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Fertile-To-F issile and Fission Measurements
for Depleted Uranium Flomharded by 8013-MeV Protons

G. J. Russell, J. S. Gilmore, H. Robinson, and R. E. Prael
Los Alamos National Laboratory

Los Alarrm, New Me~icn 87545. U.S.A.

ABSTRACT

Axial distributions of fertile-t.o-fissile conversions (Z)ell
to 239Pu) and fissions have been measured for a thick depleted
uranium target bombarded by 800-MeV protons. We determine the
ajgPu pruduct.ion by measuring the mount of 23gNp produced. tie

integrate the axial distributions to get the total conversions
and fissions occurring in the target. Our preliminary experimental
results give 3.8? 2 0.19 2:gNp atoms produced per incident
proton and 5.59 ~ 0.56 fissions per incident proton.
Correspondirlg calculated results arb 3.+L~ 0.05 and 3.93 ~
0.06. The computations did not includ~ the effects of high-energv
fission competition with evaporation. We also report mcasur?d axial
distributions of 237U and eleven fission products produced in
the tarqet. Our preliminary experimental data qive 0.95 ‘ (1.~~
‘J’lj atoms made per incident proton.

As part of the Fertile-to-F is\il~ Conversion frFPF!rf)N) proqram’*: at
the Los Alanms Natlo= Laboratfiy, WFI have measured (in a thick tarq~t. nf
depleted uranium bcjmharded hy fV30-MeV prutorlsl: a) 239Pu protiuctinn, b)
fission, and c

i
aJ7U fcrmatidn. Ue determine 23*Pu production hv m~~surinq

tne amount of ‘*Np fo-med. Othur laboratories~?4 havt? made similar measure-
muflts (dt proton en~rgies <800 MtJV) by observing both tht’ radial and tixial
distributions of the ~ruducts of intere:t. Our exp~rimental a~proac.h ctift’ers
sigrllflcantl:’ (ds sugq~!,ted by one of thu autriors - J. :,.Gi Imore) in that, wr
comt)lned depleted urpllium foils to intvqratr the product fonnatiorl rd(!ially,
and only t!xplicltly medsurwl tlw iixla] distrllmtlurl fur III(Iproduct~ of
int.vrest. TtJI~ Substantially r~d~lCt?Sthe numtwr of Sdmples to be counted, an[i
the nulnlwr of garnmd-rdy spuctra to be Jndlyzvd. ti{Iint~’qrdte thu medsurcd
axial d~stributiuns over the tarqvt to obtdin th~ total numb!lr @f edch
rpUctiun.

II/vwill rompar~! our ~xp~rim~rltal data with calrulatrd pr~dirt.irrns usinq
the follu~inq Muntp Carlo corfc>: a) th(’ Oak Ridqo Nationdl Laboratory (01?!)
code IKTC’ fnr particle transport ~i(~ MrV, Ynnd h) tho LO! Alarros crnlc Mr’Vn’
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for neutron trallsportc20MeV. The present Los Alamos version of HETC does
not include fission wh%n predicting particle production from nucleon and pion
collisions with a fissile nucleus. A version of HETC which accounts for this
high-energy fission process in uranium will soon be released byORNL7; Los
Alamos has requested thlS version of HETC from ORNL.

The 800-MeV ~roton source is the Clinton P. Anderson Meson Physirs
Facility (LAMPF). We onduct the experiments at the Weapons Neutron

5Research facility (WNR) --see Fig. 1. We describe here our experimental
settip, show sorriepreliminary results, and compare some of our data with
calculated predictions.

EXPERIMENTAL SETUP ANO PROCEDURE5

The location of this ‘conversion’ experiment in the WVQ hearn channel is
illustrated in Fig, 2. We used a 37-rod clustered target as shown in Fig. 3.
Tile physical characteristics of the tarqet are giv~n in Table I. The axial
distributions of 239Np, 11 fission products, and 237U (a spa]lation oroduct)
were determined from 171 (3.239-cm diam by 0.0062-cm thick) depleted uranium
foils. Nineteen weighed and matched (%1 g) foils were placed in each of
seven planes perpendicular to the target axis and on the front and back tarqet
faces (see Fig, 4). Each of the 9 planes contained one foil in tne cent~al
rod and 18 foils loaded symmetrically in 3 of the 6 target sectors (see Fig.
jj. w= chose this loadinq for m~chanical reason~ and tO minimize any effectS
from misaligning tne proton beam, which was focused on the centrdl rod,

After ~n irradiation of 4.2 x 10]S protons, we prepared nine solutions
for CCJUrltin~ by dissolving the foils in hydrochloric and nitric acids. For
each plane, a repreSenttItlve sample was obtained by mivirlg Orre-hal; the
SO]UtiOn of the central-rod foil with the solution of the remaining elqhtepn
foils, Five percent (5.00 ml) of each combined solution was used for
gainma-rdy counting.

To determine the number of protons striking the target, we placed a

0.0254-cm-thick Al monitor foil (sandwiched betwpen two n.00?~4-cm-thick Al
guard foils to compensate for recoil losses) % 65 cm in front of the tarqpt.
We used the number of 27Al(P,X)7Ue, 27Al(P,X)22Nd, and 27A l(p,3pn)2”Na
reactions occurring in the mf)nitor fOil to determine the incidf?nt proton rins~. Th~’
guard foils were sufficiently thick (% 7 mq/en+) to c mpensate for ‘Be, 22Na,

?0and 2*Na reroil losses from the central monitor-foil. Th@ nl!mh~r of prltnns
determined from each of these reactions is qiven in Table 11; we ultimately
use the 27Al(p,3P~)2”Na reaction in our n finalizations, hccausp th~ cross

18 We lorat~d the proton b~amsection for this reactlorl is known best.
centf?r from the discoloration of a cellophane foil that covered one of th~’ Al
quard foil<, and m~~~sured the proton twain profilo by countinq cnnrpntric rinq(l
~ut from oni of the quard foils (se[

All samples wre counted using
height analyzer. whicn had been cal’

Fig. 5).

a G~(Li) detector and assoclat~d pulse
brated against a mixed radionuclide



gamma-ray reference stand ard.* “ihe gamma-ray spectra were analyzed by the
GAMANAL computer program. ll After combining data from five or more counts
by the CLSQ computer code,’z we calculated the atoms of each nuclide formed
using the specific gamma-rays, absolute intensities, and half-lives listed In
Table III. Two of the isotopes (]OiRh and 147Nd) had to be res~lved from
interfering activities by decay. We corrected all nuclide production for
decay during irradiation and for gamma-ray attenuation in the Sample.

EXPERIMENTAL RESULTS AND CONCLUSIONS

In Figs. 6-8, we show the measured number of atoms produced per proton
per gram of uranium for eleven fission produc’~s. The shape of these
(unnormalized) fission mass-yield curves do not change appreciably frorr front
to back of the target. Tnis latter point is further ill~strated in Fig. 9,
where we show the ratio of each fission product to 99M0 as a function of
axial positioi].

As shown in Fig. 10, the apparent fission-yield cu ~~e from this experiment
resembles the known % 14. 7-MeV-neutron fission of 238U. In Fig. 10, we
compare this latter curve with 01

We obtained our yields
~~~~~c~~r ‘best’ estimate of the,,

99M0 yield by envls’selected our
noticeably greater or lower than
or as low as 5.L%, respectively.

r (averag~) measured value for each fission
b ratioing our Me.3SUred valu~s to that of
/9 MO absolute yield is (5.7 + O.F)%. he

oninq curves whoie summation would be
?Oq% if the ‘9!40 ~ield were as hiqh as ‘..’(

The axial distributions of the fissiGn~ (based on a ‘9MG yield @f ‘~.%~,
237(J ate shown in Fiq.2:9Np (2’9Pu precursor), arid 11 and tabulated in ‘~hl~

The axial fission distrib~jtion is an impr,rt,?ntpractical cnnsirierat ion
~~~om an energy deposition viewpnint) when desiqning a uranium tarqet. for a

‘4 while th~ peak in the ?xidl dlStril’lJtifrn ofspallation neutron source.

23gNp is an ai,l in locatinq moderators to lna~imize low-enl~rdv (c 1 PV’I n~’lltrnn
production from a uranium target.

The toial number (p<!r protnn) for Parh rent t.ion 1s

Tut~li = & Ni(z)dz , (1)

wnere M 1s the m~ss of tnr target in q:-ams$ P, is the tarqf’t lenqth in cm, p
is tne number of prutorls, dnd N1 1S the r~um~)t?rof dtom> prucluc.ej per qf”dlil of
lJt”drll l,!}. We f2VdlkJdtl:(~ +.ne lnteqrdl using ‘,imusun’s rule.

239Np, fi~slon,

Table V llsts th!’
medsurecl and 2“11 prc~(luc.tiorl per Ir)cid(,nt prc:on from th(’

.Y3,46-cm-longj target. In Tdble V, wc dlsf) shuw scJme ca~culated prcdlct l[)nsfor
two target lengths; the

I
or;?, r tdruet was u~eil in the os Alamos FERFI(’1)’4

‘k is neqlert~d in tht)water-bath mrdsure!llt’rlt$.‘f Wnen hiqh-c!nt’rqv fi~sion
computatlor~s, our pr~llmlndry compdrlsofl! t~~twl:erlpx[]t!rim~r]tand ~dl~ul~t lLJ’l<

numbt’r R9/:7[)/46.

-.1-



indicate: a) that neutron production is undl?restimated by N 10%, and b) that
the number of fissions is underestimated byz 42%. Note that the calculated
quantities do not change appreciably for the 40.64-cm target compared to the
30.46-cm target. We are still evaluating our data and hope to report a few
more fission and spallation product distributions in a final publication. For
comparison with experimental data, we will calculate the axial distribution of
various products, and the total product formation in the target. We will make
a similar measurement using a thOriUm tdrg~t in the near future.
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TABLE I
PHYSICAL CHARACTERISTICS

OF DEPLETED URANIUM TARGET

2% “

DENSITY DIAhlETER LENGTH CONTENT

(g”cm31 (cm) (cm) (W1$ )

19.04 19.709’ 30.460 0.251

‘E ffccttvc dinmrtur (D = d~”;~ for a 37. rod clustered Iargct

\p. iI)r dllinCll Vl[lUiIl roddlamutul of 3.2393 Clll.

TABLE II
Al 51ON!TOR FOIL DATA.—

CROSS SECTION STATISTICAL
USCD ML AS~lRED NIIMRIH COUNTING ERROR
(ml)! OF PROTONS (’ I— —.

5.7 4.25x 101b .Og

13G 4 3ohlo’!’ “1.1

10H 4 32~101!’ ●O3



TABLE III
NUCLEAR PARAMETERS USED TO CALCULATE

NUCLIDE YIELDS—

ISOTOPE—.

95zr

97zr

‘g hlo

lo3~u

1%~~

ll?p~

‘~5Cd
132TR

140Bd

143~p

147Nd

237 u

239NP

7 Be

22Nd

2d tN,l

HALF LIFE

(DAYS)

64.05

0.704

2.767

39.45

1.473

0.838

2.208

3.25

12.8

1.375

11.04

6,7!i

2.35

5329

949.6

0.625

GA?.IMA ENERGY
(keVl

756,71

743.36

140.51

497,08

3194

617.4

33G.23

954.56

48703
1596,18

293.26

531.10

20B.O

277.G

477,6

12746

1389.2

INTENSITY

(?/d)

0.546

0.926

(l,Bn14

o RG37

0.19G0

0.4289

0,459

0,1G59

0.4463

0.9540

0,4139

0.1310

0.2170

0.1?07

CJ.103

0.9995

1.000



TABLE IV

hlEASURED 23gNp AND 237U PRODUCTI!)N AND
NUM9ER OF FISSIONS IN THE DEPLETED URANIUM TARGET

FOIL
POSITION

1

2

3

4

5

6

7

8

9

D: STANCE FROM

TARGET FRONT FACE
Icm)

0.00

2.51

5.01

7.52

10.02

13.03

! 7.04

22.5e

3il.46

aNornm~lesr,mim~derror is ‘5%.

bNmlr ,1•stlma~~d mror IS -10” ‘.

229NP

PRODUCTION
lATO!klSfPROTON CGRAM)’

1.W1O-5

2.78x 10--5

3.4 OX1O-5

3.49 X1O-5

3.19 X1( J-5

2.84 X10-5

2.1Gx1O ‘5

1.2GX1O”-5

4.23x10-6

237 “

PRODUCTION
(ATOMS/PRuTON. GRAM)’

NUMBER OF

FISSIONS

(FISSIONS/PROTON”GRAMlb

6.75x10-6

1.07 X10-5

I.olihr?o-s

9. Ci2x10-=

7.82x 10-6

6X)8X 10-6

4.LKIX10-6

2.04 X10-G

4.79 X10-7

3.65x10-5

5. 16x10-5

6.04x10-5

5.55s10-5

4.63X 10-5

3.75X1O-5

2.59x10-5

1.38x10-5

3.24x 10-6



TABLE ~
PRELIMINARY EXPERIMENTAL DATA

COMPARED WITH CALCULATED RESULTS

CALCULATION’

EXPERIMENTAL
TARGE1” LENGTH TARGET LENGTH TARGET LENGTH

(30.46cm) (30.46 cm) {40.64 CI?l)

2MNPPRODUCTION

(acorns/Protons) 3,18’ 0,19 3.46-0.05 3.71 “0.05

NUMBER OF FISSIONS

(fissions/proton) 6.59 ”0.56 3,93 ”0.06 4.090.06

237U PRODUCTION

Litoms/proton) 0.95 ”0.05 ---- ----

‘The effucts of fission competing with w~polirticm were not inclurhd in tlwcalculations.
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