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Attenuation of electromagnetic radiation

I = Ioe—(u/p)m’
I, = initial intensity of a collimated photon beam,
I = intensity of beam after traversing a thickness ¢ of material density p,
(u/p) = total mass attenuation coefficient
=0a/p+t/p +k/p,
a/p =total Compton mass attenuation coefficient,
7/p = photoelectric mass absorption coefficient
z* .
(~—Z E 83 between absorption edges),

k/p = pair production mass attenuation coefficient.

Mixtures of materials:
ulp = Z (wi/pi)w;,
where

U;/p; = mass attenuation coefficient of element i,
w; = fraction by weight of element i.

Photon mean free path = [(u/p)p] ~*.

Relative importance of the three major types of electromagnetic
interactions. The lines show the values of Z and hv for which the two
neighboring effects are just equal. (Evans, R. D., The Atomic Nucleus,
McGraw-Hill, 1955, with permission.)
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Extrapolated absorption and absorption-jump ratios (r) at the K-edge

% Fluor.
£ Atomic Density A E, yield (u/p)~ (u/p)*

Z & weight (gem™3) (A) (keV) o, (cm?g™1) r

4 Be 901 1.85 112 0.111 179000 (5000) (395)

5 B 10.81 2.34 66.0 0.188 88400 3130 28.3

6 C 1201 2.26 43.7 0.284 53900 2230 24.2

7 N 1401 0.00125 309 0.402 32800 1540 214

8 O 1600 0.00143 233 0.532 22400 1160 19.3

9 F 19.00 0.00170 18.1 0.685 14800 846 17.5
10 Ne 20.18 0.00090 14.3 0.867 10950 687 15.94
11 Na 2299 0.97 11.56 1.072 7760 525 14.78
12 Mg 24.31 1.74 9.50 1.305 6000 440 13.63
13 Al 2698 2.70 795 1.560 0.036 4500 355 12.68
14 Si 28.09 2.33 6.74 1.839 0.047 3640 307 11.89
15 P 3097 1.82 577 2.146 0.060 2800 251 11.18
16 S 32.06 2.07 501 2472 0.076 2340 222 10.52
17 Cl 3545 000317 438 2.822 0.094 1840 185 9.92
18 Ar 3995 0.00178 3.87 3.203 0.115 1440 154 9.34
19 K 39.10 0.86 344 3.607 0.138 1300 148 8.79
20 Ca 40.08 1.55 307 4.038 0.163 1120 135 8.28

(After Henke, B. L. & Elgin, R. L. in Advances in X-ray Analysis, Vol. 13, Plenum
Press, New York, 1970.)

Mass attenuation coefficients (cm?*g~1)

Air
Wave- Poly- 0=21% P10
length propylene Mylar Teflon N=789% CH,=109% Methane Energy
(A)  (CHy  (C,0HgO,) (CFy) Ar=1% Ar=90% (CH,) (V)

20 8 14 28 21 230 7 6199.0

4.0 69 116 220 148 162 60 3099.5

6.0 234 384 700 481 467 205 2066.3

8.0 550 870 1540 1090 1020 479  1549.8
10.0 1040 1630 2800 2020 1850 910 12398
12.0 1740 2680 4250 3310 3010 1520 10332
14.0 2660 4040 6700 4980 4500 2330  885.6
16.0 3830 5800 9400 7100 6400 3350 7749
18.0 5200 7800 12 600 9500 8400 4570  688.8
200 6900 10200 2780 12400 10 900 6100 6199
220 8800 12 900 3540 15700 13 500 7700  563.5
240 11000 8500 4430 14100 16 400 9700  516.6
260 13500 10 400 5400 17 100 19 600 11800  476.8
280 16200 12 400 6500 20400 22 800 14100 4428
30.0 19200 14 700 7800 24000 26 300 16800 4133
320 22400 17 200 9100 2290 29700 19600 3874

34.0 25900 19 900 10 600 2650 33300 22700  364.6
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Mass attenuation coefficients (cont.)

Air
Wave-  Poly- 0=219, P10
length  propylene Mylar Teflon N=78% CH,=109% Methane Energy
(A) (CHp)  (C1oHgO,)(CF,)  Ar=19%; Ar=90% (CH,) (V)

36.0 29600 22 800 12 100 3040 36 900 25900 3444
38.0 33600 25800 13 800 3460 40 500 29300  326.3
40.0 37800 29 100 15600 3810 37 600 33000  309.9

420 42200 32500 17 500 4270 40 900 36900  295.2

44.0 1940 3350 6900 4780 42 600 1700  281.8
46.0 2180 3760 7800 5300 45 600 1910  269.5
48.0 2430 4170 8600 5900 48 900 2130 2583
50.0 2690 4590 9500 6400 52 000 2350  248.0
52.0 2960 5100 10 500 6300 2590  238.4
54.0 3240 5600 11 500 7000 2840  229.6
56.0 3540 6100 12 500 7600 3100 2214
58.0 3860 6600 13 600 8200 3380 2138
60.0 4190 7200 14 800 8900 3660  206.6
62.0 4540 7800 16 000 9700 3970  200.0
64.0 4880 8400 17300 10400 4270 193.7
66.0 5200 9000 18600 11200 4570 187.8
68.0 5700 9700 19900 12100 4940 182.3
70.0 6000 10 300 21300 12900 5200 1771
72.0 6400 11 100 22700 13800 5600 1722
74.0 6800 11800 24200 14700 6000 167.5
76.0 7300 12 500 25700 15600 6400 163.1
78.0 7700 13 300 27200 16600 6700 158.9
80.0 8100 14 100 28800 17600 7100 155.0
82.0 8600 14 900 30500 18 600 7600 151.2
84.0 9100 15800 32100 19700 7900 147.6
86.0 9600 16 600 33800 20800 8400 1442
88.0 10100 17 500 35500 21900 8800 140.9
90.0 10600 18 400 37300 23100 9300 137.8
920 11100 19 400 39100 24200 9700 134.8
940 11700 20300 40900 25400 10 300 1319
96.0 12200 21300 43000 26700 10 700 129.1
98.0 12800 22300 44600 28000 11200 126.5
100.0 13400 23300 46300 29200 11 800 1240
1050 15000 26 000 51000 32700 13 100 118.1
110.0 16 600 28 800 56000 36200 14 500 112.7
1150 18200 31600 61000 39900 15900 107.8
1200 20000 34 600 67000 43800 17 500 103.3
1250 21900 38000 72000 48000 19200 99.2
130.0 23900 41100 78000 52000 20900 954
1350 25900 44 600 83000 57000 22700 91.8
1400 28100 48 200 89000 61000 24 600 88.6
1450 30300 52000 95000 65000 26 500 85.5
150.0 32600 55000 101000 71000 28 500 82.7

(Adapted from The Handbook of Chemistry and Physics, CRC Press, Cleveland,
1976.)
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Mass attenuation coefficients (cont.)

Total mass-absorption coefficients for gamma-rays in all elements
from Be to U. Energy range 1.8 keV-10 MeV. (From Nucleonics, 19,

62, 1961.)
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Mass attenuation coefficients (cont.)

Photoelectric mass absorption coefficients for various window or filter

materials.
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Mass attenuation coefficients (cont.)

Photoelectric mass absorption coefficients for various gases.
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Fluorescence yields

Fluorescence yields for K and L shells for 5 < Z < 110. The plotted
curve for the L shell represents an average of L,, L, and L, effective
yields. (From Kortright, J. B. in X-ray Data Booklet, Lawrence
Berkeley Laboratory, University of California, 1986. Data from
Krause, M. O., J. Phys. Chem. Ref. Data, 8, 307, 1979.)
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Passage of charged particles through matter

Total ionization loss by electrons or positrons (valid for all cases except
extremely relativistic electrons)

dT 2net mov>T "
—|—) =——=NZ{ln| 5——— |- B> -1
<ds )ion mOU2 { n[Iz(l _ﬁz):l B } ceem

(all quantities in cgs units).
For numerical calculations:

dT myc? T + myc? T \Y2
N :4 2 0 0 _L 2
(ds )ion o p NZ[]n[ﬁ( I ><m002> ] ? }

MeVcem ™!,

where
2= /ey =1—[(Timyc?)+1]772,
v = velocity of particle,
mec? =0.51MeV,
4nr2 = 1.00 x 10”24 cm?,
ro = e?/myc? = classical electron radius,

NZ = electronscm ™3,
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Z = atomic number,

I = mean excitation potential (MeV),

I~ (13 x 107%)Z (MeV),

T = kinetic energy (MeV),

N =atomscm ™3

(e.g., 0.1 MeV electron: 4.7 keV per cm of air).

Mean excitation potential I

z I (eV) 1z
H, 1 19 19

He 2 44 2

Be 4 64 16

Air 72 94 13.1
Al 13 166 12.7
Ar 18 230 12.8
Cu 29 371 12.8
Ag 47 586 12.5
Xe 54 660 122
Au 79 1017 12.8
Pb 82 1070 13.1

(List from Sternheimer, R. M., Methods of Experimental Physics, L. Marton, ed.,
Vol. 5, part A, Academic Press, New York, 1961.)

For I < <T < <myc?:

4 2
—<dT> _ e NZln(T\I/> ergcm !,

ds T

In the range 0-10 MeV:

dT 45 . : . 4
—|—=—) =3 1on pairs (air-cm)”".
ds p

mon

Radiative loss for non-relativistic electrons

dT
—<d—> =3.09 x 1072"NZ*(T + moc?) MeVem™!,
S/ rad

where

T + myc? = total energy of electron in MeV,
N =atoms cm > = (p/A) x 6.022 x 10*3,
Z = atomic number of absorber.

A = atomic weight of absorber,
p = density of absorber.
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Ionization and radiative loss for highly relativistic electrons (T > > myc?)

dT\  2me*NZ mov>T , ,
_(K)oﬂ B myv? I:ln 213(1 = B?) - (2\/(1 —-B)—14+p%In2

+1-p2+51-/(1 —-ﬂz))z] ergcm L.

(Bethe, H. A., Handbuch der Physik, Vol. 24, p. 273, Julius Springer, Berlin,

1933))
dE zZ? 2E -
— <a?>md =N 3 riE [4 log (m_c2> —%} ergem !

(for mc?> < E < 137mc2Z~113).

dE Z%r? _ _
—<a;>rad=N 137°E[4log(183Z 13)+3] ergem™!

(for E > > 137Tmc?Z ~173).
E=T +myc?
(Bethe, H. A. & Heitler, W., Proc. Roy. Soc. (London), A146, 83, 1934.)

— d_T zl, T=T0e”‘f/X°,
dé rad XO

where

¢ is the distance travelled measured in gcm ™2, T, the initial energy,

T16M 4 2

Z(Z +13)[In(183Z~ 173 411 B

X, the radiation length =

(M, = atomic weight).

Radiation lengths X, and critical energy T, for various substances

Absorber 4 M, X, @mcm~2%) T, (MeV)
Hydrogen 1 1 58 340
Helium 2 4 85 220
Carbon 6 12 425 103
Nitrogen 7 14 38 87
Oxygen 8 16 342 77
Aluminium 13 27 239 47
Argon 18 399 194 34.5
Iron 26 55.8 13.8 24
Copper 29 63.6 12.8 21.5
Lead 82 207.2 5.8 6.9
Air 36.5 83
Water 359 93

(List from Bethe, H. A. & Ashkin, J., Experimental Nuclear Physics, E. Segré, ed.,
Vol. I, John Wiley and Sons, New York, 1953.)
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1600m,c? D .
T, ~ —ZO—, the energy at which ionization losses equal radiation losses.

(d T/dx) rad TZ
(dT/dx),,, 1600mc?’

Total ionization loss by heavy charged particles (kinetic energy < rest

mass)
dr 4nze* 2my V2 _
_<a>ion=—,;1—0—V—2NZ[ln I —1In(1- %) —BZJ ergcm !

(all quantities in cgs units).

For numerical calculations:

2 -151/2
_(d_T> assx 0-4+NZ [ln<1.14x 10715V )_ln(l_ﬂz)_ﬁz]

ds %% I
MeV cm !,

where

z = particle charge,

Z = absorber atomic number,

V = velocity of particle in cms ™! =3 x 10'°8,

N = absorber atomic density =p/4 x 6.022 x 1023,
I = mean excitation potential (in eV),

I~ 13Z (eV),

(1-p)=01+T/M)"?,

T = kinetic energy in MeV,

M = mass of particle in MeV

(e.g., 2 MeV « particle in Si: 0.27 MeV um™1).

Approximate range—energy relationships
Range—energy for monoenergetic electrons

20eVKE<10keV:
In((Z/A)R,,) = —4.5467 + 0.311 041n E + 0.077 73(In E)?
where

R., = extrapolated range in ugcm ™2 (259, precision),
Z/A = charge to mass ratio for absorbing medium,
E =energy in eV.

(Iskef, H. et al., Phys. Med. Biol., 28, 535, 1983.)
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Approximate range—energy relationships (cont.)

10keV < E<3MeV:
R,, (mgcm~™?)=412E (MeV)", where

n=1.265-0.09541n E (MeV).
1MeV<SEL20MeV:

R,, (mgcm ~2) = S30E (MeV) — 106.

Continuous B-ray spectra
p-ray spectra are exponentially attenuated with a mass-absorption
coefficient nearly independent of the absorbing material:

p/p (cm?gm™1) = 17E 114,
where E (in MeV) is the maximum energy of the f-ray spectrum.

The thickness of absorber required to reduce the f-ray intensity to one-half
its original value:

ty,, (mgem™?)=0.693/(u/p) =41EL 1'%
Range—energy relationships for heavy particles
Alpha particles in air at 15 °C, 760 mm, 4—15 MeV,

R (cm) = (0.005E (MeV) + 0.285)E (MeV)!-.
Protons in air at 15 °C, 760 mm, 10-200 MeV,

E(MeV))l'8
9.3 '

R (cm) = 100<

Range of heavy particles in other materials
Bragg--Kleeman rule:

Ry po <A1>
B = T (i 15 %) s
Ry, p4 Ay
where
p = density
A = atomic weight.

For mixtures:
JA= 2 nin/ Ais

where n; = atomic fraction of element i.

For air, \/AO =3.81, po=1226 x 107> gmem ™3 at 15 °C, 760 mm, and
therefore:

A
R,=32x10"*% VA R,
P1
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Charged particles in silicon

Range—energy curves for charged particles in silicon. Channeling of
ions between crystal planes can result in significant variations from

t

he data shown here. (Adapted from ORTEC Manual on Surface

Barrier Detectors.)
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Charged particles in silicon (cont.)

Specific energy loss for electrons in silicon. Channeling of ions
between crystal planes can result in significant variations from the
data shown here. (Adapted from ORTEC Manual on Surface Barrier

Detectors.)
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Charged particles in silicon (cont.)

Beta-ray range energy curve in silicon. Channeling of ions between
crystal planes can result in significant variations from the data shown
here. (Adapted from ORTEC Manual on Surface Barrier Detectors.)
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Radioactive sources (Adapted from Lederer, C. M. et al., Table of
Isotopes, John Wiley & Sons, 1968.)

X-ray sources

Source X-ray energy (keV) Half-life
4oV Ti X-rays: 4.5,4.9 330d
55Fe Mn X-rays: 5.9, 6.5 2.6yr
S9Ni Co X-rays: 6.9, 7.7 8 x 10*yr
109Cd Ag X-rays: 22, 25 453d
207Bj Pb X-rays: 73, 75, 85, 87 30yr
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Alpha sources

Source Alpha energies (MeV) Half-life
241Am 5.443, 5.486 458 yr
252Cf 6.117 2.65yr
242Cm 6.017, 6.115 163d
244Cp 5.81,5.77 17.6 yr
148Gd 3.18 84 yr
237Np 4.78, 4.65 2.14 x 10° yr
208pg 5.11 293 yr
210pg 5.305 138d
239py 5.105, 5.143, 5.156 2.4 x 10*yr
226Ra 4.782, 5490, 6.002, 7.687 1600 yr
228Th 5.427 through 8.785 191yr
230Th 4,617, 4.684 8 x 10*yr
235y 4.336 through 4.597 7.1 x 108 yr
238y 4.200 4.5 x 10° yr
Gamma-ray energy standards
y-ray y-ray
energy energy
Source (keV) Half-life Source (keV) Half-life
37Co 14.359 268d 54Mn 834.861 314d
241Am 26.350 458 yr 46Sc 899.25 84.2d
241 Am 59.554 458 yr 88y 898.033  108d
203Hg 70.830 47d 207B;j 1063.578 30 yr
203H4g 72.871 47d 657n 1115.522  246d
1317 80.164 8.05d 46Sc 1120.50 84.2d
203H4g 82.572 47d 50Co 1173231  5.26yr
203Hg 84916 47d 22Na 1274552  2.58 yr
37Co 121.969 268 d “Ar 1293.641 1.85hr
37Co 136.328 268 d 59Co 1332.518 5.26yr
141Ce 145.433 32.5d 24Na 1368.526  15.0 hr
139Ce 165.85 140d k% 1434.19 3.77 min
203Hg 279.150 47d 1248p 1691.24 609d
1311 284.307 8.05d 28A]1 1778.77 2.31 min
S1Cr 320.102 27.8d 88y 1836.111  108d
1317 364.493 8.05d Th C” 261447 1.91yr
198Au 411.795 2.70d 24Na 275392 150hr
"Be 477.556 53d 12B(B7)12C 443841 —
mec? 511.003 — 14Cd,p, BH)N  5298.53 —
85Sr 513.95 64d 160(°He,a)!’0 524003  —
207Bj 569.62 30yr L4N(d, p)'°N 5270.10 —
Th C 583.139 191yr 16Q* 6127.8 —
137Cs 661.632 30yr 13C(p,y)'*N 9169.0 —
**Nb 765.83 35d — — —
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Electron energy standards

Source Conversion-electron energy (keV) Half-life
Cd1o9 62.19 453d
Cd41o° 84.2 453d
Cel#t 103.44 33d
Cel?3° 126.91 140d
Cet#t 138.63 33d
Cel3 159.61 140d
Hg?2°3 193.64 46.9d
Hg?203 264.49 469d
Aut?® 328.69 2.698d
Snit3 363.8 115d
Sn'!3 387.6 115d
Aul®® 397.68 2.698d
Bi?¢7 481.61 30yr
Bi207 554.37 30yr
Cs??? 624.15 30.0yr
Cs'?7 655.88 30.0yr
Co*® 803.35 71.3d
Co>® 809.62 71.3d
Mn>4 828.86 303d
Mn34 834.17 303d
Y88 881.86 108d
Y88 895.76 108d
Bi207 975.57 30yr
Bi207 1048.1 30yr
Zn®3 1106.46 345d
Zn®>® 1114.35 245d
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Characteristics of synchrotron radiation

The angular and spectral distribution of radiation emitted by a relativistic
electron in instantaneously circular motion is, according to Schwinger
(Phys. Rev., 75, 1912, 1949), given by (cgs units):

0P 27 e* </1

N g o Ov)? .,
siag ™ () 70 00 K0+ G 30

ergs 'rad 'cm™!,

where

e = electron charge,

¢ = velocity of light,

R =radius of curvature,

A = wavelength,

A, =4%nRy 3, the ‘critical wavelength’,

y = E/myc?, where E = electron energy and m, = electron mass,
Y = vertical angle measured from the plane of the orbit,

K 2(¢), K, 3(¢) are modified Bessel functions of the second kind,
where & = (A./24)(1 + (yy)?)>2.

The first term within the brackets corresponds to radiation polarized in

the plane of the orbit, the second to radiation polarized perpendicular to
the orbital plane.

Gly)

1y =N,

The universal synchrotron radiation function G(y) for monoenergetic
electrons as a function of 1/y.
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The spectral distribution of power is obtained by integrating the above
equation over the angle y:

dP 3%2 ¢%c( E Y’
2 fE 2 6y,

d.  16%? R3 <mc2> )
where

G(y)=y3j Ksmdn, y=2i/A.

y

The total power radiated,
dp 2e%c( E\*
P=fa“—§ﬁ<ac—z> |

The photon flux distribution is obtained by dividing the power
distribution function by the photon energy:

@3N A o°P
LW Ot he 040y

photonss™!rad " 'cm™!.

The radiation emitted by the electron in the plane of its orbit is 100 9

polarized. Above and below this plane, the radiation is elliptically
polarized.

Polarization:

K358 — [ow)* /(L + G¥))]KT 5(8)

O =10+ L) =4 &)+ Lo+ I o)

o
o

T T TTTTT T T TTTTTh T T TTT7TT T T TT77T

~
O

T
1

O OO U U 0 2 1 O 0 B 1 O N B W W
0.1 I 10 100 1000

A/

PERCENT OF PARALLEL
POLARIZED RADIATION
®
(@)

Cc

Fraction of radiation, integrated over vertical angle y, that is
parallel polarized (From Krinsky, S. et al. in Handbook of
Synchrotron Radiation, E. Koch, ed., North-Holland
Publishing Co., 1983, with permission.)
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100

80

60

N (%)

40

20

yy (radians)

Dependence on the vertical angle y of the intensities of the parallel
(solid line) and perpendicular (dashed line) polarization components of
the photon flux. The individual curves, plotted for /A, =4, 1, 10, and
100, are individually normalized to the intensity in the orbital plane
(¥ =0) at the respective 1/4, value. Note that the abscissa,
multiplied by the electron energy y, makes these curves universal.
(From Krinsky, S. et al. in Handbook of Synchrotron Radiation,

E. Koch, ed., North-Holland Publishing Co., 1983, with permission.)

Practical formulae for electron storage rings
E: electron energy R:radius of ring J: electron current.

Energy loss per turn, per electron:

E*4(GeV)
Critical wavelength:
R(m)
A (A)=559 ——
AR) E3(GeV)
Characteristic energy:
E3(GeV) p3
V)=2218——— =296 x 1077 ———,
V) R(m) 10 R
Emission angle:
1 mgc?
~ ;)) = E 5

with

E
y = ——— = 1957E(GeV).
myC
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Energy of a photon:
e(KeV) = ITZ(Ai;)
Photon flux angular distribution:
ﬁ% =8.267 x 10‘5<%>¥F<%,yw>J

photonss ™! mrad ! mrad "' A1,

where
(% Y )= (1+y*?? K3 (€)+L2"02—K2 €)
A,V = Y 2/3 1+V2lﬁ2 1/3 >
_1& 2,1,2\3/2
where

0 = horizontal angle,
Y = vertical angle,

J = current (mA),

R = radius of ring (m).

Photon flux integrated over all vertical angles

N 9y 1011 Gy (may LEGV

A(A)

0A 00 Ot W
photonss ™ *mrad "' A,
N [E(GeV)]"
=35. 10°G A)E—— 33
photonss !mrad "'eV !,
for A>> A
0°N [R(m)]*/3
=Y. 1 13 LN -1 1 A—l.
05,00 Ot 9.35x 10°°J(mA) (A photonss ™! mrad

V. Kostroun (Nuc. Inst. Meth., 172, 371, 1980) provides series
expressions for the modified Bessel functions of fractional order which are

suitable for evaluation with programmable calculators or desktop
computers.
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X-ray spectroscopy

Crystal spectroscopy

Collimated single crystal Bragg spectrometer. Bragg condition:
nA = 2d sin 0, where d is the effective spacing of the crystal planes that
participate in the reflection. (Adapted from Burek, A., Space Sci. Inst.,

2, 53, 1976.)

w
C1* ROTATION
AXIS

__—CRYSTAL

,‘4-~$;;f‘\

-/ BRAGG ANGLE Op

DETECTOR

OPTICAL AXIS X-RAYS

Single crystal rocking curve C;. 0y + A =sin™'(nA/2d,,), where

A = refraction correction, d, = physical spacing of reflecting planes,
and 0y = Bragg angle ignoring refraction. (Adapted from Burek, A,
Space Sci. Inst., 2, 53, 1976.)

0
B R.= INTEGRATED REFLECTIVITY
1.0 — a —
BRAGG ANGLE
CORRECTION
/1,
PEAK

~QREFLECTIVITY, P,

—_—_——— e ——— -

R.= [=_C,(6) df

0——
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Crystal properties
Integrated
Density reflectivity
Crystai (gcm™3) Plane 2d (A) (6 =160°)
Quartz 2.66 1010 8.350 6.25 x 1075 (D)
1011 6.592 123 x 10~* (D)
2023 2.750 ~1.5x 1073 (D)
2243 2.028 ~6x 107° (D)
Topaz 3.49-3.57 303 2.712 (40°) 6 x 10~ > (D)
040 4.40
400 2.3246 (43°) 1x 107° (D)
200 4.64
Calcite 2.710 211 6.083 1.62 x 1074 (D)
Silicon 2.33 111 6.284 1.2 x 1074 (D)
220 3.840 8 x 1073 (D)
200 544169
Germanium 5.33 111 6.545
220 4.000 2.3 x 10~* (D)
200 5.668 97
Beryl (golden) 2.66 1010 15.9549 ~6x 1075 (D)
Sylvite 1.99 200 6.292
Halite 2.164 200 5.641
KBr 2.756 200 6.584
Fluorite 3.18 111 6.306
200 5.4744
Aluminum 2.699 200 4.057
111 4.676
LiF 2.64 420 1.80
200 4.027 1074-3x 1074
(D)
220 2.848
Graphite 2.21 002 6.708 1.52 x 1073 (S)
Mica 2.77-2.88 002 19.84 x2x1073(S)
Clinochlore 2.6-3.3 001 28.392
ADP 1.803 101 10.648 9.0 x 10-5 (S)
220 5.305 1.4 x 1073 (S)
200 7.50
EDDT 1.538 020 8.808 1.15x 1074 (S)
PET 1.39 002 8.742 22x 1074 (S)
SHA 1.3 110 13.98
KAP 1.636 001 26.5790 5% 1075 (S)
RAP 1.94 001 26.121 1.5x 1074 (S)
TIAP 27 001 25.7567 7.0 x 1074 (S)
CsAP 2.178 001 25.68
NH,AP 1.415 002 26.14 1.5x 1074 (S)
NaAP 1.504 002 26.42

D = double crystal; S = single crystal.
(Adapted from Burek, A., Space Sci. Inst., 2, 53, 1976.)
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Useful characteristic lines for X-ray spectroscopy

Wavelength (A) Energy (keV) Element Designation

1.54 8.04 Cu Ko, ,
1.66 7.47 Ni Ka, ,
1.94 6.40 Fe Ko, ,
2.29 5.41 Cr Ko, ,
2.75 4.51 Ti Koy 5
3.60 3.44 Sn La, ,
4.15 2.98 Ag La, ,
5.41 2.29 Mo La, ,
6.86 1.80 Sr Loy ,
7.13 1.74 Si Ko, ,
8.34 1.49 Al Ko, ,
8.99 1.38 Se La, ,
9.89 1.25 Mg Ka, ,
10.44 1.19 Ge La, ,
12.25 1.01 Zn Lo, ,
13.34 0.930 Cu La, ,
14.56 0.852 Ni La, ,
15.97 0.776 Co La, ,
17.59 0.705 Fe Lay ,
18.32 0.677 F Ka
19.45 0.637 Mn Lay ,
21.64 0.573 Cr La, ,
23.62 0.525 Q) Ka
27.42 0.452 Ti Loy ,
31.36 0.395 Ti Ll
31.60 0.392 N Ka
44.7 0.277 C Ka
58.4 0.212 w Ny Ny
64.38 0.193 Mo M
67.6 0.183 B Ka
82.1 0.151 Zr M

114 0.109 Be Ka

Grating spectroscopy
Concave grating equation:

+mA =d(sin o + sin f),

where m is the spectral order, d is the groove separation, « is the angle of
incidence, and f is the angle of diffraction. The negative sign applies when
the spectrum lies between the central image (x = f) and the tangent to the
grating (sometimes referred to as the ‘outside order’). When the spectrum
lies between the incident beam and the central image, the positive sign must
be used, and the spectrum is referred to as the ‘inside order’. The signs of a
and f are opposite when they lie on different sides of the grating normal.
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Angular dispersion (a fixed):
% _om
dA dcosp’

Plate factor:

dl dcosp dA cos f

—~ = , ——=———x10* Amm™!
di~ mR ° Al mR(ijd) mm
where R is in meters, 1/d is the number of lines mm ~!, and [ is the distance
along the Rowland circle.

2

Grating (radius R)

Rowland circle
(diam. R)

Grating normal

~ Outside
spectrum
Entrance 7 o pect
slit
Inside —
Plate holder spectrum

Optical layout of basic spectograph.

Grazing incidence spectrograph.

(Adapted from Samson, J., Techniques of Vacuum Ultraviolet Spectroscopy, John
Wiley and Sons, 1967.)
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Reflection of X-rays

vacuum

l
l
¢ =900, |
: _— reflected ray

incident
ray

NN N O Y N N N Y NXN boundary

solid n* (Ren* <ny)

In the X-ray band the complex refractive index n* is usually expressed as:
n*=(1-9)—ip,

with
1 [ e* \[Nyp
0=— —— |fiA*
2n (mec2>< A /i
and
1 [ e* \[Nyp
=_ O8N f42,

b 2n <mec2>< A >f

where
2
5 = . = the classical electron radius,

m.c

N, = Avogadro’s number,

p = density,

A = atomic weight,

A = wavelength of the incident radiation,

f; = real part of the atomic scattering factor, and

f, =1imaginary part of the atomic scattering factor.

©° E'?u,(E')dE’
f, = (nr.he) ™! j —=——+Z,
1 0 E2 _E'?

fo=3 (wrche) ™" En,,

where

Z = atomic number,

h = Planck’s constant,

¢ = velocity of light,

E = incident photon energy, and

U, = atomic photoabsorption cross-section.
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The atomic photoabsorption cross-section u, is related to the mass
absorption coefficient (1/p) or to the linear absorption coefficient u by:

(-

Numerically,

gem™?)

5=2.701 x 10~ 22 A S,

=2701x10-6 L& len )2y,

The reflection of X-rays by a perfectly smooth surface for an angle of
incidence 6, is given by the Fresnel equations:

a? + b? —2acos 0, + cos? 0,

a?+ b?+2acos 0, + cos? 6,

s —

for perpendicular polarization, and

R _R a® + b? —2a sin 6, tan 0, + sin? 0, tan? 0,
P 542 4+ b2 + 2gsin 6, tan 0, + sin? 6, tan2 6,

for parallel polarization, where

2a® = [(n* — B* —sin? 6)% + 4n?B?]*2 + (n* — B> —sin? 0,),
and
2b* =[(n* — p* —sin? 6)* + 4n2B?]"/? — (n® — B2 —sin? 0)),

withn=1-9.
Since the real part of the index of refraction is less than 1, near total
external reflection occurs at a grazing angle ¢, given by Snell’s law:

cosp.=1-9,
b~/ (20) for s<<l1.

Since f # 0, reflection is not total for ¢ < ¢, but is less than 1.
Away from an absorption edge,

Z .
5% 2.70 x 10"6<Ae>p (g cm~3) A%(A)

where Z, is the number of electrons associated with wavelengths greater
than 4. Z, = Z for 4 < 4, (K edge).

© Cambridge University Press e Provided by the NASA Astrophysics Data System



324

Calculated specular reflectivity of an ideal surface as a function of
normalized grazing angle ¢/¢, for various values of /5. (After
Hendrick, JOSA, 47, 165, 1957.)
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Optical constants at soft X-ray wavelengths

A (A) d x 10* B x 10*
NICKEL
1.25% 0.17 0.02
2.07 0.42 0.01
5.0t 2.85 0.4
834 - 591+0.17 1.9+0.2
9.89 8.00 +0.20 32403
10.44 8.70 £0.20 44+04
12.25 8.85+0.21 53405
13.34 10.20 +0.22 72407
14.56 1.37+0.08 9.6+ 1.0
15.97 12.30 +0.20 2.1402
17.59 17.50 + 0.30 28+0.3
19.4 21.70 +0.30 3.7+04
21.64 30.50 + 0.40 6.1+ 0.6
23.62 33.30 +0.40 73407
24.78 39.40 + 0.44 9.1+0.9
27.42 47.30 + 0.48 100+ 1.0
31.36 60.00 + 0.50 150+ 1.5
41.3% 120.0 51.3
47.7% 148.6 76.5
GOLD
1.25% 0.28 0.02
2.0% 0.77 0.1
5.0% 2.94 2.4
8.34 9.15+0.21 3.1+0.3
9.89 11.50 +0.24 4.4+0.4
12.254 18.00 + 0.30 9.4+09
13.34 21.20 +0.30 123+12
14.56 24.10 + 0.30 157+ 1.6
15.97 26.60 + 0.40 186+ 19
17.59 29.20 + 0.40 234+23
19.45 33.50 + 0.40 268 +2.7
21.64 34.80 + 0.40 285429
23.62 37.60 + 0.40 37.6+3.8
24.78 40.00 + 0.40 56.0+ 5.6
27.42 40.80 + 0.50 61.0+6.0
31.36 47.50 + 0.50 61.5+6.2
44.7 58.00 +0.30 580+5.9
67.6 136.00 + 1.0 102.0+ 10.5

t 6 and B are calculated for these wavelengths.

n* = (1 —96) —ip, complex refractive index.

(Adapted from Ershov, O. A., Optical Spectroscopy, 22,66, 1967; Lukirskii, A. P. et
al., Optical Spectroscopy, 16, 168, 1964.)
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Reflectivity vs. wavelength (energy) for various grazing angles and
materials

(Courtesy of M. Hettrick, Lawrence Berkeley Laboratory, Berkeley, CA.)
Whenever possible, direct measurements should be made of grazing
incidence reflectivity in the X-ray region because of uncertainties in the
optical constants.
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Reflectivity versus wavelength for various materials and grazing
angles. (Adapted from Giacconi, R. et al., Space Science Review, 9, 3,
1969.)
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Wolter type I mirror system

l—~LH——~—Lp—-—1
HYPERBOLOID

l o ===
Z2"T INCIDENT

24 TPARAXIAL
RADIATION

PARABOLOID

FOCAL
SURFACE

The equations for a paraboloid and hyperboloid which are concentric and
confocal can be written as:

r2=P?+2PZ + [4¢*Pd/(e* — 1)] (paraboloid),
re=e*d+2)*-27* (hyperboloid).

The origin is at the focus for axial rays, Z is the coordinate along the axis
of symmetry, and r is the radius of the surface at Z.

RMS blur circle radius:

(¢+1) tan®0 (L,
10 tana \Z,

) +4tan Otan®« radians

and
¢ =o' fogf
(o and og¥ are the grazing angles between the two surfaces and the
path of an axial ray that strikes at an infinitesimal distance from
the intersection).

For most telescope designs: & = 1.

@ =4 tan~!(ro/Zo) = 3@} +af),

0 = angle between incident rays and optical axis.
Geometrical collecting area:

A=~ 2mnryL,tana.
Effective collecting area:

Ao, E)~ AR*(a, E) ~ 8nZ,L,R*(a, E)o?,

where R is the Fresnel reflectivity at energy E and mean grazing angle «.

(Adapted from Van Speybroeck, L. & Chase, R., 4p. Opt. 11, 440, 1972.)
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Vacuum technology

Vacuum nomograph. (Adapted from Roth, A., Vacuum Technology,
North-Holland Pub. Co., 1976.)
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Pumping speed of an aperture of area A:

dv

T A(em?),/[1.32 x 10"T(K)/mol. wt.] cm? s~ !.

Kinetic theory of gases

Mean free path, 4 = 1/,/2nno>

viscosity, n = pvi/3

heat conductivity, K = rc,e,

mean speed, 7 = /[2.1x 10T (K)/mol. wt.] cms™!,

where

3

b

n =number of molecules cm™
p = gas density in gcm ™3,

o = mol. diameter,

¢, = specific heat capacity at constant volume,

¢=2.5 and 1.9 for monatomic and diatomic gas, respectively.
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Equivalents for various cryogenic fluids

Boiling Weight  Ft? at Liquid Liquid  Heat of
point at in 70°F and liters gallons  vapor.
Fluid latm pounds latm atbp. atb.p. (Btu)
Nitrogen —3204F 1 13.81 0.5618 0.1484 85.2
—1958C 0.0724 1 0.0407 0.0108 6.168
773K 1.780 24.58 1 0.2642 1517
6.738 92.94 3.785 1 574.1
Helium —452.1F 1 96.8 3.628 0.9585 8.8
—-268.9C 0.0103 1 0.375 0.0099 0.0906
42K 0.2756 26.68 1 0.2642 2425
1.043 101.0 3.785 1 9.178
Oxygen —2974F 1 1209  0.3973 0.1050 91.7
—183.0C 0.827 1 0.0329 0.0087 7.584
90.1K 2.517 30.43 1 0.2642 230.8
9.527 1152 3.785 1 873.6
Hydrogen @ —4232F 1 192.3 6.481 1.712 193
—-2529C 0.0052 1 0.0337 0.0089 1.004
202K 0.1543 29.67 1 0.2642 29.78
0.5841 1123 3.785 1 112.7
Argon —302.6 F 1 9.680 0.3235 0.0855 70.2
—1859C 0.1033 1 0.0334  0.0088 7.251
872K 3.091 29.92 1 02642 2170
11.70 113.3 3.785 1 821.3

Optical point spread function

The irradiance distribution of the monochromatic image of a point object,
h,(x, y; a, B), s called the point spread function (PSF) of an optical system.
x and y are the coordinates of the image points and o and f are the
coordinates of the ideal image of the object (a point). If f,(x, y) is the ideal
image of an extended monochromatic object, the image produced by the
optical system is given by:

e = | oo e aa,

In some cases, the optical system is shift-invariant (at least, over a restricted

field):

hi(xa ysa, ﬁ) = Kl(x -,y — ﬁ)’
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and the above integral can be written as a convolution:

g.(x,y) = J‘J\_‘D K;(x; —a,y—B)fi(a, f)dadp.

In general, for optical systems, the PSF is wavelength dependent, shift-
varying, and asymmetric. Over a restricted field, say within a few arc
minutes of the optical axis, it is approximately shift-invariant and
symmetric and it is possible to simplify the deconvolution of an image and
use Fourier transforms.

In the following discussion we will consider the PSF to be shift invariant
and symmetric and will drop the 4 subscript.

The PSF is the function that completely characterizes the imaging
properties of an optical system. Several useful functions and quantities can
be derived from it:

The line spread function

A(x) = JOO K(x,y)dy (K(x,y) is the PSF)

-
represents the intensity distribution for a line object.

The edge trace

I(x,) = j A dx

—

represents the intensity distribution for a knife edge object.

The modulation transfer function (MTF)
This represents the response of an optical system to an object with a
sinusoidally varying radiance G of spatial frequency v:
M;(v)
MTF(V) = m N
where M; and M, are the modulation of the image and object, respectively.
The modulation is given by:

Mi or o(v) = (

max —min\ . .

—> image or object.

max + min

Since the radiance of the object (image) varies sinusoidally, we can write:
G,(x)=a, + b, sin 27vx,

Gi(x)=a; + b;sin 27tvx.

Then
_ (ao + bo) - (ao - bo) _ bo

- (ao+bo) + (ao —bo) —ao

o b
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_(ai+b)—(a—b) b
_(ai+bi)+(ai_bi) _ai’
and the modulation transfer function,

MTF = (bi/a;)

(bo/a,)’

The MTF is also given by the absolute value of the Fourier transform of the
line spread function:

i

MTEF(v) = J A(x)e 2™ dx.

The full-width-half-maximum (FWHM) of a rotationally symmetric PSF is
the width of the function at half its peak value. If K(x, y) = K(r), where r is
the radial coordinate in the image plane, and the radius r, is such that:

K(ro)=3K(0) (half the peak value of the PSF),
then
FWHM =2r,; ry = half-width,
or half-width-half-maximum (HWHM).
The root mean square (rms) radius{r) is defined by:
o r2K(r)rdr

= Korar

The encircled energy function E(r), the fraction of the total imaged
photons that are within a circle of radius r, is given by:

JYK(r)r dr

0

jw K(r)r dr.

0

E(r)=

The radius of the circle which contains 509, of the imaged photons, the
half-power radius, r, , is defined by:

J - K(r)rdr

E(ry;2)=0.50 = 2>

[‘00 K(r)rdr |

-0

In order to complete the discussion of the point spread function, we give
here the various functions and parameters derived from a Gaussian point
spread since this can be a useful description of the inner core of the PSF.
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The form of the radial symmetric Gaussian is given as:
PSF = Ce™"/2%,

where C and ¢ are arbitrary constants. We have derived the following
functions and quantities:

the line spread function,
A(x) = Cay/(2n)e ™1,

the edge trace,
J/@n)
I(xo) = Co~——(1+ erf(xo/0./2))
where erf(z) is the error function,

the modulation transfer function,
M(v) = Ce” ™9 and

the encircled energy,
E()=1—¢ "2

The table below gives the relations between the FWHM, the rms radius,
and the half-power radius for the Gaussian spread function.

PARAMETERS FOR THE GAUSSIAN SPREAD FUNCTION

Full width Half power

half maximum radius
Spread function rms radius <{r) (FWHM) i
Ce™r2 a\/2 2360 1.18¢

Point spread function for a circular aperture (diffraction by a circular
aperture)

If the transmission of the system is uniform over the (circular) aperture and
the system is aberration-free, the illuminance distribution in the image
becomes:

Py, 2= (EYR[M (m)]z,
y) m

where NA is the numerical aperture of the system, J, is the first-order
Bessel function:

/2)3 2)°

P, is the total power in the point image, and m is the normalized radial
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Point spread function for a circular aperture (diffraction by a circular
aperture) (cont.)

coordinate:

2 2
m=7nNA(y2+zz)”2=7nNA-s.

The fraction of the total power falling within a radial distance s, of the
center of the pattern is given by 1—J3(my) —J%(m,), where J, is the
zero-order Bessel function:
x\* | (/2% (x/2)°
Jolx)=1 _<5> T Tyt

Fraunhofer diffraction at a rectangular aperture (a) and at a circular
aperture (b). (Adapted from Born, M. & Wolf, E., Principles of Optics,
Pergamon Press, 1984.)
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Optical telescopes

Configurations of optical telescopes. (Adapted from Sinnott, R. W,
Sky and Telescope, July 1980.)

R

Newtonian

e

Ritchey-Chretien

Schmiat—Casseg rain

=

Spot Maksutov

AV
’\i’ -
4; Refractor

Concentric Schmidt-Cassegrain
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Optical telescopes (cont.)

Focus configurations for optical telescopes. (Adapted from Survey of
Catadioptric Optical Systems, J. B. Galligan, ed., Itek Corporation,
1966.)

Primary mirror ~

Focus position ’]
) /

Prime Focus

Focus position

Primary mirror
N l

i 4
| /

Secondary mirror

Cassegrain Focus

Focus position

Newtonian Focus

Focus position

i

Secondary m%ﬂ‘ Primary mirror
4+ N A 2
Folding ME%ZI

Coudé Focus
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Photometry

Spectral luminous efficiency. Relative luminosity values for photopic and
scotopic vision

Photopic V(1) Scotopic V(4)
Wavelength (nm) (B>3cdm™?) (B(3x10"%cdm™?)
350 — 0.0003
360 — 0.0008
370 — : 0.0022
380 0.000 04 0.0055
390 0.000 12 0.0127
400 0.0004 0.0270
410 0.0012 0.0530
420 0.0040 0.0950
430 0.0116 0.157
440 0.023 0.239
450 0.038 0.339
460 0.060 0.456
470 0.091 0.576
480 0.139 0.713
490 0.208 0.842
500 0.323 0.948
510 0.503 0.999
520 0.710 0.953
530 0.862 0.849
540 0.954 0.697
550 0.995 0.531
560 0.995 0.365
570 0.952 0.243
580 0.870 0.155
590 0.757 0.0942
600 0.631 0.0561
610 0.503 0.0324
620 0.381 0.0188
630 0.265 0.0105
640 0.175 0.0058
650 0.107 0.0032
660 0.061 0.0017
670 0.032 0.0009
680 0.017 0.0005
690 0.0082 0.0002
700 0.0041 0.0001
710 0.0021 -
720 0.00105 —
730 0.000 52 —
740 0.000 25 —
750 0.000 12 —
760 0.000 06 —
77N [ANATATANA Y]
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K(4), spectral luminous efficacy for
scotopic and photopic vision.
Scotopic:

max K =K(511nm)= 1746 Im W',
Photopic:

max K = K(555nm) = 680In W !
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Summary of typical sources/parameters for the most commonly used
radiant energy sources

DC
input Arc Luminous Luminous Average
power dimensions flux efficiency  luminance
Lamp type (watts) (mm) (Im)+ (ImW~™1)  (cdmm™2)
Mercury short
arc (high
pressure) 200 25x 1.8 9500 47.5 250
Xenon short
arc 150 1.3x 1.0 3200 21 300
Xenon short 20000 125x 6 1150000 57 3000
arc (in 3 mm
x 6 mm)
Zirconium arc 100 1.5 (diam.) 250 2.5 100
Vortex-stabilized
argon arc 24 800 3x 10 422000 17 1400
Tungsten 10 — 79 79 10
light { 100 — 1630 16.3 to
bulbs 1000 — 21500 215 25
Fluorescent
lamp standard
warm white 40 — 2560 64 —
Carbon arc,
non-rotating 2000 ~5x5 36800 184 175 to
rotating 15800 ~8x8 350000 22.2 800
Deuterium 40 1.0 (diam.) (Nominal irradiance at 250 nm at
lamp 30cm=0.2uWcem~2nm™)

T Luminous flux @ in lumens from a source of total radiant power W(A) watts per
unit wavelength:

@ = 680 f C Wy vaydi,
0

where V(1) represents the spectral luminous efficiency.

Conversion table for various photometric units

Luminous intensity (I) -

1 candela (cd) = 1lumen/steradian (Im sr~1)

Luminous flux (@) [lumen (Im)]

4n lumens = total flux from uniform point source of 1candela
Illuminance (E)

1 footcandle (fc) = 1 lumen foot ™2
1 lux (Ix) =1 lumen m~2 = 0.0929 footcandle
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Luminance (L)
1 footlambert (fL) = 1/n candela foot ~ 2.
1 nit (nt) = 1candelam ™2 =0.2919 footlambert

Luminance values for various sources

Luminance Luminance

Source (fL) (cdm™?)
Sun, as observed from Earth’s surface at meridian 4.7 x 108 1.6 x 10°
Moon, bright spot, as observed from Earth’s surface 730 2500
Clear blue sky 2300 7900
Lightning flash 2 x 10'° 7 x 101°
Atomic fission bomb, 0.1 ms after firing, 90-ft

diameter ball 6 x 101 2 x 102
Tungsten filament lamp, gas-filled, 16Im W™! 2.6 x 10° 9 x 10°
Plain carbon arc, positive crater 4.7 x 10° 1.6 x 107
Fluorescent lamp, T-12 bulb, cool white, 430 mA,

medium loading 2000 7000
Color television screen, average brightness 50 170

Typical values of natural scene illuminance

Approximate levels of

Sky condition illuminance (lux)
Direct sunlight 1-1.3 x 10°
Full daylight (not direct sunlight) 1-2 x 10*
Overcast day 103

Very dark day 102
Twilight 10

Deep twilight 1

Full moon 1071
Quarter moon 1072
Moonless, clear night sky 10°3
Moonless, overcast night sky 1074
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Natural illuminance on the Earth for the hours immediately before
and after sunset with a clear sky and no moon

10°

10°

10* ™,

10°

102

10

//

ILLUMINANCE (lux)

-
<
/

1072 \
1073

10°*

-4 -3 -2 4 0 1 2 3
HOURS BEFORE AND AFTER SUNSET
Radiant responsivity
Calculation of radiant responsivity from luminous responsivity for
photocathodes:

The response of a photocathode (in amperes) to the total radiation W(4)
watts per unit wavelength is:

f GR(A)W(A) dA,

where the relative spectral response of the photocathode is R(4) (R,,, = 1)
and o is the absolute radiant response at the peak of the response curve
(amperes per watt). The light flux (in lumens) is given by:

680 f V() W(2)d4,

where V(2) is the spectral luminous efficiency. The luminous responsivity of
the photocathode in amperes per lumen is then given by:

o | R(A (A)dA
630 [ V(A W(a)da
and, therefore,
_ 680S V()W) da
[R(AYW(2)dA

ter .in_th ecedm CCth da T om, R.
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Detectors

Visible and ultraviolet light detectors

Photodiode
Schematics of photodiodes (a) sealed with semi-transparent
photocathode, (b) open (or sealed) with opaque photocathode. (From

Timothy, J. G. & Madden, R. P. in Handbook on Synchrotron
Radiation, E. Koch, ed., North-Holland Publishing Co., 1983, with

permission.)

Window
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«— Guard ring
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= K photocathode
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Quantum efficiencies of opaque Cs,Te and Csl photocathodes. (From
Timothy, J. G. & Madden, R. P., op. cit.)
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Quantum efficiencies of transfer standard detectors available from
NBS. (From Timothy, J. G. & Madden, R. P., op. cit.)
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Image intensifiers

Generation I electrostatically focused image intensifier. (Reproduced
with permission of the publisher, Howard W. Sams & Co.,
Indianapolis, Image Tubes, by Illes P. Csorba,© 1985.)
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INTENSIFIED IMAGE

The electrostatic image-inverting generation II image intensifier
employs a microchannel plate (MCP). (From Csorba, 1. P., op. cit.)
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Typical voltage-divider arrangement for fast pulse response and high
peak current systems.

CATHODE FOCUSING ELECTRODE

ANODE

7\
DA
] W

Source and detector matching
The average power radiating from a light source is given by:

P=P, f W(A)dA,
0
where P, is the incident power in watts per unit wavelength at the peak of

the relative spectral radiation characteristic, W(A), which is normalized to
unity.

The resulting photocathode current I, when the light is incident on the
detector, is given by:

I, = oP, f " WO)R(M) A,
0

where o is the radiant sensitivity of the photocathode in amperes per watt at
the peak of the relative curve, and R(A) represents the relative
photocathode spectral response as a function of wavelength normalized to
unity at the peak.

J W(A)R(4)dA
I, =0P

r W(2)da
. .

The ratio of the dimensionless integrals can be defined as the matching
factor, M.

r W(A)R(2)dA
M="0°

J " wdi
0
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Typical photocathode spectral response characteristics (from RCA

Corp.)
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Short wavelength transmission limits of some UV window materials

0..5 /

Material Approximate limit (10 %, 2 mm thick)
LiF 1040 A

MgF, 1120

CaF, 1220

SrF, 1280

BaF, 1340

Al,O; (sapphire) 1410

SiO, (fused quartz) 1600
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UV fluorescent converters (wavelength shifters)

Sodium salicylate Diphenylstilbene
Tetraphenyl butadiene p-Terphenyl
Coronene Dimethyl POPOP
p-Quaterphenyl POPOP

X-ray and gamma-ray detectors
Detection principles — quantum efficiency
In general, the quantum efficiency, ¢(E), for an incident photon of energy E
is determined by the transmission of the detector window or any ‘dead
layer’ and by the absorption of the detector medium:

8( E) — e-(u/p)wpwtw(l — e—(u/p)dpdtd) ,

where (u/p),, and (u/p)4 are the mass absorption coefficients of the detector
window (or ‘dead layer’) and detector medium, respectively, p,, and p, are
the densities of the detector window (or ‘dead layer’) and detector medium,
respectively, and ¢, and ¢4 are the thicknesses of the detector window (or
‘dead layer’) and detector medium, respectively.

Detection principles — point source detection with X-ray telescopes
The fluctuation 6N in the number of counts from a point source of flux
density F photons cm ™2 s~1 keV ! is given by:
ONs = (AgAEFt + f2wB,AEt + A zwj, AEt)!/ 2,

where
A5 = effective area (cm?) of telescope including detector,
AE = energy interval (keV),
t = observing time (s),
f =focal length (cm) of telescope,
w = solid angle (sr) of picture element,
B, = internal background (ctcm~2s~ ! keV ~!) of detector,
jp = diffuse X-ray background (photons cm~2 s~ 1 keV ™1 sr71).

The background, both internal and from diffuse X-rays, is assumed to be
steady and well known. For a strong source, the signal-to-noise ratio
N;s/0Ng = (A4 AEFt)'/? is given by the fluctuations in the source only.

For a weak source, fluctuations in the background determine the signal-
to-noise ratio:
Ns (AsAEFt)/?
ONs B @'2(f2B;/ A+ jp)'/*
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Scintillation detector

Illustration representing a Nal scintillation detector showing sequence
of events producing output from electron multiplier and various
processes which contribute to response of detector to a gamma-ray -
source. (Adapted from Heath, R. L., Scintillation Spectrometry,
USAEC Report, IDO-16880, 1964.)
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CHANNEL NUMBER
A typical pulse-height spectrum obtained with a
Nal(Tl) spectrometer, illustrating the energy response
of inorganic scintillators. The scale of the abscissa is
1 keV per channel.
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Gas proportional counter

lonising event

/
:@]% 3888.-

L

Vo
Since a proportional counter has internal gain, the system noise can be
neglected and the energy resolution is:
(AE)pwum =2.35[(F + f)WE]Y? eV,
where
E = energy deposited in counter (eV),
F = Fano factor,
S = a factor to account for variance in the gas gain,
W = mean energy to form an ion pair (eV).

As an example, for methane gas:

F=0.26
f=0.75
W =27eV,

so that for a proportional counter:

———— =26FEY? (with E in keV).
(AE) pwium ( :

Total number of ion pairs collected in a gas-filled chamber as a
function of the voltage across electrodes of the chamber.

10
T Geiger-Mueller

L region
limited \
10} proportionality

10 continuous
f——— discharge
8 recombination
107 ionization
chamber
proportional
region
108} %9

S

o
)

RELATIVE NUMBER OF ION PAIRS COLLECTED

1o° 1 1 1 ]
VOLTAGE BETWEEN ELECTRODES
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Position sensitive gas proportional detector

Readout system of detector. Incident photon is absorbed at point a;
_electrons drift toward anode—cathode planes. An avalanche at the
anode (A) gives rise to pulse distributions at the cathodes (K and
K ). The position (X, Y) is obtained by analog summation and
division. (Adapted from Bade, E. et al., Nucl. Inst. and Meth., 201,

193, 1982.)

Y= ] ]
£V,

Typical performance
Spatial resolution:

0.25mm (FWHM) at 1keV.
Energy resolution:
E

(AE) FWHM
Format:

=22E'Y? (with E in keV).

10cm x 10 cm.

The solid-state detector
(AE)ewim = 2.35[(n0)* + (FRE)]"'? eV,
where
n = conversion factor (Si: 3.6 eV per electron—hole pair; Ge: 2.9eV

per electron—hole pair),

o = detector rms noise (electrons),

F = Fano factor (Si: 0.14; Ge: 0.13),
E = photon or particle energy (eV).
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Schematic diagram of a solid state detector. (Adapted from Enge, H.,
Introduction to Nuclear Physics, Addison-Wesley, 1966.)

Particle
\
\

\ . - .
\\ Gold N-type silicon Signal

o]

Charge-coupled device (CCD)

(Front-side illuminated)

X-rays

ONE PIXEL U

WIDTH

MOS capacitor
Metal electrode | . Dielectric Si0,

0 ¢ b3y 01! 02 /O3 Oy
ST SSS S SSOUARSSY. ST )
VS . ///ll’//// YA/ IAIIS,

Charge \EH N\ )
transfer Surface potential

at Si/Si0O; interface
Silicon substrate

f

X-rays

{(Back-side illuminated)

(AE)pwam = 2-35[(710')2 + (nigt)* + nFE]Y2 keV,
where

iy = dark current (electrons s 1),
o = rms readout noise (electrons),
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n =mean energy required to produce one electron-hole pair
(0.0036 keV for silicon),

t = integration time (s),

F = Fano factor (~ 0.15),

E = energy of incident photon (keV).

Expected quantum efficiency (defined as the probability that an
incident X-ray photon is detected as an ‘event’) vs. energy. The
calculations consider only the interactions of X-rays in Si, for two
hypothetical CCD’s whose dead-layer and substrate thicknesses are
separately within the range spanned by real devices. There will be a
low energy cutoff (not shown) depending on the minimum signal
which can be discriminated against the system noise.

T T 1T T TTTT] T T T 7 T17
Si ABSORPTION EDGE 1.84 keV
10 ol
C ST N
o5l i ]
> .
5 F /0 i
wor / -
S [ :
& ~ J. ]
i /
2 /!
E 0.10~:— o _::
b B B! A ]
8 0.05F [ *Device Dead Layer Substrate
r , A 0.5 micronSi 200 micron Si7
- ) <« B 0.25 micron Si 30 micron Si A
IR il
0.01 Lo v 1! |
0.1 05 1.0 5 10

E (keV)

Microchannel plate detector
Typical performance
Spatial resolution:

20-30 um (FWHM).
Quantum efficiency:

259 at 1.5keV (Csl photocathode).
Format:

25-100 mm in diameter.
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Schematic diagram of a microchannel plate detector.
(Adapted from Behr, A. in Landolt-Bornstein, subvol. 2a, Springer-
Verlag, 1981.)

ref«*1 mm ,“___’

Burst of

:LI B5% secondary
Lo Inlputt A electrons
electron >
P//*' Nichrome contact
glass fibre
Microchannel 4‘ r Individual

plate microchannel
Incident — < Multiplied
X-rays ——electron
l-— - output

Nichrome film
contact

Gain control
(max voltage 1 kV)

Properties of common X-ray detectors

Energy AE/E® Dead Maximum
range at 5.9keV  time/event count rate
Detector (keV) (%) (us) (s™Y)
Geiger counter 3-50 none 200 104
Gas ionization in
current mode 0.2-50 n/a n/a 1011 ®
Gas proportional 0.2-50 15 0.2 10°
Multiwire proportional ~ 3-50 20 0.2 10°/anode
chamber wire
Scintillation
[Nal(T1)] 3-10000 40 0.25 10°
Semiconductor
[Si(Li)] 1-60 30 4-30 5x 10*
Semiconductor (Ge) 1-10 000 3.0 4-40 5x 104
@ FWHM.
® Maximum count rate density is limited by space-charge effects to around 10!

photons s"!em 3.

(From Thompson, A. C. in X-ray Data Booklet, Lawrence Berkeley Laboratory,
University of California, 1986.)
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Ionization and excitation data for a number of gases

First Second First Principal
ionization ionization excited emission
Atomic potential  potential  state wavelengths
Gas number  (eV) (eV) (eV) A)

He 2 24 48 54.40 20.9 584
19.8 meta 3888
5875
Ne 10 21.56 41.07 16.68 734

16.53 meta 743
16.62 meta 5400
5832
5852
6402
Ar 18 15.76 27.62 11.56 1048
11.49 meta 1066
11.66 meta 6965
7067
7503
8115
Kr 36 14.00 24.56 9.98 1236
9.86 meta 5570
10.51 meta 5870
Xe 54 12.13 212 8.39 1296
8.28 meta 1470
94 meta 4501

4624
4671

H 1 13.60 102 1215
4861
6562

N 7 14.53 29.59 6.3 1200
4110

o) 8 13.61 35.11 9.1 1302
7771

H, 154 112

N, 15.8 6.1

0, 12.5

I, 9.0 19 1782
2062

(Adapted from Rice-Evans, P., Spark, Streamer, Proportional and Drift Chambers,
The Richelieu Press, London, 1974.)
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Compton telescope for high energy gamma-rays

a) Configuration of a Compton telescope which relies on the detection
of scattered photons: S, scatterer; C, collector; A,, A,, anticoincidence
detectors. b) Basic configuration of a Compton telescope which relies
on the detection of secondary electrons. (Adapted from Hillier, R.,
Gamma Ray Astronomy, Clarendon Press, 1984.)

Y

(a) (b)

AL

|
v
|
|
|
|
i
|

Spark chamber telescope for high energy gamma rays

Diagram showing the basic design of a spark chamber with plates (S),
anticoincidence shield (A), and triggering detectors (C, and C,).
(Adapted from Hillier, R., Gamma Ray Astronomy, Clarendon Press,
1984.)

Y
!
'
I
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Microcomputer topics

ASCII character code
This chart shows the ASCII character set and corresponding code
numbers, in decimal, hexadecimal and binary form.

Decimal Binary Hexadecimal ASCII character

0 00000000 00 (NUL)

1 00000001 01 (SOH)

2 00000010 02 (STX)

3 00000011 03 (ETX)

4 00000100 04 (EOT)

5 00000101 05 (ENQ)

6 00000110 06 (ACK)

7 00000111 07 (BEL)

8 00001000 08 (BS)

9 00001001 09 (HT)
10 00001010 0A (LF)
11 00001011 0B (VT)
12 00001100 0C (FF)
13 00001101 0D (CR)
14 00001110 0E (SO)
15 00001111 OF (SI)

16 00010000 10 (DLE)
17 00010001 11 (DC1)
18 00010010 12 (DC2)
19 00010011 13 (DC3)
20 00010100 14 (DC4)
21 00010101 15 (NAK)
22 00010110 16 (SYN)
23 00010111 17 (ETB)
24 00011000 18 (CAN)
25 00011001 19 (EM)
26 00011010 1A (SUB)
27 00011011 1B (ESC)
28 00011100 1C (FS)
29 00011101 1D , (GS)
30 00011110 1E (RS)
31 00011111 1F (Us)
32 00100000 20 (SP)
33 00100001 21 !
34 00100010 22 "
35 00100011 23 #
36 00100100 24 $
37 00100101 25 %
38 00100110 26 Et
39 00100111 27 ’
40 00101000 28 (
41 00101001 29 )
42 00101010 2A *
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ASCHI charac:ter code (cont.)

Decimal Binary Hexadecimal ASCII character
43 00101011 2B +
44 00101100 2C ,
45 , 00101101 2D -
46 00101110 2E .
47 00101111 2F /
48 00110000 30 0
49 00110001 31 |
50 00110010 32 2
51 00110011 33 3
52 00110100 34 4
53 00110101 35 5
54 00110110 36 6
55 00110111 37 7
56 00111000 38 8
57 00111001 39 9
58 00111010 3A :
59 00111011 3B ;
60 00111100 3C <
61 00111101 3D =
62 00111110 3E >
63 00111111 3F ?
64 01000000 40 @
65 01000001 41 A
66 01000010 42 B
67 01000011 43 C
68 01000100 44 D
69 01000101 45 E
70 01000110 46 F
71 01000111 47 G
72 01001000 48 H
73 01001001 49 I
74 01001010 4A J
75 01001011 4B K
76 01001100 - 4C L
77 01001101 4D M
78 01001110 4E N
79 01001111 4F 0]
80 01010000 50 P
81 01010001 51 Q
82 01010010 52 R
83 01010011 53 S
84 01010100 54 T
85 01010101 55 U
86 01010110 56 A%
87 01010111 57 W
88 01011000 58 X
89 01011001 59 Y
90 01011010 5A V4
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ASCII character code (cont.)

Decimal Binary Hexadecimal ASCII character
91 01011011 5B [
92 01011100 5C \
93 01011101 5D ]
94 01011110 SE A
95 01011111 SF —
96 01100000 60 ¢
97 01100001 T 61 a
98 01100010 62 b
99 01100011 63 c

100 01100100 _ 64 d

101 01100101 65 e

102 01100110 66 f

103 01100111 67 g

104 01101000 68 h

105 01101001 69 i

106 01101010 6A j

107 01101011 6B k

108 01101100 6C 1
109 01101101 6D m
110 01101110 6E n
111 01101111 6F 0
112 01110000 70 p
113 01110001 71 q
114 01110010 72 r
115 01110011 73 s
116 01110100 74 t
117 01110101 75 u
118 01110110 76 \
119 01110111 77 w
120 01111000 78 X
121 01111001 79 y
122 01111010 TA z
123 01111011 7B {
124 01111100 7C |
125 01111101 7D }

126 01111110 7E ~

127 o1111111 7F (DEL)

128 10000000 80

129 10000001 81

130 10000010 82

131 10000011 83

132 10000100 84

133 10000101 85

134 10000110 86

135 10000111 87

136 10001000 88

137 10001001 89

138 10001010 8A
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ASCII character code (cont.)

Decimal Binary Hexadecimal ASCII character
139 10001011 8B
140 10001100 8C
141 10001101 8D
142 10001110 8E
143 10001111 8F
144 10010000 90
145 10010001 91
146 10010010 92
147 10010011 93
148 10010100 94
149 10010101 95
150 10010110 96
151 10010111 97
152 10011000 98
153 10011001 99
154 10011010 9A
155 10011011 9B
156 10011100 9C
157 10011101 9D

Boolean algebra

A=
AA=
A+ A=A
Ax0=0
A+0=4
Ax1=A4
A+1=1
Ax A=0
A+ A=1
AB= BA Commutative law for multiplication
A+B=B+ A Commutative law for addition
(AB)C = A(BC) Associative law for multiplication
A+ (B+C)=(A+ B)+ C Associative law for addition
AB+ C)=AB+ AC Left distributive law
(B+C)A=BA+CA Right distributive law

A+ B=AB

SN

B A+B }De Morgan’s laws
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AB+ AB=A
A+ AB=A
(A+ B)B= AB

(A+B)YA+B)=4
(A+B)(A+C)=A+BC

AA+B) =4
AB+B=A+B
AB+ AB=A®B Exclusive OR

Logic gates

Summary of the elementary positive and negative logic gates. (The
positive logic gates in the left column are equivalent to the
corresponding negative gates in the right column.)

i
;

OR Negative AND

;
;

AND Negative OR

7
(Lé

NOR Negative NAND

;
v

NAND Negative NOR

Positive logic Negative logic
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Parallel interface

Centronics interface connector pinouts as they appear on the IBM
PC’s 25-pin D-shell connector. The pin connections on the printer end
are the sarhe for lines 1-14 and 19-25 but differ somewhat on the
other lines, since a 36-pin connector is used there. (From Sargent, M.
& Shoemaker, R., The IBM PC from the Inside Out, Addison-Wesley,
1986, with permission.)

Signal Adapter
Name Pin Number

- Strobe 1
+Data Bit O 2
+Data Bit 1 3
+Data Bit 2 4

___ +Data Bit 3 5
+Data Bit 4 6
+Data Bit § 7

~_ +Dsta Bit 6 8

Printer +Data Bit 7 9 Printer
- Acknowledge 10 Adapter
+Busy 1
+P.End (out of paper) 12
+Select 13
- Auto Feed 14
-Error 15
- Initialize Printer 16
- Select Input 17
Ground 18-25
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IEEE 488 interface

Example of an IEEE 488 interface bus (GPIB) configuration. (Intel

Corp.)
4/\
A
DEVICE A <r
ABLE TO
TALK, LISTEN,
5N - DATA BUS
CONTROL
{e.g calculator)
A
DEVICE 8 (r
ABLE TO
TALX AND
LISTEN
(e g digtal DATA BYTE
muitimeter) TRANSFER
T CONTROL
f
DEVICE C <
ONLY ABLE
TO LISTEN
(.9 ugnal GENERAL
» ! INTERFACE
L MANAGEMENT
d D-
DEVICE D <
ONLY ABLE
TO TALK
{e.g. counter)
}ouo 1
DAV
NRFD
NDAC
\FC
ATN
SRQ
REN
€01

DAV data valid

NRFD not ready for data
NDAC not data accepted
IFC interface clear
ATN attention

SRQ service request
REN remote unable
EOI end or indentify
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Data transmission

Data transmission nomogram.
Transmission time (s) = size (bytes)/data rate (byte s~ 1)
(1 byte =8 bits; T1 and T3 are telephone transmission standards.)
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Color S .. E i
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1 B &W Screen )
E 4 - =— | Hour
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3} Mail
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