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9. SUMMARY

X-ray spectra of diagnostic x-ray machines and of a standards dosimetry
x-ray machine can be measured using a high purity germanium based
spectrometry system, provided the photon flux rate is not too high.
Measured pulse height spectra are then unfolded to correct for the detector
response function. Because of count rate limitations, direct measurement
of diagnostic spectra is limited to fluoroscopy, mammography and some low
kV, low mA radiography. Direct measurement of primary radiographic x-ray
spectra at typical settings cannot be performed. A limited amount of
filter may be added to some beams to reduce the count rate during the
measurement, and corrected for later. In high flux situations indirect

methods will need to be developed to enable the measurement of incident

spectra.
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APPENDIX A, MODELLING THE COMPTON CONTINUUM

When a Compton scattered photon is lost from the detector element, the energy

of the incident photon is "miscounted". Because the scattered photon can

have a range of energies there is also a range of energies (the Compton

continuum) to which the incident photon can mistakenly be assigned. It is

therefore
Seelentag
represent
the model
number of
model has

4.,5) with

necessary to model this continuum to correct for these miscounts.
and Panzer(12) proposed a model, illustrated in Figure Al, to

the continuum as a rectangle plus two triangles. Parameters for
are the Compton edge energy E., and a parameter h, which equals the
counts per keV in the Compton continuum per incident photon. This
been used in correcting for the Compton interaction (see section -

the detector element.

Figure Al The model of the Compton continuum used in the unfolding routine

described in Section 5.

AN
-t
©
>
-
S 3h/2
<
o
>
o
S
@
& n;
i

g b T T
Q. i |
2 b
c ! 1
o p
+ I
%. h/2 | l '
o T — W
> i
T l !
S 1 { i
I by

[

t 1 i i ) A
¥ 1 kil
Ec/3 Ec 4E./3

Energy

Consider Figure Al. Let w be the width in keV for each channel being used

to describe the continuum, and ng the counts in the ith channel. Then if

f.(E) is the Compton fraction at energy E, and S(E) is the true number of

counts at energy E, then
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£n; = f£.(E)S(E) (1)

i

By adding the two triangles together, the continuum is effectively comprised

of two rectangles, one 3h/2 high by E_ /3 wide, and the other, h by 2E./3.

Total number of counts in these two rectangles is,

E~./3 2E./3
total number of counts = I n; = 3h . = + . <

i 2 w w

_ 7E.h (2)
6w

Equating 1 and 2 gives:
Ll f®
= 7B jew © S(B)

or if the units of h are changed to Compton fraction per channel per incident

photon, then

£ (E)
7E_ /6

For use in the unfolding routine (see section 5) a look-up table of h per
unit channel width is stored on hard disk at 1 keV steps. The value of w
is incorporated in the unfolding routine. Hence for a given energy E, the
Compton continuum is generated using the model with the parameters h, w, and

E..
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APPENDIX B. COMPUTER LISTING OF THE UNFOLDING ROUTINE

The following is written in NorthStar BASIC.

10 REH B o O OO R KR KR XK KKk

20 REM Xxx SPECSTRIP 8/83 b
30 REM #¥x STRIPPING ROUTINE 7O CORRECT COMPACTED SPECTRA ORTAINED 1%
40 REM ¥x% BY RUNNING COMPACT, x
30 REM ¥xx USER SPECIFIES MAX. ENERGY & ENERGY INTERVAL IN COMPACTED X
60 REM kkx SPECTRUM 1%

70 REM BROEOO kO KOOR R KR R ok
80 REM

90 E1$=CHR$(28)\E$=CHR$(27)\E24=CHR$(7}

100 DIM K(2),B(2),5(1000),C$(14),F$(14),G$(14),H$(14),538(14)

110 LINE $2,132

120 REM
130 REM i O R R KR RO Ak
140 REM xxx File Entry Etc. b4 ¢

150 REM XXXt kOO Ok
160 \! E14,"Do you wish to store the stripped spectrus on HDisk?*

170 I\} *Enter Y or N 'NININPUT * ! ', D8

180 IF D$="N" THEN 240

190 \! "Give the file name for the storage of the stripped spectrua *\!

200 INPUT * ¢ *,5%

210 IF FILE{5$)=-1 THEN 230

220 N1 ES, " XXX INAPPROPRIATE FILE MAME!!!!, TRY AGAINKXXX',E$,'K*\GOTC 190
230 CREATE 5%,20\DPEN #5,54

240 ! EI$\I\I"Name the file containing the compacted spectrum *\NI\INPUT® | ',
230 IF FILE(C$)=3 THEN 270

270 OPEN #4,C4

280 REM

PV R e e R eI bEER R eREebe ettt eivaviiitiiteoctsisteonsibossetittratesittstss
300 REM XXt Read Spectrum Parameters\ W1 = initial energy, KeV 34 4
310 REM 1k H = channel width, keV bt 4]

320 REM AXtp Xtk R XXX O T X
330 READ #4,W1,H,2Z

340 13¥2 *Initial energy value
350 132 *Cospaction interval
360 IF =0 THEN 400

370 READ #4,K(1),K(2),B(1),B(2),71,72,73,74

R keV\I#2
' yHy W CUAANE

380 REM
REORNIT ettt et beteeesstttsvssiossreittceioseseititeevissteesvsisatrdssveritess
400 REM XXX Read in Compacted values & print values to the VDU 1 $4 4

410 REM XN O OO KRRk
420 H=0\LINE 80,0

430 FOR I=1 TO 100

440 J=H+I

450 READ #4,8(J)

460 IF TYP(4)=0 THEN EXIT 410

470 | X8F2,5(J),

480 NEXT I

490 H=4+100

300 ! ' Position = M
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510 FOR I=1 70 100

520 J=M+I

330 READ #4,5())

340 IF TYP(4)=0 THEN EXIT 410
350 | 18F2,5()),

560 NEXT I

370 H=+100

380 t * Position = ', H\!
370 INPUT *To continue press RETURN *,H$
400 GOTO 430

$10 1 ZBF2,8(D)

620 REM

LXIN i vestieotestsetisteevittetootoeviteeittstviitoitooicstrttbssostttets
640 REM X%k Entry of Upper Bound for the spectrum b 44
450 REM 1kx P3 = Channel no for the spectrum ik

460 REM IXREXLRXCCONCCRROOORE R o oo e ook
670 \I*Enter the X¥x *,E$,'jPOSITION',E$,’K %X of the upper bound*,

680 1 * for the spectrua®\ININPUT * ! *4P3

470 I\ "Hawimum energy = HIH(PI-1)H

700 I\l *Is this correct or to your satisfaction? Enter Y or N °

710 Y§=INCHARS(OIND * 3 °, Y3

720 IF Y$="N" THEN 670

730 REM
PLUN B tettrtttitcevereteitbetiseeoctsstttttocittttontsvibtetetiotidoisceisss]
750 REM ¥x% Assignment of LOOK UP tables \ 1

760 REM ¥k% KESCAPE contains K escape fractions ,1-130 KeV, in 1 KeV sieps X
770 REM Xx% PHOTOPEAK contains p.p. efficiences ,1-150 keV, in 1 KeV steps Xk
780 REM Xkx COMPTON contains Compion fr'ctns/KeV,1-150 KeV, in 1 KeV steps XX
790 REM Azt O R O o ko
800 H$="KESCAPE, XRAY"

810 Fé="PHOTOFEAK,XRAY®

B20 G4="COMPTON,XRAY"

830 OFEN ¥1,F$\OPEM #2,G$\0PEN ¥3,H$

B40 REM

830 REM Bt L R O S D ek
B40 REM ¥xx UNFOLDING ROUTINE %X
870 REM k¥t H = channel width, KeV 331
880 REM *¥% P3 = channel no of upper bound 1%
890 REM 1%x W1 = initiael energy, KeV 3%
900 REM ¥%X Il = channel no of energy under consideration ¢4
910 REM 1x¢ I = energy under consideration 1%
920 REM xxx  El = Cospton edge energy, KeV p$ ¢

930 REM xxt  J1 = Compton edge/3, KeV \ Al = corresponding channel no  XiX
940 REM ¥xx  J2 = Compton edge , KeV \ AZ = corresponding channel no  ¥XX
950 REM x&x  J3 = 4¥Compion edge/3,KeV \ A3 = corresponding channel no  $¥X

940 REM ¥xkx  5(I1) = spectrum channel value under consideration 1xX
970 REM 3xX HO = Compton fraction per photon per KeV £5x
990 REM x¥x F = photopenak efficiency kX
990 REM 1¥¥ K = K escepe fraction X

1000 REMKRKEOEEEOEEX R DR RO KRR RO kX
1010 REM
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1020 REM

1030 FOR I1 =P3 TO 1 STEP -1

1040 REM

1050 6070 1110

1060 REM

1070 REM X0EXb ot kD0 O KRR e
1080 REM ¥xx Calculate energy corresponding to channel no 1ex
1070 REM x%% Calculate Compion edge energy.(If < 10 KkeV dont model) B¢ 44
1100 REM XRRXERXRRXKRCERO R RO KOO kg
1110 I=W1+(I1-1)%H

1120 E1=2%1A2/(2%14511)

1130 IF E1<=10 THEN 1270

1140 GOTO 1190

1150 REH
1160 REN S3Rdannar i o kRS K R RO AR
1170 REN %xXx Set up Continuum model X

1180 REM R0k d i R O OO R KKK
1190 JI=INTCEL/ZN\AL=INTC(JI-H1) ZHEDATF ALKO THEN At=0

1200 J2=INT(EDINAZ=INT ((J2-H1)/ZHHD)

1210 J3=INT(42E1/INA3=({J3-H1) /HED)

1220 GOT0 1270

1230 REM

1240 REN HX0 ROt O o oot
1250 REM xXx Look Up photopeak efficiency value, Interpolate if necessary $¥X
1260 REH SXRE0Ek Rt RO R RS R XX
1270 I3=INT{IINF2=0

1280 IF I5=I THEN READ #1 Z(I-1)X5,f

1290 IF I5<>1 THEN READ #1 X(I5-1)%5,F1

1300 IF I5<>1 THEN READ #1 1IS45,F2

1310 IF IS<>1 THEN F=FL14(F2-F1)%H

1320 GOTD 1370

1330 REM
1340 REN BHEaridton ORRXSR R KRR R k.
1350 REM xxx Correct for photopeak efficiency b} 45

1360 REN XHXKKOEXXOXARRROOONE RO R
1370 S{IL)=8(II/F

1380 GOTD 1430

1320 REM

1400 REH X30dsonti S X p iR OO R RSO XX ooy
1410 REM XXx Look Up Compton fraction per KeV, Interpolate if necessary  I%¥
1420 RER SHOOKKKDOOO RO OO o K ooy
1430 IF E1<=10 THEN 1470

1440 IF 15=1 THEN READ #2 Z(I-1)%5,H0

1430 IF I5<>1 THEN READ $2%(I5-1)%5,H1

1460 IF 15<>1 THEM READ 42 1IS5x5,H2

1470 IF IS<>I THEN HO=H1+(H2-H1)XH

1480 6070 1530

1490 REN
1300 REN SRkttt kRO o OO K
1310 REM x%x Compton continuum correction k%

1520 REM XREEOOk R OO OO R
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1530 FOR J=1 TO A1

1540 5(J)=8{J)-5{I1) ¥(3kHO/2- JXHO/2/ALYKH
15590 NEXT J

1560 FOR J=a1+1 70 A2

1570 5(J)=5{J)-5(11)¥H0xH

1580 NEXT J

1590 FOR J=A2t+1 70 A3

1600 S()=5(J)-8(T1I¥({J-A3)%H0/2/ (A2-A3) ) ¥H

1410 NEXT J

1620 GOTD 18670

1630 REM

1640 REM S0t Rpnoonn O R R OO R
1650 REM X¥x Look Up K escape fraction. Interpelate if necessary 333

1560 REH SERRGKEXEXOOE OO0 OO R
1670 16=I-10\I7=(16-W1)/Ht1

1680 IF I4<=W1 THEN 1790

1690 IF I5=I THEN READ 33 Z(I-1)%3,K

1700 IF 15<>1 THEN READ #3 %(I3-1)33,K1

1710 IF I5<>T THEN READ #3 ZISG,KZ

17201F 15<-1 THEN R=K1+(K2-K1)%H

1730 GGTO 1780

1740 REN
1750 REH SOt O RO X
1760 REM %% KX escape correction 15X

1770 REM SR o RO RO RO R %
1780 S(I7)=8{17)-S(IL1)¥K

1790 REH

1800 NEXT I

1810 REH

1820 REM

1830 REM DRt ot OO R SOy
1840 REM *x¥ Print out of Stripped Specirua b #$
1850 REM ®tfa it R R
1860 142 \142

1870 142 *The stripped Pulse Height Spectrum in intervals of *,H," KeV is I'
1880 1\ N2

1890 142 *The initial energy value is *,Wi," KeV'

1900 HAHN NI

1910 8=0

1920 FOR I=1 10 P3

1930 IF S(1)<0 THEMN S(I)=0

1940 G=0+1\IF 8<=10 THEN 1940

1950 G=1\142

1960 142 %12F2,5(1),

1970 NEXT 1

1980 142

1990 132 *The next 20 values of the compacted spectrum are ! "\IF2\1#2\Q=0

2000 FOR I=F3+1 7O F3+20

2010 B=0+INIF @<=10 THEN 2030

2020 142\8=1

2030 1$2 Z12F2,5(1),
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2040 NEXT I

2050 142

2060 IF D§="N' THEN 2230

2070 REM

2080 REN 0000 RO RO Ak
2090 REM ¥xx STRIPFED SPECTRUM IS MOW STORED, PLUS 20 COMPACTED VALUES 1x
2100 REW %x& BEYOND THE MAX STRIPPED ENERGY, IT IS ALS0 BACK FILLED T0 e
2110 REM x1t 0.5 KeV 11y
2120 REN ik O O
2130 FOR I=1 TO W1/0.5-1

2140 HWRITE 45,0

2150 NEXT 1

2140 FOR I=1 TO P3420

2170 IF S(I)<0 THEN S(I)=0

2180 WRITE #5,5(1)

2190 NEXT I

2200 NN\ 142 "Note! Stored stripped spectrum on *,5%," also’,

2210 142" contains 20 compacted values beyond the maximus energy of the ',

2220 H2'stripped spectruys *

2230 CLOSE#I\CLOSE#2\CLOSE#3\CLOSE#4\CLOSESS

240 AN N2

2270 STOP
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APPENDIX C. MODELLING THE BREMSSTRAHLUNG ENERGY SPECTRUM

For the purposes of Monte Carlo simulations of pulse pile-up and MCA dead

time considerations in x~ray spectrometry, it was necessary to randomly

sample an x-ray continuum. To facilitate interpretation of results, as well

as providing an invertible distribution for sampling, a simplified model of

an x-ray continuum was used. It is a triangular distribution, peaked at

35 keV, and zeroes at 10 keV and the peak generating voltage as shown in

Figure Cl.
Figure Cl The probability density function used to model the x-ray continuum
generated at x, kV.
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This then yields a probability density function:

k
25(x - 10) , 10<x<35
Ex) = k 35
[ KT X)), 35xex,
0 , elsewhere
where k = ;——%-Ta » and x; = generating potential.

m

From these, the cumulative probability function can be derived:

2

S 1.2 _
F(x) =
2 2 2 _ 1225
Xp - 10 (35 - x)(x, - 10) ° (BS - xexp v 35xg - 2222),

35¢x<x,

This distribution is then sampled by a random number r, such that 0<r<l to

give x* from the required probability distribution, where x* is:

10 + 5¢/(%p = 10)°T for 10<x*<35
*
* = or 0O<r<25/(x, - 10)
X~/ (X, - 35)(x, - 10)(L - 1) for 35<x*<x,

or 25/(x, - 10)<r<l



- 84 -

APPENDIX D. DISTRIBUTION OF TIME INTERVALS FOR A GIVEN AVERAGE RATE

If u = average rate of photons arriving, then the probability that a photon
will arrive in the interval, dt, after an elapse of time, t, from a previous

event is given by
f(t)dt = u exp(-ut)dt

Hence the cumulative probability function is:

F(t) = 1 - exp(-ut)

A random number r, O<r<l, can be used to sample this distribution to give

_k
t , where

t = —(l/u)+1ln(r)
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APPENDIX E. COMPUTER ROUTINE USED FOR STUDYING PULSE PILE-UP AND MCA DEAD
TIME EFFECTS IN X-RAY SPECTROMETRY

The following is FORTRAN code for the modelling of the spectroscopy

amplifier and MCA described in section 4.8.

C PULSE PILE-UP AND DEADTIME MOLELLING
e

L
DIMENSION ICOUNT(0\2000),HI55ED{0N\2000), ISPECT(0N2000),

IPUR(0N2000) , IPEAKS (0N2000),
IPEAKM(0\2000), IPF(20)

[ ]

TSAVE=0.40

EMAX = MAX ENERGY OF SFECTRUM
WIDTH = ENERGY INTERVAL FER CHANNEL
NOFHOT = NO OF PHOTONS

ISEED = RANDOM NO SEED

AVER = AVERAGE FLUX RATE

CLOCK = ADC CLOCK RATE
AMEMCY = MCA MEMORY STORAGE TIME

SHAFE = SHAPING TIME CONSTANT

RISETI = MIN TIME INTERVAL FOR DISTINGUISHING 2 SUCCESSIVE PULSES
MAXCH = CHANNEL NO CORRESPONDING TO EMAX

ICOUNT = MEASURED SPECTRUM

ISPECT = INCILENT SPECTRUM

MISSED = COUNTS MISSED DUE TO MCA DEADTIME

IPFUR = COUNTS MISSED DUE TO TAIL PILE-UP REJECTION

IPEAKK = COUNTS MISSED DUE TO PEAK PILE-UP
IFEAKS = COUNTS RESULTING FROM PEAK PILE-UP

THIS LISTING DNLY GIVES THE MODELLING ALGORITHM
IT DOES NOT INCLUDE INPUT OF PARAMETER VALUES
OR DUTPUT OF RESULTS

INITIALIZATION

O(—,\nr’;nﬂnﬂnnnﬂﬁnnnnﬂnﬁmﬂﬁnnﬂn

LIVE=1
CALL SETRAM(ISEED)
MAXCH=INT (EMAX/HIDTH+,5)
D0 7 I=1,MAXCHX2
TCOUNT(T)=0
MISSED(I}=0
ISPECT(1)=0
IPUR{D)=0
IPEAKS(I)=0

7 IPEAKM(I)=0
DEAD=0.0
T5AVE=0.0
1=0
INIT=1

HAIN LOOP

[== 20y I wr B ]

0 CALL GETEN(ICHAN,EMAX,WIDTH)
I=141
ISPECTCICHAN)=ISPECT(ICHAN) +1



~G T3 oy T2

= T3 M

CICI Iy I I

308

CALL TIMEINCTIME,AVER)
KP=1
IF (TIME.GT.RISETI) GO TO 100

PEAK PILE-UP

NCHAN=ICHAN

TIME2=TIHE

IPEAKH(NCHAN) =IPEAKM(NCHAN) +1
CALL GETEM{ICHAN,EMAX,WIDTH)
ISFECT (ICHAN) =ISPECT (ICHAN+1
TPEAKHCICHAN) =IPEAKH(ICHAN) 41
I=1+1

KP=KP41

CALL TIMEIN(TIME,AVER)

CALL ADDENCICHAN, NCHAN, LCHAN, SHAPE, TIHEZ)
ICHAN=LCHAN '

IF (TIME.LE.RISETI) GO 70 90
IPEAKS{ICHAN) =IPEAKS {ICHAN)+1

PULSE ARRIVES AT THE MCA

00 IPPLKP)=IPF(KF)+1

IF (INIT.HE.1) GO 7D 220
FIRST FULSE TO THE MCA

PTIHE=FLOAT{ICHAN) /CLOCKHAMENCY
ICOUNT (ICHAN) =ICOUNT (ICHAN) $1
TIMEI=TIHE

INIT=2

GO TO 80

ALL OTHER PULSES

TIMEI=TIME14TSAVE

TSAVE=0.0

IF ({(TIMEI4DEAIN.LT.PTIME) LIVE=0
IF ({TIHEL1+DEAD) .GE.PTIME) LIVE=1
IF (TIME1.LT.SHAPEXB.) GO TO 400
IF (LIVE.£G.0) GO TO 308

ICOUNT (TCHAN)=ICOUNT (ICHAN )1
PTIME=FLOAT (ICHAM) /CLOCKHAMENCY
IEAD=0.0

G0 7O 500
MISSED{ICHAN)=HISSED{ICHAN) 11
DEAD=DEAD+TINEL

50 70 500

400 IPURCICHAN)=IPUR(ICHAN)+1

TSAVE=TIHEL
X1=TIME1+6, O4SHAFE
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IF (PTIME.LT.X1) PTIME=X!
300 TIKEL1=TIHE
IF (I.LT.NOPHOT) GO T0 80

QUTFUT OF DATA. ..

[ i o N o e |

SUBROUTINE GETEN(ICHAN,EHAX,WIDTH)
X=RAN(O)
IF (X,LE,(25./(EMAX-10.))) GO TO 200
ENERGY=EMAX-GART ((EMAX-33. )X(EMAX-104)X(1,~X))
60 TO 201
200 ENERGY=10,+5,¥SORT{ (EMAX-10,)XX)
201 ICHAN=INT(ENERGY/WIDTH+,5)
RETURN
END

SUBROUTINE TIMEIN(TIME,AVER)
X=RAN(D)
TIME=(-1,/AVER)XALOG(X)
RETURN

END

SURROUTINE ADDEN(ICHAN,NCHAN,LCHAN,SHAFE , TIMED)
SIGMA=2,2¥SHAPE/3.0
YHAX=0,0
[0 600 T=-2,2%SHAPE,TIME2+2.2XSHAPE, 0,1
SUM=FLOAT (NCHAN) XEXP ({-0,5XTXT/(5IGMA%SIGNA))
SUM=SUM+FLOAT C ICHAN) XEXP (-, SX(T-TIHE2)X(T-TIME2)/(SIGMAXSIGHA) )
IF (SUM.GT.YMAX) YMAX=5UM

600 CONTINUE
IF (CYMAX-INTCYMAX)),GE.0.5) LCHAN=INT(YMAX+1.)
IF (CYMAX-INT(YMAX)).LT,0.3) LCHAN=INT(YMAX)
RETURN
END





