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SUMMARY

The gas release from a recoil-bombarded sphere of inert material
on annealing at a given temperature is calculated.

Two sources of recoil gas atoms are considered : one of infinite
width, the other infinitesimally thin compared to the recoil range in
the source. Some additional results are presented for the release from
a recoil-bombarded cylinder.

Derived equations are given and values of the fractional release, F,
are tabulated and reproduced in figures using results obtained from a
standard 7090 IBM electronic computer.



Introduction

This report concludes the calculations started in a
previous report (1) which gives the time dependehce of the
release of recoil gas atoms from a slab (infinite plane sheet)
during post-bombardment annealing. In the present report, we
will consider the release from a sphere in detail and will
give some additional data for release from an infinite cylinder.
Two different initial distributions are considered: the gas
atoms are assumed to have .recoiled into the sample either from
an infinitely thick source (with respect to the recoil range
in the source) or an infinitesimally thin source. The first
distrioution is'experimentally verified by embedding the solid
into a uranium bearing matrix. During reactor irradiation,
the s0lid is labelled with the fission rare gases Xr and Xe.
The second distribution is verified by adsorbing a thin layer
of Ra—226 on the solid. During the a-decay, the daugther
product Rn-222 is recoiled into the solid.

We will assume the following: inert material, no diffusion
before annealing, reaching the prescribed temperature
"instantaneously", constant diffusion coefficient, zero
surface concentration at all times, stable recoil gas atoms.

The derived equations are presented. Using values
obtained from a standard 7050 1IBM electronic computer, the
fractional release, F, is tabulated and shown graphically
related to a dimensionless function of the diffusion
coefficient. Comparison with literature and experiments is

made.

The calculations can easily be extended to a radioactive

nuclide by a simple correction factor.

Manuscript received on May 16, 1967.



I. The Mathematical Problem

1« The diffusion of gases following irradiation or bombardment
in a solid sphere or an infinite cylinder is described by
the following differential equation

Oc _ 3%¢ v adc
at = D <ar2 T ar> (1)

with v = 2 for the cylindrical and v =1 for the spherical
geometry.
We assume the surface concentration to be zero, hence

c(a,t) =0

where a is the radius of the solid.
Furthermore, we use the boundary condition

c(r,0) = £(r) = distribution of recoil atoms in the
solid

The solution of these problems can be obtained by standard
methods (2).

2. Solution for the sphere

(oo
. 2,2 - a 1
c(r,t) = 2 }LJ sin BEC exp(— Q—EQQE)/ r'f(r')sin 25— gr’
ar a 2 a
a o
n= (2)
or
+oo
1 et
c(r,t) = —— EZ: / r'f(r') x
2raTDt 0
N==c0
1 _ 2 [] 2
x {exp<f 22&%%__2) - exp<f gggﬁ%%£_> } dr' (2')

Ege (2') is useful for small values of Dt/a? .



3« Solution for the cylinder:

= 2. J ( 2 Dt p! ' r '
clrit) =2 T exp( na )/ £(r')3,(n, Dar

n=1 (3)
where h, are the roots of the equation, Jb(hn) =0 .

II. Distribution of Recoil Atoms

The distribution of recoil atoms in a sphere of radius
a may be derived in a way similar to that described in ref. (1)
for the case of a slab. The fraction of recoil atoms which pass
through the unit area of the sphere from those recoiled from
the volume V of the source is given by '

B=gq | S82av (n)
vhmla

where § is the number of atoms in each unit of volume of the
source. The region V from which the recoil atoms can strike
the surface of the sphere is bounded by

0SSP and r, < <r, +71, (5)

3_p3_n

- 2
where ¢cos8 ? = SRE

r, = Nai-r3sin ¢ - r cos @
r, :
(r'G1 - 5) infinite source with the
assumption of linear energy loss
r, = |
ada infinitesimal source of depth A4a.
\Ja’-r’sin’v : :

R and R' (R! < a) are, respectively, the recoil ranges in the
-sphere and in the source.



The distribution of recoil atoms is given by the

concentration of recoil atoms coming to rest at a given
location:

£(r) = ;1; £ (r@B) (6)

After some lenghty calculations the following expressions
for f£(r) result

.Q.R_'[.(Bi;‘lzl_,_zR_,_r]

(infinite source)

LR?
f(r) =
Qala 1 . (infinitesimal source)
2R r
for a-R <r <a
f(r) =0 for 0 <r <a-R

(7)

As an approximation for R << a, a uniform concentration might
be assumed in the bombarded region, i.e.

conste. for a-—R<r <a

£(r)

£(r)

0 for O<r <a-R

For the infinite c¢ylinder, only this case will be treated as
the above type of derivations become more complicated.
Furthermore,'less experimental work is done using the
cylindrical geometry. Hence, the above case can be considered
a useful approximation for this case.



III. The fractional Gas Release

The fractional gas release, F(t), is defined by

F(t) = 1 - &t (8)
c(0)

where c(t) = / e(r,t)dV with V = volume of the solid.
\
After straight forward but lengthy calculations and with
the use of dimensionless parameters B = R/a and 12 = Dt/a?®,

we have;

for a sphere and the infinite source

. 24 . A (2 1-cos nxB\ _ .=z
n=1
x exp (- n®=x?1?) (9)

for a sphere and the infinitesimal source

(o]

F(t) =1 - S L (1-cos n=p) exp (- nzﬂéTz) (9')
B(2-B) =? n®

n=1

for a sphere and a rectangular profile

F(t) =1 - 6 }Z:-J— {nﬂ+(1—6)nﬂ cos nxp- sinnﬂB} x
=2 ( B3-3B°+38) n®
n=4
X exp (—nzﬁztz) (9")

For B =1, i.e. a2 uniform distribution eq. (9") is easily seen
to yield the usual solution (2) for a homogeneously labelled
sphere



F(t) =1 - £ }: L exp (- n2?x2+2)

For the infinite cylinder having a rectangular profile

= J,(h (1-8))

1 2,2

R(1) = 1 - —ho 1 fn; {1 - 5 (1-8) | exp (- n2e?)
n=

(10)

Again, for B =1, eq. (10) yields the known (2) solution for
a homogeneously labelled cylinder

F(t) = 1-4 4 exp (- h2x?)

IV. Comparison with literature

This report concludes the calculations started previously.
These earlier calculations are summarized in ref. (1) which
gives greater details. A large amount of experimental work has
been done on the release of gases from spheres when the
distribution was uniform, as occurs, for example, by irradiation
in a reactor. Therefore, the kinetics for the release for this
case have been tabulated before (3, L4L). In contrast, very little
calculations have been done with types of concentration profiles
used here though a variety of experiments has been published
(5=8). The gas release from a sphere surrounded by an infinitely
thick source has been calculated elsewhere (7, 9) and has
yielded results similar to these obtained here.

V. Comparison with experiments

The concentration profiles considered here have been
obtained either by adsorbing a thin layer of Ra-226 on the
surface of the solid (8, 10, 11) or by irradiating the solid
in a matrix of U or UO, (esge 5-7, 10, 11). In the first case,



the daughter product Rn-222 penetrates the s0lid by means of
the o-recoil energy of about 85 keV; in the second case, the
fission product gases Kr or Xe enter the solid by recoil with
the fission energy of about 80 MeV.

The distribution of the injected atoms could not be
determined experimentally because of the difficulty of
applying any sectioning or stripping technique to a solid

having spherical (or cylindrical) geometry. However, the
experimentally observed gas release curves for both Rn-222
and fission-Xe-133 show good agreement with the theoretical
curves, as long as the gas concentration is low enough to
exclude trapping phenomena (see refs. (12, 13). As examples,
fig.5 gives experimental results for the infinite, fig.6 for
the infinitesimal source. In both cases, the experimental release
is seen to follow satisfactorily the theoretically expected
time dependence. The shift of release towards higher values
of t for B < 1 represents the diffusion into the unlabelled
interior of the solid.
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Table 1 : F as function of t/B for a sphere and a concentration
of the type f(r) -1; (a+br+cr2).
B
7 100 0.75 0.50 0.25 0.40 0.01
-2.00 0.0365 0.0322 0.0285 0.0253 0.0235
-1.95 0.0409 0.0361 0.0319 0.0283 0.0263%
-1490 0.0458 0.0404 0.0358 0.0317 0.0295
-1485 0.0513% 0.0453 0+04.01 0.0356 0.0331
-1.80 0.0574 0.0507 0.0l 9 0.0398 0.0370
-1e75 0.0643 0.0567 0.050% 0.0uL46 0.0415
-1465 0.0805 0.0711 0.0630 0.0559 0.0520
-1.60 0.0900 0.0795 0.0704L 0.0625 0.0582
-1450 0.1125 0.09953 0.0881 0.0782 0.0728
-1e45 0.1256 0+1109 0.0984 0.0874 0.0814
-1e40 0.1402 0.1239 0.1099 0.0976 0.0909
-1 435 0.1564 0.1382 041226 0.1090 0.1016
-1425 0.1942 01717 0.1525 0«13%56 O.1264
-1 420 0.2160 01911 0.1698 0e1511 0.1409
-1415 042407 0.2125 0.1889 0.1682 0.1569
-1410 042666 0,2360 042099 0.1871 01746
-1.05 0.2956 0.2618 0.2330 0.2078 0.1940
-1+00 0.3273 0.2900 0.2582 0.23%05 0.2153% 0.2066
-0.95 0¢3617 0.3207 0.2858 0.2553 0.2386 062291
-0.90 03990 0« 3540 0e3157 0.2822 0.2230 0.2536
-0.85 044392 0.3899 043480 Oe3114 0.2915 0.2801
"0080 004822 004285 003827 OOBL‘-29 003212 003088
=0.75 0.5279 0.4695 O.4198 043765 0«3530 0e52395
-0.70 05761 0.5128 O«4550 O.l4122 0.3867 0. 3722
-0.55 0.7308 0.6527 0.5862 0.5285 0e4972 0.475S5
-0.50 0.783%0 0.7008 0.6300 0.5688 0+5356 0.5168
-045 0e843% 0.7484 0.6736 0.6089 0.5739 Oe5541
-0.40 0.8797 0+7949 0.7162 0.6482 0.6115 045907
-0e¢35 09199 0.83%93 0.7574 0.6862 0.6478 0.6261
=030 0.9519 0.8805 0.7966 0.7225 0.6825 0.6599
-0.25 0.9747 0.9171 0.8336 0.7567 0.7153 0.6919
-0.20 0.9887 0.9475 0.8680 0.7887 0.7459 067217
-0.15 0.9959 0.9704 0.8996 0.8182 O0e 7743 Oe 7494
-0410 0.92989 0.9856 0.9279 0.8454 0.8004 0e 7745
-0.05 0.9998 0.9942 0.9520 0.8703 0.82,2 0.7982
0.00 09999 0.9981 0.9712 0.8929 0.8459 0.8194
0.05 049996 0.9848 0.91 34 0.8655 0.8386
0.10 0.9999 09932 0.9319 0.8833 0.8559
0.15 0.9975 O.948L 0.8993 0.8715
0.20 0.9993 0.9630 0.9137 0.8855
0.25 0.9999 0.9754 0.9265 0.£982
0.30 0.9852 0.9381 0.909,
0.35 0.9922 0.9484 0.9195
0.40 0.9964 09577 0eS285
0«45 0.9987 09660 0.9367
0.50 049996 0e9733 0.9439
0.70 0.9999 0.9943 0. 9658
0.90 0+9999 049796
1410 0.9884




Table 2 : F as function of /B for a sphere and a concentration
of the type f(r) 1/
B
1.00 Ce75 0.50 0«25 0«10 Q.01
log -é

-2.00 0.0226 C.0181 0.0150 C.012¢ 0.0119

-195 C.0253 C.0203 Ce0169 0.0145 0.013%3

-1 .E5 0.0518 0.0255 00213 0.0182 0.0168

-1.80 CeC3558 0.0286 0.0238 0.,0204L 0.0188

-1475 0. 0401 0.03%21 0.0267 0.0229 0.0211

-1.70 C.0450 0.0360 C«.0300 0.0257 0.0237

-1.65 0.0505 0.04L04 0.0%5%6 0.028% 0.0266

-4 eH5 0.0636 0.0509 O.0424 0.0363 0.055%5

=1 e45 0.0801 0,061 0.0533 0.0458 C.0421

=140 0.0898 0.0719 0.0599 0.0513 0.0473

-1 450 0e11 31 0.0905 0.0754 0.0646 0.0595

-1425 0.1266G 0.1015 0.0846 0.0725 0.0668

-1 620 Ot li2h Ce1159 0.0%49 0.0814 0.0749

-1e15 0.15¢6 0.1278 0.71065 0.0813 0.0840

~1e10 0e179% Cei434, Ce1165 0.1024 0.0843

-1 40C 0s2257 0.1805 0«1505 0e12C0 0.1188 0e14 34

-0.55 0.2532 0.2026 D.1688 O 1447 0e1335 Cei272
-0.20 02841 Qo273 O.4182L 0e162% 0e1495 Ce1428

-0.80 05577 0e2861 02384 Oe204dy 0.1882 0e17S7

=075 Oel401 3 0e%210 02675 0e2293 Qe2112 02047

=0.70 Oe4502 C. 3602 0. 3002 Ce2573% 0.2%70 0.2262

-0465 0.5047 0.40L0 Oe %566 0.2885 0.2656 062537
-0.55 0.6228 05063 0.4220 0e %617 Oe3331 0e51 81

-0.50 0.627¢ 045646 0.4705 0.403%3% 05715 Oe3347
-Q.40 0.8304 0.6907 Ce5762 Cel4 955 O.4549 Oeit 343
~0. %5 0.8869 0. 7549 0e6513 O« 5411 04984 Oety 758

-0.25 0. 2642 0.8724 0.7L04 0.6 346 0.5845 05581

-=0.20 O« GELA 0.9190 0.7925% 0.679% 0.6257 0e¢5974L

-Ce15 0.9¢u2 0.5543 0.8412 0.7219 0.6649 0.6348

-0.05 0. 55S6 0.%910 0.9238 0.7990 0Ce7359 0.7026
0.00 0. 9599 0.2971 Ce 9542 0.8353 0.7675 0.7528
0«05 .59993 0.9758 0.8647 0.796L4 0.7604
0.10 0.99¢ 0.¢892 0.8933 0.8228 047856
0e15 0¢9961 0Ce 9191 0.8467 0.808L
0.20 0.9989 09419 0.868% Cel2¢
0e.25 0.9998 096713 0.8878 0.8477
Ce %50 0.92¢99 0.9767 0.9505% PRSI
040 0.9945 0.9352 0.E¢€29
Oeit5 0.9980 0.9478 0« G050
0.50 0. 9994 0+9591 CeS157
0.70 0.9999 0.9485
0.90 0. 9694
1610 0.9825













