
COM PARATI VE MODELS I N NUCLEAR SCATTERI NG

component in cosmic rays. As a erst approximation
thc production of secondary Iluclcons ln high cncrgy
nuclear events can he described entirely by methods
appropriate to the optical model the statistical model
can be applied as a correction to the nucleons remaining
inside the nucleus with excitations of 30 Mev or less.

The present analysis is in harmony with the interpre-
tation of the high energy tail in y-e excitation curves'
as largely due to a direct photoelectric CGect, especially
in light elements. It strongly suggests, however, that
this interpretation is not to be a,pplied to the large
rcso11anccs fouIKl ln thc 17-Mcv I'cglon aIQong medium
and heavy elements, as is already clear from the large
peak cross sections.

In case the incident particle to be elastically scattered
or absorbed is a x-meson, an importa, nt modi6cation is
made by the possibility of catastrophic absorption in

which the incident particle is destroyed. If this occurs,
the nucleus will be excited by more than 140 Mev, and
the arguments above indicate that fast nucleon emission

will preclude the formation of a compound state. On

' M. L. Goldberger, Phys. Rev. 74, 12N (1948).
' R. Sagane, Phys. Rev. 84, 587 (1951).

the other hand, if a compound state is to bc formed
with the meson as one particle, catastrophic absorption
Inust be avoided for a relatively long time and is the
dominant factor determining f. Thus,

S1/N, = (71/r.1)P"=nP", (5)

where N = 71/r1 is the number of collisions made by the
meson during the establishment of a compound state,
and p is the average probability per collision of escaping
catastrophic absorption. It appears, ' at least at moder-
ate energies, that p(&1; then maximizing (5) shows
that ($2/¹) ((1,and that this 111axlII1111111s achieved
for e(&2, which is certainly too few colhsions to establish
a compound state. Thus one concludes that only the
optical model is applicable to calculation of x-mesons
on nuclei for all energies. The argument concerning
sharp vs diffuse boundaries, however, still holds in favor
of including nuclear boundary e6ects in meson calcu-
lations.

The author wishes to thank Professor R. Serber for
stimulating comments, and Dr. J. M. Miller for an

interesting discussion.

8 Brueckner, Serber, and Watson, Phys. Rev. 84, 258 (1951).
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The effects of primary and secondary extinction are considered for neutro~ transmission work in the energy

region where di6raction ls important. It ls shown that, 1Il typical studies the grain size is the most important

parameter affecting extinction, with the mosaic Mock size and the angular spread of the mosaic blocks of

secondary importance. Experiments were performed to corroborate the theory, and criteria are set, up to
avoid extinction effects. It is shown how to determine the mosaic block size and the angular spread of.the

mosaic blocks jn substances with large grain size by using 6ne resolution near the last crystalline cutoff,
wheIe the breadth of the Bragg peak becomes large compared to the angular misalignment of the mosaic

blocks.

T is convenient in neutron transmission studies of
~ polycrystalhne media to have the apparent cross

section per nucleus of the sample, as given by the usual

expression a = (inIO/I)/Xx (where S is the number of

nuclei per cc and x is the thickness of the sample), pro-

portiollal to She coherent cross section of the nuclei.

Previous theoretical treatments' ' have assumed this to

be the case under the experimental conditions that the

microcrystals are randomly oriented and are small

enough to give negligible primary extinction. Micro-

crystals are small coherent domains (commonly called

mosaic blocks) and are usually misaligned over a range

of several seconds in perfect crystals to several minutes

in the macroscopic grains of imperfect crystals like

metals. (In large single crystals the gross lineage may

*Research carried out at Brookhaven National Laboratory
under contract with AEC.

~ Halpern, Hamermesh, and Johnson, Phys. Rev. 59, 981 (1941).
~ Fermi, Sturm, and Sachs, Phys. Rev. 71, 589 (1947).

cause further misalignment to the extent of several
degrees, ' but we shall conhne our attention herc to
small grains &10 ' cm. ) It is the purpose of this note
to show that the conditions postulated in references f
and 2 are not sufFicient and to point out under what
conditions the proportionality between the apparent
and coherent nuclear cross sections are assured. %c
shall also show how it is possible to secure information
a,bout thc Inosaic block size even lf pllIIlary extinction
is negligible.

To begin, we consider the cross sectioI1 for scattering
into Bragg peaks of a perfect microcrystal sma, ll enough
to make use of the Born approximation,

0,.h sin'(S,st. i)-= --rr
7

4s' 11'& Sin (Sdg 1)

'gneiss, Hastings, and Corliss, Phys. Rev. 83, 863 (1951),
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FIe. 1. Half-width in minutes of the 111 Bragg peak in alu-
minum as a function of Bragg angle for a microcrystal size $0=2
&10 4cm.

where q is the unit scattering vector; i, j, k, are unit
vectors along the crystallographic axes, E; is the
number of nuclei in the microcrystal in the i direction,
s=4s. sin8~/X, d=grating space of the diffracting
plane, and Hg is the Bragg angle. When the Bragg
conditions are ful6lled, »I j=»I k=0, »I i=i, sd=2s. ,
and r=o.«qE,'S,'Eg, '=0.«hS'. The angle, 8, at which
0.=-,'O.

„,,hate is given by

sin8~ —sin8=X/2. 6to, (2)

where to=/d=size of the microcrystal. When the
Bragg angle is not too near the cut-oG wavelength, i.e.,
X(2d; 8s&m/2, then (2) becomes

68=0.8X/to cos8s, (3)

This is the full width at half-maximum of the di6'raction
peak. When 8s-+n./2

a8~(3X/t, )». (4)

This is the full width of the diGraction peak at the
cutoB.

For t0=2X10 ' cm, X=1A, and. 8~((x/2, we 6nd
58—15 seconds, and the assumption in typical diGer-
ential cross-section studies that microcrystals scatter
independently for all but the most perfect crystals
appears reasonable. However, for typical transmission
studies when 8~—+s/2, and for to ——5)&10 ' cm and
X=4A, we find 50—1.5 degrees. Since the angle between
mierocrystals is much less than this, it fo11ows that
microcrystals in a grain will either scatter coherently
or at least will all satisfy the Bragg conditions simul-
taneousjy. Figure 1 is a plot of the half-width as a
function of the Bragg angle for the (111) peak in
aluminum for a microcrystal size $0=2X10 ' cm„and
it indicates the very rapid rise in half-width as 8~—+m/2.
The sharpness of the cutoG, however, is negligibly

affected by this large uncertainty in 8s. To see this we

dHkrentiate the Bragg equation and obtain the resolu-
tion for the (111)cutoff in aluminum,

hX 68 (3X/to)» ~7.8&& 10 ', (5)
X tan8~ tan(-', ~—-', 68)

which is much better than the resolution generally ob-
tainable with present instruments.

The eeet of this diRraction broadening will be to
introduce primary extinction if the grains scatter
coherently, or secondary extinction if they do not.
When extinction is present, multiple scattering within
the crystal redirects a portion of the scattered beam
back into the main beam and the exponential decrease
in intensity is not observed. It has been pointed out4
that if the "mosaic block" picture is correct, primary
extinction mill not be present since the distorted regions
between mosaic blocks introduce arbitrary phase dif-
ferences which destroy the coherence between mosaic
blocks. Secondary extinction does become important
and, in fact, the experimental evidence below supports.
this. However, to prove this point a general treatment
of both primary and secondary extinction applicable to
neutron transmission studies follows. We first consider
primary extinction.

PRIMARY EXTINCTION

The integrated reQecting power of a perfect crystal
plate of thickness t, i.e., the reQecting power integrated
over the angular range of reQections of the crystal is,
neglecting temperature effects, s 6

~'»El.-l/I~. I
j»

tanhA, (6)
g sln28g

F= (o..+4~)» P expf2si(hx/a+ky/b+h/c)],

y~ and yo are the direction cosines of the di6'racted and
incident beams with the normal to the surface of the
crystal, g is the number of atoms per unit cell, and A,
the extinction factor, is given by

A =ÃXPt/gD arrl/I go I j». (7)

If we introduce the solid angle factor, (cos8s)/2, for
randomly oriented crystals in a powder sample and
substitute sin8~ ——)/2d, we have

&'=(d»&/2g)LI~-!/I "Ij» t-»=¹&/~ «1 (g)

8= (~»/2g»)L I v~l/I vo I 1» «»~ (9)

We now distinguish two cases:
Case I: A&0.24, tanhA-. -A, and cr, the apparent

cross section per nucleus is given by

X'NF'd/2g'. (10)
4 S. Pasternack, private communication.
~ W. H. Zachariasen, Theory of X-Ray DQfraction in Crystals

(John Wiley @Sons, Inc. , New York, 1945).
e G. E. Bacon and R. D. Lowde, Acta Cryst. I, 303 I'1948).
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If we introduce the Debye-%aller factor, e 2~, the
multiplicity, j, and sum over all planes X &2d, we have
for typical tlansIQlsslon work

) 2SP2jd
e—2w

in agreement with former authors. "The condition,
then, to insure negligible primary extinction is,

f(0 24g.(pi ysvrr1 j»)A/NXF=0. 16g/ÃXF. (12)

Case 2: 102&A&2, tanhA~I, and

rr = (MF/srgf). (13)

o is now proportional to (o„h)» and inversely propor-
tional to t, making this ari inconvenient condition.

In actual grains, if the microcrystals scatter coher-

ently as 8~sr/2, f becomes an effective thickness

(called f"'), which may be large compared to the

microcrystal size and less than or equal to the gra, in

size. Ke shaH assume that the microcrystals follow a
Gaussian distribution given by

genera1ly present in cold-worked metals and may even
be present in annealed metals and compressed. powders.
To insure the validity of (11)it is suggested that loosely
packed powders be used.

SECONDARY EXTINCTION

The integrated reQectirig power of a layer of mosaic
blocks is given by Zachariasen, s Eq. (4.18). We have
used Eq. (3.158) for the reflecting power, Fsr/Fe, of
each mosaic block. This gives for the reQectivity per
unit thickness of imperfect crystal

ferIV2[1/2r)s+ Asrjs/sr]&

t
Aq. AsZ»

Xexp~ — 1— (8—8n)
l( )»

Ah A2Z & '~
+ 1— I (18))

W(e) = exp( —es/2r)s),
r)(2sr)»

{14)
~ 1 q'A'~

q=sr fe ye sin28s/AX, Z=gs
I +
E2&s

where e is the angle the neutron makes with the mean

angle of the blocks and 2(2 ln2)» is the half-width. If
t'" is proportional to the number of microcrystals in

the range he, then for Ae&(g,

f'" Td, e/2r)=—TX/(2r)fs cos8s), (15)

where T=grain size. Introducing the soM angle factor
into (15) and substituting this into (13), we have

cr = {4r)tedF/srg T). (16)

o. is then independent of X.
If de&q the entire grain scatters coherently and

o = (de/srg T), (1'0

where T is an average grain size. Even though the ex-

tinction in the grains is complete under these conditions,

the angular range over which they reQect is still pro-

portional to ).
While the sharpness of the cuto6 is theoreti. caHy

limited by (5), it may in practice be limited by the

geometry of the detector and sample. The reason for

this is that at the cut-oG wavelength, the multiply

scattered beams are spread out over a small angular

range in the forward and backward direction (each

scattering deviates the neutron by 180'). The second

scatterinp, eve though riot in the same grain, may

cause the neutron to enter the detector. The use of the

exponential!aw assumes that all scattered neutrons are

lost. This eGect can be minimized by making the

geometry from scatterer to detector less than (3X/fe)»

near the cutoG.
It should be noted that Eq. (11) assumes completely

random orientation of grains. Preferred orientation is

&={1—~ol~ )/2FLvoh J»,

and where the half-width of the diGracted beam from a
mosaic block is (sr ln2)»/qA. The integrated reflecting
power for nonabsorbing crystals (i.e., o)&is, where
p=absorption per unit thickness) is

(Rs~ d8.
1+AT

This integral has been evaluated numerically and yields

{20)

where f(s) is plotted in Fig. 2 and where s= (oT), sn.

e.o-

0 LO 2D I» ao 50 8Q 70 80 s0 i»M

S

Pro. 2. Extinction factor (s) for the integrated reflecting power
of an inrperfect crysta as a function of s, Ps=(o T)s sag
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grhen g~s/2 for the last peak and for large aT,
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2m&tpST'
(22)

0 cm

In this case 0 is independent of ). Likewise, for rJT
large but 8e&s/2, A'q'/s»1 /2q' and
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(23)

In this case 0. decreases with ).
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FIG. 3. Total cross section in barns of 111peak in ~2)& 10~ cm
polycrystalline aluminum as a function of neutron wavelength.
with capture and inelastic scattering subtracted. Included are
theoretical curves for varying gram sizes using 1.5 barn fol 0'coH.

The general expression for the cross section is, in-
cluding all factors,

5.0—

2.0—

---- theory
— experiment

pox.&f(s)j e '" cosineZ-
~~2d 2N'AqT[1 x 'A 'Z]&—— (21)

For O.T«1, f(s)=+*'(o.T)e=es and the cross section
reduces to (11).The condition for negligible secondary
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FIG. 5. Total cross section of 200 peak in very finely powdered
NaF with capture, incoherent, inelastic and a small 111 scattering
contribution subtracted. Included is a theoretical curve assuming
no extinction, and using 1.5 barn for 0.col of Ãa and 3.8 barn for
trcoH of F.

By observing the cross section for large o T far (23)
and very close (22) to the cutoff we can experimentally
determine g and to. The comments of the last two
paragraphs under Primary Extinction are also ap-
plicable in the case of secondary extinction.

al
2.9 3,0

I I
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FIG. 4. Total cross section of 110 peak in Armco iron of grain
size 7X10 ' cm as a function of neutron wavelength, with
capture, incoherent, and inelastic scattering subtracted. Included
are theoretical curves for varying grain sizes using 11.4 barn for
0coH

COMPARISON WITH EXPERIMENT

Figure 3 is a curve for polycrystalline 2S aluminum
taken with a spectrometer at Brookhaven consisting
of a lead crystal for selecting monochromatic neutrons,
plus a beryllium filter to eliminate higher orders. This
method gives good resolution and high intensity from
3.6A to 5.7A. Included in Fig. 3 are the theoretical
curves for varying grain sizes (assuming g=10 '), and
they indicate the approach to extinction. It is quite
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evident that primary extinction is not taking place,
since apphcation of Zq. (17) in the range 4.3 to 4.65A,
where A~&q, yields a cross section o.=0.06 barn. The
grain size of the aluminum is 2&(10 cm. Sy in-

creasing g to 2X10 ' cm better agreement is obtained.
Figure 4 is a simi1ar curve for Armco iron of 7& j.0 '

cm grain size, taken. by Hughes et ul. at the Argonne
National Laboratory. ' The presence of extinction is
quite apparent. Figure 5 is a curve (taken with the lead
crystal) of very finely powdered NaF, together with a

7 Hughes, Wallace, and Holtzman, Phys. Rev. 73, 1277 (1948).

theoretical curve calculated from (11). We find good
agreement with the theory for negligible extinction.

The determination of the mosaic block size from Eq.
(22) requires better resolution than was obtained by the
spectrometer used above. A resolution, AX/X, of ap-
proximately 0.005 is required, whereas we have a
reso1ution of 0,02. Such resolution is feasible and is
planned. for a future project.

We wish to express our thanks to D. J. Hughes,
S. Pasternack, A. W. McReynolds, L. D. JafM, J. C.
Slater, D. Kleinman, L. Corliss, and J. Hastings for
many interesting discussions and suggestions.
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The radiations of Po~'0 have been studied using NaI scintillation counters. In agreement with Grace,
Allen, %'est, and Halban, it is concluded that the soft electromagnetic component probably entirely
consists of x-rays of lead. The region from 25 kev to 2.5 Mev has been examined and, with the exception
of the known y-ray of 800 kev, no nuclear y-rays were observed. The ratio of the number of E x-rays to
the number of 800-kev y-rays was measured as 0.134+0.025 to 1.The X shell internal conversion coefBcient
of the 800-kev transition has been reported as about 0.05, and hence the E x-ray intensity is too great to
be explained by internal conversion alone. The residual x-rays are attributed to the process whereby the
emission of the alpha-particle causes ionization of the atom. Comparison of the relative intensity of Xx-rays
and alpha-pa, rticles shows qualitative agreement with the probability of this ionization process as calculated

by Migdal.

I. INTRODUCTION

AJAC, Broda, and Feather' have reported y-rays of

~ ~

~

~ ~ ~

~ energy 84&4 kev in the decay of 138-day Po"0.
In investigating Po"' radiations with NaI scintillation
counters we have observed radiation in this energy

region, but our measurements yield. a mean energy of
76 kev. In attempting to understand the origin of this
radiation we have measured its intensity relative to
the intensity of the 800-kev y-ray, and we have looked

for coincidences between the 800- and the 76-kev radia-

tions. The results of our investigations are consistent
with the interpretation of the softer radiation as x-rays

of lead, whereas its interpretation as a nuclear y-ray
would lead to an unlikely decay scheme. The energy
resolution of our counters is not sufhcient to resolve the
E and. Ep x-rays of lead, and hence we would not be
able to distinguish a 76-kev nucleax y-ray from the lead

K x-ray spectrum. However, during the time our
measurements were being made, Grace, Allen, %est, and
Halban' reported. the result of an investigation of the
Po"' spectrum where the soft radiations were detected

*Now at Microwave Laboratory, Stanford University, Stan-
ford, California.

'Zajac, Broda, and I'cather, Proc. Phys. Soc. (London) 60,
501 (1948).

e Grace, Allen, West, and Halban, Proc. Phys. Soc. (London)
64, 493 (1951).

in proportional counters. In their work lines inter-
pretable as the E and Ep were observed, and with the
help of critical absorption measurements they were
determined to be x-rays of lead. Grace ef, ul. ' measured
the number of E x-rays relative to alpha-particles and
also the number of conversion electrons relative to
alpha-particles. Noting that these were experimentally
equal they explained the x-rays as the result of the
internal conversion of the 800-kev y-ray.

Our results for the most part are in agreement with
the work of Grace ef al. ,' but on the question of the
relative intensity of E x-rays and conversion electrons
we 6nd evidence for more quanta than can be accounted.
for by internal conversion alone. Since this is the most
important contribution of the present paper, we should

like to note, as will be shown in the concluding section,
that when the data of Grace et al.' are corrected for the
Auger effect and the E/I. internal conversion ratio they
are not in disagreement with our conclusion.

II. EXPERIMENTAL METHODS

The polonium was supplied by the EMorado Mining
and Re6ning Company, who report radioactive im-

purities (of unspecified form) of about 6)&10 ' mg of
Ra-equivalent per mi11icurie of Po. The sources were

prepared for use and furthex purided by precipitatiog,


