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Coherent scatter is often ignored in diagnostic radiology because its cross section is relatively
small, and because it is assumed to be indistinguishable from primary radiation. Single-scatter
calculations, however, show that coherently scattered photons diverge sufficiently from the
primary ray to degrade image contrast, and that they account for a significant fraction of the total
scattered energy fluence at the image receptor. Grids and large air gaps are less effective in
reducing coherent single scatter than incoherent and multiple scatter. For radiography of the
abdomen, coherent first scatter comprises 10% of total scatter and 26% of the primary fluence
before a grid, and on the order of 22% and 7.5%, respectively, behind a grid. Coherent first scatter
comprises a higher fraction of the total amount of scatter for lower energy examinations such as

mammography.
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I. INTRODUCTION

In diagnostic radiology, radiation scattered by the patient
degrades image quality’ by reducing radiographic contrast
and signal-to-noise ratio (SNR). Therefore, much attention
has been given to developing ways to reduce the amount of
scatter reaching the image receptor.

At diagnostic energies other than for mammography, the
probability for coherent scattering is much less than that for
incoherent (Fig. 1). For this reason, coherent scatter has re-
ceived little attention in diagnostic radiology, aside from de-
velopment of procedures to quantify bone mineral con-
tent.>™*

Unlike other interaction processes the angular depen-
dence of coherent scatter is highly forward peaked. As will
be seen, this means that the amount of coherent scatter
reaching the image receptor is significant.

It has sometimes been assumed that due to its forward
peaked nature, coherent scatter behaves like primary radi-
ation, and can be neglected as an image-degrading factor. It
will be shown, however, that in the geometries typically used
in diagnostic radiology, coherently scattered photons di-
verge sufficiently from the primary path for this not to be so.

Although recent Monte Carlo simulation studies® have
included coherent scatter, the coherent component has not
been quantified separately. As well, the differential coherent
scattering cross sections that have been used have not includ-
ed the effects of interference between scatterings from elec-
trons of different molecules. These affect the angular distri-
bution of coherent scatter.

This paper reports the results of calculations of the magni-
tude and distribution of single or first-order coherent scatter.
We compare these to measurements of the total amount of
scatter reaching the image receptor in diagnostic imaging
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FIG. 1. Interaction cross sections for water. Coherent cross sections calcu-
lated from the diffraction data reported by Narten (Ref. 16). The incoherent
cross sections are the sum of the oxygen plus twice the hydrogen cross
sections given by Hubbell ef al. (Ref. 13). Photoelectric cross sections from
Plechaty et al. (Ref. 22).
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geometries. Our first-scatter calculations are supported by
measurements made under conditions in which single scat-
ter predominates, allowing direct comparison between the-
ory and experiment.

Ii. FIRST-SCATTER CALCULATIONS

S\ .con/P and S ;,.., /P, the ratios of the coherent and in-
coherent first-order scattered energy fluences to primary,
respectively, were calculated for a number of phantom geo-
metries by dividing the volume of the phantom irradiated by
primary into small elements, and summing the first-scat-
tered fluences from each. For volume element i, the fluence
of first-scattered energy per unit area in the image plane at
point p is

da) (dﬂ)
S, = P{\— V.E|—]) T, 1
i x(dﬂ ipmol i™~i da ; Si ( )

where P, is the primary number fluence reaching i, corrected
for attenuation and inverse square law, {do/df2 ), is the cross
section per molecule per steradian for scattering from i
towards p, the product p,,,, ¥; is the number of molecules in
i, E;is the energy per scattered photon, (df2 /da), is the solid
angle subtended at / by a unit area in the image plane at p,
and Ty, is the transmission of the scattered fluence through
the phantom material between / and p.

Primary x-ray spectra were taken from Birch et al.® For
beams used in mammography, 1-keV-wide energy bins were
used. For the more energetic beams, 5-keV-wide bins were
employed. Single-scatter calculations were performed for
each energy bin and the overall scatter-to-primary ratios
were obtained by summing the individual calculations.

Ill. SCATTERING CROSS SECTIONS

In this work, we have used water as the phantom material.
Water is the most commonly used substance for diagnostic
radiological phantoms, and in the ICRP Reference Man®
comprises 60% of the total body, and 65% of the soft tissue,
by weight. For specialized examinations such as mammo-
graphy, where the effect of the elevated adipose content is
appreciable at the low x-ray energies used, other, more re-
fined phantoms are appropriate.'® The major conclusions of
our work, however, are insensitive to the choice of phantom
material.

In order to compare our results with the measurements of
Barnes and Brezovich'' for mammography, we have also
performed scattering calculations for a Lucite phantom.

A. Coherent scattering

The differential cross section per molecule per unit solid
angle for coherent or Rayleigh scattering is

Ao, (0)/d02 = [Foy (s, p.(¥)]* dor (6)/d02, (2)

where F_; (s, p.(r)) is a coherent form factor which accounts
for the wave interference between scatterings from different
electrons, and

do (0)/d2 =1 r2(1 + cos® ) (3)

is the differential Thomson cross section per electron for
elastic scattering of an unpolarized beam, where
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Fi1G. 2. Differential scattering cross sections at 60 keV from 0° to 30°. Curve
(I) ten times the differential Thomson cross section per electron; (II} coher-
ent scattering from isolated oxygen atoms (Ref. 13); (III) twice the differen-
tial coherent cross section for hydrogen (Ref. 13) added to curve (II}; (IV)
coherent scattering, using form factors for the entire water molecule (Ref.
14); (V) coherent scattering, using form factors from diffraction experiments
(Ref. 16); (VI) incoherent scattering, calculated as the sum of the oxygen
plus twice the hydrogen differential cross sections, corrected for electron
binding with the use of incoherent scattering form factors (Ref. 13).

r, = ée*/(4mey m,c?)

is the classical radius of the electron, e the electron charge, €,
the permittivity of free space, m, the electron mass, and ¢ the
speed of light. If interelectron interference were ignored,
do..,(0)/df2 for water would be 10 do - (6)/dS2, shown as
curve (I) in Fig. 2 for scattering angles between 0° and 30°.
F . (s, p.(r)) is dependent upon g, (r), the statistical spatial
distribution of the electrons, and upon s, defined'? as

s =L sin(6./2), )
he

where E and 4 are the photon energy and Planck’s constant,
respectively. Since the photon does not change energy in
coherent scattering, the product 24s is the change of momen-
tum of the photon.

For a given material, the form factor may be evaluated at
three levels of complexity, depending on the extent of the
interelectron interference considered. One may (a) consider
only the interference between scatterings from electrons in
the same atom, (b) include also the interference between elec-
trons of different atoms belonging to the same molecule, and
(c} take into account the additional effects of interference
between molecules. ' :
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For water, since the major component of the molecule is
the oxygen atom, the first level of analysis is to consider
scattering only from oxygen. Using the values of

Fcoh (S, pe(r),O)
tabulated by Hubbell e al.,"* at 60 keV we obtain the differ-
ential cross section shown as curve (II) of Fig. 2. If scatter-
ings from the hydrogen atoms are considered, but the effects
of interference between electrons of different atoms in the
molecule are not included, we obtain curve (I11). This is eval-
uated as

{2[Feonls, pe(0)l1)]* + [Feonls; p.(1)|0)]*} dor (6)/d102.

This differential cross section, however, is only slightly
greater than that shown as curve (II), since at 8 = 0° the
scattering cross section for an isolated hydrogen atom is only
1/64th that of an oxygen atom.

At the next level of complexity, when the interference
between all ten electrons is accounted for by calculating a
form factor'* based on the statistical distribution p, (r) ;. of
the electrons in the water molecule as a whole, there is a
significant increase in the low-angle scattering probability
[curve (IV)].

The third, most rigorous, approach requires taking into
account the coherence between electrons belonging to differ-
ent molecules. The appropriate form factor can, in theory, be
calculated from an electron distribution p, (r)|squid water
which is the convolution of the distribution of electrons
within individual molecules with the distribution of the posi-
tion and orientation of the molecules relative to one another.
For many materials, however, this distribution is not known.
Information about the material’s molecular structure can be
extracted from x-ray diffraction data by comparing with the
calculated scattering distribution from free molecules. Such
a structural study for liquid water, performed with Mo Ka
radiation (17.44 keV), was reported by Narten et al.'>"’
Scattering form factors at a number of temperatures, ob-
tained for 0.016<s<12.7 nm ™', and extrapolated to s =0
nm !, were tabulated in Ref. 16, with details on the experi-
mental procedure documented in Ref. 17. Using Eqgs. (2}, (3),
and (4), we have calculated from their data values of
do.,, (6)/d02 at the energies used in radiology.'®

At energies higher than 17.44 keV, values of s larger than
those for which Narten’s group performed their measure-
ments are possible. Since at large s the diffraction data con-
verge upon the curve for free oxygen atoms, we have used
form factors from Hubbel et al.'* for oxygen when s> 12.7
nm~ .

The dependence of F,, on s varies only slightly between
the diffraction data obtained at 20, 25, and 50 °C. The corre-
sponding total cross sections, integrated over all solid angles,
differ from each other by less than 5% at all energies between
15 and 150 keV. We have used the data at 25 °C.

The resulting differential scattering cross section for lig-
uid water at 60 keV is shown in Fig. 2 as curve (V). The effect
of intermolecular coherence is seen to be an oscillation
around curve (IV) for a free molecule. The greatest effect is
for scattering near 6 = 0°, for which there is almost complete
destructive interference. This is a well-known effect seen in
diffraction studies on amorphous substances such as wa-
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TaBLE I. Integrated cross sections for coherent scattering.

Photon Cross section, 10~2* cm?/molecule
energy, Free O atom Free H,O Liquid
keV + 2 free H atoms* molecule®  water®
15 3.98 4.47 3.66
20 2.65 2.92 2.46
30 1.40 1.52 1.32
40 0.861 0.931 0.815
60 0.417 0.444 0.392
100 0.161 0.170 0.151
150 0.0733 0.0774 0.0691

* Calculated using form factors given by Hubbell ez a/. (Ref. 13).
® Calculated using form factors calculated by Blum (Ref. 14).
¢ Calculated from liquid water diffraction data reported by Narten (Ref. 16).

ter.'%?° The scattering probability has a maximum at a non-
zero scattering angle. At 60 keV, this occurs at 3.8° (Fig. 2); it
occurs at 11.3° for 20 keV and 2.2° for 100 keV. Although
these data were obtained for pure water, we expect the differ-
ential cross section for the water in cells to be qualitatively
similar, that is, having an oscillation about the free-molecule
curve with a maximum at 6> 0.

It should be noted that if the material is not amorphous,
the differential cross section depends upon the azimuthal
angle as well as upon 6. Thus, diffraction spots from metal
beam filters can be observed if the grain size of the metal is in
the appropriate range.*'

The total interaction cross section, obtained by integrat-
ing the diffraction data differential cross section over 4=
steradians, is shown in Fig. 1. It should be noted that al-
though the differential cross section for small 8is quite sensi-
tive to the method of obtaining F,_,, the integrated cross
section is not. Over the energy range 15-150 keV, the total
coherent cross section, calculated assuming independence
between the O and H atoms, is within 9% of that calculated
from the diffraction data (Table I). Moreover, these differ-
ences in the coherent cross section lead to differences of less
than 1% in the total interaction cross section, i.e., the sum of
the coherent, incoherent, and photoelectric probabilities.

B. Incoherent scattering

For inelastic scattering, each electron contributes inde-
pendently to the total scattering probability. The cross sec-
tion for water was calculated as

daincoh (6 )/dﬂ = {ZF'incoh (S’Z = 1) + Enooh (S’Z = 8)}

X [Cxn do(0)/d02 ], (5)
where Cyy is the energy-dependent part of the Klein—Ni-
shina differential cross section, which is contained in the
square brackets of Eq. (5). The F,,_,, {s,Z) are incoherent
scattering form factors which correct for the electron bind-
ing energies; we used the values tabulated by Hubbell e al. 13

The resulting differential cross section at 60 keV is given
as curve (VI) in Fig. 2. The form factors reduce the scattering
probability in the forward direction, where the energy trans-
ferred to the electron is of the same order of magnitude as the
binding energy.

The incoherent scattering cross section, integrated over
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all angles, is shown in Fig. 1. It decreases below 35 keV
because of the binding energy correction. For energies used
in diagnostic radiology other than for mammography, the
total probability for incoherent scattering is much greater
than that for coherent scattering. Figure 2 shows that at
small scattering angles, however, coherent scattering pre-
dominates. At 60 keV, it is over 8 times more probable than
incoherent for 8 = 5°.

IV. MEASUREMENTS OF TOTAL SCATTER

To compare the calculated values of S, ., /P in imaging
systems with S, , /P, the ratio of the total scattered energy
fluence to primary, the latter was determined using the ex-
perimental configuration shown in Fig. 3. A Plexiglas tank
25-cm square containing water was positioned with its bot-
tom 93.3 cm from the focal spot of a General Electric Model
11DB4 rotating anode tube driven by a single-phase gener-
ator. A scintillation detector, consisting of a 2-mm-thick bis-
muth germanate crystal coupled via a light pipe to a photo-
multiplier tube (PMT), was located beneath the phantom.
The air gap between the phantom exit and the detector was
variable. A grid could be inserted between the phantom and
detector, with its midplane 5 cm from the phantom exit.

S, /P was determined using a modification of the meth-
od developed by Wilsey.?® First, a measurement was made
with the primary stopped by a 3-mm-thick Pb blocker placed
above the phantom on a Styrofoam support {not shown). The
total radiation fluence was then measured with the blocker

@ X ray tube

'l
—~——— Al filtration (inherent + added
_., =2mm total)
\_ ’colllmo'or
|'l
|=;;‘x= ionization chamber
to monitor tube output

93.3cm
! Pb blocker
Ll‘/\'./
' s
'7 "/ //n//
woter '|
25¢cm
/ (squ re)s,
// v,
| /. , //,, squt:Jre fleldflshdefmed
t ottom o antom
Gi'gﬂp 5Cm nuuumn " P
1 DBqueJO.z scintiltation
crystal + PMT

FiG. 3. Schematic of experiment for determining the ratio of the total
amount of scatter to primary S,,, /P. The Pb primary blocker is located on a
Styrofoam support (not shown).
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removed, allowing calculation of S,,/P. Measurements
were performed by integrating the charge produced by the
PMT on an electrometer. Each measurement was corrected
for fluctuations in x-ray tube output by normalizing to the
output of an ionization chamber positioned beneath the x-
ray tube collimator.

Since off-focal radiation, and x rays scattered by the filters
and collimator, could pass around the Pb blocker and be
confused with scatter, the method of Yaffe et al.?* was used
to correct for this as follows. With the phantom removed,
two additional measurements were made, one with the Pb
blocker of the spurious source radiation, and one without the
blocker of the total radiation. Using all four measurements,
the primary transmission through the phantom and the
amount of the unwanted radiation reaching the detector
with the phantom present were calculated.

Since the blocker shadows the phantom, it reduces the
scattered fluence somewhat. To correct for this, the above
procedure was carried out for each experimental point using
three blockers of different area, and S, /(S,,, + P) was ex-
trapolated to zero blocker area. Similar extrapolation meth-
ods have been used by others.'"**

V.RESULTS

A. Dependence on field size, air gap, and phantom
thickness

Results of our experiments and calculations for an 80-kVp
beam without a grid are shown in Figs. 4, 5, and 6. In each
figure, the upper curve is the experimentally determined val-
ue of S, /P, the lowest curve is the calculated value of
S\.con/P, and the middle curve is the ratio of the sum of
coherent plus incoherent first scatter to primary (S, ..
~+ 8\ .incon )/P. The difference between the top and middle
curves is the multiple scatter component.

3.0 T T T

L=25¢cm ./
Airgap =6.7cm 1
No grid
80 kvp

N
o

T
1

n
(@]
T
!

total scatter (expt.)

S/P, Scatter-to-primary energy fluence rotio
o o
T T
/v \.
A o 1

| Ist scatter {colc.) ]
L . —
0.5 ud / -
3 — coh Ist scatter (calc.)d
— - T
//
/
L 1 i
o] 5 10 15 20

Square field size{cm)

Fi1G. 4. Dependence of the scatter-to-primary ratios on the size of the square
field.



44 P. C. Johns and M. J. Yaffe: Coherent scatter in diagnostic radiology 44

3.0 T T T T
i \ 17x17cm field
: L4 L=25cm )
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(@]
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S/P, Scatter-to-primary energy fluence ratio
o

Lo} ]
I\ total Ist scatter E

F N (calc)) ° 1

N N ]

05 N ]
~ — —_— ]

—— ]

coh Ist scotter (calc.) .
1 1 A 1
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FI1G. 5. Dependence of the scatter-to-primary ratios on air gap.

Figure 4 shows that S, _,, /P approaches a constant value
with increasing field size. This occurs because coherent scat-
ter is probable only at low angles, so that the scatter reaching
the detector arises mainly from the central area of the phan-
tom. In contrast, the angular distribution of incoherent first
scatter is broader, and therefore S| ;,..., /P continues to grow
with field size. S, /P increases supralinearly with field size
because of the rapid increase of multiple scatter.

In Fig. 5 the air gap was varied. Both S,,/P and
S)incon/P fall off rapidly with increasing air gap, while
S.con/P decreases slowly. For a given scattering site the sol-
id angle df2 /da subtended by a unit area of the detector de-
creases as the air gap is increased. The angle & for single
scattering to the detector, however, is also decreased, result-
ing in an increase in do,, (6)/df2 for most of the scatter
sites. This offsets to a large measure the effect of the decrease
ind(2 /da.

The dependence on phanton thickness is shown in Fig. 6.
Both S| ...,/P and S| ;... /P grow sublinearly. Consider the
phantom to be composed of layers of material. When an
additional layer is added, the contribution made by the origi-
nal layers to the ratio of first scatter to primary at the detec-
tor is unchanged, since both are reduced by the same factor.
Single scatter from the added layer, which is further from the
detector, contributes a lesser amount to the ratio for two
reasons. First, df2 /dais reduced, and second, the ratio of the
transmission of the scatter T§; to the transmission of primary
from the layer containing the scattering site to the detector is
generally less than for the deeper layers, because photons
first scattered at & #0° follow a longer path than the primary,
the additional path length increasing with distance from the
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FIG. 6. Dependence of the scatter-to-primary ratios on the phantom thick-
ness L.

detector. In the case of coherent first scatter, this is partially
compensated by an increase in the number of scatter sites for
which do,, (0)/d12 is large, with the result that S, .., /P
grows more quickly with phantom thickness than does
S'.incon /P, although still sublinearly.

B. Reduction of S, ..,,/P by antiscatter mechanisms
1. Large air gaps

For some examinations, particularly chest radiography, a
large air gap is used to allow the scatter to diverge from the
primary and miss the image receptor. As discussed in the
previous section (Fig. 5); however, S, .,,/P decreases only
slowly with increasing air gap. The large air gap favors the
detection of low angle as opposed to large-angle scatter so
that much of the remaining scatter contamination of the im-
age is due to coherent first scatter.

2. Grids

Grids are usually used in conjunction with small air gaps.
From Fig. 5, for conditions representative of an abdominal
examination—17 X 17 cm field, 25 cm of water, 6.7-cm air
gap—without a grid the total amount of scatter is 2.7 times
primary. Coherent first scatter comprises 10% of this. In a
separate experiment with a 12:1 grid in place, S, /P was
found to be 0.34.

To determine how much of the scatter behind the grid is
first coherent, we must consider how the grid removes the
different types of scatter. Figure 7(a) shows the distribution
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17x17¢cm field r‘
80kVp I

path of -~

/st scatter energy possing through a unit area in image recepltor (arbitrory units)

\‘\ —-—+—incoh Ist scatter

F1G. 7. Angular distributions of first scatter ap-
proaching the image plane. (a) Distribution ver-

image \ image recepor | sus the angle from normal incidence. (b) Distri-
receptor bution versus the angle of inclination of the
\ plane containing both the incident photon path
—, \ 1 and the direction of the grid strips.
V4 \‘\ —- — — ftotal Ist scatter

coh Ist scatter

60 0 30
,ongle from normal incidence(degrees)
g

of the two types of single scatter approaching the center of
the image receptor versus ¢ the angle from the normal inci-
dence. The coherent first scatter is peaked at an angle of less
than 5°, while the incoherent first scatter is spread out over a
much larger range of ¢. We expect, therefore, that grids will
be less effective in dealing with coherent first scatter than
with incoherent or multiple scatter.

Since grids are composed of linear Pb strips, in order to
make a quantitative assessment of their performance, we
have shown in Fig. 7(b) the distribution of first scatter versus
& the angle of inclination of the plane containing both the
direction of the grid strips and the path of the incident pho-
ton. Since we do not know the exact distribution of the multi-
ple scatter in &, we estimated a distribution by assuming that
the multiple scatter emerging from a given point on the
phantom exit is isotropic, and that the intensity falls off with
distance from the beam centerline. Measurements of radi-

TABLE II. Scatter-to-primary ratios in diagnostic examinations.

60 90

€,angle of plane containing incident photon from normal(degrees)

ation transmission versus £ for various grids have been pub-
lished by Dick and Motz.% Since the first-scattered energy
fluence spectrum arising from the phantom for 80 kVp has a
mean energy of about 59 keV, we used the average of their
measured transmission values at 49 and 69 keV as an ap-
proximate value for the transmission of our scatter spec-
trum. By calculating the amount of scatter transmitted at
each £ and summing over £, it was determined that behind
the grid coherent first scatter accounts for approximately
22% of the scatter present.

C. Amount of coherent first scatter in diagnostic
examinations

Table I1 summarizes scatter-to-primary ratios for various
diagnostic examinations. The values for an abdominal ex-
amination were taken from the previous section. For chest

Field

Phantom Stot S 1, coh Sl, coh
thickness Phantom size Antiscatter P P Sior
cm material cm mechanism {expt.) (calc.)
Chest 120kVp 13 H,0 3030 large air gap 2.3* 0.12 0.05 6.7 cm air gap
1.2 0.11 0.09 20 cm air gap
Abdomen 80 kVp 25 H,0 1717  12:1 grid 2.7 0.26 0.10 before grid
0.34 0.075 0.22 after grid
Mammography 30 kVp (Mo) 4.5 Lucite 12-cm  none 0.6° 0.24 0.4
circular
CT—body 120kVp 30-cm-diam H,0 » 0.6-cm  Postpatient 0.052¢ 0.012° 0.23
cylinder slice collimation
against out-of-slice
scatter

* Estimated for 120 kVp from the data of Stargardt and Angerstein (Ref. 28) which span 60105 kVp; above 95 kVp, the energy dependence is negligible.
" Obtained by interpolating the data of Barnes and Brezovich (Ref. 11) in phantom thickness and field size.

¢Calculated from Johns and Yaffe (Ref. 30).
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radiography and mammography, we have calculated
S.con/P and compared with experimentally determined val-
ues of S,,,, /P published by others.

For chest radiography, Niklason et al.>” have shown that
S /P varies widely across the image because of the varia-
tions of the transmission of primary and scatter through the
different regions of the thorax. The values shown here in
Table II are for a simplified phantom which is homogeneous
and of uniform thickness. Comparing our values of S, ., /P
with values of S,,, /P estimated from the measurements of
Stargardt and Angerstein,”® we find that even at the energies
used in chest radiography, when a large air gap is used, co-
herent scatter is on the order of 10% of both the primary and
the total scatter reaching the image receptor.

For mammography, in order to compare to the measure-
ments of Barnes and Brezovich!! for Lucite phantoms, we
calculated S ., /P for Lucite using form factors from Hub-
bell et al.,"? ignoring interatomic interference effects. As ex-
pected from Fig. 1, the magnitude of coherent scatter is
greatest at these low energies: 24% of primary and 40% of
all scatter. We expect, however, that grids, which have re-
cently been developed for mammography,? will be more
effective at removing coherent first scatter in mammography
than in higher energy examinations, because do_,, (0)/df2is
peaked at greater angles (11.3° at 20 keV versus 3.8° at 60
keV).

Also shown in Table II are values for a fourth-generation
CT scanner in which the detectors are 90 cm from the phan-
tom center. A postpatient collimator against scatter arising
from outside the primary slice was assumed to remove 40%
of total scatter. S, /P for a 30-cm-diam phantom was calcu-
lated from Eq. (8) of our previous communication®® to be
about 5%. Using the value of S|, /P obtained from Fig. 2
of that work, coherent first scatter is found to make up 23%
of total scatter. This large fraction is due to the use of a large
air gap and collimation against multiple scatter. In third-
generation scanners, where the detectors are collimated
against scatter arising from within the slice, S, /P is less,
but an even higher proportion of the total scatter is first
coherent.

VI. EFFECT OF COHERENT FIRST SCATTER ON
RADIOGRAPHIC IMAGES

Having determined the amount of coherent scatter pre-
sent in diagnostic images, we now consider its effect on im-
age quality. The effect of a scattered photon depends on the
photon’s displacement from the primary path at the image
plane. If the displacement is zero, there will be no effect on
the image; if the displacement is several millimeters or more,
there will be a reduction of broad-area contrast. Intermedi-
ate displacements are considered to result in loss of resolu-
tion.

The differential cross section for scattering towards a unit
area in the image plane is

do i 1 oy,
da X1+ ~/xy)*"%] dn
10~2* ecm?

R 6
molecule—cm? of image ©)
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where 7 is the distance from the primary path and x is the
perpendicular distance from the scattering site to the image
receptor. The factor in square brackets is df2 /da, the solid
angle subtended at the scattering site by the unit area in the
image plane. Figure 8 shows the dependence of do/daon r/x
for coherent, incoherent, and total first scatter. The curves
have been multiplied by x* to remove the dependence on the
distance from the scattering site to the image plane. These
distributions may be thought of as point spread functions for
scattering from a single site, disregarding attenuation.

The primary ray intersects the image plane at r/x =0, at
which point the incoherent scatter distribution falls to zero
because of electron binding. In this region, the coherent dis-
tribution also has a minimum because of destructive interfer-
ence. Near the primary ray, the shape of the total first-scat-
ter distribution is mainly determined by the coherent
component. As the photon energy is increased, the coherent
distribution becomes narrower, but even at 100 keV the full
width at half maximum for an image receptor at x = 10cm is
1.25 cm.

The insets to the graphs for 40 and 60 keV show the Four-
ier transforms of the distributions. The coherent distribution
contains frequencies much higher than those of the incoher-
ent. For example, at 60 keV with x = 10 cm, the first zero of
the coherent frequency distribution is at 0.029 cycles/mm,
versus only 0.006 cycles/mm for the incoherent distribution.
The coherent distribution has significant magnitude well be-
yond its first zero; however, it does not exceed 5% of the
zero-frequency value for total first scatter for frequencies
above 0.14 cycles/mm. These frequencies are too low to give
rise to objectionable structure in a radiograph. Rather, we
conclude that coherent first scatter has the same effect as
other types of scatter: a semiuniform fog across the image
which decreases contrast and SNR.

Vil. EXPERIMENTAL VERIFICATION

The results of Sec. V were based on a numerical integra-
tion of the contribution made by each scattering volume in
the phantom to the first-scatter fluence at the image recep-
tor. Although it would be desirable to verify our results by
experiment, no practical method is apparent for distinguish-
ing coherent first scatter from primary, incoherent first scat-
ter, or multiple scatter on the basis of either direction or
energy’! for such geometries.

We can, however, distinguish coherent scatter from pri-
mary on the basis of direction if a very narrow primary beam
is employed. In addition, the use of a thin phantom ensures
that first scatter predominates over multiple scatter, allow-
ing comparison between calculation and experiment.

A pencil beam of primary radiation was produced by colli-
mating the output of a Machlett Aeromax 516-CL 1510 sta-
tionary anode tube with two 0.7 mm Pb apertures (Fig. 9).
The tube was run at 80 kVcp with 2.6-mm Al filtration. A
water sample in a plastic container measuring 2.2 X 3.9 < 7.5
cm was placed behind the second aperture. Since the volume
of water irradiated by primary was only about 0.01 cm?, the
intensity of scatter was very low compared to primary. To
image the scatter we used a sheet of Kodak No-Screen film
(type NS-5T), placed in a light-tight box. Cassettes and flu-
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cessed together; thus effects due to variations in processing
speed were circumvented. With direct x-ray exposure the
sensitometric properties of the film are not affected by reci-
procity law failure.*> We confirmed that under our condi-
tions latent image fading led to a loss of only about 3% of
image intensity, and therefore could be ignored. Hence, with
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FIG. 9. Schematic of experiment for imaging the distribution of photons
scattered out of a very narrow primary beam. The x-ray tube has 2.6-mm Al
total of inherent plus added filtration. The entrance and exit walls of the
sample container are each 1-mm thick.
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the use of the sensitometry scales, quantitative information
could be obtained from our images.

Figure 10 shows representative films from the experi-
ments. Figure 10(a),a short exposure with no water sample,

FIG. 10. Films obtained with the setup shown in Fig. 9. (a) Short exposure
without the sample in place showing the primary beam and its penumbra.
(b} Long exposure [~ 30 000 times the x-ray fluence of (a)] with an empty
plastic sample container in the beam. The arrows indicate two of the diffrac-
tion spots from the Pb primary aperture adjacent to the container. (c) Long
exposure [same as (b)] with the sample of water in place, showing the halo or
“smoke ring” due to scatter. The region of primary blackening is smaller
than in (b) because of sample attenuation.
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shows the primary beam. Although it is not evident on the
reproduction of the radiograph, the primary consists of a
0.7-mm-diam region of central blackening surrounded by
collimator penumbra for a total diameter of about 2 mm at
the film plane. Figure 10(b) is a 6-h exposure of the primary
transmitted through an empty sample container. The black-
ened area of the film is greater than in Fig. 10(a) because of
internal scattering within the film. There is also a small
amount of film blackening, not readily visible, over a larger
region due to scattering from the plastic container. Local-
ized areas of darkening away from the primary beam, two of
which are indicated by arrows, are diffraction spots from the
Pb aperture. Figure 10(c) is a 6-h exposure with the sample
container filled with water. The region of primary blacken-
ing is smaller than in Fig. 10(b) because of attenuation in the
sample. Radiation that has been coherently scattered in the
sample is visible as a halo or “smoke ring” of about 4-cm
diameter. This somewhat startling effect is due to destruc-
tive interference at small scattering angles, as discussed pre-
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F1G. 11. Quantitative analysis-of the images of Fig. 10. (a) Intensity profiles
across films of Figs. 10(b) and 10(c). Each profile was obtained by averaging
12 microdensitometer scans and applying sensitometry to obtain intensities
relative to that of the primary at beam center. The curve for the empty
sample container has been multiplied by 0.603, the measured transmission
of the primary through the water. (b) Difference of the two intensity profiles
shown in (a), compared with calculated scatter distributions.
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viously in Secs. III and VI. While this result was obtained
with a sample of pure water, a film displaying a similar halo
was obtained with a sample of sirloin steak, and a film with a
slightly smaller diameter halo was obtained with a 4-M NaCl
solution. We expect, therefore, that a similar distribution of
scatter would be produced by the water in living tissue. We
noted that no such ring was seen when using a Lucite plate,
suggesting a more random distribution of atomic positions.

To quantify these results, the images of Figs. 10(b) and
10(c) and their corresponding sensitometry strips were
scanned by a Perkin Elmer PDS digitizing microdensito-
meter using a 125-um square sampling aperture. Twelve dia-
metrical scans were made of each image. The densities were
averaged and converted to x-ray intensity. These are shown
in Fig. 11(a). The profile from the film with the empty con-
tainer has been multiplied by 0.603, the measured transmis-
sion of primary energy through the sample, and thus the
width of the base of the intense area of film blackening has
been reduced to that of the film with the water present. This
represents the profile that would result from only the pri-
mary transmitted through the water sample.

When this profile is subtracted from that with the water
present, we obtain the distribution of Fig. 11(b). Also shown
are distributions of the ratios of the coherent first-, incoher-
ent first-, and total first-scatter fluences to the primary at the
beam centerline, calculated by the method of Sec. II. Since
the volume irradiated by primary is compact, these distribu-
tions, calculated for an 80-kV spectrum, are essentially
weighted averages of distributions such as those shown in
Fig. 8 for scattering of monoenergetic photons from a single
site.

In addition to the first-scatter calculations, an estimate of
the amount of multiple scatter present was made by calculat-
ing the second-scattered fluence reaching the detector using
the method of Wong ef al.*>® The second-scattered fluence
was found to be fairly uniform with position, and the value at
beam center was therefore assumed to apply at all positions.
This multiple scatter contribution could have been reduced
if a sample container smaller in lateral extent had been used.

Since the area of the x-ray tube focal spot is considerably
larger than those of the primary beam apertures, the beam
had a trapezoidal profile at the film plane. The first- and
second-scatter calculations were corrected for this effect to
allow proper comparison with the experimental results.

Comparing the measured intensity profile with the calcu-
lated curve for total first plus second scatter, we see that both
the magnitude and shape are in reasonable agreement. The
peak of the experimentally determined distribution is within
about 6% of that of the calculated curve which includes sec-
ond scatter. The distribution from experiment peaks at a
slightly larger radius than does the calculated curve. This
may be due, in part, to errors incurred when taking the dif-
ference between the two distributions of Fig. 11(a) near the
primary beam, where both have large values.

Vill. CONCLUSIONS

From this study of coherent first scatter in diagnostic radi-
ology, we draw the following conclusions:
(1) The forward-peaked nature of coherent scatter com-
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pensates for its small interaction cross section, and hence the
amount of coherent first scatter reaching the image receptor
is comparable to the amount of incoherent first scatter.

(2) Coherent scatter comprises a significant fraction of the
total scatter reaching the image receptor. For conditions rep-
resentative of those encountered in radiography of the abdo-
men, namely 80 kVp, a 17X 17 cm field and a 25-cm-thick
water phantom, 10% of the scatter before a grid, and on the
order of 22% behind a 12:1 grid is coherent first scatter. The
fraction is reduced for higher kVp examinations, and in-
creased for examinations done with lower x-ray energy, such
as mammography.

(3) The magnitude of coherent first scatter is significant
compared to that of primary. For an abdominal examina-
tion, S, ..,/P is 26% before a grid, and 7.5% after a 12:1
grid.

(4) Coherently scattered photons diverge far enough from
the primary ray to add a semiuniform fog to the image, as do
other types of scatter. For a scattering site 10 cm from the
image plane, the value of the spatial frequency distribution
of coherent first scatter does not exceed 5% of the zero-
frequency value for total first scatter for frequencies above
0.14 cycles/mm. Hence, coherent scatter does not generate
discernable structure on a radiograph, but decreases con-
trast and SNR.

(5) Since coherent first scatter does not diverge as far from
the primary as do other types of scatter, especially at higher
energies, it is more difficult to remove from images. Grids
and large air gaps are less effective in reducing the ratio of
coherent first scatter to primary than they are in reducing
the ratios of incoherent and multiple scatter to primary.

(6) In this work, we used experimentally determined'®
form factors for coherent scattering from liquid water. The
resulting differential cross sections are reduced almost to
zero for angles near 0° because of destructive interference
between scatterings from electrons of different molecules.
The scattering probability has a maximum at a nonzero an-
gle which depends on photon energy. The maximum is at 11°
for 20 keV and at 2° for 100 keV. Consequently, coherent
scattering from a single interaction site results in a ring-
shaped distribution of photons at the image receptor.
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