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system of a particular experiment under otherwise equal para-

X-ray sources * meters of geometry and resolution, where resolution refers to
spacial, angular, spectral and/or time resolution depending
U. Bonse whatever the method is specifically aiming at.From this defini-

. " . . : tion of powerfulness it is obvious that i i
Institut fiir Physik, University of Dortmund, Fed. Rep. of Germany P it cannot be given for

the source alone but that the acceptance and transmittance pro-

. perties of the measuring apparatus have to be included.
1. DEFINITION OF A 'POWERFUL' SOURCE .
: For a quantitative discussion we define the following source

The development of more powerful sources plays a major role in characteristics (Fig. 1):

the overall improvement of X-ray techniques in general and of brightness n (x, z, &, ¢, E, t) [phot. 5—1 mm_z mrad_2 per

topography in particular. In recent years some progress has been 0.1% AE/E), gives the number of photons emitted at time t from

made to increase the brightness and also the total photon flux the source point (x, z) along the direction (£, #) with energy E

of conventional sealed off X-ray tubes. Rotating ancdec tubes have per time interval, unit source area, unit solid angle and 0.1%

been developed to greater variety, to more reliability and to bandwidth

higher brightness and flux. Synchrotron radiation has entered the

field of X-ray diffraction and, with the increasing availability intensity N (£, v, E, t) = f n dxdz [phot. 5—1 mrad_2 per 0.13
of storage rings dedicated to the production of synchrotron X- AE/E] source

rays,will presumably replace conventional X-ray sources in many

experiments in the near future. Compared with a conventional partially intcgratecd intensity

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

quires the individual experimenter to leave his home laboratory, /2 -1 -1 .
] . N' (¢, B, £) = [ Ndy [phot. s ' mrad  per 0.1% 4E/E;
transfer his equipment to the synchrotron radiation center and -r/2

start using X-rays as member of a 'users community' at the storage

ring. Considering the amount of financial and organisational With a synchrotron radiation source thc integration is normal

disadvantages experienced by the newcomer to the big facility it to the plane of the electron orbit.

is very important to find out clearly whether the synchrotron

source is better for the particular problem to be solved and how -1
spectral flux tg (B, t) = [ 1dcdy [phot. s™' per 0.1% 4E/E]

much it is better.With this respect the statement, the synchrotron o

source is 'more intense' is certainly not adequate, since, with .
) i ¢ is solid angle of keam,
this generality, it may not even be true in the particular case.

Hence it is highly desirable to define the powerfulncss of a

1

_ 1
source precisely. total flux ¢T (t)y = 100 | m 2,d% [phot.s ]
- T [el

Certainly a 'better' (more powerful) source is one which delivers

a larger number of photons per time interval to the detecting
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Ot Oy [mm] is standard deviation of horizontal,vertical source or

beam size, respectively. Source area A = o o (2.35)2 [mm? ]
(Full width at half makimum is 2.350) Y

o;, “é {mrad] is standard deviation of horizontal, vertical beam

divergence respectively. @ = ¢! + ¢ (2.35)2

% y

horizontal emittance Ee T Oy c; [mm mrad]

vertical emittance €, =0, c; [mm mradl

The parameters defined above can be marked with subscripts «
and 7 if o- and 7-polarization states have to be distinguished.

It should be noted that n, N, N', ¢S and ¢T give number of photons

per sec and not directly radiated power.

For a source to be 'powerful' or to be better than another source,
different techniques usually require different source parametcrs
to be maximized. We shall illustrate the situation by giving a
few examples:

(a) Fluorescent spectroscopy: ¢p should be large over a certain
energy range. The values of n, N, A and to some extent also of

f are not important.

(b) Focusing X-ray optics, techniques employing narrow slit
systems and topographic technigues, where the geometrical re-
solution depends on the source size: n should be large.

(c} Perfect crystal technigues: N should be large and c;

equal to or smaller than the perfect crystal diffraction range.
n needs not necessarily be large since mostly relatively wide
beams can be used.

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

bq and ¢p is advantageous.

-4 -

We shall see below that with respect to the above requirements
synchrotron sources and conventional X-ray tubes can score with
different technigques 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 flucorescent excitation (FE) and as 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 generally 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 common method to produce X-rays is to employ an X-ray
tube. Electrons emitted from a hot tungsten wire (cathode) are
accelerated towards the target (ancde) by applying a suitable
DC voltage from 10 kV to 100 kV between cathode and anode. In
rare cases in which extremely hard X-rays are wanted a betatron
operated in the MeV range [1, 2] can be employed for electron
acceleration. For X-ray diffraction topography X-ray energies
above 100 keV are practically not needed.

As 1is well known, the spectrum obtained with EI consists of

two parts: the continous bremsspectrum and the spectrum deter-—
mined by the atomic level system of the element(s) composing the
target.

2.7. Bremsspectrum

For the thick targets which have tc be used in high power
tubes, it is practically impossible to calculate precisely
the characteristics of the continuum radiation like polari-

zal.ion, snectral and space 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, 5] from experimental data
I =cCz {v,~v} lerg s ] (1)
Al

where Iv is the energy radiated by one electron at frequency
v per unit frequency into 4 7 solid angle. z is the atomic num-
ber of the target material and v = Ee/h the upper frequency
limit as determined by the electron energy Ec = elU, U is the
tube voltage, e the electron charge and h Planck's constant.
-50

cC= (5% 1.5 x 10 [eryg 52]

is an empirically found constant.

The actual continuum spectrum differs from that given by equa-
tion (1) mainly due to absorption in the target. The effect is
considerable at the high energy side of the absorption cdge(s)
of the target material and varies alsc with the take off angle

¢ of the X-rayv beam, Nevertheless the total intensity is fairly
well given by integration of IV cver v. We set E = hv the photon

-3

energy normalize to an energy band AE/E = dv/v = A3/x = 10 and

obtain per electron and 4 « solid angle

I ~107° ¢ & EE (1 - ) lerg] (2)

From (2) we calculate the spectral flux QQB generated by a current

i ‘mA} (i.e. i x 6.24 x 1015 clectrons s with C=5.75x10750 erg s2

>
&1

T 4F) = 1.3 x 107 20i (3 - gg)[PhOt-S_1 per 0.1% 5| (3)

where U is in kv and E in keV.

It should be noted, that in the low energy limit {long wave-
length} the number Yan 3 band-

width becomes independent of E.

of bremsstrahlung photons per 10

We shall use (3) to make a rough estimate of the number Ny of
bremsstrahlung photons diffracted by a perfect crystal in a
typical topography experiment. Let the source (Fig. 1) and the
slit have a size of o + g, = 5 mm x 0.5 mm each and be 107 mm
apart. Then Gé =fmrad and with an assumcd Bragg angle Oy = 45°
we have o) = A3/} = AE/E = 1073, 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
perfect crystal diffraction range Aop = 0,1 nrad which is con=-

siderably less than aé. Furthermore a; = 10 mrad, hence the

solid angle accepted by the crystal at fixed E is ai = o% AEP

22 fe s ) ; .
= 1 mrad” i.e. NR is in effect (he source intensity N defined
at the beginning. It follows

N, = Uiz (1- —g—;-)[phot.s"1 mrad~2 per 0.1% %E] (&)

Values cf Ny for U = 40 ¥V, i = 40 mA are given in Table
for typical target materials at their corresponding Km—enerqics
for comparison wilh estimates of characteriskic line intensi-
ties (section 2.2). It may be noted that for photcgraphic ex-
posurc these intensities are oxtremely low.hs will be shown, with
characteristic lincs and with SR much higher intensities can be

obtained.

The bremsstrahlung is found te be slightly polarizee parallel [{e )
tc the ¢irection of the elcctron heamr '6, 7). Very close to the
short wavelenqgth limit the polarizalicn I is largeslt, where as

asual we define



Ne = N
pa_"_ % (5)

N¥t+ Ne

values of P between 10% [6] and 46% [7] have been observed.
Observations on Pt, Ag, Cu and Fe targets failed to reveal

any significant dependence of polarization on atomic number.

With thick targets, the variation of emitted intensity with
angle is not very pronounced. Nevertheless there is a maximum
of emission at right angles to the incident electron beam (if
the detection 1s 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 experiment

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

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

of quanta generated per electron in a line j (j = K KB’ L.,
etc.) is

_ B 1.63
Pj = sz (Ee Eejz] (6)

Ee is the electron energy and Eejz
energy in keV for the element with atomic number z and the serices

is the minimum excitatiocon

to which the line j belongs. Values of E as well as of E._,

ejz jz
the energies of characteristic lines, are tabulated in [11]. sz
are experimental quantum efficiencies cf characteristic X-ray

preduction given in {9]).For a particular line j, sz depends

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

[9]) we have derived K.z values for some common target materials
(Table %}.0Observed is not directly Pj but rather Pj f (8§)/4 =,

where Pj/4 v 1s the number of guanta generated by one electron
per steradian, f (&) is a factor taking into account the absorp-
tion within the target. f (8) depends on U, on the take off ang-
le 8 between X-ray beam and surface and on the incidence angle

of the clectron beam. Green [12] measured £ (§) at normal inci-
dence for the Ka lines of ¢, Al, Ti, Fe, Cu, Ge, Mo and BAg and
for the L1 lines of Nd, Ta and Au. Values taken from [12] for

5 = 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 contincus spectrum (equation {(4)) we
derive the observable intensity Np of characteristic lines per

mrad2 generated by a current i [mA]

N.= 5 x 108 K. £ (&) 1 (Ee - E.

AE
163 ~Irrad™? 0.1%
L jz qz) [phot.s~Imrad™ ¢ per ol

(7)
where Ee and Ejz are in kev, Values of NI calculated for
£ )
U =40 XV, i = 40 mA, ¢ = 6° are given in Table; for five
different lines. When comparing Np with corresponding intensities

NB of the continuum is has to be remembered that the bandwidth

AE/E = 3 to 5 X 10_4 for characteristic lines {natural line width

-4 -
of Mo K, (o K, is 3.79 x 1070 (3.93 x 107"
3

] ), respectively

[12])whereas NB is normalized to &E/E = 10 This means that NB

is in effect even about 1/3 to 1/2 lower when normalized to the
same bandwidth, Furthermore, the samc solid angle &% = 1 mradz

can be realized with a diffracting perfect crystal by making
1

A

oy = 10 mrad as before. Ayain for a fixed 4, a) = a0n = 10" mrad

z
is determined by the perfect crystal diffraction range AGP, hence

A= ] mrad_z. As is scen by comparison of Ny and Ng of Table 1,




®

the line intensities are roughly 103 times larger than the
corresponding bremsstrahlung intensities.

Regarding the relative intensities of different lines of the
same series the following empiric rules hold [13]

{a} for most elements NK31 = 2 L

100 : 50 : 35 for W
100 ¢ 50 : 25 for Cu

N =

N K82

(b) NKu1 P Npaa 't

2.3. Efficiency of X-ray production by EI

The total intensity IT per incident electron contained in the
continous spectrum is obtained by integrating equation (1)

}o 1 e2 UZ
I, = I. d =%x5¢C z (8)
T o v v 2 hZ

Dividing by eU, the energy applied by the impinging electron we
obtain the efficiency g for bremsstrahlung generation

cz & - 1078 2u (9)

where U is in kV. Equation (9) is in agreement with mecasurements
and calculations by Rump [14], Kramers [15] and Kulenkampff and
Schmidt [5]. With z = 42 (Mo) and U = 40 kV we have 1y = 1.7 x10°
which is very low.

The energy of the characteristic radiation per incident electron
is calculated by multiplying eguation (6) with Ejz, the guantum

energy of the emitted radiation

I, = K E )1.63 (10)

jz Ejz (B, - Eejz

o -

Dividing again by eU = Ee, the encrgy applied by the incident
electron, we obtain the efficiency ng for the generation of

characteristic radiation

K.
- _Jz _ 1.63
Ty, = i Eyy (80 = Egy,) (1)
For a typical line like Mo Ka with Ejz = 17.5 kev, Eejz = 20 keV,
sz = 6.4 % 10'_6 (Table 2) generated with a tube voltage of

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

L
np-

It follows, that practically the total encrgy of the electron
beam is convertced into heat. Thus the problem of anode cooling

gsets in effect the limit to the total flux 2, of an X-ray tube.

T

2.4 X~ray tubes

There are two principal objectives in designing an X-ray tube:
first to cool away as much power as possible in order to obtain
a high total flux QT

focus small in order te increase the brightness n, which, as

and, secondly, to keep the size of the

is known from general principles cannot be increased by opti-
cal instruments. Since the maximum specific leoad, i.e. the
dissipated power per focal area, increases with decreasing focus

size, ¥, and n cannot be optimized simultaneously. Consequently

it depznds on the major intended usc of the tube whether the
design favours Pop (spectroscopy tube) or n (fine focus diffrac-
tion tube)., A certain flexibility is achieved when the focal size
can be changed by focusing the dectron beam on the anode more

or less. Bowever, focusing elcctron guns require te apply to

the "chreit cylinder (Fig. 2) an adjustable potential close to
the cathode potential which usually is at high potential against
ground. licnce the provision of a fecussing potential complicates
the degign of the high veltage generator and is thus available

with more expensive units only.
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The specific load can be increased considerably by placing the
focus always on a fresh, cooled face, i.e. by moving the anode
away under a stationary focused electron beam. The technical
solution to this idea are X-ray generators with rotating anode
tubes. A secaled off tube with stationary anode is illustrated
by Fig, 2. Fig. 3 shows the principal construction fecaturcs of
a pumped tube with a water cooled rotating anode.

It is obvious that the operation of sealed off tubes is very
much simpler than that of rotating anode tubes, where the
coolant has to be supplied through a rotating shaft and all the
means of making and controlling an excellent vacuum are needed.

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

T
there are a number of powerful rotating anode generators on the
market. An excellent description of rotating anode tubes which
includes alsoc aspects of design has recently been given by

Yoshimatsu and Kozaki [16].

We giye.a survey of presently available tubes by listing in

Tablé?éitheir main parameters like focus size, maximum load and
maximum specific load, brightness ng and np
NL for bremsstrahlung and characteristic radiation respectively.

and intensities NB'

Np, np. NB and NL are given for E = 17.5 keV (Mo Ka-radiation)
and take off angle § = 6° with the tube operated at U = Umax

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

comparison with SR sources (Table 5).

3 SYNCHROTRON X-RAY SOURCES

3.1 General

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

rators emit synchrotron radiation (SR}. The total ecmitted inten-

4

sity is properticnal [17] to v where

E
(12)

Jo
%]

mc

Ee is the particle erergy and m the particle mass. It follows

from equation (12) that, for a given encrgy E,, SR from licht

- 12 -
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particles like electrons and positrons is much more intense
than that from heavier particles like protrons etc. SR has a
continous spectrum with a maximum which shifts to shorter wave-
lengths proportional to E;3. Over the last decade, Ee in elec-
tron (positron) accelerators increased more and more. As a con-
sequence SR also in the X~ray regicn below 10 by 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 lithiumflucoride crystals with SR from

NINA. Early uses of SR X-rays included X-ray interferometry
[21],EXAFS measurements [22], small angle scattering [23] and
photoelectronspectroscopy (XPS) [24]. Since then it became more

and more apparent that, because of the unique properties of SR,
namely continous spectrum, high @s, N and n, extreme collimation,
sharp time structure and defined polarization states, SR is not
only very well suited for diffraction topography and other known
X-ray techniques but may open up entirely new experimental possibi-
lities in the X-ray range. A survey of X~ray investigations per-
formed with SR may be found in the last section of the article

by Gudat and Kunz [25]. In Table 8 we give a list of twelve storage
rings which, as far as their machine parameters are concerncd,

are in principle capable of generatirg SR in the X-ray range.
Fxcept the Buropean Synchrotron Radiation Tacility (ESRF), for
which there is cnly a study report so far {26], all other rings are

either in cperation, under construction or in the planning stage,

That up to now so little SR topcgraphy has heen employed is main-
ly due to the limited availability of synchrotron X-rays in the
past. The situation neo doukt will change when more storage rings

exist for SR dedicated operation in the X-ray region.
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3.2 Calculatlon of the radiation properties of

a SR scurce

The radiation properties of a SR source can be calculated from

exact analytical expressions, which, as we have seen, is impossib-

le with EI X-ray sources. Thus a further advantage of SR is that
it can be used for calibration purposes over a wide range of
wavelengths [27, 28, 29].

We briefly summarize the theoretical expressions describing SR.
Further details may be found in reviews in the literature
[30, 31, 32].

The instantaneous power I (i, v) radiated by a monoenergetic
electron along a circular orbit per unit wavelength and radian

of angle ¢ against the orbital plane is [33] (Fig. 4)

2 X4
1o, =2t P e et
3273 R ;
) (13)
N S 1) LA S
2/3 L+ 2 173

R is the radius of the orbit. Ag is the so called ‘'critical

wavelength' given by

4tR -3 (14)

3

r, [R] = 5,598 [m) B_° (Gev] = 12.4/E [xeV] (15)

K2/3 and K1/3 are modificd Besscl furnctions of the second kind

with arqument t¢ defined by

b
G = 3%'[1 + [y¢)2]3/2 (16)
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Sr is elliptically peolarized and the terms

= 2 r - iy 2 r
K’ﬂ’ = K2/3 (), st— {yv) 5 K1/3 (7} {(t7)
1+ o)
correspond to the components which are polarized parallel w and
perpendicular®to the electron orbit. The polarization is
I - I K - K

P = n [ B T o (18) -
I, + T, K. + Kg

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

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

X, Ee is qualitatively shown in Fig. 5. As is seen, I~ 1is lar-

gest for ¢ = O, whereas I. has its maximum value at a certain
angle ¢, above and below the orbit plane. The ivtal power I (V)
radiated at elevation angle i is obtained by integrating egua-
tion (13) over ) [33]

2 e gy 2
R S L B B R
R T+ (ye)

(19}

where again the first term in the big bracket 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"1 opening angle e.q,
with E_ = 5 GeV = 0.1 mrad. Similarly onc finds the perpendi-
cular comrponent to have maximum intensity at %§max = = 0,63 1“1_
short wavelengths are even more collimated than the above values

which awply Lo the i-integrated distribution [301.

The speciral distribution I (%) of SR is obtained by integrating

ecration (13) over » 341

1
—y
1

I



5/2 2 b
3 ec 7 ez T
I (A= —p — .
1642 RS v AC/A K5/3 {n) dr (20)

From {20) we obtain N' (X} for a current i [mA] and an X-ray
beam of 1 mrad divergence in the ¥, x~plane (Fig. 4)

7
E A © - -1 A
W 0)=7.87x10% 2 1 257 | Ly Fsp () a0 ls T mraa™! 0.1 2E ] (21)
R™ Y /A
. (o}

E_ is in GeV, R inm and » in 8. We have calculated the distri-
bution N'(2) of equation (21) for the 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, namely FeKu

(6.40 kev, 1.936 £), CuKe (8.05 keVv, 1.54 R}, MoKa (17.5 kev,
0.71 S) and AgKa (22.2 kev, 0.56 ) have been indicated, and
the corresponding SR intensites N' are numerically given in
Table 5. As mentioned in the beginning, N' is obtained by inte-
gration of N with respect to ¢ (Fig. 1 and Fig. 4) over the
range of the order of cé of vertical divergence. d; as funclLion
of the wavelength can be estimated [35] according to

= *_E—*(:—) for A>3h (22)
e ‘¢
1/2
L2953
e e for h<a (23)
e ‘¢

with EC in GeV. m; is define& as the angular rarge out-
side which the intensity has fallern helcow e_1 of the
peak at ¥ = O, Values of ”; at E = 10 kev (x=1.24 1)
calculated for the 12 sterage rings are also listed in

Table 5, In all cases 0; < 0.1 mrad which implies, that

- 16 -
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the intensities N' are available within the very small
solid angle a8 = o;c* < 0.1 mradx1 mrad = 0.1 mradz. This
means that in the orbit plane of SR sources N is more than
ten times larger than the N' intensities given in Table 5.
However, above and below this plane N falls off rapidly.
Both facts have Lo be romembered, when we compare N' of
the SR sourcés with NB' N

Table 3 and Table 4.

L of the X-ray tubes as given in

3,3 Time structure of SR from storage rings.

In a storage ring only discrete stable positions occur
around the orbit with a separation determined by the
microwave fregquency. A pulse structure with intervals
tr of the order of ns results if all these pockets
(éome 100 to 50C0) are filled with clcctron bunches,

The pulse length t, is 30 to 200 ps. If

only one bunch is in the ring the repetition time tp

is about one to five microseconds. Tor time decay studies
or live topography it may be desireable to have tb as
short and tp as long as possible, c.qg. tb'x 30 ps and

tp = 2us, Live topography requires the intensity within
one or a few bunches to be large enouch to give a single
picture, On the other hand, when the variations of the
structure to be investigated can be controlled at will,
e.g. by varying a magnctic field or similar,then a strobes-
copic imaging tecchnigue becomes possible by phase locking
the variations to the bunches. At present time resclved

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

It should be noted that with single or few bunch operaticn
the beam current i is considerably less then the maximum

value given in the data list of Fig. 6.
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3.4 SR from wigglers and undulators

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

number, e.9. 3 to 11, of alternatively magnetizecd dipole
magnets, a so-called 'wiggler’', with a larger field By than

the field B, of the ordinary bending magncts is introduced

B
into an otherwise straight section of the electron orbhit
(Fig. 7). SR from the wiggler has a higher EcW accerding
to {38]
B,
- W
Eew = FepB, (24)

The ratio BW/BB can be as large as 4 with superconducting
magnets [39]. Wigglers are planed or in operation with 5 of
the storage rings of Table 5. Besides shifting Ec the
wiggler 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, where m is typically of the order
of 100 (Fig. 8). The principal ncw cffect occuring in the
undulator is the coherent emission of SR Dby the individual
electron from all turns simultaneously. The condition for
coherence is that the time differencc for an electron and
the light at the distance}b of two wiggles is egual to the
period of the light wave. The cmitted spectrum is no longer
continous but consists of a set of discrete wavelengths.
The wavelength )i (ith harmonic) which can be cbtained at

an angle @ from the trajectory is :26]

®

A
201+ y2e% oHyy2) (25)

.
[
[N

Y

The fundamental is with Ee in GeV and ko in cm

)
— o]
Ay =13 -—]5-2~ E:S! . (26)

e

a is the maximum deflection angle of the electron beam.
The undulator provides a set of lines which are very
strong because all the intensity of the previous conti-
nuum is concentrated in the lines. For the ESRF various
undulators have been studied [26] . One example gives

with 90 dipoles and

K= ay = eBDkO/(anc) = 0.9337 BOKO, BO[Tesla]ko[cmf (27)

where B0 is the magnetic field and m the electron mass,
for K = 2, lo = 5,6 cm a band ranging from 8.7 2 to
about 0.46 % [19th harmonic). The total emitted power is
about 6 kW and 3 x 1016 photons are emitted per sec at

1 8 at AX/X = 0.05 in the ch harmonic. The whole set of
lines can be shifted by changing the magnetic field BO
and hence the value of K. The brightness n is expected to
be improved by three to four orders of magnitude compared
with normal bending magnets.

A different type of undulator is based on the use of

an helical magnetic field instead of an array of dipole
ficlds [43,44,45".The helical undulator has properties
similar to those of the plane undulator.
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4. SUMMARY AND CONCLUSIONS

The main categories by which we have discussed the

properties of the various kinds of X-ray sources were
intensity N (or N'), brightness n and their dependence on
direction and/or wavelength. Within the limitations of the
approxXimations used we may summarize the results very roughly
by comparing the data obtained for MoKa wavelength of all
sources directly. For a more detailed comparisen the reader
is refered to the data given in Tables 1, 3, 4,§B§Sencouraged
to calculated himself intensities from the expressions

given as equations (4), (7) and (21).

sealed off N <10° ng <x10°

X-ray tube NL < 6><1O7 no o< 8.5%107
R B 1] 6

rotating Ny <2,7x10 n, <2.7x10

anode tube NL < 1.2><1O9 ng < 1_2x109

storage ring N' < 8*1012 n' < 4*1012

(DORIS) (oo, =2 mmz)

Xy

2rm™2/0. 135E/E]

is pecakcd at characteristic wave-

N[ph.s_1mrad_2/0.1%aE/E] , n[ph.s-1mrad-
With all X-ray tubes NL
lengths, but nel with respect to direction. N, is neicher
peaked in direction nor in wavelength. With storage rincs
N' is strongly collimated hut not peaked with respect to

wavelength.

From the data given we conclude that at MoKu wavclength a
SR source like DORIS gives about 6x107 photons more than <hu
characteristic line generated with a rouvating anode tube,

provided the acceplance of the apparatus to he sunplied

- 20 —

with photons is ne mer: than about 1 mradz. With increasing

gé the photon number obtained with X-ray tubes increases
correspondingly whereas with the SR source it remains constant
for a fixed encrygy band. On the other hand, with a characteristic
line the energy band is limited to about 3 to 5x10,4. If the
experiment can afford a wider band then with a SR source

the jintensity will increase whereas it will remain constant

with a line source.

Another extremely important feature of the SR source is

that, when combined with a suitable narrow band monochromator
[ 46,47 ], it is in elfect a tunable line source. In a similar
way with bremsstrahlung also a tunadble line source can be rea-
lized, however, as hLas Leen shown with the data cf Tables

3,4 and 5, such a source has extremely low intensity when

compared with the SR source.




Table 1 Intensity N of characterictic lines and intensity Ny

L

of bremsstrahlung at the line enerqgy Ejz
get materials. Eejz is the minimum e¢xcitation energy of the line.

Tube voltage U = 40 kV, tubc current i = 40 mA

for some typical tar-

. -6 -3
Target z Line Eejz Ejz NLx10 NBx1O
material {kev] [kev] (6=6O)
[ phot. s nmrad™? per 0.1% 2E/E}®

Fe 26 Kua 7.10 6,40 99 36

Cu 29 " 8.86 §.05 77 39

Mo 42 " 20.0 17.5 13 39

Ag 47 " 25.5 22.2 4.5 35

Au 79 Loy 11.9 9.73 13 100

*for NL AE/B is the natural width which is roughly (0.5 to 0.3) x 10_3

Table 2. bExperimental cuantum eff{iciencies sz and ahksorption

factor £ (4) for characteristic line production after Green [12]

for typical lirnes and tubc voltacerU. 2z is the atomic nunber.

Line z szx106 £ (5) (¢=6°) for U [kv] =
(kev™'-83] 10 20 30 40

CrKu 24 34

FeKx 26 30 0.98 0.56

CoRx 27 27

NiKa 28 25

CaKx 29 22 0,86 0.75 0.65

MoK 42 6.4 0.78

2GRz 47 4.0 0.84 0.73

WKa 74 C.31

AuKu 79 0.19

AuL;iT 79 7.0 Q.70 0.54 0.42




Table 3.Characteristics of sealed off X-ray tubes with Mo target.

By, Ny

Ka wavelength

are intensities for Ke radiation and bremsstrahlung at the

calculated with ecguations (7) and (4), ;esPCCtively.

Typ F 60 - FA
o1 04 10 20 100
Focus 1 [mm] 8 10 12
w tmm] 0.15 0.4 1 2
Max.
P (kW] 0.8 2.0 2.4 2. 3.0
load
Uy [kv] 60 60 60 60 100
iat P [ma] 13 33 40 45 30
sQurce
size [mm2] 0.12 0.32 1 2.
(6=(6)
max,
specific p [k mn 2] 0.67 0.63 0.24 O.
load
N_x1 -? o -2
X 0 {ph.s 'mrad 10 33 32 3 6 1
per 0.1% AEB/E]
NBX1O_3 " 23 59 71 8O 104
-6 -1 -2
an10 [ph.s 'mrad 8 5 79 32 1
nm % per 0.1% AE/E]
an10"3 . 192 184 71 33

Tahle 4. Characteristics of rotating anode tubes with Mo target.

NL' NB are intensities for Ko radiation and bremsstrahlung at the

Ko wavelength

calculated with equations (7)

and (4), respectively

RU Gx -
Typ 200 200 500 1000 1500 6
Focus 1 [mm ] 10 3 10 10 10 3

w [un] 0.5 0.3 0.5 1 1 0.3
Max- p (kW] 12 5.4 30 60 90 4.0
load
v, [kv] 60 60 60 60 60 50
iate [mA] 200 %0 500 1000 1500 80
source
size [ ] 0.5 0.09 0.5 1 1 0.09
(5=6°)
max.,
specific pu | ypmm™ 2] 2.4 6 6 6 9 4.4
load
N x1076 [ph.s” 'mrad™? 150 70 390 780 1170 40

per 0.1%AE/E]

Ny X 1073 " 357 160 892 1784 2676 109

-6 - -
n x10 [ph.s” 'mraa™?2 300 780 780G 780 1170 440

mm-zper 0.1%4E/E]

n, x 1073 n 714 1778 1784 1784 2676 1211

B
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Figure Captions

Fig. 1 Geometry used for defining source characteristics, X-ray
source extending in X,2 plane. The direction of emission
is given by angles ¢ and &.0,,9, source dimensions in

¥~ and Z- directions, respectively.

Fig., 2 Conventicnal sealed off X-ray tubec with stationary
anode and water cooling. The Wehnelt cylinder may be used dE
for focusing the electron beam on the ancde. The X-ray
beam is taken off at an angle § against the anode surface. \ q), - -
The size of the actual source S may be varied by altering
§ and also by taking the beam off alony the X—direction

resulting in a line source.

Fig. 3 Permanently pumped rotating anodc tube with water

cocled anode.

Fig. 4 Geometry of a storage ring source. TFor a given tangent

point. at the orbit the radiation is contained within a cone

sgource

of opening 0; which narrows with E, and E. The effective
source size g x 9y is determined jointly by the cresscctional X
size of the electron beam and the divergence a; in the

orkital plane accepted by the measuring apparatus.

Fig. 5 Dependence of Polarization of SR on the angle ¥
i > b it. Neote th ] . s R R
against the electron orbit cte that shorter wavelengths Fig. 1 Geometry used for defining source characteristics.X-ray
are m i s = 0. . . . N
€ more collimaged n=ax © source  extending in X,Z plane. The direction of emission
is given by angles y and g.cx,cz source dimensions in

Fig, d i iti K' for the twelve skorage . , .
ig, 6 Calculated intensities o twelve g X- and 7- directions, respectively.

rings listed in Table 3. B, is electron energy, R magnetic

radius of orbit and i the electron current.

Tig. 7 Wiggler with five dipole magncts.

Fig. 8 Principle of an undulator with a large number
(tvpically 100) of dipoles for coherent emissicn of SR

for any individual electron.



Fig., 2 Conventional sealed off X-ray tube with stationary
anode and water cooling. The Wehnelt cylinder may be used
for focusing the electron beam on the anode. The X-ray
beam is taken off at an angle & against the anode surface.
The size of the actual source § may be varied by altering
§ and also by taking the beam off along the X-direction
resulting in a line source.

tube wall

rotating anode

oil seal

bearings

A

X-rays X-roys

electron
beam

Fig. 3 Permanently pumped rotating anode tube with water
cocled anode.




source size azx Gx
size of the electron beam and the divergence c; in the

orbital plane accepted by the measuring apparatus.
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Fig. 4 Geometry of a storage ring source. For a given tangcent
point at the orbit the radiation is contained within a cone

of opening c; which narrows with Ee and E. The effective
is determined jointly by the crossectional

Fig.
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5 Dependence

-1 ] 1 2 ; 4
¢ {arbitr. units]

of Polarization of SR on the angle ¢

against the electron orbit. Note that shcrter wavelengths

are more collimated near ¢ = O.
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Fig. 6 Calculated intensities N' for the twelve storage

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

radius of orbit and i the electron current.
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Fig. 7 Wiggler with five dipole magnets.
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Fig. 8 Principle of an undulator with a large number
(typically 100) of dipoles for coherent emission of SR

for any individual eclectron.






