
AD-A253 338

Naval Research Laboratory
Washington, DC 20O375-5000

NRL/(M4770-92-6974

Survey of Radioactivities Induced by Lithium Ions

FRANK C. YOUNG AND DAVID V. ROSE*

Pulsed Power Physics Branch
Plasma Physics Division

*JA YCOR
Vienna, VA 22180-2270

DTIC
June 15, 1992 %E ECTE

U29 1992

92-20353

92 "~,~ 00 3 Approved for public release; distribution unlimited.



REPORT DOCUMENTATION PAGE J6orm Approvea

Public repori~ng Iherder, for this colections of ,Morenaton is esltimtd to arerage I hour per re-sponse. icluding the tinme for 0MBwr lsrut~s serhno 07s044188s~res
gethiermng and maintaining the data needed, and completingJ an re...r..g the collecton of information. tend conument, regarding th burdent estimate or any Other asec of iu

colection of information. ,.inldng s ion for reduing thi burden. to Washngton "eadquaners Sver 0iirectate for Mformation OperaM1n an tports 12IS Jefferion
Dawn ihway. Sute 1204. Adit. V& 22202.4302. and to the Office of Management and Sudget. Paperwork Seduction Proec (0704-01 U). Waigton. DC 20503.

I. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
June 15, 1992 Interim

4. TITLE AND SUBTITLE S. FUNDING NUMBERS

Survey of Radioactivities Induced by Lithium Ions SNL F.A.O. No. AA-9158

6. AUTHOR(S)

Frank C. Young and David V. Rose*

7. PERFORMING ORGANIZATION NAME(S) AND ADORESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

Naval Research Laboratory
Washington, DC 20375-5000 NRL/MR/4770-92-6974

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING
AGENCY REPORT NUMBER

Sandia National Laboratories
Albuquerque, NM 87185

11. SUPPLEMENTARY NOTES

*Jaycor, Vienna, VA 22180-2270

12a. DISTRIBUTION /AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for public release; distribution unlimited.

13. ABSTRACT (Maximum 200 words)

Lithium-induced nuclear reactions which lead to radioactivities are surveyed for application to experi-
ments with intense lithium-ion beams from pulsed power generators. Positive Q-value reactions for 7Li
ions of up to 15 MeV on carbon, aluminum, steel, brass, and titanium alloy targets are identified. For each
radioactivity, the half-life and decay products are tabulated. Reaction yields are dominated by the Coulomb
barrier, and the scaling of the barrier penetration with 7 Li energy is evaluated for each target element.

14. SUBJECT TERMS 15. NUMBER OF PAGES

Lithium-induced nuclear reactions Radioactive products 21

Intense lithium beam Coulomb barrier penetrability 16. PRICE CODE

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT

UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED UL

NSN 7540-01-280-SSOO Standard Form 298 (Rev 2-89)
ebsrbed by ANSI Sid 139.i

ZI9 102



Contents

Introduction ............................................... 2

Survey of Nuclear Reactions ................................ 2

Nuclear Reaction Yields ................................ 3

References ................................................. 16

Aosesslon For
NTIS GRA&I
DTIC TAB 0
Unannounced 0
Justification

Distribution/
Availability Codes

-Avail and/or
blat SpOolal

L I I

MTC QUALITY INSPECTED



SURVEY OF RADIOACTIVITIES INDUCED BY LITHIUM IONS

I. Introduction

Nuclear reactions produced by lithium ions which lead to

radioactive products are surveyed for application to experiments

with intense pulsed lithium beams. Experiments using lithium

beams have been carried out at Sandia National Laboratories on

the PBFA II generator and are planned for the Sabre generator.

In this survey, radioactivities induced in the commonly used

materials, carbon, aluminum, steel and brass, are identified. In

addition, radioactivities induced in the alloy, titanium 6-4, are

identified because this alloy is used in the ion-diode region of

the Sabre generator. Experiments on the PBFA II generator

indicate that the lithium beam is primarily singly-ionized 'Li.

This beam is produced from natural-abundance lithium which is

primarily 'Li (i.e., 92.5% 'Li and 7.5% 6Li). Therefore,

reactions induced by 'Li nuclei are not included in this survey.

The diode voltage on the Sabre generator may be as high as 10 MV,

and experiments on PBFA II have achieved voltages of up to 15 MV.

Therefore, lithium beams with energies of up to 15 MeV are

considered in this survey.

In Sec. II, the nuclear reactions on these targets which

produce radioactivity are listed, and the decay properties of the

radioactive nuclei are identified. In a survey of the published

literature, measured yields have been reported only for one of

these reactions, but measurements for other lithium-induced

reactions indicate that the reaction yields are dominated by the

Coulomb barrier in this energy range. Yield estimates based on

Coulomb-barrier penetration are presented in Sec. III.

II. Survey of Nuclear Reactions

Nuclear reactions with positive Q-values which lead to

radioactive residual nuclei are identified in this survey.

Lithium-induced reactions leading to the following products are

considered: n, p, d, t, 3 He, a, 'Li and 'He. The tabulation of

Q-values by Keller et al.' is used as a guide to identify

Manuscript approved April 14, 1992.



positive Q-value reactions. Since the Q-values in Ref. 1 are

listed with only two-significant-figure precision, the Q-values

in this survey are calculated to four-significant-figure

precision using atomic masses from Ref. 2. The reactions and

their Q-values are listed in Table I for carbon and aluminum, in

Teble II for titanium 6-4 alloy, in Table III for steel, and in

Table IV for brass. The natural abundance of each isotope is

also listed.

For the alloy targets, this survey only includes target

isotopes for which the product oZ tha isotopic abundance and the

alloy proportion exceeds 1%. The titanium 6-4 alloy consists of

90% titanium, 6% aluminum, and 4% vanadium. The steel target is

assumed to be #304 stainless with a 70%-iron, 20%-chromium, and

10%-nickel composition. For brass, a 67%-copper and 33%-zinc

composition is assumed. Each of these elements consists of

several stable isotopes with significant fractional abundances.

The target isotopes for which the product of the isotopic

abundance and the alloy proportion exceeds 1% are expected to be

the primary sources of radioactivity. In addition, reactions

which produce the long-lived isotopes 5 3Mn (T. - 3.7x10' yr), 59Ni

(Th - 8x104 yr), and 6 3Ni (T - 102 yr) are not included in this

survey. Unrealistically large ion-beam fluences would be

required to produce significant activities of these long-lived

isotopes. The decay mode of each residual nucleus is identified

as 0- for electron decay, 0* for positron decay, and e for

electron capture. For O-decay, EO is the end-point energy of the

0-spectrum, and ET is the energy of the most intense y-ray(s)

associated with the decay. The symbol 5 2"Mn in Table II refers

to a metastable state where 5 2Mn is the ground state. The decay

modes, half-lives, end-point energies and y-ray energies are

taken from Ref. 2. The most intense y-decays are identified from

Ref. 3.

III. Nuclear Reaction Yields

For each target isotope, at least one reaction with a

positive Q-value of several MeV is listed. Reactions with

positive Q-values are allowed by kinematics for any bombarding
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Table I

Radioactivities induced by 7Li Ions on Carbon and Aluminum

Target Nuclear Reaction Residual Nucleus

iso- Abun- Reaction Q-Value Decay Half Es E
tope dance (Hey) Mode Life (Hey) (Hey)

1 2 C 98.9% 1L2 C(7 Li,n) 1 F 5.96 0+ 110 min 0.63 0.51

1 3 C 1.1% 13 C(7 Li,p)''O 7.41 IS 27 s 4.60 0.20

1.36

13C('Li,at)1''N 9.92 0- 7.1 s 4.3 6.13

13 C('Li,2n) 1 7F 1.02 15 110 min 0.63 0.51

2 7A1 100% 2 7A1('7Li,p)3 3 p 16.76 13 25 da 0.25 -

2 7 Al (7Li,d)3 2 p 8.89 0- 14 da 1.71 -

2 7 A1(7Li,3He)31 5i 5.74 0- 2.6 hr 1.49 -

2 7 A1(7Li,'Li)2$A1 0.48 93 2.2 Din 2.86 1.78

3



Table II

Radioactivities Induced by 7Li Ions on Titanium and Vanadium

Target Nuclear Reaction Residual Nucleus

Iso- Abun- Reaction Q-Value Decay Half a v
tope dance (NeV) Node Life (MeV) (MeV)
46Ti 8.0% 46Ti(7 Li,n)5 214n 13.42 Is 5.7 da 0.57 1.43

46Ti( 7Li,n)5 2 %Mn 13.04 Is 21 min 2.63 1.43

4 6 Ti(7Li,d)s5 Cr 9.10 6 28 da - 0.32

4,Ti(7Li,a)49V 16.31 C 331 da - -

'9Ti(7Li,2n)5"Nn 2.90 0+ 46 min 2.2 0.51

46Ti(7Li,an)48V 4.76 IS 16.0 da 0.70 1.31

4'Ti 7.5% 4 'Ti(7Li,t)s5 Cr 6.48 C 27.7 da - 0.32
4'Ti(7Li,2n)5211n 4.54 I+ 5.7 da 0.57 1.43
47Ti( 7Li,2n)s 2RNn 4.16 Is 21 min 2.63 1.43

47Ti(7Li,2p)52V 6.84 0- 3.8 min 2.5 1.43

4 '7Ti(7Li,an)49V 7.44 C 331 da - -

48Ti 73.7% 4$Ti( 7 Li,n)5 4 14n 13.91 v 312 da - 0.835

4ITi(7Li, 3 He) 5 2V 2.93 0- 3.8 min 2.5 1.43
40Ti(?Li,2p)53 V 4.03 0- 1.6 min 2.4 1.00

49Ti 5.5% 49Ti(7Li,p)5 !Cr 14.17 0- 3.6 min 2.59 -

49Ti('Li, 3He)S 3V 3.60 0- 1.6 min 2.4 1.00

49Ti(7Li,t)52V 15.36 0- 3.8 min 2.5 1.43

4 9 Ti(7Li,2n)S41n 5.76 C 312 da - 0.835

49Ti(7Li,2p)5 4V 1.40 0- 43 s 3.0 2.21

continued
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Table II Continued

Radioactivities Induced by 'Li Ions on Titanium and Vanadium

Target Nuclear Reaction Residual Nucleus

Iso- Abun- Reaction Q-Value Decay Half EO EY
tope dance (NeV) Mode Life (MeV) (MeV)

STi 5.3% 50Ti(7Li,n)s6 Mn 12.31 A- 2.6 hr 2.85 0.847

SOTi(7 Li,p)S6Cr 11.48 I- 5.9 min 1.5 0.083

SOTi( 7 Li,d)SSCr 5.45 a- 3.6 min 2.59 -

sTi('Li,U)5 3V 13.23 - 1.6 min 2.4 1.00

5Ti(Lian)5 2 V 4.42 0- 3.8 min 2.5 1.43

S5 v 99.8% s5 V('Li,p)s7 Mn 12.90 - 1.6 min 2.56 0.122

51 V(7Li,d)s6Mn 6.48 - 2.58 hr 2.85 0.847

5 V('Li, 3 He)ssCr 2.89 - 3.6 min 2.59 -

SlV(7Li,2p)s"Cr 3.42 I- 5.9 min 1.5 0.083

SlV( 7LiSLi)S 2V 0.06 0- 3.8 min 2.5 1.43
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Table III

Radioactivities Induced by 'Li Ions on Chromium, Iron and Nickel

Target Nuclear Reaction Residual Nucleus

Iso- Abun- Reaction Q-Value Decay Half EO E
tope dance (MeV) Mode Life (MeV) (MeV)

52Cr 83.8% 52Cr(7Li,n)5$Co 11.26 C,O* 71 da 0.47 0.81

52 Cr(7Li, 3 He) 5 6 mn 1.47 0- 2.6 hr 2.85 0.847

52 Cr(7Li,2n)57Co 2.69 e 271 da - 0.122

S2Cr(7 Li,2p)S7 mn 2.40 0- 1.6 min 2.56 0.122
52Cr(7Li,an)5 4Mn 4.55 c 312 da - 0.835

54Fe 5.8% 54Fe('Li,n)60Cu 8.94 0 23 min 3.77 1.76

1.33

54Fe(7 Li,3 He)saCo 3.57 c,o 71 da 0.47 0.81

54 Fe('Li,a)57 Co 15.58 e 271 da - 0.122

s4Fe(7Li,an)S6Co 4.20 0+ 77 da 1.46 0.847

s4Fe(Li,'Li)55 Fe 2.05 E 2.7 yr - -

56Fe 91.7% 56 Fe(7Li,n)6 2Cu 9.04 i4 9.8 min 2.93 0.51
56 Fe('Li, 3He) 6°Co 1.02 0- 5.3 yr 0.321 1.17

1.33

s5Fe(7 Li,2n)GlCu 0.14 0, 3.4 hr 1.22 0.51

S6Fe('Li,2p)G1 Co 2.65 0- 1.65 hr 1.24 0.068

s6Fe( 7Li,an)SSCo 3.64 , 71 da 0.47 0.81

continued
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Table III Continued

Radioactivities Induced by 7Li Ions on Chromium, Iron and Nickel

Target Nuclear Reaction Residual Nucleus

Iso- Abun- Reaction Q-Value Decay Half Ep E
tope dance (MeV) Mode Life (MeV) (MeV)

5 7 Fe 2.1% 5 7Fe(7Li, 3He)6'Co 2.73 0- 1.65 hr 1.24 0.068

5 7 Fe(7Li,U)6°Co 13.96 0- 5.27 yr 0.321 1.17
1.33

57Fe('Li,2n)62Cu 1.40 0 9.8 min 2.93 0.51

s7Fe('Li,2p)62Co 1.68 0- 14 min 2.88 1.17
5 7 Fe(7Li,2p)62ECo 1.30 0- 1.5 min 4.1 1.17

5ONi 68.3% 5ONi(7Li,n)64Ga 5.54 0* 2.6 main 6.05 0.51

5 $Ni(7Li,d)6 3 Zn 3.76 0+ 38 main 2.34 0.51

5 0Ni(7Li,t)62 Zn 0.85 c,O 9.3 hr 0.67 0.51

5 Ni(7Li, 3He) 62Cu 2.56 0+ 9.8 main 2.93 0.51

SONi(7Li,a)6'Cu 14.24 0 3.4 hr 1.22 0.51

S°Ni(7Li,an)6°Cu 2.56 P 23 main 3.77 1.76
1.33

60Ni 26.1% 6°Ni(7Li,n)''Ga 6.07 P 9.5 hr 4.15 0.51

6°Ni(7Li,d)'6sZn 3.22 C 245 da - 1.115

6°Ni(7Li, 3He)6'Cu 0.93 0- 12.8 hr 0.575 -
,3+ 12.8 hr 0.656 0.51

6°Ni('Li,an)' 2Cu 2.75 0* 9.8 main 2.93 0.51
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Table IV

Radioactivities Induced by 'Li Ions on Copper and Zinc

Target Nuclear Reaction Residual Nucleus

Iso- Abun- Reaction Q-Value Decay Half El E
tope dance (MeV) Mode Life (MeV) (MeV)

63 Cu 69.1% 63Cu(7Li,n)69Ge 8.35 c,O4  39 hr 1.20 0.51

'3Cu('Li,d)'8 Ga 3.26 9+ 68 min 1.90 0.51

6 3Cu('Li,t)67Ga 1.24 9 78 hr - 0.093

63Cu(Li,n) Z?, 4.75 E 245 da - 1.115

63Cu('Li,'Li)6 4 Cu 0.66 - 12.8 hr 0.575 -
12.8 hr 0.656 0.51

6sCu 30.9% S1Cu('Li,n)'1 Ge 9.47 e 11 da - -

6SCu(iLid)7°Ga 3.40 0- 21 min 1.65 -

6sCu('Li, 3He)GgZn 1.14 A- 57 min 0.91 -

64 Zn 48.9% 64Zn('Li,n)'OAs 5.16 0+ 50 min 2.1 1.04

64 Zn(7Li,d)'9 Ge 2.87 cO 39 hr 1.20 0.51

64Zn(7Li,t) 6$Ge 0.53 v 287 da - -

6 4 Zn(7Li, 3He)6'Ga 1.05 0+ 68 min 1.90 0.51

6 4 Zn(7 Lia) 6 7 Ga 13.35 C 78 hr - 0.093

64Zn('Li,an)4 6 Ga 2.12 0+  9.5 hr 4.15 0.51

64 Zn('Li,6Li)65 Zn 0.74 C 245 da - 1.115

continued
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Table IV Continued

Radioactivities Induced by 7 Li Ions on Copper and Zinc

Target Nuclear Reaction Residual Nucleus

Iso- Abun- Reaction Q-Value Decay Half Ei E7

tope dance (MeV) Mode Life (MeV) (MeV)

6'Zn 27.8% f" Zn(7Li,n)7 2As 6.17 13 26 hr 2.50 0.835

66Zn(7Li,d)71 Ge 2.79 C 11 da - -

6"Zn(7Li, 3 He)7OGa -0.01 - 21 min 1.65 -

66Zn(7Li,an)68 Ga 2.60 0+ 68 min 1.90 0.51

68Zn 18.6% 6GZn(7Li,n)74As 7.70 c,O' 18 da 1.53 0.60

- 18 da 1.35 0.64

6GZn(7 Li,2p)7 3Ga 0.08 - 4.9 hr 1.19 0.29

6'Zn(7Li,Un)7°Ga 3.31 - 21 min 1.65 -



energy. On the other hand, lithium-induced reactions are

inhibited by a repulsive Coulomb barrier between the incident
lithium nucleus and the target nucleus. For a nucleus of atomic
number Zi and mass number A. incident on a target of atomic

number Z2 and mass number A2, the energy of this barrier is

Eb(MeV) - 1.44ZlZ 2/R where R is expressed in fermis and is given
by R - 1.2(A 1

1/3 + A21/3 ). The value of this barrier is listed in

Table V for each target element. For elements consisting of
several stable isotopes, the most abundant isotope is used. For
incident energies below the barrier, the lithium must tunnel

quantum-mechanically through the barrier to initiate & nuclear
reaction. The probability for tunneling increases rapidly with

increasing energy below the barrier. Therefore, for medium-
weight targets (Ti to Zn) where Eb is comparable to or larger

than 15 MeV, cross sections for lithium-induced reactions below
15 MeV are expected to be small and to increase rapidly as the
incident lithium energy increases. For carbon and aluminum

targets, the Coulomb barrier is exceeded fc. incident energies

greater than 5.1 and 9.5 MeV, respec vely. If the 'Li energy

approaches or exceeds these barrier Lhiq.ts, appreciable

radioactivity may be produced by reactions on these targets.

In a survey of the published literature, measured cross

sections or thick-target yields in the energy range of interest
were found only for the 12C('Li,n)l'F reaction.5' 6 No cross
sections or thick-target yields were found for the other
reactions listed in Tables I through IV. Thick-target yields or

cross sections have been measured for lithium-induced reactions

on other low-atomic-number targets (i.e., 6Li, 'Li, 9Be, 1 0 B, 1 4N,
160, 19F and 23Na) in the energy range below 15 MeV.5- 7

Invariably, these results indicate that the reaction yields

increase rapidly with increasing lithium energy until the

incident energy becomes comparable with the Coulomb barrier.

This behavior suggests that the reactions in this survey are

dominated by Coulomb-barrier effects in the energy range of

interest.

To estimate the magnitude of Coulomb-barrier inhibition,

the barrier penetrability for 'Li is evaluated for the different

10



Table V

Coulomb Barrier Energies for 'Li

on Different Target Nuclei

Target Z2  A 2  Eb (MeV)

C 6 12 5.14

Al 13 27 9.52

Ti 22 48 14.3

V 23 51 14.7

Cr 24 52 15.3

Fe 26 56 16.3

Ni 28 58 17.4

Cu 29 63 17.7

Zn 30 64 18.3

II



targets in this survey. In general, the barrier penetration
factor is expressed in terms of tabulated Coulomb functions.$
However, an analytic expression can be obtained for s-waves in
the WKB approximation.9 In this approximation it is assumed that
the wave function of the incoming lithium is slowly varying in
the region under the barrier. In this region, the wave function
is not sinusoidal, but exponentially decaying. The WKB
approximation is good if the lithium energy is close to the
barrier potential, Eb, and deteriorates as the lithium energy
decreases. We use the analytic WKB expression for the barLier
penetration factor to compare reaction yields for different
targets with lithium energies near Eb. If the incoming lithium
is not described by an s-wave, an additional angular momentum
barrier should be included. Neglecting this barrier results in
larger penetrations and larger yield estimates.

In the WKB approximation, the s-wave Coulomb-barrier
penetration factor9 is given by P - exp(-y) where

y - 8nZlZ2e2/(hv)[cos-(T/Eb)-(T/Eb)(l-T/Eb). (1)

In this expression, T - huv 2 is the incident 'Li energy, and
- A1A2/(A,+A 2 ) is the reduced mass. This penetration factor is

presented in Figs. 1 and 2 as a function of the 7Li energy for
the targets in this survey. The values of Z2 and A2 listed in
Table V are used for these calculations. The penetration factors
are expressed in yield units by normalizing the carbon-target
penetration factor to measured thick-target yields6 for the
lC(Li,n)laF reaction on a carbon target in the range from 2.5 to
3.5 MeV. For the targets in Fig. 1, the penetration factors
extend up to the Coulomb barrier. As the atomic number of the
target is increased, these curves shift to higher 'Li energy.
For the targets in Fig. 2, the Coulomb barriers are larger than
15 IeV (see Table V). Again, the penetration factors shift to
higher 'Li energy as the atomic number of the target is

increased.

The curves in Figs. 1 and 2 are intended to show the trend
in reaction yield due to the Coulomb barrier. Thick-target

12



yields of up to 10- 5 reactions/7 Li can be expected for carbon and

aluminum. Somewhat lower yields are estimated for the higher

atomic number targets. Actual yields may be larger or smaller

than these estimates due to different nuclear reaction mechanisms
and due to different internal structures of the target and final

nuclei in the reactions.1 °'11  For example, a reaction such as
(7Li,n) requires that all of the charged particles in the 'Li be

transferred to the target to form the final nucleus. Such a
reaction may be expected to proceed through the formation of a

compound nucleus. In this case, the eeaction is inhibited by the
Coulomb barrier as previously described. On the other hand, a

reaction such as (7Li,6Li) may proceed by simply transferring a

neutron; the charged particles in the 7Li need not penetrate the

Coulomb barrier but only get sufficiently close to the target for

neutron transfer to occur. Coulomb-barrier inhibition is less in

this case. In the present survey, the largest Q-values tend to

occur for ('Li,n) and ('Li,p) reactions which have the largest

barrier inhibitions. The less inhibited (7Li, 6Li) reactions tend

to have small positive Q-values, and the (7Li,6He) reactions have
negative Q-values. These kinematic trends suggest that effects

due to different nuclear reaction mechanisms are not likely to

overwhelm the trends due to Coulomb-barrier inhibition.

The ('Li,a) and (7Li,t) reactions are favored by the
internal structure of 7Li. The 7Li nucleus has a significant

(*+t) cluster structure so that these reactions may proceed by

the transfer of either an *-particle or a triton from the 'Li to

the target.10 11 These cluster-transfer reactions resemble

stripping reactions which proceed selectively to ground and
excited states of the final nucleus which have the appropriate

cluster structure. To evaluate the probability of such reactions

requires detailed knowledge of the nuclear structure of the

target and of the final nucleus and is beyond the scope of this

survey.

In conclusion, nuclear reactions, which are induced by up

to 15-MeV 7Li ions and which produce radioactivity, are surveyed

for several commonly used target materials: carbon, aluminum,

steel, brass, and a titanium allcy. Positive Q-value reactions

13



are identified along with the decay properties of the radioactive

nuclei. Yields for these reactions are dominated by penetration

of the Coulomb barrier in the entrance channel. Barrier-

penetration calculations indicate the reaction yields decrease as

the atomic number is increased and increase rapidly with 7 Li

energy up to the Coulomb barrier.
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