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ANALYSIS OF PRODUCING “2fpu LOW Iijs Pu
BY RECOIL DURING IRRADIATION OF *27Np

Introduction

High purity °2®Pu («0.3 ppm ®2®Pu) is required for heat sources in
applications requiring power at low radiation levels, especially for
in vivo bio-medical devices. A primary source of gamma radiation is
the daughters of ®3%fpu formed in the production of *®®pu, Acceptable
228pu can be produced by irradiation of 2*'Am to form 2*®Cm which decays
to ®28Pu with only 1.8 ppb 22®Pu impurity; however, ®*1Am may not be
available in sufficient quantity to meet demands for ?2®fPu, Irradiation
of the more abundant ®*27Np to produce ®2®pu produces 22®pu by (y,n) and
(n,2n) reactions. Special assemblies and irradiations to minimize fast
neutrons and gammas have succeeded in reducing the #2®Ppu concentration
to 0.3 ppm, still a fairly high concentration for medical applications.
This analysis was undertaken to learn whether recoil distances of 2%€py
precursors formed by high energy reactions are sufficiently long, com-~
pared to the recoil distances of -*2®Pu precursors, that 22®Pu might be
selectively captured in a second phase in a heterogeneous target and
subsequently separated from 2®®®pu product.
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Summary

Results of this analysis indicate that a recoil separation technique
would require neptunium targets in the form of 1008 particles of NpO, or
508 Np metal foils to effect a two-fold reduction in 226pu by collection
in a surrounding matrix, such as aluminum. While such targets might
possibly be fabricable, they are probably not subsequently separable from
the matrix phase containing #2®pu; damage from induced fission during
irradiation would degrade the target and prevent physical separation from
the matrix phase.

Discussion

Since the 2®®pu impurity in 238pu product of 22®7Np irradiations is
formed by high energy nuclear reactions, the posgsibility arises of a
separation process based on the recoil distances of ?®®pu precursors
being significantly larger than that of ®2®®Pu precursors. A separation
might be effected by surrounding the *®*7Np target with a matrix to trap
the recoiling 23®pu outside the target phase. The ®27Np target containing
288py with reduced 22®pu content could then be separated from the matrix
material by a chemical or physical process. This separation technique
requires that the 2®7Np targets maintain their integrity during fabrica-
tion and irradiation.

The recoil energies of ?2®fPu and 2%®®Pu were determined for the
sign}ficant nuclear reactions that occur during production of 2%&py,
The *°®Pu recoil yields from NpO, particle and Np metal foil targets
were calculated. The target sizes necessary to effect significant separ-
ation of 22%pu from ?2®8Pu product were compared with the extent of damage
to the targets from induced fission.

Nuclear Events in 222py Production

The significant nuclear reactions involved in irradiating 2®27Np to
produce **®Pu are (n,y), (y,n), (n,2n) and fission. The reccil energies
for the first three reactions, listed in Table I, were calculated using
the principles of conservation of momentum and known or estimated reaction
energies.(Z) Recoll energies are highest for (n,2n) reactions and least
for (n,Y) reactions. The recoil ranges in NpO, and Np metal (Table I)
were determined bg comparison with range-energy relations for *27Np pub-
lished by Kaplan( ) and shown in Figure 1. Recoil ranges in NpQOp

(p = 11.1g/cc) are about 30% longer than in Np metal (p = 20.4g/cc).

1. Production of ®®Bpu by (n,y) reaction

28Bpy is produced by capture of thermal neutrons by the following
reaction:

237Np (n’Y) BSBNp E zaapu‘
The largest recoil of the #2®Np nucleus occurs on emission of the gamma

ray after neutron capture, The compound nucleus receives essentially no
recoll from thermal neutron capture since the neutron energy is only
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0.025 ev. Pr?mpt gammas are emitted with energies ranging up to 6.5 Mev
(Figure 2). The recoil enerqgy imparted to a nucleus of mass number
A from emission of a gamma with energy Ey is given by:

(5.3 x 10'1°)(E$)

Y .
ER = N .

Therefore, the ?®2Pu nuclei recoil from gamma emission with energies up
to 90 ev.

228Np decays to ?28pu by emission of a 1.25 Mev B-particle. The

recoil energy corresponding to emission of a B-particle with energy E:B
is:

Eg £ E.
1340A

Maximum recoil energy from B~decay of 22BNp is 12 ev.

'T\'hr\ 33313» recoi | wimardTar FraAam myeamnd - PrYR
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sufficient to break chemical bonds; however, ?38%pu nuclei will recoil
only several angstroms. Since higher energy reactions involved in

288 py production will also break chemical bonds, a chemical separation
of ®28pyu from ®2%8py base? on selective breakage of chemical bonds, the
Szilard-Chalmers effect, will not be possible.

2. Production of ®*%®Pu by (y,n) Reaction

roduced by the photonuclear

Significant gquantities of *®*®Pu can b r
hreshold energy of 6.5 Mev

e
(y,n) reaction with gamma energies above a
according to the reaction:

237Np(y,n) 23%Np g 236 py,

The emission of a neutron by the excited 22®7Np nucleus is the predominant
source of recoil energy. The energy of the neutron is equal to the energy
of the incident gamma ray in excess of the threshold energy of 6.5 Mev.
The recoil will therefore depend on the gamma energy spectrum, which 1s
influenced by reactor components such as aluminume.

Three prompt gamma rays(5) from thermal neutron capture by 27Al with

unattenuated enerqgies of 6.72, 7.21 and 7.72 Mev (Figure 3) will pre-
dominate in producing ®*®®Pu, The emitted neutrons will have energies of
0.22, 0.71 and 1.22 Mev.

. 3 .
Np recoil energies are related to neutron energies by:
n E
E. = n
R A
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The 227?Np recoil energies from (y,n) reactions are, then, 0.93, 3.0,
and 5.1 kev. Corresponding recoll ranges and the fractions of nuclei
with each energy, as determined by the relative intensities of the
prompt gamma rays, are given in Table I.

The recoil energies imparted to the target nuclei by the Incident
gamma rays (Ey = 6.5~10 Mev) and by beta emission (Eg = 0.52 Mev) are

90-200 ev and 2.4 ev, respectively. These energies are insignificant
compared to recoil energies from neutron emission.

3. Production of ®2®Pu by (n,2n) Reaction

Capture of fast fission neutrons with energies greater than the
neutron binding energy (.6.5 Mev) produces *2®pu by the following
reaction:

237Np (n’zn) ESGNp .E.236Pu

The amount of ?2®Pu produced by (n,2n) reactions will depend on the
neutron spectrum at the target position. The largest recoil is im-
parted to the compound neptunium nuclei upon capture of fast neutrons.
Recoil from the emission of two neutrons is not lnSlgﬁlLJ_n.uul., but is
of secondary importance. Since the energies of the captured neutrons
must be greater than the threshold enerqgy of the reaction at 6.5 Mev,

the recoil energy will be Er>27 kev.

The two neutrons emitted by the compound nucleus to form Np22® will
share the energy of the captured fast neutron that is in excess of the
6.5 Mev neutron binding energy. Their energies will range from zero to
several Mev., For these calculations, each neutron was assumed to be

enitted with 1 Mev of energy. Depending on the neutron =“g"lar corre=

lation, the ®2®Np will receive additional recoil energy varying from
0 to about 8 kev.

Decay of 2%®Np to 2%fpu by B-emission results in a recoil energy of

2.4 ev, which is insignificant. Thus, the minimum reccil energy for
fast neutron capture will be .27 kev.

4. Fission of ®®*7Np

Fission can cause extensive damage in insulating materials like
NpO, and in thin metallic foils. P?27Np targets are usually irradiated
to about 10% burnup. The fission cross sections of 237Np and 2®®Np,
the precursors of 2®8pu, are sufficiently high that fissioning occurs
with about the same probability as neutron capture. About 10® fission
and neutron capture events occur for each ?2®Pu producing event.
Induced fission will produce two heavy and highly energetic, charged
partlcles for each event. FlSSlon fragment damage appears as tracks
about J.UUA wide and 10 1t {.LU"'A) in length %r)u which the structure of
the material has become highly dlsordered and, on this scale, would
intermix target material with the surrounding matrix phase.
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286py Recoil from Spherical Particles and Foil

The amount of 2°€Pu that will be ejected from a particle or foil
target was estimated by integrating the probability of ejection from
a position within the target over the volume of the target.

1. Spherical Target (Figure 4)

The probability that a nucleus with range R will escape on recoil
from a position at radius r in a spherical target particle of radius
a, is P(r) = %(l-cos @), where © is the angle between the radius
through the nucleus and the intersection of a sphere of raduis R with
particle surface (Figure 4a). The probability varies with position
in the particle and size of the particles as shown in Figure 4b. The
fraction of 23®pu ejected from the 227Np target particle is given by:

a
288py ejected = 3/a° g P(r)r2dr.
The fraction of *2®Pu ejected from (n,2n) and (y,n) reactions as
a function of target particle size is shown in Figure 5. Because of
higher recoil energy the amount ejected by (n,2n) reactions is signif-
icantly higher than from (y,n) reactions for a given target diameter
or thickness.

Figure 6 shows the ejected fraction to be expected for several

particle sizes as a function of relative amounts of 238 py produced by
the two reacticons The fraction of 236py produced by (vy,n) reaction

(SR L= T e WA AT P Rl b Ak LA L3 ra s St e St Sr S Sl A T §Ers et el
varies from 50% in the core 7) to near 90% in the reflector of the
reactor. 8) A 50% reduction in 2%€Pu content within the target will
therefore require target particles with diameters of about 100A or
less.

2. Foil Targets (Figure 7)

The probability of a nucleus being ejected from a foil is:
P = %[(l-cos ©;) + (l-cos 02)]

where ©, and @, are the angles between a line perpendicular to the
surfaces and the intersections of a sphere of radius R with the sur-
faces of the foil (Figure 7a). This probability varies with position
in the foil and foil thickness t as shown in Figure 7b. The fraction
of 288py ejected is:

- ) i~ _
“89%pu Ejected = 1/t ) P(r)dr,
O

where T is the distance from surface of the foil.

The fraction of 2%¢pPu that receils from neptunium metal foils is
shown in Figure 8 as a function of foil thickness for (n,2n) and (y,n)
reactions. Again more 23%Pu would be ejected by (n,2n) reactions than
by (y,n) reactions.
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The 22fpu ejected for several foil thicknesses as a function of
the relative amounts of 22®Pu produced by (y,n) and (n,2n) reactions
is shown n g}gure 9. Since (y,n) reactions are estlmated to pre-
dominate, significant reduction in 23%fpu content (>50%) will
require foil targets with thicknesses of 50A or less.

Conclusions

A 50% reduction of 22€py in 2°®py product by matrix trapping of
recoiling nuclei from (y,n) and (n, 2n) events would require NpOg
particles of <1008 giameter or Np foils <50A thick. The size of the
NpO, particle targets is so small that each particle would be com-
pletely disordered and intermixed with matrix mater1a1 by a single
fission event. Likewise, a fission event in SOA thick foil would
disorder the foil over a range larger than the recoil distance for
a (y,n) or (n,2n) event. About 108 fissions will occur for each
236 py) produc1nq event.

Thus, the target sizes required for significant reduction in
286py content by selective recoil appear to be too small for parti-
cal target fabrication and subsequent separation of matrix and target
phases. Fissioning which occurs during production of 288py will pre-
vent reduction in the *2*®Pu content by recoil separation since the
damage from fission will degrade the small targets during irradiation

and prevent their subsequent separation from the 228Pu trapping matrix.

WCM: rbw
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RECOIL FROM NUCLEAR REACTIONS DURING PRODUCTION OF 228py

*Compound nucleus

S. MIRSHAK ™ £g.
TABLE I
Recoiling
Reaction Source of Energy Nucleus
1. (n,Y) Thermal neutron 2BB N
capture (.025 ev)
ramnt yamms 238 ¥y
L J—Ullltl L5 \_.ju.uuuct AN pS
emission
{(E<6.5 Mev)
B~emission 238py
(E=l ° 25 MeV)
2. (y,n) Gamma capture 237Npe
]
Neutron emission
0.22 Mev 228Np (24%)
| 0.71 Mev 286Np (43%)
1.22 Mev 288 Np (33%)
B-emission 236y
(E=0.52 Mev)
3. {(n,2n) Fast neutron 238Nps
capture
(E=6.5-10 Mev)
Neutron emission 238 Np
(1 Mev)
’ B-emission 238 pyy

Recoil Energy

Range in NpO,

0

in
Vo
O
M
<~

£20 ev

90-200 ev

0.9 kev
3.0 kev

5.1 kev
2.4 ev

0-8 kev
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REACTIONS



(4) FONVY TIODEM OL (3)SSANMITHI 'II04 J0 OIIV¥ HIIM NOILVIUVA
“(q) fWVEOVIA FONVEE(®) {IIOJ ¥ WO¥J NOIJOELE TI0DTY 40 ALITIEVEOMd *L OIJ

(0

TF0F 3O 90®IINS VIOIF BIUBISTI]

I5° Iyt et et Q
\ 0
o
< 20 A
O
&
&
|-
[ o
19 ﬂ
bt
o
0*T

i &
9 M
N
1‘
-
0
3
S°0 = ¥/ 18° -
a

1 0°1T

89¢-¢L—L5dd

(e)

(%9 soo-1)% + (' soo~T1)% = 4

TTod

AVHSHINW

*Ss

*




-

» -

S. MIRSHAK -16-

DPST-72-268
100
T ] ] T T 7T T l 3 ] ] ]
ey
3 80
&
fry
Py
@]
o
3
fy
5/
m 401
(@]
et h,2n
O
H
3
O 20
2
¥,n
0 | ! 1 I l I | L
0 100 200

o
Np Foil Thickness, A

FIG 8. RECQIL EJ=CTION OF 23fpy PRODUCED BY

{(y,n) AND (n,2n) REACTIONS AS A
FUNCTION OF Np FOIL THICKNESS




S. MIRSHAK

100

80

Ejection of 228Pu from Foil (%)

=Y

~17- DPST~72-268

(n,2n) Production (%)

il . , 100 80 60 40 20

b ! | |

0 ! 1 |
Q 20 40 60 80 100
{y,n) Production (%)
FIG.-9. EJECTION OF 238pu BY RECOIL FROM Np METAL

FOILS OF INDICATED THICKNESS AS A FUNCTION
OF RELATIVE AMQUNTS OF PRODUCTION BY (y,n)
AND (n,2n) REACTIONS :




