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Abstract: 

fhe resonance strength, uy, of the 1175-keV resonance in 
6Li(ot,y)10B has been remeasured using a Ge(Li) detector. The result 

obtained is vy = 0.40 ± O.Ot eV. This is in good agreement with 

previous measurements using Nal(Tl) detectors, provided that the 

earlier results are multiplied by the factor -fy. to convert them 

to the centre-of-mass system. Some of the consequences which arise 

from the failure of previous workers to make this correction before 

evaluating the significance of their results are discussed. 
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1. INTRODUCTION 

Recently the present authors have measured the absolute cross 

section of the reaction 6Li(p,-y)7Be. The amount of 6Li in the targets 

used was determined by measuring the yield of gamma rays from the well-

known resonance at ^(lab) = 1175 keV in the reaction 6Li(a,y) 1 0B. 

This resonance corresponds to the J = 2 , T = 1 level of 1 0 B at ex

citation energy E x = 5166 keV. It is quite narrow, having a total width 

T(lab) < 0.5 keV. Having measured the yield of gamma rays from the 1175 

keV resonance, the number of 6Li atoms per cm2 in the target may be 

calculated if the resonance strength U>Y is known. The statistical fac

tor u is given by 

u = (2J • l)/(2Jp + 1)(2JT • 1) 

where J, Jp and Jj are the spins of the resonance level, projectile and 

target, respectively, and the quantity y is given by 

y = rjiyr 

where r^ i s the p a r t i a l width of the level for the p a r t i c l e er*rance 

channel ( i . e . in the present case, Tj = r a ) , 1%̂  i s the r ad ia t ive width 

of the l e v e l , and r i s the to t a l width of the level . Values of my for 

the 1175-keV resonance have been determined for various emitted gamma 

31 4) 

rays by Meyer-Schutzmeister and Hanna , Alburger et al and Forsyth e t 

a l . The r e s u l t s obtained are reasonably concordant, and wil l be d i s 

cussed in d e t a i l l a t e r in t h i s paper. However, they were a l l obtained 

with Nal(Tl) de tec to r s , and are more than 10 years old. I t was there fore 

considered worthwhile to perform a new measurement of my, using a large 

Ge(Li) de tec to r . 

In order t o determine the t o t a l value of iny, i t i s necessary to 

know t h e gamma-ray decay scheme of the 5166 keV l eve l . This has been 

invest igated by numerous authors , using a va r i e ty of react ions and 
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experimental techniques. The results of these investigations are 
2) summarized by Ajzenberg-Selove and Lauritsen . The most precise branching 

ratio measurement is that of Warburton et al , who used a magnetic pair 

spectrometer to study gamma rays from the reaction 9Be(d,nif)10B. Their 

results are listed in table 1. Their experiment was not sensitive tc 

gamma rays populating levels at E x > 21S5 keV. Subsequently a transition 
71 to the 3590 keV level was detected by Segel and Siemssen ' and by Paul 

et al '; from the results of these two measurements Ajzenberg-Selove and 

Lauritser deduced a branching ratio of 7 ± 3% for this transition. This 

value is listed in column 4 of table 1, together with the upper limit of 

0.5% obtained by Paul et al ; for a branch to the 1740 keV level. In 

the final column of table 1 we list the branching ratios obtained by 
J ft 7 Rl 

combining the r e s u l t s of r e f s . » » » ' ; these values wil l be adopted 

throughout t h i s paper. 

Our determination of U>Y i s based upon measurement of the height y 

of the s tep in the th ick t a r g e t yie ld at the resonance. Ke descr ibe our 

experimental procedure in section 2, an in t e rp re t a t i on of the th i ck 

t a rge t yield curve i s given in section 3, and the analys is i s described 

in sect ion 4. In section 5 we compare our r e su l t for uy with previous 

determinat ions. We find that the r e s u l t s of previous workers have not 

been adequately converted to centre-of-mass co-ordinates (the centre-of-

mass correct ion for the 6 L i ( a , Y ) 1 0 B reac t ion has the value •&- , and is 
A 0 

therefore quite important). Some of the consequences of this are discussed 

in section 6. 

2. EXPERIMENTAL PROCEDURE 

The target consisted of a 2 cm x 1.5 cm section from a 2.8 mm thick 

sheet of sintered LiF, for which the Li content was enriched to greater 

than 95% in 6Li. Use of a thick LiF target was preferred, in the present 

T Provided by courtesy of Dr. A. Klein, School of Physics, University of 
Melbourne. 
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measurement, to an evaporated thin film because (i) the bulk chemical 

composition (stoichiometry) of a thick sample is better known than that 

of an evaporated film, which may have condensed from a fractionated vapour, 

and (ii) during bombardment, even in the presence of surface fractionation, 

a depth could always be found where the composition was constant and 

presumably LiF. In order to minimize surface charge build-up during 

bombardment, the target surface was coated with a flashing of gold 

(-x.2 ug/cm2). The target, together with a quartz viewer for beam in

spection, was mounted on a ladder fixed to an U.H.V. linear/rotary motion 

drive. This target assembly was housed within a stainless steel chamber 

which was insulated from the beam line and served as a Faraday cup for 

beam-current integration. The chamber was held at a pressure of 

iA x 10" 8 Torr by an ion pump. Beams of **He ions were obtained from the 

University of Melbourne 5U Pelletron accelerator. The target surface 

was perpendicular to the beam direction. The beam was defined by a 5 mm 

diameter aperture located about 30 cm upstream from the target. This 

aperture was followed by an electron suppressor ring held at -500 V. 

No other electrical biassing was found necessary for reliable beam-

current integration. Beam currents used were typically about 1 pA. 

Gamma rays were detected using an unshielded 128 cm 3 Ge(Li) detector 

positioned at 55° to the beam direction with its front face about 8 mm 

from the target spot. The detector efficiency was measured in the con

ventional manner with calibrated radioactive sources. Gamma-ray spectra 

were obtained for 300 uC of integrated current per point and stored in 

4096 channels using a PDP 11/40 computer. Data were acquired over the 

**He energy range from 1140 to 1250 keV. The dead time of the detection 

system was measured with a reference pulser feeding the ADC and a parallel 

scaler and was found never to exceed 1% during the measurements. 

The strongest peak in the spectrum was the photopeak of the 718 keV 

gamma ray which depopulates the first excited state of 1 0B. The yield 

of 718 keV gamma rays is plotted in fig. 1 as a function of **He bombarding 

energy. 
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3. INTERPRETATION OF YIELD CURVE 

The yield curve of fig. 1 exhibits a number of interesting features. 

The presence of a significant off-resonance yield below E Q = 1170 keV 
2") is attributed to lower energy resonances at E,, = 500 and x08S keV which 

are excited as the **He beam slows down in the target, and possibly a 

broad nearby resonance at E 0 = 1210 keV. At energies well above the 

resonance energy, the yield curve appears to reach a constant level, 

characteristic of a classical thick target profile. Note that there are 

no nearby resonances which would be expected to distort this shape. 

The plateau height, y, indicated by the dashed lines of fig. 1, was 

reproduced in three separate measurements at different positions on 

the target. In two of these measurements, particular care was taken to 

minimize the exposure of the target to beam bombardment so that the proba

bility of surface composition changes would be reduced. 

The provocative structure at the leading edge of the yield curve is 

evidence of composition changes at the surface of the target. The magni

tude of this effect seemed to be related to the integrated exposure of 

the target to beam, as freshly exposed surfaces showed less evidence of 

such features. Composition variations of alkali halides under ion-beam 

bombardment have been documented in the literature for many years, although 

details of depth dependence have not been measured and the underlying 
91 mechanism remains uncertain. Most recently, Paine et al ' demonstrated 

that thin NaCl films become thinner under **He bombardment and also pre

ferentially lose chlorine. Total mass loss and preferential loss of 

halogen is also consistent with earlier data on charged-particle 

irradiation of alkali halides ' . One mechanism suggested by Biersack 

and Santner ' to account for this behaviouT involves the production of 

halogen atom interstitials (H centres) which subsequently migrate ther

mally until they annihilate with halogen vacancies (F centres) or reach 

the free surface, where they become unstable and release their surplus 
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halogen atom. Providing the sample temperature is sufficiently low that 

the alkali vapour pressure is not too high, surface enrichment of the 

alkali metal will occur. At higher temperatures, the aAkali may vapourize 

leading to a process of continuous mass loss. 

Some features of fig. 1 are consistent with this description. The 

gamma-ray yield peak at the surface suggests a local enrichment in 6Li, 

or depletion of 1 9F. However, the trough which follows the peak suggests 

a redistribution of Li and F in the surface rather than simple loss of 

halogen from the target. To our knowledge, this is the first time that a 

detailed profile of the surface composition has been measured. Use of 

nuclear resonance techniques promises to provide considerable insight into 

such problems. For our present purposes, however, additional discussion 

is irrelevant and probably no definitive conclusion could be reached 

without further systematic measurements. 

4. ANALYSIS 

The relationship between wy and y, the step in the thick target 

yield curve at resonance (in re&wtions per incident par t ic le) , has been 

given by Snover , Lyons et al , and Aitken et al •': 

In th is expression, toy is in the centre-of-mass system, Mp and Mj are 

the masses of the projecti le and target, respectively, in a.m.u., \ i s 

the centre-of-mass wavelength of the projecti le, and e is the stopping 

power of the target in the laboratory system. To be specific, if E^ is 

the laboratory energy of the projectile in MeV, and e is expressed in 

units of eV.cm2 per atom, then uy is obtained in eV, and 

* 2 » 0.209 x 1 0 - 2 1 , [ % ! M T l 2 / M p E L cm5 
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It should be noted that the corresponding expression for u-y given 

by Gove and Litherland in their much-quoted review a r t i c l e s ' ' omits 

the factor [Mr/(Mp • Hj-)], and therefore wil l give uy in the centre-of-

mass system only in the unlikely event that e i s expressed in centre-of-

mass co-ordinates. 

In order to determine the total resonance strength, the value of y 

determined from the yield of 718 keV gamma rays must be corrected t o 

allow for those gamma-ray decay modes which do not involve the 718 keV 

leve l . This was done using the decay scheme adopted in table 1 of th is 

paper for the 5166 keV leve l , and the branching ratios of other levels 
21 given in table 10.6 of ref. . The resulting branching fac:or, after 

correction for summing ef fects arising from the poss ib i l i ty of simultaneous 

detection of more than one member of a gamma cascade through the f i r s t 

excited s tate , was calculated to be 0.79 ± 0.04. 

The reo.uired stopping power of the target for 1175 keV **He ions was 

determined from the compilation of Ziegler . For 6 I . i , E; = 23.5 x 10" 1 5 

eV.cm2 per atom, and for 1 9 F , e = 39.5 x 10" 1 5 eV.cm2 per atom. Hence 

for 6LiF, e = 63.0 x 1 0 - 1 5 eV.cm2 per 6 Li atom. 

The total gamma-ray resonance strength obtained i s uy = 0.40 ± 0.06 

eV. The probable error given i s calculated by addition in quadrature of 

the estimated uncertainties in stopping power (±5%), detector efficiency 

(±3%), branching correction (±5%), and determination of y (±10%). Our 

confidence in the va l id i ty of our result i s enhanced by the following 

considerations: 

( i ) At a ''He energy of 1240 keV, some 70 keV above the resonance energy, 

the resonance i s excited at a depth of 1700 A below the target surface. 

This should be suff ic ient ly deep that composition changes similar to those 

which occur in the surface zone wil l be negl igible . As i s evident from 

f ig . 1, th i s energy f a l l s within the range used for determination of y. 

( i i ) It would be expected that angular-distribution corrections should 

be negl ig ible , since the data were obtained at 55°. To check th i s , we 



- 8 -

examined the ratio in yields of 1022 keV gamma rays (produced with an isotropic 

angular distribution in the decay of the 1740 keV 0 level to the 718 keV level) 

and 718 keV gamma rays. The value obtained was 3.21 ± 0.20, which is in good 

agreement with the value of 3.4 i 0.2 predicted from branching and summing con

siderations. Clearly the determination of 718 keV yield is not significantly 

affected by angular-distribution effects. 

5. COMPARISON WITH PREVIOUS RESULTS 

There have been three previous determinations of the total resonance 

strength uy for the 1175 keV resonance in 6Li(a,Y) 1 0B: 0.51 + 0.13 eV by Meyer-

Schutzmeister and Hanna , 0.63 ± 0.13 eV by Alburger et al \ and 0.69 ± 0.10 

eV by Forsyth et al . All three results purport to be centre-of-mass values; 

the first authors state so explicitly, and the others compare their results 

directly with the predictions of nuclear models, which -learly refer to the 

centre-of-mass system. However, all authors omit the factor [MT/(Mp + M_)] from 

their expressions for uy. They could have compensated for this omission by 

using centre-of-mass values for e, but it appears that they failed to do so. 

Alburger et al ' qucte directly the values of e used, and they are certainly 

in the laboratory system. It may be assumed that this is true also for the 

other two papers, since in each case e is simply referred to as the "stopping 

power"; use of a centre-of-mass value for this quantity would be so unusual 

that indication thereof would certainly be expected. We therefore conclude 

that the three previous results for ury must be multiplied by the factor — to 

convert them to the centre-of-mass system. A further small correction is 

necessary to allow for the fact that each result fails to allow for the presence 

of the (then unknown) 7% branch to the 3590 keV level (see table 1). 

In table 2 we compare the three previous results, converted to the centre-

of-mass system and corrected for the branch to the 3590-keV level, with the 

present result. Agreement between the four results is very good, and the mean 

value of wy is 0.40 ± 0.04 eV. 
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6. DISCUSSION 

As indicated above, previous workers have evaluated the predictions 

of various nuclear models for radiative widths in 1 0 B by comparing them 

to experimental values which had not been adequately converted to the 

centre-of-mass system. It transpires that the overall consequences of 

this are not particularly drastic; the use of corrected values generally 

does not significantly affect the conclusions previously drawn. However, 

in a few cases interesting consequences do emerge. 
4) For example, Alburger et al find that the E2 transition between 

the 4773 keV (3*) and 718 keV (1+) states has a strength of 28 Weisskopf 

units, which they consider to be "astonishingly strong" or "tremendous". 

They note that the independent particle model (IPM) of Cohen and Kurath 

does predict that this transition should be strong, but that, even when 

enhanced by an effective charge factor, it fails by a significant margin 

(a factor of 3.5) to reproduce the experimental result. They list this 

problem among the outstanding challenges to IPM presented by data on the 

low-lying levels of 1 0B. The radiative width used by Alburger et al. in 

this discussion had not been converted to the c*»ntre-of-mass system; 

application of the correction factor ( ŷ - ) reduces the discrepancy to a 

factor of approximately 2, which is tending towards insignificance. 

Forsyth et al ' determined from their (a,-y) data a radiative width 

of 0.19 ± 0.03 eV for the ground-state transition from the 6025 keV (4*) 

level, and remarked that this value is in fair agreement with the inelastic 
19) electron scattering result of 0.12 ± 0.02 eV . Application of the 

centre-of-mass factor reduces the (a,-1-) value to 0.11 ± 0.02 eV, which is 

in excellent agreement with the electron scattering data. 

Finally, for the sake of completeness, we compare in table 3 what 

we consider to be the best available values for the partial radiative 

widths of the 5166 keV level of 1 0 B with the IPM calculations of Cohen 
18) and Kurath . The "best" experimental values were obtained using 
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OY = 0.40 ± 0.04 eV (table 2) and the adopted branching ratios of table 1. 

The alpha-particle branching ratio I"Q/r Mas taken to be 0.16 ± 0.04, the 

weighted mean of the values reported by Alburger et al ' and Segal et al . 

The quantities IPM8 and IPM6 refer to the results obtained by Cohen and 

Kurath fro* the fitting of parameters for nuclei froa A = 8 through 16 and 

A = 6 through 16, respectively. As with Alburger et al. we assume the 

transitions concerned are dominantly Ml. For transitions to the 0, 2155 

and 3590 keV states, agreement between experiment and theory is excellent, 

especially for IPMg. However, like Alburger et al., we find that the 

calculations underestimate the transition strength to the first excited 

state; rectification of this deficiency remains a challenge to the theory. 
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TABLE 1 

Gannna-ray decay scheme of the 5166 keV state of 1 0 B(J =2 ,T=1) 

Final State in 1 0 B Branching (%) 

Ex(keV) Jn;T (a) (b) Adopted values 

0 

718 

1740 

2155 

3590 
• -

3+;0 

i+;o 

o+;i 

i+;0 

2+;0 

5.5 ± 0.7 

29.5 ± 2 

65 ± 2 

< 0.5 

7 ± 3 

5.1 ± 0.7 

27.4 ± 2 

< 0.5 

60.5 ± 2 

7 ± 3 

(a) Warburton, et al . ' 

21 7") 
(b) Ajzenberg-Selove , Segel and Siemssen , and Paul et al. 
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TABLE 2 

Total resonance strength OJY for the 1175-keV resonance 
in 6Li(a,Y)10B. The results of refs. 3' 4 , 5 ) have been 
corrected to allow for the 7% branch to the 3590-keV 
level, and have been multiplied by the factor 6/10 to 
convert them to the centre-of-mass system. 

Authors u>Y (eV) 

31 Meyer-Schutzmeister and Hanna ' 

41 Alburger et al. 

Forsyth et al. ' 

Present work 

0.33 ± 0.08 

0.41 ± 0.09 

0.44 ± 0.07 

0.40 ± 0.06 

Mean 0.40 ± 0.04 
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TABLE 3 

Experimental ganuna-ray widths and t heo re t i c a l Ml 

widths in eV for t r ans i t ions from the 5166 keV(2 ;1) 

s t a t e of 1 0 B 

Final s ta te r Y ( e x P ) a ) r Y(Ml)(theor.) 

E x(keV) J ;T IPMg IPMg 

0 

718 

2155 

3590 

3*;0 

i + ; 0 

i + ; 0 

2 + ; 0 

0.076 ± 0.02 

0.41 ± 0.11 

0.91 ± 0.23 

0.11 ± 0.05 

0 .452 

0 .013 

0.745 

0 .123 

0 .083 

5 x 10" 5 

1.061 

0.168 

a) The e r r o r s quoted are absolute, and a r i se predominantly from the 

experimental uncertainty in T /T. Relative e r r o r s are much small 

as for the branching r a t io s of table 1. 
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FIGURE CAPTION 

Fig. 1. Thick-target yield curve for 718-keV gamma rays from the 

reaction 6Li(o,Y) 1 0B at the 1175-keV resonance. 
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