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UTILIZATION OF AN INTENSE BEAM OF 800 MEV PROTONS TO PREPARE
RADIONUCLIDES

H. A. O'BRIEN

Phvsics Division, Los Alamos National Laboratory, Los Alamos, NM 87545

Abstract

Since the early 1970’'s, a program has been underway at this
institution to employ the excess proton beam emergling from the major
experimental areas of the LAMPF accnlerator to make a wide variety of
radioactive nuclides. This paper presents a review of the targerts

irradiated, cross section data, and nuclide yleld measurements.



1. Introduction

Early in the development of the Clinton P. Anderson Meson Phvsics
Facllity (LAMPF), concerted efforrs were underway to develop a number of
non-meson-physics programs that could utilize the unique resources of
this accelerator. One of these efforts was concerned with designing and
building a rargeting system (l), to be located immediately upstream of
the main LAMPF beam stop, that would allow a variety of target marerials
to be insercted into the excess proton baam emerging from the main
experimental areas. This was an immense and excit!ng challenge to those
of us tnat were involved in the program, as the beam would reach a power
level of B00 W, and massive shielding would be required for the ejected
neutrons and gamma radiation, yet the operation of the facillity, lacter
named the Isotope Production Facility (IPF), was required to have

min{mal impact on the overall operation of the accelerator.

The objective of this paper is to briefly summarize the
preparatory research carried out with %90 MeV protons. Thls w1il be
followed by a review of the results thet were obtained during the 15-
vear perlod [ was associated with and directed the Medical Radiolsotope
Research Program. Obviously the constralnts on the length of this paper
limit the amount ot data that can be presented here, bhut .aumerous

publlications will be cltad tor thoge wishing more extensive data.

2. Spallation Reactlion Studies at 590 MeV
To prepare for this program, a small group ot nuclear chemists and
physleluty was tormed and commenced to lrradiate a varfety ol tarpet

slements In the low Intenylty 990 MeV proton heam s vaflable from the



synchrocyclotron at the Space Radiatlon Effects laboratory located in
Newport News. These data would provide a planning basis for the LAMPF
radioisctope production program. Thin target folls of the following
elements were irradiated: C, Mg, Al, SiL, TL{. V, Cr. Fe, Co, Ni, Cu, Zn,
Ge, As, Se, Nb, Mo, In, Sn, Ba, La, Ce, Tb, Lu, Hf, Ta, W, Au, Pb, Bi,
and U. Ge’Ll) spectrometry was employed to measure the yields of the
major gamma photon emitting nucllides produced in the irradiated targets.
Chemical ser.arations were carried out on the higher Z targets, as
needed. Many of the targer: studied by us at this energy have not been
studied by others at similar energies to permit comparisons. Some
publications (2,3) contained product rield data for Ti, Fe, and Cu
targets bombarded with 600 MeV protons, and comparisons showed wide
disagreements (see Tabies 1, 2, and 3). Because of this, an
interlaboratory comparison was carried out Iin which ldentically
irradiated foils of Fe and Cu, plus Al and C monitor folls, were

distributed to the three participating laboratorles for measurement(4).

The 1resultlng data showed generally good agreement.

Publlshed data {(5,6) from Fe and Cu vargets, bombarded with 1 and
3 GeV protons in a thick target array, Indicate a buildup in rthe
etltectlve cross sections for products relatively close In mass to that
of the target. At 1l GeV the bulldup factors, which are attrlbuted to
the Increase In parricle tlux due to the production of secondarles,
reach thelr max{mum for the O to 2.9 cm radlal zone at approximately
A g rm'?. A slmllar experimental arrangement was used by ug to measuare
thick target vields In ke, Nb, and BI targets In an fron array at 5490

and 3100 MeV, since our planned TAMPF tarpets were to bhe on the order of

Do oem thick.  The vesultant ecurves, obtalned by plotting the etfect bre



cross section vg depth in the array, were found to be similar to those
obtained at the higher proton energies, with the exception that the
maxima are shifred to approximately 10 g cm‘2 depth(see Flgure 1 for an
example). Thus one could expect enhanced yields for some product

nuclides in the LAMPF targets.
l. LAMPF Target Irradiations

The LAMPF i3 centered around a half-mila long linear accelerator
designed to accelerate a high Intensity beam of protons to energies well
bevond thz pion production threshold (7,8). The IPF, as mentioned
above, contains nine independent target stations in series immediately
upstream of the meain LAMPF beam stop. Targets are typically on the
order of 6.4 cm OD by 2 cm thick and are encased in a bolted container,
which has been made of gold-plated copper, stalnless steel, or aluminum.
In addition, a number of different target encapsulation methods have

been developed and tested (9).

In contrast with low-energy charged-particle nuclear reactions,
loss of particle energy in target windows and coeclant {s not a great
consideration at 800 feV. Physlical strength, high heat transfer, and
reslstaace Lo radlatior damage are important tactors In selecting

miaterlals tor use in encapsulation systems.

When operations at the IPF were Initlated In October, 1776, TAMPF
was dellvering 800 MeV protons at a current of 300 mlcroamperes.
Initialiy only pure metal targets were selected for lrradiatlon.  These
inclvded Mo, Nt, Ta, Si, V, AL, and Cu, which ranged In mass trom a tow

n oseveral hundred grams Cne program requived a maltlenrle quant ity ol



88y that necessitated the irradiation and processing of more than 5

kilograms of Mo metal. As experience was gained, it was learned that
oxide and salt targets could safely be irradiated, and we eventually
developed a targeting system that permitted the sweeping and cold

trapping of radiuxenon gas from a molten CsCl during irradiation (10).
4. Spallation Reaction Studies at 800 MeV

The measurement of 800 MeV proton spallation cross sections has
been an important activity of the Los Alamos Medical Radlioisotope
Research Group. Knowledge of the formation cross sections of isotopes
of interest allows the calculation of estimared production ylelds in
thick targets, the monitoring of hot cell procedures, and an evaluation
of isotoplc Interferences Iin a particular LAMPF product. Because of the
non-specific nature of nuclear spallation, for isotope production (1l1l),
chemical separacion alone ls sometimes insufficient for the requisite

purity (12).

Thin targets of Ni, As, Pb, and Bi were irradiated with
(800 ¢t 5) MeV protons to an integrated intenslity of 1 microampere hr,
together with Al monito. foills (12). Beam intensity measurements were
based on the yields and known cross sectlons of the followlng activities

24

[n AL: Na, 10.785 mb: 22Na, 16.2 mb: and 'Be, 6.4 mb. Radlochemlcal

separations were performed on each target to recover elemental fractions

of interest, and analyses of the various gamma photon spectira were
performed using the GAMANAL code. The results are shown In Table 4.
The target ut{llized for 68a product lon at LAMPF Ls RbBr. and a

number ot addit lonal medlcally-lnteresting nucllides are also produced in



this target when irradiated with medium energy protons (13). Tn this
case, three pressed pellets of RbRr were irradiated simultaneously along
with Al monitor foils. Following irradiation, two of the pellets were
dissolved in HCl, aliquots withdrawn and mounted fnr counting, and the
remainder of the solutions were chemically processed to isolate the Ge,
As, and Se fractions. The third pellet was chemlcally processed to
isolate the Cu and Ga fractions to permit independent determinations of
the yields of 67cu and ®7Ga. The cross sectlon results are presented in

Table 5.

Vanadium targets are of interest as a potential source of Q3K,
which also contains 42y as an isotopic impurity (l4), as well as a
source of aaTl, which would serve as the parent in the aATL-QASc
biomedical generator system (l5). Also this target would serve as a
£ 32

source o S1 that would be useful in a number of geologic and nuclear

studies (16). The data In Table 6 are the results of our measurements

(17).

One of the more lmportant targets we have studied at LAMPF I[s
molybdenum, for it i{s from thls that the following useful nuclides are
derived: 88zr B8ty 83y 82¢. 775, and 725e. 1solation of the Zr/Y
fraction would produce a source material for an 88Y-Be photoneutron
source that would produce a monoenergetlc source of 151 keV neutrons
(18). Alternatively, an In{tial separation of the Zr and Y followed by
the decay of 887¢ would yleld a source of lsotoplcally pure 88Y, B2gy
(Tl/2 = 25.55 days) s the parent of 1.2/3-min. 82gh (L9), which has

bheen shown Important In braln and heart studies employlng poslitron

emission tomographlc (PET) lmaglng (20,21). Employing a relatively



short irradiation time of five to six days, 77Br can be made via
spillation of Mo and a relatively high specific activity of 150,000
Ci/gm has been achieved (22). This material has proven to be useful in
radiohalogen labeling research of estrogen derivatives (23) The cross
section results (24) obtalned for the spallation of molybdenum by 800

MeV protons are given in Table 7.
5. Spallation Yields st 800 MeV

Bzacause of the combination of the LAMPF proton energy and large
beam intensity (an Intensity of 1.2 milliamperes has been achieved), it
{s possible for us to irradiate thick targets (about 2 cm thick) and to
recover unusually large amounts of radioactive i(sotopes. In this
section, I will briefly summarize a number of achlevements chat have

been realized in thls program.

Silicon-32 i{s the longest lived radioisotope of that element and
is of interest to the astrophysical commurnity as well as in other
physical sciences. This nuclide was produced by irradiating 320 grams
of V metal in the IPF during an intermittent bombardment over a period
of three years (l16), after which it was determined that about 1.5 mCl of

3251 (possibly the world's supply) was made.

The decay properties of 67cu are sultable to make this nuclide
attractive for appllcations In medical imaging and in Internal radlation
therapy, and extenslve research Ls In progress on llinklng this nuclide
to monoclonal anti{bodies to achleve tunor imaging and thervapy (2% . A

target containing /9.2 g

of Zn) was bombarded at a proton beam current



of 423 microamperes for 93.4 hours, and the observed yield was 3.11 Ci{

of 87cu(26).

Space limitations will not allow even brief coverage of a number
of other radioisotopes develoyed in thils program. These include 7Be,
2244, 2641, 44711, 3Zre (9,27), %ce (28.29), 77Br (9,30), B3mb, 825y
(31, 88y, 887, 1094 (27), 1231 (9,32), 127%e (29), and 172Hi. The
interested reader should refer to the reference citations for additional

details.

One additional example wlill serve to emphasize the enormous
production capacity at LAMPF. A tantalum target welghing a cotal of 770
g was irradiated over a four month period, with the irradiation
terminating on November 18, 1980. During this period there were about
70 beam days with a proton current of approximately 350 microamperes.
The estimated totsl proton fluence wvas ~1022 protons. The ylelds
obtained, corrected to EOB, are shown in Table 8 and graphically

illustrate the substantial resource capability of cthe LAMPF accelerator.

6. Acknovledgements

The author wishes to acknowledge the enormous efforts of all the
members of the Medical Radioisotopes Research Group, whose dedication
made the program a success. A speclal appreclation is extended to Drs.
George A. Cowan, Louls Rosen, Harold M. Agnew, Darleane C. Hoffman, and
Juames E. Sattizahn, without whose support we could not have accompllished
the seemingly Llmpossible. The author also acknowledges the
collaborative efforts of Drs. Carl J. Orth, Mario E. Schillacl, Andrew

F. Norris, and Bruce J. Dropesky durlng the %90 MeV studles.



Referencas

(1)

(2)

(3)

(4)

(3)
(6)
(7)
(8)

(9

(10)

(11)

(12)

(1)

C.E. Cummings, A.E. Ogard and R.H. Shaw, Amer. Nucl. Soc.,

Proceed. 26th Conf. Remote Sys. Tech. (1978) 201.

R.L. Brodzinski, L.A. Rancitelll, J.A. Cooper and N.A. Wogman,
Phys. Rev. C4 (1971) 1257.

J.E. Cline and E.B. Nieschmidt, Nucl. Phys. Al69 (1971) 437,

C.J. Orth, H.A. 0'Brien, Jr., M.E. Schillaci, B.J. Dropesky, J.E.
Cline, E.B. Nieschmidt and R.L. Brodzinskl, J. Inorg. Nucl. Chem.,
38 (1976) 13.

J.P, Shedlovsky and G.V.S. Rayudu, J. Geophys. Res .69 (1964) 2231.
A. Van Ginneken and A. Turkevich, J. Geophys. Res. 75 (1970) 5121.
L. Rosen, Proc. Natl. Acad. Sci. USA 70 (1973) 603.

L. Rosen, Kerntechnik 15 (1973) 319.

H.A. O'Brien, Jr., J.W. Barnes, G.E. Bentley, F.J. Steinkruger,
K.E. Thomas, M.A. Ott, F.H. Seurer and W.A. Taylor, The Developing
Role of Short-Lived Radionuclides in Me“!l:.al Practice, eds., P.
Paras and J.W. Thiessen, CONF-820523, (Natl. Tech. Info. Serv.,
Springfield, VA 1985) p. l47.

J.W. Barnes, M.A. Ott, P.M. Wanek, G.E. Bentley, K.E. Thomas, F.J.
Steinkruger and H.A. 0'Brien, Jr., J. Nucl. Med. 24 (1983) r24.
H.A. O'Brien, P.M, Grant and A.E. Ogard, Prog. Nucl. Med. 4 (1978)
93.

P.M. Grant, H.A, 0'Brien, B.P. Bayhurst, J.S. Gilmore, R.J.
Prestwood, R.E. Whipple and P.M. Wanek, J. Label. Compd.
Radlopharm. 16 (19/9) 212.

P.M. Grant, D.A. Miller, J.S. Gllmore and H.A. O'Brien, Jr., Int,

7. Appl. Radlat. Isot. 33 (1982) 415,



10

(14) V.R. Casella, P.M. Grant and H. A. O'Brien, J. Radioanal. Chem. 16
(1977) 337.

(15) M. Saijad and R.M. Lambrecht, Anal. Chem. (1986) 667.

(16) P. Polak, S.R. Garcia, W.A. Tavlor, J.W. Barnes, L. Lindner, H.A.
O'Brien and K.E. Thomas, Radiochim. Acta 38 (1985) 73.

(17) P.M. Grant, B.R. Erdal, R.E. Whipple and H.A. O’Brier, Jr., Appl.
Radiar. Isot. 39 (1988) 501.

(18) H.A. O'Brien, Jr. and M.E. Schillaci, Isotop. Radiat. Tech. Y
(1971) 105.

(19) P.M.Grant, B.R. Erdal, R.E. Whipple, R.J. Daniels and H.A,
0’'Brien, Jr., Phys. Rev. C 18 (1978) 2799.

(20) N.A. Mullani, R.A. Goldstein, K.L. Gould, S.K. Marani, D.J.
Fisher, H.A. O'Brlen, Jr. and M.D. Loberg, J. Nucl. Med. 24 (1983)
898.

(21) R.A. Goldstein, N.A. Mullani, S.K. Marani, D.J. Fisher, K.L. Gould
and H.A. O'Brien, Jr., J. Nucl, Med. 24 (1983) 907.

(22) P.M. Grant, R.E. Whipple, J.W. Barnes, G.E. Bentley, P.M. Wanek
and H.A. O0’Brien, Jr., J. Inorg. Nucl. Chem. 43 (1981) 2217.

(23) J.K. Mazaitis, B.E. Francls, W.C. Eckelman, R.E. Gibson, R.C.
Reba, J.W. Barnes, G.E. Bentley, P.M. Grant and H.A. O'Brien, Jr.,
J. Label. Cmpd. Radliopharm. 18 (1981) 1033.

(24) P.M. Grant, B.R. Erdal and H.A. O'Brien, Jr., Int. J. Appl.
Radiat. Isot. 34 (1983) 1631.

(?5) H.A. O0'Brien, Jr., Radlolmmunolmaging and Radloimmunotherapy,
eds., S.W. Burchlel and B.A. Rhodes (£lsevier Science Publ. Co.,

New York, 1983) p.l6l.



(26)

(27)

(28)

(29)

(30)

(31)

(32)

J.W. Barnes, K.E. Thomas, G.E. Bentley, F.J. Steinkruger and H.A.
O'Brien, Jr., J. Nucl. Med. 23 (1982) P102.

F.J. Steinkruger, G.E. Bentley, H.A. O'Brien, Jr., M.A. Ott, F.H.
Seurer, W.A. Taylor and J.W. Barnes, Radlonuclide Generators,
eds., F.F. Knapp and T.A. Butler, ACS Symposium Series 241 (Amer.
Chem Soc., Washington, DC 1984) p. 179.

C.A. Miller, P.M. Grant, J.W. Barnes, G.E. Bentley and H.A.
O'Brier, Jr., Applications of Nuclear and Radiochemistry, eds.,
R.M. Lambrecht and N. Marcos (Pergamon Press, New York, 1982)

p.37.

H.A. O'Brien, Jr., J.W. Barnes, G.E. Bentley, D.S. Wilbur, K.E.

Thomas, F.J. Steinkruger, P.M. Wanek, Z.V. Svitra and R.S. Rogers,

Proc. Thrd.Wrid. Cong. Nucl. Med. Bicl. 2 (1982) 2138.

H.A. O'Brien, Jr., P.M. Grant, G.e. Bentley and D.S. Wilbur, ..
Nucl. Med. 26 (1985) 104.

G.E. Bentley, J.W. Barnes, P.M. Grant, R.E. Whipple, P.M. Wanek,
M.A. Ott, T.P. DeBusk and H.A. 0'Brien, Jr., Abstr. 176th Mtg.
(Amer. Chem. Soc., Washington, DC 1979).

M.A, Ott, J.W. Barnes, F.H. Seurer, N.J. Segura, P.M. Wanek, W.A,.
Taylor, F.J. Stelnkruger K.E. Thomas, G.E. Bentley H.A. O’Brien

and D.C. Moody, J. Nucl. Med. 26 (1985) 105.

il



Figure Captions

Figure 1 Effective spallation cross sections for niobium foils

locatad in thick iron array (12" x 12" x 20") irradiated with 590 MeV
procons.
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Table

13

Spallation Yields From 590 MeV Protons on Titanium

Cross Section (mb)

_Nuclide This Work _ __ Brodzinski. et al (Z)
16-d 48y 1.22 + 0.40 1.02 +0.35
47-y bbry 1.42 £ 0.40 0.62 % 0.21
3.9-h 43gc 6.94 + 1.00 -
1.9-h bbge 16.8 + 2.5
2.4-d 4bmg 7.30 £ 1.00 4.6 F 1.5
34-d 4bg, 29.5 + 3.5 17.5 ¢+ 5.6
3.4-d 475¢ 22.9 + 3.5 17.4  * 5.6
1.8-d 48ge 2.8 +0.5 1.62 + 0.92
4.5-d 47cq 0.27 + 0.09
12.4-h 42y 9.2 t 1.2 €9 t1.9
22 .4-h 43y 3.7 +0.5 2.11 + 0.68
L.B-h Slag 1.60 + 0.60
21-h 28y, 0.25 + 0.08 0.100 + 0.0V
2 6.y 225q 0.86 + 0.15 0.64 V0.7
15-h ?Na L.ab ¢ 0.21 0.8/ 1 0.8

h)-d



Table 2.
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Tablae 3. Spallation Yialds From 390 MeV Protons on Copper

Cross Section (mb)

—Nuclide This Work Cline, et al (3)
9.3-h 627 0.60 0.81 £ 1.0
3.3-h blcy 17.5 20.7 ¢ 2.1

36-h 3Ny 1.01 1.78 ¢ 0.24
5.3-y 60¢co 8.8 1.7 +6.0
72-d 8co 28.9 55.0 * 5.5
271-d 3 ¢o 1.1 12.3 ¢ 3.0
77-d 36co 8.68 14.8 ¢ 1.5
18-h o 3.45 4.0 +0.5
45-d e 1.30 2.5 ¢ 0.25
8.2-h 2pq 0.70 0.25 ¢ 0.0}
2.6-h Yomn 3.62 5.9 + 0.7

112 d YoM 20.0 1.9 ¢ 3.2

5. 7-d R 9.09 12.0 + 1.2
28 d Sler 21 .4 290 ¢+ 3.0
23 h “8cy 0.42 0.5%1 » 0.08
16.d by 10.6 14,35 + 2 00

1.8 d (LI 0.60 0 30 v 0 08

b4 d flg, 2. 6h YL
| Ahg h. IR V2ot 04

D hd A, h o2 1R ¢+ 02

V9 h ah ) Hu Y90 0 40

Voo Al (Y 0o b oo
M0 h Yk 0.6/ 0ol V010

l.‘ 'I I'I,H ‘| '|.’ l '|‘| [} .|”



Table 4. Seiacted Spallation Cross Sections From 800 MeV Protons on
Nickel, Arsenic, Bismuth, and Lead

Chemical o
larget Yield _lsotope (mb) Type
NL 0.9592 52p, 1.5 +0.13 ..
39rq 0.306 + 0.048 C.Y.
0.8577 43gc 7.02 +0.83 c.Y
bhmg e 7.3 + 0.65 I.Y.
46g¢ 5.69 + 0.49 [.Y.
47s¢ 1.49 +0.13 I.Y.+ C.Y.
485 0.249 + 0.022 I.Y.

As 0.4393 bley 7.0l ¢+ 0.68 C.Y.
64cy, 15.4 1.6 I.Y.
67¢cy 1.51 +0.13 CLY.

0.1237 66Ga 11.6 ¢1.0 C.Y.
67Ga 28.6 + 2.4 ¢y
12;4 116 ¢ 0.2/ LY. ) .y,
Bi 0.22/6 2007 83.8 ¢ 8.8 LY. 1 C.Y.
201 “8.% t 6./ Gy,
2024 6.5 * 0.69 ¢y

Ih 0.493% 7004y 618 1)L Ly o+ o v

20k “a .l V%9 ¢y,

M2y W2 01 ¢y

1Y = lwudepondent Yield

Y = tnmulat fve Yield



Table 5. Spallation Cross Sections From 800 MeV Protons on RbBr

Cross Section

—_Nuclide _(mb) _Tvpe
8By 0.3 +0.2 I.Y.
855, 4.3 £0.9 C.Y.
835, 3.0 +0.5 C.Y.
825, 2.1 £0.2 C.Y.
86y 19 1 C.Y.
B4ph 50 + 2 c.Y.
83pp 42 *1 C.Y.
82mpy, 12 +2 I.Y.
8lpp 16 +1 C.Y.
82p, 4.9 0.4 C.Y.
80mg . 21 +2 Y.
77ge 49 * 2 C.Y.
75p, 12 +6 C.Y.
7554 67 + 2 C.Y.
M3se 22 1 C.Y.
12¢¢ 12 *0.4 C.Y.
T6p¢ 6 +4 Y.
T6pg 29 +0.9 1.Y.
Tlpg 27+ 1 C.Y.
69ce 15  + 2 Y.
68¢ 19 +1 ¢y
67ca a1t 1L ¢ Y
652a 19 +2 C.Y.
627, 27+ C.Y.
670y 1.6 + 0.08 ¢y,
64 16 +0.9 LY.
bley 7.8 +0.6 C.Y.
bO¢, 9.1 + 0./ C.Y.
"8, 14 +o0.8 C.Y.
"o 13+ 0.9 ¢
e B0l CLY.
"oy, J.0 ¢ 0.2 ¢y,
MMy 1T+ 0.4 1.y,
"“Mn 2.7 v 0.1 1Y,
Ml Joab 0 CoY.
Hy 2V 00 ¢y,
Mg, )2 vl ¢y
Ay, 0.8 0.2 1Y
W, 0.6 0 01 Y

Ko Aol v o) GOy

1. 7. = Independent vield
Sy = Coamualatfve vield



Table 6. Spallation Cross Sections From 800 MeV Protons on Vanadium

Cross Section

___Nuclide (mb) Type
S¢Mn 0.015 * 0.004%* C.Y.
Sleye 2.2 +0.3 c.Y.
48y 13 + 0.4 C.Y.
48g¢ 6.9 +0.07 I.Y.
47g¢ 16 +0.7 c.Y

46

Sc 25 +0.9 I1.Y
47ca 0.56 * 0.02 C.Y.
43k 5.3 +0.3 c.Y
42y 12 +0.4 I.Y
28y, 0.38 + 0.01 C.Y.
26y, 2.3 +0.03 C.Y.
22y,a 1.1 +0.04 C.Y.

'Be 2.7 to0.1 C.Y.

I.Y. - Independent yield
C.Y. = Cumuiative yleld
* Uncertaint{es are minimum experimenta! errors



Table 7. Spallation Cross Sect’ons From 800 MaV Protons on Molybdenum

Cross Section

— Nucljde by Type
961c 1.8 +0.2 C.Y.
95mr, .56 + 0.04 C.Y.
90 8.8 +0.2 c.Y.
92myy, 9.7 +0.1 I.Y.
Ilmygy, 7.1 *+0.6 C.Y.
89z2¢ 51 + 8 C.Y
88Zr 43 0.2 Cc.Y.
87y 59 %1 C.Y.
835y 48  +£0.7 C.Y.
825, 23 +1 C.Y.
86gp 1.4 * 0.0l C.Y.
84pp 5.7 +0.05 C.Y.
83Rp 46  * 0.4 C.Y.
"¢ 27 +0.9 c.Y.
735 26 +0.3 C.Y.
Thps 4.6 *0.04 1.Y.
Tlag 12 +0.7 C.Y.
652n 7.6 +0.2 C.Y.
8co 2.2 +0.1 CY.
57¢co 1.2 to0.1 C.Y.
26¢c, 0.44 *+ 0.02 C.Y.
e, 0.18 + 0.01 C.Y.
"2yy 031 ¢ 0.0l GLY.
(ﬂ‘(?r 0.7 £ C.08 C.Y.
Wy 0.26 + 0.0l CLY.
Wby 021 ¢ 6.0l GLY.

1Y, = [ndependent yleld
CY. = Cumilative yield
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Table 8. Spallation Yialds From 800 MeV Protons on Tantalum

Isotope t1/2 Curles mgrams
Li2ye 1.87y 6.7 6.0
175y¢ 70d 58 5.4
179m2y¢ 25d 8.5 0.3
178m2y¢ Iy 0.04 (est.)
17314 1.37y 10 6.6
174y 4 3.3y 0.11 0.16
174my 142d 0.19 0.04
177m-177, 161d(6.7d) 0.047 0.01
169y, 12d 28 1.2
1707y 129d 0.04 0.01
168y 93d 0.38 0.05
1671n 9.3d 15 0.17
14654 48d 2.4 0.13
14854 75y 0.009 0.28
150g4 2 x 106y
151ga 120d 1.5 0.21
13364 242d 0.9 0.29
187gy 24d 1.81 0.049
Ladp, 55d 0.084 5.1 x 107}
LAy 93d 2.25 0 26
190k Joy 2.1 x 107" 31 x Lo}
14560 140d 0. 33 0.12
Thbg ! x lOly
3 pig Jhhd 0.10 0.0}
VA% by 16 3l 2 6 ox 10 9.5 x 107"

L W(Zu

118d

0.0132

.l x 1o



