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The recognition of smal features of low contrasin the image recordel by an x-ray image intensifier

is usually limited by photm noise This detail-contrasperceptibiliiy is dependenon the detective
guantum efficiengy (DQE) and the modulation transfe function of the imaging tube ard associated
scannitg system The DQE can be calculate for all input photan energis from the statistical

behavia of eadt stage of photan detectian and amplification where quanta are lost or convertedThe

potentid improvemen to be obtainal from ary proposé desigh chang can be estimated The

escap of characteristi photors from the input phospho layer causs significart chang to the

performane particulary when gadolinium oxysulphice is employal for tha purpose © 1998

American Institute of Physics [S0034-67488)02511-§

I. INTRODUCTION

The ability of an observe to perceive asmal featue of
low contras$ with an x-ray image intensifig (XRII) has been
shown to be dependenon the detective quantum efficiency
(DQE) of the systan and its modulation transfe function
(MTF).! Although consideral# attention has been paid to the
instrumer componers which togethe determire the MTF,?
the variation of DQE with incidert photm enery is not
often emphasizedManufactures of equipmemfor the medi-
cd field usualy repot the DQE of their producs measured
with Am?4! as the phota soure (59.57 keV), this being in
the enery range of greatetsefficiency, at otha energis the
DQE falls well below the ided value of unity.

The DQE of a radioscopt systen can be calculatel for
all photan energis from aknowledge of the structue of the
image tube and the estimatel or measurd values of the
guantum interaction at ead stag of detection ard amplifi-
cation This allows a bette understandig of the performance
characteristis of sorre radioscopt systens to be obtained,
predictian of the resuls of any propose structurd change,
and more accurag¢ assessmerof the detail-contraspercep-
tibility , or acuity, in their applicatian to specift radiographic
tasks.

Il. MODELING THE XRII

The flux of x-ray photors enterirg a smal area of the
input window of the intensifie undergos asequene of at-
tenuation quantun conversionsand amplifications ead of
which adds to the randan natue of the quantum flux. Asthe
signd passs throudh the structue the ratio of the integrated
signd to its noiss component measurd within a defined
frequeng range inevitably decrease at evely stage A
simple sequene of n secondary-electrostage of amplifica-
tion was first modelel by Shockle and Piercé in early stud-
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ies of the cascad electron multiplier. They showeal tha the
outpu noie N, could be related to the noise of the input
signd N;, by

Ngut:(M-Nin)z(l_"B)- (1)
where

b b b
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where M is the overal systen gain B its relative variance,
ard m, ard b, are the gain ard relative variane of the rth
stage The modd requirad tha ead quantum enterirg astage
had the sane probabiliy p(g) of causig g quant to
emerge tha the quant be independen (no spae charge
effects for examplg, tha the performane of eat stag be
independenof evens in otha stagesand tha transt time
variation be smal compare with the periad of the highest
frequeng in the recordel signal The modé was indepen-
dert of the input noise characteristics.

Rosé ard Clark Jones introducel ard develope the
concep of the detective quantum efficiengy as ameasue of
a detectors performane and for the presem purposeit can
be expressé in terms of the signal-to-noig ratio (SNR) at
input and outpu of a red detector From Egs (1) ard (2)
above

DQE=(SNR?/(SNRZ=1/(1+B). )

This modéd has bean developd to descrike the behavior
of othe devices including photon-scintillatim detectors,
secondary-electrodetectors, ard x-ray detector$® These
ard the preseh work include processgin which the number
of quant is attenuatedstage which are not independent,
ard those in which p(g) is not the sarre for all quanta The
variane of ead stage which is ameasue of the sprea of
outpus obtainal from a single quantun enterirg tha stage,
may be calculatel on the bass tha they are describe by
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TABLE I. The gain ard relative varian@ of ead stag in the detectim of a 30 keV phota using a Cd input
phosphor (Characteristi photm escap does not occu at this energy)

Stage Description Gain Relative variance
1  Penetratia of primary photors through input window? 0.36 1.78
2 Partid absorptim of x-ray flux in phospho laye® 0.8 0.25
e Characteristi photan escap from the phosphor 1 0
3 Generatio of light photors in the phosphot 1600 0.0006
4 Transmissia of photors to the photoemissie layef 0.5 1
5  Emissim of photoelectroris 0.1 9

(The subsequenstage are omitted from this analysis)

From Eq. (3):DQE=0.28

@inomid statistich model.
bGaussia statistica model.

binomid or Gaussia probability statistics as appropria¢ or
obtainel by numericd methods (The word varian@ hereaf-
ter refers to the relative variane of a proces unles statel to
the contrary)

The DQE is estimaté for a smal area within the image,
large in comparisoa with the “spatia resolution’ of the
XRIl, ard no accoun is taken of the well-known limitations
on tha resolution sud as x-ray scatte by the input window
ard “leakage” of light photors acros the face of the input
phospho layer which contribue to the MTF. The modé is
illustrated by calculatirg the DQE of XRIl modek with two
types of input phosphor Examples of the first have cesium
iodide input phosphos 0.2 g/sq cm (0.44 mm) ard 0.1 g/
sg cm thick, grown from the vapa phag in columna crys-
tal form behird an input vacuun envelog of 4 mm glass
with a 0.5 mm aluminum light-tight protective shield an-
othe exampé has the thicker phospho with a 0.25 mm ti-
tanium window 1° The secoml type is assumd to have pow-
der phospho layers of gadolinim oxysulphide Gd,0,S,
0.18 g/sg cm (0.25 mm full density ard 0.09 g/sq cm thick,
ead behird a1.6 mm thick aluminum window.

The stage of an XRII relevan to this analyss are out-
lined in Table I. The monoenergeti x-ray signd is first at-
tenuate by absorptim and scatte during transmission
through the input window. The “gain’’ m, of this stage will
hawe a variance from binomid statistica theory, of by
=[m1(1—m1)/mf]. The signd is then similarly attenuated
by incomplee absorptim in the input phospho layer
(m,,b,). In the phospho the detected signd is amplified by
generatig a large numbe of photors in the visible wave-
lengh range The gain m3 has a varian@ 1/my as this stage,
with high enery primaly photons is describe by the
Gaussia probability distribution Following generatio at a
point within the phosphoy a fraction m, of the visible pho-
tons reachs the photoemissie layer at the rea face of the
phosphor the remainde being lost by scatte or self-
absorption A smal fraction mg of the phota signd causes
the emissia of photoelectroa from tha layer and thes are
acceleraté through the electron-optich structue of the
vacuum tube to strike the outpu phosphorPhotors from this
secoml phospho pas through the outpu window or channel
plate to the recordirg or observatio system Table | lists as
an exampe the gain and varian@ of the early stage of an
XRII with an input signd of 30 keV photons At this energy

no escag evens are possibé and the DQE can be calculated
from Egs (2) ard (3).

Due to the large signd gain at the phosphoy particularly
with high-energ photons the variance of stage after the
photoemitte hawe negligible influence on the value of B and
thes hawe been omitted from the calculatiors reportal here.
It has been pointed out, however!! tha with an intenge x-ray
input, the XRII outpu signd may hawe to be attenuatedfor
exampé with an irisin the opticd componentsin orde that
the signd stays within the dynamt range of the recording
device In thes circumstanceit is possibé tha the additive
noise powe contributel by the recordirg device will domi-
nat the attenuatd noise of the XRII.

lll. ESCAPE PROCESS

When the energy of a primaly photan exceed the K-
shel excitation energy of ary elemen in the phosphor a
characterist Ka or KB photon can be generated by the
fluorescene processf this is not reabsorbe in the phos-
phor, less enery is deposité thus generatiig a smalle pulse
of visible photons For iodine this occuss abowe 33.17 keV
ard for cesiun abow 35.98 keV. This escap phenomenon
can be regardd as an additiona stage of which the gain m,
ard variane b, are estimaté as outlined in the nex section;
the gain is the mean fraction of the primaly photan energy
which is depositedThe gain of the following stage the gen-
eration of visible photons however now has abimoda dis-
tribution with amplitudes determine by evens in the escape
stage Breitenbergef, in consideriny the effecs of a non-
monochromat primaty signal has demonstrate tha a de-
pendan stag of this type can be included in the expression
for totd variane as

b, b by
B=b;+ —+——
my mp.m,  mp.m,.me
T S
My...My.1.Me

4

Although the algebrat form is identicd to Eq. (2), the
escap staee is fundamentall differert in its origins Equa-
tion (4) requires the gain and true varian@ of the following
stage my ard (bs. m%), respectivelyto be proportionad to its
input signal tha is the input energy here a condition which
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is satisfie for high-energ photors enterirg the phosphor
where alarge numbe of photors in the visible energy range
is generatedThe requirementhowever that all quant have
the sarre probability p(g) of causig g quant to be gener-
ated is not satisfiel when the escap proces can operate
becaus the probability of characterist photaa escape
change with dept of origin in the phospho layer, the prob-

ability of escap controk the mean fraction of the primary

enery deposité in the phosphor This can be modelal by

considerilg the phospho as t sublayes parallé to the sur-

face The gain m, 4 ard variane b, 5 of ead sublaye can be

estimatel and added weightel in proportian to the probabil-

ity of primaty phota interaction (m,s/mjy) in eat sublayer,
so that the totd gain of the escap stag is

Me= >, [(Mys.Mes)/My] for s=1 to t

ard the totd noise N is given by

NZIZ [(mz,s-mg,s-be,s)/mz]- (5)

From thes the variane of the escap stag is b,=N?/mZ.

IV. CALCULATIO N OF THE ESCAPE PROBABILITY

The mechanim of fluorescd phota escag in a phos-
pha generate light pulses containing on average fewer
photors to a degree determiné by the energis of the pri-
mary and escapd quanta The mear ard varian@ of the
photm spectrun is obtainal from this dat and from the
probability of an escap event.

The probability of generatiig acharacteristi Ka/ 8 pho-
ton from Csor | following aprimaty interactian of sufficient
energy is determiné by three factors the probability of in-
teraction of the primawy radiation with Cs and | atoms the
probability that the atam will hawe K- rathe than L- or M-
shel excitatim which is given by the K-edge “jump
ratio”; 1 the probability that K-shel excitation will generate

a Kal/B photon (and not undergo an Auger interactjon

which is given by the fluorescenyield.'® (For the purposes

of this work the lower intensiy KB emission is treated as

part of the Ko emission. Following Reed and War¥, the
probability pg of backwad escap from athick phospho is
obtainal by integration through the semi-infinie thickness
ard over all directiors of emissim so that

Pe=0.5Q{1— (/) IN[1+ (u/ )T},

where Q isthe produd of the abowe factorsandu andu’ are

the mass absorptim coefficiens for primary and characteris-
tic photong respectively A similar argumen for a phosphor
of finite thickness where the probability of forward escape
pe is included yields an expressia for p, the totd escape
probability, which has been integratel numericaly in this

work using 10 or more sublayers(p=pg+ pg)-

The variation of p with phospho thicknes is shown in
Fig. 1, calculate for an interaction with primaty radiation
from the isotope Am?*%. Measuremerstby Swark and by
Kingsley of the outpu pulse height distribution of Cd phos-
phors couplel to photomultiplie tubes'®!® publishel in
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FIG. 1. The probability of Ka/B photon escape from a Csl phosphor layer
per interaction with photors from an Am?*! source Data measurd by
Swark (see Ref. 15) for a thick (O) ard for thin (X) crystals and by
Kingsley (see Ref. 16) for a crystd of uncertan thicknes (+) are shown.

graphicé form, can be integratel to obtain p for ead phos-
pha thicknessthes are plotted in the figure to demonstrate
their agreemenwith the model.

The variation of p with the energy of the primaly radia-
tion for a phospho thicknes of 0.2 g/sg cm Cd is shown in
Fig. 2. Three regiors of the energy range can be identified:

(1) Below the K-absorptio edge enery of iodine Ka/B
fluoresceneis nat possibé ard no escage occurs (L-line
fluorescene escaps will occur, but the probability is
low, the energ loss small and therefoe the influene on
me and b, is negligible)

(2) Betwea 33.17 ard 35.98 keV only iodine is fluoresced;
I-escap occus carryig away mog of the primary
photm energy on thes occasions;

(3) Above 35.8 keV both elemens are fluoresced At the
lower erd of this range ahighe value of p is obtained
due to strorg absorptio of primary radiation close to the
entty face of the phosphor.

The resuls of similar calculatiors for photm escape
from Gd,0,S at energis abow the K-absorptim edge of
gadolinium at 502 keV are also presentd in Fig. 2. In prac-
tice a highea probability of escap can be expectd due to the
increasd surfae area of the powder-phospholayer in com-
paris; with the solid-film modé assumd for this calcula-
tion.

04 F
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PRIMARY PHOTON ENERGY (keV)

FIG. 2. The probability of characterist phota escae from a phosphor
layer vs primary phota energy Data are presentd for a 0.2 g/sq cm thick
Cd layer (—) ard a0.18 g/sq cm Gd,0,S layer (— — —).
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FIG. 3. The intensiyy of emitted photors transmittel throudh a layer of
Gd,0,S powder The layer isirradiated with a 10 keV electray bean which
penetrate less than 1 um into the phosphor particles.

The gain and variane of the bimodd escap stage are
calculatel from the primary photan energy the deposited
enery when the escagp proces succeedsand the probabili-
ties of eat event For the gadolinium phospho this calcu-
lation is performeal for ead sublaye before the summation
of Eq. (5).

V. PHOTON ABSORPTION

The probability m, that a visible photan generatd in the
columna structue will read the photoemissie layer behind
the Cd phospho is assumedin the absene of measured
data to be 0.5, errors in this estimae will haw littl e influ-
enc on the totd varian@ B. In the Gd,O,S powde layer,
however strorg scatteriig and absorptio of the photors oc-
curs to a degre dependenon the position of the original
interaction As before this is modelal by addition of the out-
put signd and noise from a numbe of sublayerscalculated
for eat from the absorptim stage (m, ) through to the pho-
toemissie stage before summation.

The transmissia of visible photors through a layer of
Gd,0,S was measurd in a scannig electron microscope
equippel with atransmitted-electmodetecto consistirg of a
phosphorlight pipe and photomultiplier The detecte phos-
pha was replacel with Gd,0,S layers attache directly to
the light pipe with a conductirg binder. The phospho par-

ticle size was 5+4 um. The powder surface was irradiated

with a defocusd electran beam The signd outpus are plot-
ted in arbitray units in Fig. 3 from which the exponential
photan absorptim coefficiert of 9 sq cm/g can be measured,;
values of m, ard b, for eat sublaye were estimate from
this datum The coefficiert will vary with the methal of
phospho preparationthe refractive indices of the materials,
the acceptane angk of the detecto for scatterd radiation,
etc.

VI. RESULTS AND DISCUSSION

The overal variane B and the DQE of an XRII design
can be obtainal from the estimaté gain and variane of each
stage in the device Figures 4 and 5 shav the DQE for the
various modes of intensifie considerd here.

Examination of the dat leadirg to Fig. 4 showel that
the low value of DQE for low-enery primaty photors is

J. T. Thirlwall
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FIG. 4. The detectie quantun efficieng/ of x-ray image intensifies with

Cd input phosphos behird an aluminum/glas vacuum envelope (—)

shows 0.2 g/sg cm phosphoand (— — —) 0.1g/sgcm. (- - - -) indicates
the estimate performane of the thicker phospho with a 0.25 mm titanium
envelope.

due as expectedto absorptia in the input window of the
vacuum tube Above 33.17 keV, the iodine absorptio edge
energy the DQE rises discontinuougt due to increasd ab-
sorptim in the 0.2 g/sq cm phospho layer ard the simulta-
neots onsé of lx-escap evens only partially reduce this
improvement Conversely just abowe the Cs¢ edce at 35.98
keV, thoudh the absorptim increass slightly, the escape
evens from both atomic specis predomina¢ ard the DQE
decrease marginally. Up to 50 keV increasd penetration
throuch the vacuum envelog combineal with goad absorp-
tion in the phospho (m,>0.9) produce highe values of
DQE; thereafter reducel absorptiom in the Cd resuls in
lower values of DQE. The influence of any proposé change
in the physicd structue of the tube can be predicta by
revision of the quantities in the equatiors for B. For example
whetre the front face of the XRII tube is constructd of a
concae 0.25 mm titanium shee in place of the aluminum/
glass envelopean improvemenin DQE is producel particu-
larly in the lower energ region as shown in the figure If a
thinna layer, 0.1 g/sg cm Csl, is usal with the glass win-
dow, the chang of DQE at 33.17 keV would be more
marked but with only a smal loss of performane in the
40-60 keV range.

Figure 5 shows the resuls of similar calculatiors for an
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FIG. 5. The detectie quantun efficieng/ of x-ray image intensifies with
gadolinium oxysulphide phosphos and aluminum vacuun envelope (—)
shows the 0.18 g/sq cm phospho and (— — —) 0.09 g/sq cm. The influ-
ene of increasd primary phota absorptio alore (- - - -) is shown as if
the escap mechanim did nat exist.
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XRII with a Gd,0,S input phosphor While the performance
would be similar to the Cd modd at abou 60 keV the fol-
lowing differences are noted at othe energies:

(1) at low energis the aluminum window assumd for the
Gd,0,S deviee produce betteg performane than the
glass or titanium windows above;

(2) abowe 30 keV performane deteriorate due to incom-
plete absorptim in the 0.18 g/sq cm phospho despite
improved transmissia throudh the input window;

(3) abowe 502 keV performane improves dramaticaly due
to atwofold increa® in primaty photm absorptia in the
phosphor The influene of this factar alore is indicated
by the line in the figure (- - - -) but, with the onse of
the escap mechanismthe improvemen s partially ne-
gated If the phospho layer is reducel to 0.09 g/sqg cm,
perhas to improve spatia resolution the chang of per-
formane at 502 keV is emphasized.

Swank’ considerd the absorptim ard noise in x-ray
phosphos alore ard calculate their performane in terms of
three parametersthe quantun absorptim Ag {=m,}, the
enery equivalem absorptim Ag {=m,.m,}, ard the noise
equivalen absorptim Ay {Ay=1/(1+B,) wher B,=b,
+be/m,}. Thislag parameteis the DQE of the absorption
and escap processg alone all othe variance in Eq. (4)
here beirg sd to zera The dat by Swank which were cal-
culated with a more complee modd of absorptio events,
produe resuls for the escap variane very similar to those
calculatél here [be=(Agq/Ay) —1].

The sane autha discusse the application of the model
where the primaly phota signd is not monoenergeti and
demonstratethat the effective DQE mug be obtainal from
the first- and second-orde moments M; and M,, of the
outpu pulse distribution averagd over the known or esti-
matel incidert x-ray energy distribution The totd relative
varian@ B can be written as M ,/M3, where the prime indi-
cates the momen abou the distribution mean and moment
M, is the systen gain relevart to this analyss (e.g.,
my.m,.....ms). (The zero-orde momen My=1).

From Eq. (3)

M,=M$+M,)=M2.(1+B)=M?/DQE.

The averag@ weighted values of the moments,,M; and
aM>, can be calculatel and from the the effective DQE is
UL+ M3 o M»).
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Data publishe&l by manufactures of XRII usualy give a
“typical’’ value of DQE obtainel by compariry the perfor-
mance of their deviee and a sodium iodide crystd detector
when using Am?*! radiation “Th e quantun detectio effi-
cieng/ is determind by comparirg the measurd output
SNR of the tube to the measurd outpu SNR of the totally
absorbig Nal crystal which is known to be equa to the
input SNR in the ca® of monochromati x-ray radiation.”8
A correction at leag for photan escagp from the Nal crystal
by the methal indicated abowe shoutl be made however,
which would show tha the DQE of this totally absorbing
deviee could not exced 0.97 even if all othe stages were
perfect (It is evidert tha the “quantum detectimn effi-
ciency” her is identicd to the DQE of Jones)

ACKNOWLEDGMENTS

The autha would like to acknowledg the generous
leadershp of Dr. J. T. Fourie and Dr. N. R. Comirs of this
laboratoy in, respectively initiating and publishirg a study
of seconday electran detectos in electrcm microscopes
which has led to the preseh work.

1p. ShagenPhilos Trans R. Soc London Ser A 269, 233 (1971).

2R. K. Swank Appl. Opt 12, 1865 (1973.

SW. Shockle ard J. R. Pierce Proc Inst Radb Eng 26, 321 (1938.

4A. Rose Adv. Electron Electran Phys 1, 131 (1948.

5R. C. Jones Adv. Electron Electran Phys 11, 87 (1959.

SE. BreitenbergerProg Nucl. Phys 4, 56 (1955.

’N. R. Comirs ard J. T. Thirlwall, J. Microsc 124, 119 (1981).

8U. W. Arndt ard D. J. Gilmore, J. Appl. Crystallogr 12, 1 (1979.

9M. Stanton W. Phillips, Y. Li, and K. Kalata J. Appl. Crystallogr 25,
638 (1992.

0w, Kuhl ard J. E. Schrijvers Medicamund 22, 6 (1977.

1A, Makovski Medicd Imaging Systera (Prenti@—Hall, Englewood
Cliffs, NJ, 1983, p. 87.

125, J. B. Reed Electran Microprobe Analysis (Cambridg University Press,
Cambridge England 1975. p. 262.

135, J. B. Reed in Ref 12, p. 271.

145, J. B. Redd ard N. G. Ware J. Phys E 5, 582 (1972.

15R. K. Swank J. Appl. Phys 45, 3673 (1974.

16, D. Kingsley, in Real-Tine Radiologt Imaging Medicd and Industrial
Applications edited by D. A. Garret ard D. A. Brache (American Soci-
ety for Testirg Materials STP716 Philadelphia 1980, p. 98.

R, K. Swank J. Appl. Phys 44, 419 (1973.

8|n “Technicd Specificatim for GS2D intensifie tube,” Thomson-CSE,
Division Tubes ElectroniquesBoulogne-BillancourtFrane (1985.

Copyright ©2001. All Rights Reserved.



