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7
Be PRODUCTI<aN CROSS SECTIONS IN . >:< 

N, 
12c, 11 B, AND 

1 
B WITH 740-MeV PROTONS 

Jonathan R. Radint and Elie Gradsztajn 

Tel Aviv University, Department of Physics and Astronomy 
Ramat-Aviv, Israel 

and 

Alan R. Smith 

Lawrence Berkeley Laboratory, University of California 
Berkeley, California 94 720 

ABSTRACT .. 

A fundamental problem in cosmic ray physics is the produc-

tion and propagation of Be. We have measured the cross section .at 
/ 

740 MeV for 
7
Be production in 

1~ (10.9mb± 6%), 
12

C (9.82 mb±6%), 

11 B (4.17 mb± 7%), and 10B(6.31 mb± 7%). The monitor reactions 

12 11 12 7 
were C (p, pn) C = 29.9mb± 5% and the C(p, x) Be cross section 

listed above. 

\ 
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I. INTRODUCTION 

1 
The source of L nuclei (Li,Be,B) in cosmic rays is, by concensus, 

the spallation of heavier nuclei -- primarily M nuclei (C, N, 0) - in 

interaction with the interstellar gas (~ 90o/o H a~d 10o/o He). 
2 

The 

produCtion of the three Be isotopes (atomic numbers 7, 9, and 10) are 

of great interest3 •
4 

because 
10

Be with a half-life of 1.5 Myr
5 

may serve 

as a cosmic ray dating tool. An important 10Be production mechanism 

. h 11 B'( . 2 .) 1 0B . h. h . . . d b 1s t e p, p e reactlon, w 1c cross sectlon was measure y 

Raisbeck and Yiou
6

•
5 

at 150 and 600 MeV. Their monitor reaction was 

11 ·, 7 . 27 
B(p, x) Be, which they separately measured relative to the Al(p, x) 

22
Na monitor reaction. Since they record accuracies of± 20o/o for the 

10 7 11 7 
last measurement, we have repeated the B(p, x) Be and B(p, x) Be 

measurements relative to the 
12

C(p, pn) 
11c and 

12
C(p, x) 

7 
Be monitor 

reactions. We have also measured the 
14

N(p, x)
7 

Be cross section rela-

tive to the same two monitor reactions, as there is a dearth of accurate 

measurements for this important cosmic-ray spallation react~on. We 

measured the 
12

C(p, x) 
7 

Be cross section relative to the 
12

C(p, pn) 
11c 

monitor reaction and used our new value for this monitor reaction when 

calculating the eros s sections. 

II. EXPERIMENTAL TECHNIQUES 

Sandwiches 3.81 em in diameter, consisting of a target powder 

compressed into a self-supporting disk, and a beam monitor, were 

exposed in the 740-MeV external proton beam of the 184-in. cyclotron 

at Lawrence Berkeley Laboratory (LBL); see Fig~ 1. The target powde_rs 
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were: natural boron
7 

(80.4% 
11

B a~d 19.6% 
10

B with ::::o.6% impurity, 

-2 . . . 10 8 . Uf 10 Uf 
0.57 g em th1ck); boron ennched w1th B (92.01 to B and 7 .99to 

11 B with ~ 5% impurity, 0.44 g cm- 2 thick); boron nitride 9 (99% BN with 

~ f% impurity, 0.60 g cm- 2 thick). The beam monitors were polystyrene 

disks 2 rri.m thick (0. 21 g cm- 2 ). The beam monitor cross sections were 

12 11 . . 10 . tO 
C(p, pn) C w1th a value of 29. 9 mb ± 5%; and for the B, B . h d . enr1c e 

and BN targets we also used the 12c(p, x)
7 

Be cross section with a value 

of 9.82 mb ± 6% which we measured and report in this paper. The decay 

parameters 11 •12 used were: for 7:ae a 53.3-day half-life with a 0.103 

branching ratio to the 478-keV level of 
7 

Li; for 11c a 20.35-min half-

life. Three exposures, each with new constituent~, were made for each 

of the three target substances. These nine exposures of the target

powder monitor-disk sandwiches were also used to measure the 
12

C(p, x) 

7 
Be/

12
c(p, x) 11 c ratio (and the subsequent cross section) in the nine 

polystyrene monitor disks of the sandwiches. The exposures were for 

~- 3 min. A He -filled ionization chamber situated ~ 20 em downstream 

of the targets was used to monitor the constancy of the beam flux. The 

digitalized ionization chamber currentwas recorded every 30 sec. The 

beam-flux fluctuations, rms-averaged over the exposure time, were 

less than 5%. After irradiation the target powders were placed in Cu 

jackets and sealed. 

All targets were counted on a 20.3-cm-diamX 10.2-cm-thick 

Nal(Tl) crystal detector and/or on a 10 cm3 planar Ge(Li), detector 

(resolution: FWHM = 2.2 keV at 480 keV) located in the concrete-

13 
shielded low-background ·cave of the Health Physics group at LBL. 
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The multichannel analyzer of the two detector systems is a Victore.en 

SCIPP 1600 -channel analyzer, which when operated with the Nai detec-

tor included a digital gain stabilizer. 
7 . 

For Be decay counting on the 

+ Nal detector the gain was stabilized on the 478-keV peak, and for 13. 

decay counting on the 511-keV peak. The peak interval for analysis was 

380-610 keV for both decays. 

A. 12 7 
The C(p, x) Be Cross Section 

About 180 min after each exposure the polystyrene targets were 

placed between Cu plates (serving ~s 13+ annihilators) and were counted on 

the Nal system. The analysis of the counting-system dead time, de

tailed in a previous report, 
14 

was improved so that 13 + decaying targets 

could be counted to count rates of 1M rhin -i with less than 0.2% devi-

ation in the fitted init.ial activity (see Appendix). Initial count rates on 

the Nai detector were < 750 K min-i. The 11 c decay was counted at 

2·min intervals for at least 2-3 half-lives. 
11 . 

The C decay was fitted 

to a single-component exponential decay (20.35-min half-life) with a 

constant background (equal to the 7 Be activity., which vias determined 

later, plus the target-absent environmental activity of the detector 

which was constant to 2%). The background was also set as a free 

parameter and the resultant fitted 
11c activity agreed to ±0. 3% with; the fixed 
~ : . 

background fitting. The x2
/n (n = degr~e of freedom) of the nine de-

cay fits were 0.4-3. The uncertainty in the fitted 
11 c activity was 

taken as [ (x
2
/n) d~. 1] 

1
/

2
, where di,i is the diagonal elemerit oJthe 

inverse error matrix (one-dimensional in this case). During the 90 · 

days following the exposures, the polystyrene targets were counted 

.___.;.· 
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between the Cu plates on the Nal system 2-4 times for 7 Be decay. The 

7 
Be decay was fitted to a single-component exp·onential decay (53.3-day 

half-life) with a constant background (measured with no target in place). 

The uncertainty in the fitted 7 Be activity was determined from the same 

h. 11 . h 2; 7 formula used for t e C uncertamty. T e x n of the Be decay fits 

. . 2 . 
were 0.2~7 except for two runs with X /n of 640 and 35. No source of 

error was found as a cause of these two poor fits. The values of the 

12 7. 12 H . 
C(p, x) Be/ C(p, pn) C ratro, corrected for the secondary effects 

discussed below but with only the errors from the fits (described above, 

and then· rms-combined), are tabulated in Tablell. The cross-section 

ratios associated with the two large x2
/n values o£640 and 35 are runs 

No.5 and 6 (Table II)~ which differ from the mean cross-section ratio 

by 6o/o and 0 .5o/o respectively. The cross- section ratios were weighted 

by the fit uncertainty (Table II) in forming the mean cross section ratio. 

Thus the fit with x2/n = 640, which has a relatively large error of 4o/o 

(Table II. run No. ~)makes a small co:p.t;ribuhop., to the mean. 

The. 12c(p, x) 7Be/12c(p, pn) 11 c ratio was corrected for the fol-

lowing experimentally determined effects (Table I, last section): i) the 

differences in absorption efficiency (for removal from the Nal photopeak) 

between the 478-keV (
7

Be) and 511-keV (
11

c) y rays in their traversal of 

the stainless steel housing of the Nal (1.5±0.4)o/o, and in their traversal 

of the Cu-plate target holders (1.9±0.3)o/o [which when combined with a 

(-2.4± 1)o/o 
15 

difference in the Nal photoabsorption efficiency for these 

two y rays yielded a correction of (1± 1)o/o]; ii) the coincidence sum peak 

of the two annihilation y's of the 13+ decay (-5.7±0.2)o/o. 16 The weighted 

. 12 7 12 11 . 
mean of the · C(p, x) Be/ · C(p, pn) C ratlo corrected for secondary 
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effects is 0.3285, with an uncertainty of 0.5o/o from the decay fits and 

2o/o from the secondary effects, which rms-combine to an error of 2% 

( bl II) Th 
12c( ) 7B t·. b d·. 12c(p, pn) 11 c Ta e . e p, x e cross sec 1on, ase on a 

10 . 
eros s section of 29.9 mb± 5%, is 9.82 mb± 6% (Table III). 

B. ·The B(p, x) 7Be and 10 B(p, x) 7 Be Cross Section 

. 10 
About 90 days after exposure the B and B . h d targets, enr1c e 

and their associated polystyrene monitor disks, were counted on the Ge 

detector (the !3+ contamination of the Band 
10

B . h d targets was . · . enr1c e 

never small enough to allow counting on the Nal crystal). The linear 

thickness of the polystyrene disks was one-half the linear thickness of 

.. 10 . 
the. B and B target. The polystyrene disks were counted with a 

dummy polystyrene disk in a Cu jacket identicalto those housing the 

target powders. A correction of (10. 7± 2)%, (see section E, and Table 1, 

row 4) compensated for the different counting configurations of the 

targets and monitors. 

C. Peak and Decay Fitting 

7 The Be (4 78 -keV) peak counts on the Ge system were analyzed 

with the computer program SAMPO. 17 In this program the peak shape 

is characterized by three parameters relating to i) the width of the 

central Gaussian, and ii) the two junction points between the central 

Gaussian and the upper and lower tailing exponentials. These three 

parameters, for each target counting, were varied by allowing SAMPO 

to find the best parameters, and by then supplying slightly different 

. parameters. In addition, using the parameters· determined by SAMPO, 



-7-

we varied the width and center of the fitting interval for the 
7 

Be peak. 

For each alteration in the fitting, we tabulated: i} the 
7 

Be peak counts, 

0 0) h - f' r( f ) ( 2/ ) 1/2 . . 
11 t e percent 1t error l p e = X n d. 0, where d .. is the diagonal 

1, 1 1, 1 

element of the inverse error matrix associated with the peak height], 

and iii) the visual quality of the peak and contLnuum shapes [qu~ntities 

(i) and(ii) are listed in the SAMPO output]. The largest deviations 

7 . - . 
in the Be peak counts amongst the various fittings were less than ·6% 

(the worst fittings had poor peak and continuum shapes, and large pfe). 

The fit with the best peak and contiuum shapes was almost invariably 

the fit with the lowest pfe. In cases when two different fits were as-

sociated with these two measures of the goodness-of-fit, the difference 

in the 7 Be peak area counts between- the two fits was < 0 .3o/o • We used 

the criteria of best peak and continuum shape to choose the fitted 
7 

Be 

peak courtts. The peak fitting algorithm of SAMPO employs :the routine 

18 VARMIT, whose path of minimalization approaches the data from 

below, and thus the best fit always underestimates the. data. This is a 

small effect here { = ve ::::: [(sum data points)- (sum fitted points)]/(sum 

data points) < 1.2o/o} and is partially canceled when we form the ratio 

of target/monitor activity. We include this anomaly in the uncertainty 

associated with each. fit, which was taken as (pfe 2+ve1
1
/ 2 and was 

<2.3o/c for all of the Ge-counted targets and monitors (Table I, row• f). We 

.., 12 7 10 7 . - 12 
formed the B(p, x) 'Be/ C(p, x) Be and Benriched (p, n) Be/ C(p, x) 

7
Be ratios from their respective monitors, all counted on the Ge detec

tor. To use the 12c(p,pn) 11 c monitor we factored the cross-section 

ratios; e.g., for a boron tar~et we have 

7 
B(p, x) Be . 

12C(p, pn)11c 
= [ B(p, x) 

7 
Be J 

12 7 
C(p, x) Be . Ge [ 

12 7 J C(p; x) Be 
. 12 11 . 

C(p, pn). C Nal 
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where the s'ubsc:dpts refer to the detector on which the targets inside 

the brackets were counted. The second bracket was formed for each 

target powder from the same polystyrene monitor disk that was used 

to form the first bracket, and in fact was previouSly determined for the 

12 . 7 ' 
C(p, x) Be measurement. In this manner, by counting and/or an~ 

alyzing on the' Ge detector only the 
7 

Be decay components, we remove 

two potentially large sources of systematic error in using Ge detectors: 

i) the big difference in Ge photopeak efficiency between 478-keV (7Be) 

and 511-keV (11 C) y rays of:::: 11%; and ii) the use of calibrating sources 

whose distribution of activity, and thus solid angle exposed to the rel

atively small Ge -detector area, differs from that of the irradiated tar-

gets and monitors which were exposed in a broad beam (the targets 

and monitors of course have the same distribution of activity). These 

systematic effects are transferred to the large Nal detector whose large 
; 

volume and high Z result in its photo peak efficiency being much less 

sensitive than is the photo~eak efficiency of Ge, to the energy and spa

tial distribution of the incoming y irradiation. The difference in effi-

ciency of the 20.3-cm-thick X 10.2-cm-thick Nai crystal between the 

478-keV and 511-keV y energy was taken from Green and Finn15 as 

(2.4± 1 )o/o. Additional corrections to the Band 
10

B . h d. /monitor · enr1c e · 

cros~s section ratios ar:e described in secti.on E and Table I. 

D. BN Targets 

About 90 days after exposure the BN targets and their associ-

ated polystyrene monitors were counted on the Nai detector 2-4 times 
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for 7 Be activity (after prior verification on the Ge detector that the 

511-/478-keV peak ratios were< 0.5% ). The secondary corrections 

to the BN(p, x) 
7 
Be/

12
C(p, x) 

7 
Be ratio are discussed below and are tab

ulated in Table I. The BN(p, x) 
7 
Be/

12
C(p, x) 

11 c ratio was factorized 

. 7 12 11 
and developed in the same manner as was the B(p, x) Be/ C(p, pn) C 

ratio except that all targets and monitors were counted on the Nai de

tector. The 14N(p,x) 7Be/12C(p,x)
7
Be and 

14
N(p,x) 7Be/12c(p,pn) 11c 

ratios were formed by subtracting· the B/monitor ratios from the cor

responding BN/monitor ratios. 

E. Calibrations and Secondary Effects 

The increase in 7 Be production as a function of target thickness 

traversed by the proton beam (depth effect) was estimated by exposb:ig 

a three-piece target sandwich 3-.81 em in diam consisting of thin (2.15 

-2 -2 -2 
gem ) -thick (17.9 gem )-thin (2,15 g·cm ) disks of BN (95o/o 

-2 BN), with 0.008 g em polyethylene front and rear pieces which pro-

vided 7 Be forward and backward equilibrium production for the front 

and rear BN pieces. The front and rear thin BN pieces were counted 

on the Nal system and yielded a percent increase in 
7 

Be production of 

-2 ' 
( 1.0± 0 .2)% per mean g em BN in front of the target. This depth cor-

rection was applied to all targets and products and was < 0.5% in all 

cases. The analysis of the absorption difference between the 47 8-and 

511-keV 'Y rays in the Nai crystal and its housing, and in the Cu target 

and monitor holders, is found in section A. 
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The compressed target powders had twice the linear thickness 

of the polystyrene monitor. The polystyrene monitor disks were 

counted on the Ge detector with a dummy nonactive disk, in order to 

have the same linear target thickness during decay counting. We es-

timated this target;...thickness effect by reversing the position of the 

polystyrene monitor and dummy inside the target holder and then av-

eraging the results (Table I, row 4) of the two counting configurations. 

A 1% systematic error was included in the Ge detector measurements 

with this target-thickness correction. All target holders were inter-

? 64 + I 137 . calibrated with Be, Cu(j3 ), and or Cs(663 keV) sources (Table 

I). 

The combined CtN contamination in the B target was analyzed 

(by Pregle combustion and Durnas methods) 19 to be (1.3±1)%. We 

estimated the 0 contamination as (1 ::t: 1)% and _the combined CNO con

tamination as 2.3%, which, with an average 
7 

Be production cross sec

tion of 10 mb, resulted in a (1. 7± 1. 7)'% lowering of the B(p, x)7 Be/1 2c 

(p,x) 
7

Be ratio. The effect of the heavy-element contamination (±1o/o) 

on this cross section/monitor ratio was estimated as ±1o/o. The com

position of the 
10

B . h d target was taken from the vendor' s8 anal"-enrlc e -

ysis which was 4.89% contaminant consisting of 3.6% 0, 0.98o/0 C, and 

1.8% of heavier material primarily Cu, Al, K, and Si. The heavier 

elements have small 
7
Be production cross sections at 740 MeV and·· 

on a per-nucleon basis their effective 7Be production is 0.1-0.3 that of 

B. To compensate for heavy elements present in the 10B . . 
ennched 

ta . 10 
rget we reduced the weight of the B . target (for the eros s 

ennched 

section calculation) by ( 1± 1 )%. 
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The effec. t of the 0 and C contamination of the 
10

B . h d target · enr1c e 

was estimated from their measured. 7Be production cross sec-

. ·. 20 21 10 
twnsof8.2±1mb ' and10.9±1 mb respectivelyat 740MeVand 

10 7 12 
re suited in a (0. 7± 0. 7)o/o reduction in the B . h d (p, x) Be/ C .· enr1c e 

(p, x) 7 Be ratio. The BN target contamination was taken as ± 1o/o; little 

contaminating radiation was present. In Table I is tabulated the sec-

ondary corrections and uncertainties. Table I is delineated into those 

corrections which were made to the individual target/monitor ratios, 

and to those made to the mean target/monito"r ratios. 

III. RESULTS AND CONCLUSIONS 

The target/monitor ratios and the resultant eros s sections are 

tabulated in Table III. The final cross-sectionvalues are the average 

of the two monitor results. As the errors are dependent, the final 

error is the average error of the two monitor results. In Table IV 

we compare our results with previous measurements and compilations 

. 2022-27 12 7 . 
from the llterature. ' Our C(p, x) Be cross section is 

( 11±12) o/o less than the value in the Cumming compilation.
10 

His 

excitation function at this energy is based on measurements made 

relative to the 
27 

Al(p, x) 24Na monitor reaction. This reaction is sensi

tive to contaminating low-energy (evaporation) neutrons via the 27 Al 

24 . 28 
(n, a) Na reactwn. We suspect that this monitor reaction is at 

.fault. 
14 7 

The N(p, x) Be cross section (Table IV and Fig. 2) appears 

constant in the energy range 730 MeV- 5. 7 GeV (within experime'ntal 

errors) with a value of 11± 1 mb. The same result is observed for 

. 12 7 . . 10 16 7 
the C(p, x) Be cross sectwn. The O(p, x) Be excitation function 
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22 
compiled by Audouze, Epherre, and Reeves shows a rise in this 

energy region but the data are sparse. A constant nuclear cross section 

defines the asymptotic region and is a requirement for factorization, 

currently being investigated by Heckman et al., at 2.1 GeV/N. 29 

0 11 ( )7 - . . . ur B p, x Be cross sect1on 1s the same as that measured by 

Raisbeck and Yiou
6 

at 600 MeV but with improved accuracy. If the 

11
B(p, 2p)

10
Bej

11
B(p,x)

7
Be ratio is constant between 600 and 740 MeV, 

h h . . · h 11B( 2 ) 10B . ·. . . d d t en t e unce rta1nty 1n t e p, p e eros s sectlon 1s · re uce to 

~ 30%, and the cross section has the value 14 ± 4 mb 6 •5 at 740 MeV. 

IV. APPENDIX 

Dead time of the Nai detector system. A polystyrene disk, with 

initial 
11c activity in the j3 + photopeak on the Nai system of 5 M counts 

min- 1 was counted at 2-min intervals until the count rate was 30 K 

. -1 
rn1n The computer fitting routine for calculating initial 

11c activity 

contained a deadtime correction of the form exp (CRX T), where CR is 

the count rate and Tis the dead time. For different initial count rates 

at the commencement of the fitting routine, we varied T and observed 

the x2 
of the' decay fit. The best value for T (minimum X2 ) increased 

1 -1 by 10o/o between initial count rates of 250 k min- to 1 M counts min , 

with a resulting 11c variation of 0.2o/o. 
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Table I. Secondary eCfects, corrections and uncertainties for the 
target/monitor cross-section ratios (Table II). 

Corrections to the individual target/monitor ratios of Table II 

Correction to targets(percent±perccnt) 

ECCect B and 10 B BN 1 
enriched 

7 Be decay fit 

7
:Be buildup in target from secondaries 

Target holder intercalibration 

Target/monitor counting efficiency (a) 

Target alignment during irradiation 

7Be decay absorption in target 
\._ 

< -0.5 

10.7 

±(0.7-2.3) 

< -0.5 

± 2 

± 2 . 2.8 

:t: 1 

:i: 1 

Corrections to the -mean target/monitor ratios of Table II 

B 10B 
enriched 

CNO contamination -0.7±0.7 -1. 7± 1.7 

heavy element contamination :t:1 i± 1 

systematic error from target holder 
construction and (a) above ±1 ±1 

Corrections to the 12c(p,x)
7
Be/ 2c(p,pn) 11 C ratios of Tableii 

rms sum of 7Be- and 11C-fit 
uncertainties a 

~+ sum peak in the Nai 

HC decay during =·3 min irradiation 

target holder calibration 

difference in absorption between~+ and 7Be 
decay radiation in the Nai(-2.4±1)%, 
·the Naihousing (+1.5±0 .4)"/o, and the target 
holders (+1.9±0.3)o/o which combine to 

B and 10 B 
enriched 

0.2-4. 

-5.7±0.2 

-5. 

:t:i 

1:t: 1 

:i:< 1 

± 

± 

.± 

± 1. 

BN 

± 

0 

0 

BN 

0.09-0.3 

-5.7±0.2 

- 5. 

:i:1 

&Correction to the individual target/monitor ratios. The remaining i:orrections are to 
the mean. 
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Table II. Target/monitor ratios. First column includes the second
ary corrections and uncertainties from Table I, part 1. The second 
column includes the secondary corrections from Table I, part 3; but 
the uncertainties are only the rms combined 7Be and 11c fit uncertain
ties. The inclusion of all of the uncertainties from Table I, part 3 
raises the error of the mean in the second column to 2o/o. . 

Run 

1 

2 

3 

4 

5 

6 

7 

8 

9 

7 B(p, x) Be 
12 7 G(p, x) Be 

0.4973 ± 4.0 

0.4655 ± 2.8 

0.4690 ± 2. 7 

0 4724 ± 2.0a 

±% 

10B ( )7B 
enriched p, x e 

--,-,::,--c...;;...-::.,::;;...:_:.;:_----±% 
12C(p, x) 

7 Be 

0.5926 ± 2.8 

0.6403 ± 3.3 

0.6537 ± 3.0 

0.6288 ± 4.3b 

7 
BN(p, x) Be 
12 7 C(p, x) Be 

1.573 ± 2 

1. 575 ± 2 

1.586 ± 2· 

1 578 ± 2b 

±% 

a Weighted mean. 

b Unweighted mean. 

c Weighted mean of the nine exposures. 

12 7 
. C(p, x) Be rrt ± ~,o 

12C(p, pn) He 

0.3305 ± 0.19 

0.3302 ± 0.26 

0.3280 ± 0.78 

0.3314 ± 0.37 

0.3080 ± 4.4 

0.3268 ± 1.1 

0.3288 ± 0.17 

0.3268 ± 030 

0.3277 ± 0.09 

0.3285 ± o.sc 



Table III. Ratios of 7Be production/monitor cross sections at 740 MeV, and resulting 
7

Be pro
duction c~oss sections. All errors a·re in _percent. The monitor cross sections are 12c(p. pn) 
11c = 29.9 mb± 5o/o (from reference 10)and 12C(p.x)7Be = 9. 82mb± 6o/o (frorr1 :·!1is work, and 
based on the above 11 C monitor cross section). The 1 0 B . h d and BN eros s sections are 
· 1 d d f · · · enr tc e tnc u e ' or conventence. 

Ratio to monitor reaction; Cross section derived 
monitor is from monitors (mb) Cross- section 

12c ... 7 Be 12c ... He 12c ... 7Be _12c _. He 
average 

Target (mb) 

B 0.4645±3.9 0.1530 ±4.4 4.56±7.2 4.58 ± 6. 7 4 57±7 

10 
0.6309±4.3 0.2030±4.4 6.20±7.4 6.08 ± 6.6 6.13±7 B enriched 

BN 1.578 ±2 0.5181 ±2.2 15.5 ± 6.3 15.5 ± 5.5 15.5 ±6 

. 11 
B 0.4217±3.7 0.1401 ± 4.5 4.14 ± 7.0 4.19± 6.7 4.17 ± 7 

fOB 0.6491 ± 4.3. 0.2085 ± 4.3 6.37±7.4 6.24 ± 6.6 6.31 ± 7 

14N 1.114 ±3.3 0.3651 ± 3.6 10.9 ± 6.9 10.9 ± 6.2 10.9 ±6 

12c --- 0.3285 ±2 --- 9.82 ±. 6 9.82 ± 6 

I 
~ 

...0 
I 
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T b l IV C . f 7 B d . . a e . ross sectlons or . e pro uctlon 1n 
various targets, from the literature. 

Ei 14N 12G B 11B .d.OB 

(MeV) <J (mb) <T (mb) <T (mb) <T (mb) <T (mb) 

150 4. 4±1. 1a' b 

6.5±1a,d 6. 9±1. 4 
c 8±i. 6c 

225 9.5±0.4 
e 

300 5.8±2f 4. 5±1. 5 f 

400 10. 5±1e 

600 7±2f 5. 5±2f 4.2±0.8c 5. 4±1. 1 c 

740 11. 4±1 e 

10.9±1g 4. 57±0. 3 
h h ' h 

4. 17±0.3 6.31±0.4 .· 

10.9±0.6 
h 

9.82±0.6 
h 

2200 8.6±0.8 
i 

5700 12±2a,j 

a 
See Ref. 22. 

f . 
See Ref. 26. 

b 
See ,Ref. 23. gSee Ref. 10. 

cSee Ref. 6. h Present work. 

d 
See Ref. 24. i See Ref. 20. 

eSee Ref. 27, and adjusted for jSee Ref. 25. 
7Be branching ratio of 0. 103 and 

for value of monitor cross section 

from Ref. 10. 
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FIGURE CAPTIONS 

Fig. 1. Target arrangments. Proton beam incident from the left. 

The open pieces are polystyrene, the hatched pieces are: set (a), B 

10 
and B . h. d; set (b), BN. In set (b) only the first polystyrene 

enr1c e 

piece was counted. Intersticed are 0.008-cm polyethylene sheets. 

Fig. 2; The 14N(p,x) 7Beexcitation function from the literature 

(Table IV). X Refs. 22 and 24; 0, Refs. 22 and 23; e, Ref. 26; 

6., Ref. 27; .A, present work; 0, Ref. 20; • , Refs. 22 and 25. 
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any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
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that its use would not infringe privately owned rights. 
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