from general principles cannot be increased by opti-

cal Instruments. Since the maximum specific load, i.e. the

dissipatcd power per focal area, increases with docrcasing focus

size,<t'T and n cannot be optimised simultaneously. Consequently

it depends on the majur intendcd usc of the tube whether the

design favours v„ (spectroscopy tube) or n (fine focus diffrac-

tion tubc) . A ccrtain f lexibility is achicved wlicn the focal sizc

can be changed by .focusir.q the electron beam on the anöde more

or less. Kowcver, focv.sing electron guns require tc apply to

the "ohne!L cylindrr (Fig. 2) an adjustable potential closc to

the cathode poLential vjhirrh usuully is at hiqh potential against.

ground. Henee the provision of a fccussing potential complicates

the design of the high vcltage generator and is thus available

with nore expensive units onlv.
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The specific load can be increased considerably by placing the

focus always on a fresh, cooled face, i.e. by rnoving the anöde

away under a stationary focused electron beam. The technical

solution to this idea are X-ray generators with rotating anöde

tubes. A sealed off tube with stationary anöde is illustrated

by Fig, 2. Fig. 3 shows the principal construction fcatures of

a pumped tube with a water cooled rotating anöde.

It is obvious that the Operation of sealed off tubes is very

much simpler than that of rotating anöde tubes, wherc the

coolant has to be supplied through a rotating shaft and all the

means of rnaking and controlling an excellent vacuum are needed.

Nevertheless, because of the considerable gain in <f and/or n,

there are a number of powerful rotating anöde generators on the

market. An excellent description of rotating anöde tubes which

includes also aspects of design has recently been givcn by

Yoshimatsu and Kozaki [16],

We give a survey of presently available tubes by listing in

Table'3 • their rnain parameters like focus size, maximum load and

maximum specific load, brightness nD and nr and intensities ND,
ü LJ D

KL for brernsstrahlung and characteristic radiation respectively.

n_, n,, N~ and N, are given for E = 17.5 keV {Ho Ka-radiation)
15 Jj D J_i

and take off angle S = 6 with the tube operated at U = ü
^ c max

and maximum total load. The data are specifically useful for the

coinparison with SR sources (Table 5)-

3 SYNCHROTRON X-RAY SOURCES

3.1 General

As is well known, charged particles orbiting in circular accelc-

rators emit Synchrotron radiation (SR). The total cmitted inten-

sity is proportional [17] to y where

(12)

from equation (12) that, for a given cncrgy E , SR from light

- 12 -
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particles like electrons and positrons is much more intense

than that frorn heavier particles like protrons etc. SR has a

continous spectrum with a maximum which shifts to shorter wave-

lengths proportional to E . Over the last decade, E in elec-

tron (positron) accelerators increased more and more. As a con-

sequcnce SR also in the X-ray region below 10 A wavelength be-

came available.

For diffraction topography SR was first used in 1973 by Tuomi,

Naukkarinen, Laurila and Rabe [18, 19], who made topographs of

a silicon crystal with SR from DESY. Hart [20] obtained topo-

graphs of silicon and lithiumf luoride crystals with SR from

NINA. Early uses of SR X-rays included X-ray interf erometry

[ 21 ] , EXAFS measurements [22] , sniall angle scattering [ 23 ] and

photoelectronspectroscopy (XPS) [24], Since thcn it became more

and more apparent that, because of the unique properties of SR,

namely continous spectrum, high $ . W and n, extreme collimation,

sharp time structure and defined polarization states, SR- is not

cnly very well suited for d:ffractfon topography and other known

X-ray techniques but may open up entirely new experimental possibi-

lities in the X-ray ränge. A survey of X~ray investlgations per-

formod with SR may bc found in the last section of the article

by Cudat and Kunz [25]. In Table 5 we give a list of twelve storage

rings which, äs far äs their machine parameters are concerncd,

are in principle capable of generatir.g SR in the X-ray ranye.

ExcepL the E'jropean Synchrotron Radiation racility (KERF), for

which t her o is cnly a study report so far [26], all othcr rings are

either in Operation, under constr-jction or in the planning staye.

That up t: o now so litLle SR topography has beon employcd is mnin-

ly duc to the limited availability of synclirotron X-rays in the

past. The Situation no doubt will change when more storage rings

exist for f',R dedicaled Operation in the X-ray
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3.2 Calculation of the radiation properties of

a SR source

The radiation properties of a SR source can be calculated from

exact analytical expressions, which, äs we have seen, is irnpossib-

le with EI X-ray sources. Thus a further advantage of SR is that

it can be used for calibration purposes over a wide ränge of

wavelengths [27, 28, 29].

We briefly sumrnarize the theoretical expressions describing SR.

Further details rnay be found in reviews in the literature

[30, 31, 32],

The instantaneous power I (A, ^) radiated by a monoenergetic

electron along a circular orbit per unit wavelength and radial

of angle fy against the orbital plane is [33] (Fiq. 4)

•)-! o r- An4 R "> "i

I U, *) =-^-rVH <^> Y [1+ (>*) l2.
32^r3 R3

l + 2 "1/3 U) l

(13)

R is the radius of the orbit. AC is the so called 'critical

wavelength' given by

4TTR -3 114)

\„ [8l = 5.59R [m] E 3 [GeV] = 12.4/E [keV] (15)

K?/-, and K1/, are modificd Besscl functions of the socond kind

with argument r, defined by

(16)
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SR is eiliptically polarized and the terms

'•2/3
(17)

1 +

correspond to the components which are polarizcd parallel

perpendicularato the electron orbit, The polarization is

and

- K
P E 18

K + K

For all Ä SR is completely polarized in the plane of the orbit.

The dependence of the two components on v for an arbitrary pair

*t E is qualitatively shown in Fig. 5. As is seen, I--- is lar-

gest for it = o, whereas I., ha s its maximum value at a certain

angle ij',,,, above and below the orbit plane. The total power I (i|j)

radiated at elevation angle -J. is obtained by integrating equa-

tion (13) over X [33]

_ 7 e'
I ('l'l — TT — -!1 +

(19}

where again the first term in the big brächet corresponds to

parallel and the last term to perpendicular polarization. From

(19) one calculates that the intensity of the parallel component

falls to one half within a cone of 1.13 y openinq angle e.g.

with E^ = 5 GeV -0.1 rnrad, Similarly one finds the perpendi-

cular component to have maximum intensity at ;\,^ •-• - 0.63 v
o max

Short wavelengths are cvcn morc collimated than the above values

The spectral distributiun I (\) of SR is obtained by integrating

cquation (13) over > [ 3-1 "•
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35/2 e2c

16,2 R3 5/3

From (20) we obtain N1 (,\ for a current i [rnA] and an X-ray

beam of 1 mrad divergence in the y, x-plane (Fig. 4)

Kr,/3 mrad
(21

E is in GeV, R in m and in X. We have calculated thc distri-

bution N 1U) of equation (21) for thc 12 storage rings mentioned

above. The results are shown in Fig. 6 together with a list of

operational data for which the calculations have been made. In

Fig. 6, the energies of typical X-ray lines, narnely FeK:;

(6.40 keV, 1.936 S), CuKü (8.05 keV, 1.54 S), MoK.i (17.5 kc-V,

0.71 S) and AgKa (22.2 keV, 0.56 S) have been indicated, and

the corresponding SR intensitcs N1 are numerically giver. in

Table 5. As mentioned in the beginning, N' is obtained by Inte-

gration of H with. respcct to ^ {Fig. 1 and Fig. 4) over the

ränge of the Order of o 1 of vertical divergence. o' äs funcLion

of thc wavelength can be estirnated [35] according to

0.511 1/3

1/2
for

(22}

(2.

is definec, äs the angular r^r.ge out-
1

with E in GeV.

Eide which the inter.sity has faller, bolcw e ' of thc;

peak at -| = 0. Values of a' üt E = 10 keV (\ 1.24 A)

calculated for t-he ]2 storage rings are also l ist cd in

Table 5. in all cases 0.' T 0.1 nrad which inipliss, that

the intensities N' are available within the very small
2

solid angle in = a'a1 < o.1 mrad^l mrad = 0.1 mrad . This

neans that in the orbit plane of SR so'Jrces N is niore than

ten timcs larger than the N 1 intensities yiven in Table 5.

Hov/ever, above and below this plane N falls off rapidly.

Both facts have to be romembcrcd, whcn we compare N' of

the SR sources with N , NT of the X-ray tubos äs given an
B L

Table 3 and Table 4.

3,3 Time structure of SR from storage rings.

In a storage ring only discrete stable positions occur

around thc orbit with a Separation dsterrnincd by the

mlcrowave frequency. A pulse structure with intervals

tw of the order of ns results if all these pockcts

(some 100 to DOO) are filled with clcctron banches.

The pulse length tb is 30 to 2OO ps. If

only one bunch is in the ring the repetition time t

is about one to five microseconds. Tor time decay studies

or live topography it may be desireablc to have t, äs

short and t äs long äs possiblc, c.g. t, - 30 ps and

t - 2,!S. Live topography requires the intensity within

one or a few bunches to be large enough to give a single

picture. On the other hand, when the variations of the

structure to be investiqated can bc controlled at will,

e.g. by varying a rnagnctic field or similar,then a strobcs-

copic imaging technique becomes possible by phase locking

the variations to the bunches. At present tine resolved

studics sucm to be of intercst in Biology [36,37].

It should be notcd that with single or few bunch Operation

thc bean current i is considorably less t.hen the maxinum

value givcn in the? data list of Fiy. 6.
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3.4 SR from wigglers and undulators

With a given storage ring, E can be increased if an odd

number, e.g. 3 to 11, of alternatively magnetizcd dipole

magnets, a so-called 'wiggler1, with a larger field B than

the field B^ of the ordinary bending magnets is introduced
n

into an otherwise straight section of the electron orbit

(Fig. 7). SR from the wiggler has a higher E according

to [38]

W
ECW ~ EcBB~

J5

(24)

The ratio ,̂/B_ can be äs large äs 4 with superconducting

magnets [39]. Wigglers are planed or in Operation with 5 of

the storage rings of Table 5. Besides shifting E the

wigglcr increases also the intensity by a factor which is

roughly given by the number of radiating turns, i.e. 2 in

Fig 7. At the same time the beam is widened which for cer-

tain applications may be disandvantageous.

Undulators are wiggler like magnet Systems with a large

number m of dipole units, wherc rn is typically of the order

of 100 (Fig. 8). The principal ncw cffcct occuring in the

undulator is the coherent ernission of SR by the individual

electron from all ^urns siir.ultaneously. The condition for

coherence is that the time differencc for an electron and

the light at the distance^- of two wiggles is equal to the

pcriod of the light wave. The crr.itted spectrum is no longer

continous but consists of a set of discrete wavelengths.

The wavelength > . (i1" harmonic) which can be obtained at

an angle e from the trajectory is .2G]

- 18 -

X

2y'
(25)

The fundamental is with E in GeV and X in cme o

\ n _;;_.
1 E2

e

(26)

a is the maximum deflection angle of the electron beara.

The undulator provides a set of lines which are very

strong because all the intcnsity of the previous conti-

nuum is concentrated in the lines. For the ESRF various

undulators have been studied [26] . One example gives

with 90 dipolcs and

K = = eBo*.o/(2innc) = 0.9337 BQ [ Tesla j A (27)

where B is the magnetic field and m the eLectron mass.

for K = 2, A = 5.6 cm a band ranging from 8.7 to

about 0.46 A (19 harmonier) . The total emitted power is

about 6 kW and 3 * 10 photons are emitted per sec at

1 S at AA/J, ^ 0.05 in the 9th harmonic. The whole set of

lines can be shifted by changing the magnetic field B

and hence the value of K. The brightness n is expected to

be irnproved by three to four Orders of magnitude compared

with nornal bending magnets.

A different type of undulator is based on the use of

an helical magnetic field instead of an array of dipole

ficlds E 43,44, 45\The helical undulator has propcrties

similar to those of the plane undulator.
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4. SUMMARY AND CONCLUSIOHS

The main categories by which we have discussed the

propertics of the various kinds of X-ray sources were

intensity N (or N1), brightness n and their dependence on

direction and/or wavelength. Mithin the lirnitations of the

approximations used we may summarize the results very roughly

by comparing the data obtained for MoKa wavelength of all

sources directly. For a more detailed comparison the readcr
a-.T< l

is refered to the data given in Tables 1, 3, 4, or encouraged

to calculated himself intensities frorn the expressions

given äs equations (4), (7) and (21).

sealed off N„ <10
D

X-ray tube N < 6*10 :.5*10

rotating

anöde tuhe 1.2x10"

stcrage ring

(DORIS)

J2
4*10

12

x y - 2 nur,2,

N [ p h . s 1 iT i r ad~ 2 / 0 .nAE/E] , n [ p h . s 1mrad""2rrjn"2/0. UiE/E ]

With all X-ray tubes NT ig peakcd at characteristic wave-jj
lengths, but, noL w i th rcspect to direction. N is ncither

peaked in dircct ion nor in wavelength. With storaye rincjB

N ' is strongiy colliniated bin. not peaked with respect to

wavelength.

Frcm the data qivf i r . we conclude that at MoKu v;üvclcn(]th a

SR sourcc like DORIS gives about 6«10 J photons more rhar. :

charactcristic linc generatcd w j t:h n ro;..^ti:iq aviodü tube,

providfid the accepLancc o£ the «pparatus to be supu l i . -d

- 20 -

with photons is no mor- than about 1 nrad . With increasing

a ' the photon nurnber obtained with X-ray tubes increases

correspondingly whereas with the SR source it remains constant

for a fixcd cncrgy band. On the othcr hand, with a charaoteristic
-4line the energy band is limited to about 3 to 5*10 . If the

experirnent can afford a wider band then with a SR source

the intensity will increase whereas it will remain constant

with a line source.

Another extremely important feature of the ER source is

that, when combined wiLh a suitable narrow band monochromator

[ 46,47 ], it is in cTfcct a tunable line source. In a similar

way with brcnsstrahluny also a tunable linc sourcc can bc rca-

lized, however, äs has been shown with the data cf Tables

3,4 arid f>, such a source has extremely low intensity when

comparcd vrith the üR source.



Table l Intensity N of characterictic lines and intcnsity N Table 2. Experimental cuantum efficienciec K. ar.d absorption

of bremsstrahlung at the line enerqy E. for some typical tar-

net materials. F • is the niinimum excitation enerqy of the line.ej z
Tube voltage U = 40 kV, tubc current i = 40 itiA

Tarnet z Line E . E . NTx1O~ Nx1O~ 3
Qj Z j Z ±j ü

material [kev] [keV] (̂ 6°)

[phot. s~1 nirad'2 per 0.1% AE/E]*

Fe 26 Ka 7.10 6.40 99 36

Cu 29 " 8.86 8.05 77 39

Mo 42 " 20.0 17.5 13 39

Ag 47 " 25.5 22.2 4.5 35

Au 79 La1 11.9 9.73 13 100

*for N ÄE/E is the natural width which is roughly (O. 5 to O. 3) x 1O

factor f (-J)

for typical

Line z

CrK:< 24

FeKs 26

CoKa 27

NiK^. 28

C'jKa 29

MoK« 42

AgK* 47

WK« 7 4

AuK:; 79

AuLu- 79

for characLeristic line production after Green [12]

lines and tubc voltacje.'U. z is the atomic nuinber.

K. x106 f (f.] (f^6°) for U [kV] -
nz

[keV"1'63] 10 20 30 40

34

30 0.98 0.56

27

25

22 0.86 0.75 0.65

6.4 0.78

4.0 0.84 0.73

0.31

0. 19

7.0 0.70 0.54 0.42



Tablc 3.Charactcristics of sealed off X-ray tubes with Mo target.

NT , Nn are intensities for Ka radiation and bremsstrahlung at the
L, B

Ka wavelength calculated with cquations (7) and ( 4 ) , respectively.

Typ

Focus 1

W

[mm]

l mm]

F

01

8

0.15

60 -

04

8

0.4

10

10

1

20

12

2

FA

100

Max.
I

load

U
max

i at Pp

source

size

[ kW]

[kV]

[mA]

[mm ]

60

13

2.0

60

33

2 . 4

60

40

0.12 0 . 3 2 1

2 .7

60

45

2 . 4

3.0

100

30

max.

specific p [kW mm

load

-2

NTx10

N xltf
D

,-3

x10-3

[ph.s mrad

per 0.U AE/E]

[ph .s mrad

mm~2 per 0 . 1 % AE/E]

0.67 0.63 0 .24 0.11

1 0 3 3 3 2 3 5

23 59 71 80

8 5 7 9 3 2 1 5

192 184 71 33

6 l

104

Table 4 . characteristics of rotating anöde tubcs with Mo target.

N , NO are intensities for Ka radiation and bremsstrahlung at the
ij B

Kn wavelength calculated with equations (7) and ( 4 ) , respectively

Rü

TyP 200 200 500 1000 1 50O

Focus 1 [mm] 1O 3 1O 1O 10

w [mm] 0.5 0.3 0.5 1 1

MaXl P [ k W ] 12 5.4 30 60 90
load ™

UnaK [kV] 60 60 60 60 6O

i at P [rnA] 2OO 90 500 1000 1500
m

sourco

size [mm 2 ] 0.5 0.09 0.5 1 1

(5 = 6°)

max.

ST3GCJ_f i.C TD r — 2

load

NTx10~6 [ph.5~1mrad~2 150 7O 390 76O 1170
Jj

per 0. 11AE/E]

Nn x 10~3 " 357 160 892 1784 2676
D

nLx10~ [ph.s'Vrad"2 300 780 780 7FO 117O

rnrn" per 0. 11AE/E]

nB x 10~3 „ 714 1778 1784 1784 2676

GX -

6

3

0.3

4.0

50

80

O.O9

4 . 4

40

109

440

1211
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Figure Captions

Fig. 1 Geometry used for defining source characteristics. X-ray

source extending in X,Z plane. The direction of emission

is given by anqles i£> and Z-a ,3 source dimcnsions in

X- and Z- directions, respectively.

Fig. 2 Conventional sealed off X-ray tubc with stationary

anöde and water cooling. The Wehnelt cylinder may bc uGcd

for focusing the electron beam on the anöde. The X-ray

beara is taken off at an angle 6 against the anöde surface.

The size of the actual source S may be varled by altering

ä and also by taking the beam off along the X-direction

resulting in a line source.

Fig. 3 Permanently pumped rotating anodc tubc with watcr

cooled anöde.

Fig. 4 Geometry of a storago ring source. For a givcn tangcnt

point at the orbit the radiation is contained within a cone

of opening o' which narrows with E and E. The effective

source size g x o is deterrnined jointly by the crosscctional

size of the electron beam ar.d the divergence o' in the

orbital plane acceptcd by the measurinq apparatus.

Fig. 5 Dependence of Polarisation of SR on the angle 'j>

against the electron orbJt. Note that shorter wavelengths

are more collimated near v = O.

Fig. 6 Calculated intensities K' for the twclvc sLorage

rings listed in Tablc 5. E is electron energy, R nagnet.ic

radius of orbit ar.d i the electron current.

Fig. 7 Wiggler

Fig. 8 Principle of an u'ndulator vnth a larqe number

(typically 100) of dipolcj for cohcroiil: eir.iGS.ion of SR

for anv indjvidual electron.

Fig. 1 Geometry used for defining source characteristics.X-ray

source extending in X,Z plane. The direction of emission

is given by angles î  and £.CT ,o sourcc dimensions in

X- and Z- directions, respectively.



Wehnelt
Zylinder

ancde

Fig. 2 Conventional sealed off X-ray tube with stationary

anöde and water cooling. The Wehnelt cylinder may be used

for focusing the electron beam on the anöde. The X-ray

beam is taken off at an angle 6 against the anöde surface.

The size of the actual source S may be varied by altering

5 and also by taking the beam off along the X-direction

resulting in a line source.

tube wall

water

X - rays

electron
beam

X-rays

Fig. 3 Permanently pumped rotating anöde tube with water

cooled anöde.



Fig. 4 Geometry of a storage ring source. For a given tanycnt

point at the orbit the radiation is contained within a cone

of opening ö 1 which narrows with Eß and E. The effcctive

source size o * a is determined jointly by the crossectional
z x

size of the electron bearo and the divergcnce ô . in the

orbital plane accepted by the ecasuring apparatus.

J

'.l, -.3 ..2 - . 1 0 1 2 3 ' .

i]J [arbitr. unihs]

Fig. 5 Dependence of Polarization of SR on the angle T|J

against the electron orbit. Note that shcrter wavelengths

are more collinated near J.1 = 0.



N'lphotons s'1 mrad'1 per 0.1% AE/E]

dipole magnets

without wiggler

Fig. 7 Wiggler with five dipole magnets,

Fig. 6 Calculated intensities N1 for the twelve storagc

rings listed in Table 5, E ' is electron energy, R magnetic

radius of orbit and ?• the electron current.



o

magnet systern
--J-

eletron orbit

Fig. 8 Principle of an undulator with a large number

(typically 100) of dipolejfor cohcrent emission of SR

for any individual electron.
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