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ABSTRACT

Thin-sandwich targets consisting of a monitor(s) ( C and/or

12 16

27Al) and primary ( Be, C, O, ami/or Al) targets were ex-

posed in the external 920-MeV a-particle beam at the 184-in cyclo-’

tron at Lawrence Radiation Laboratory. Cross sections for the pro-

duction of 18F in 27a1; 1° 41 16

1~2C; and 7Be in 9Be were measured. The results were generalized

O, N C, and Be in O3 7Be in

to cover all of the a-spallation cross sections in the L(3< Z < 5) and

- M(6 € Z < 8) groups, and were applied to an analysis of the effect of

the He/H +He ratio of the interstellar gas on the cosmic ray trans-

port phenomena.
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INTRODUCTION
_b Basic to the understanding of cosmic ray propagation.is a
knowledge of the nuclear spallation cross seetions for reactions be-
tween, cosmic ra.ys and the intersteliar gas {= 90% H and = 10 % He). 1
Work Itas been directed towards the p-spallation cross sections2 and

3.4 In this paper

'ﬁ.e use the siy'rnbol's‘(i)-: Zg for the genéric’ term for the ratio of the a-

,Particle cross"se'ction to the p cross section; (2) Zg (A, B) defined as

cr['A(a", x)B}/p’[A([B, x)B,]',‘ where A aﬁd B are initial and final nuclei;
and (3) the_ﬁunetio:n E: (AA), where AA is the net nucleon difference
between the i-nitial and final target states.

We report here first, on measurement of a-spallation cross

sections for production of Be in C of B 110, 13N and O in

16O; of Be in ?Bé;‘ and of 18F in 2741, Seco'nd,. with the assumption
6_f (1) a linear ,depend-ence of Z: (AA)on AA, with Ep equal to the to-

tal a-particle kinetic energy (EaT)' and (2) cosmic rays consisting

" of L(3<Z<5) and M(6<Z<8) nuclei exelusively, we examined the
sen;s_itivity of (1) the mass of interstellar gas traversed to produce an
L/M 'xl"atio o.f 0.25, 3 and (2) the elemental abundance's at L/M = 0.25,

‘as a functlon of the He/H +He ratio of the interstellar gas. The

transport model chosen was the one-dimensional slab approximation

o whereln all species traverse an equal amount of matter.

EXPERIMENTAL PROCEDURES
 Targets consisting of 3.84-cm-diam thin sandwiches (Fig. 1)
were exposed to the external 920-MeV (230-MeV/N) a-particle beam

in the medical cave of the 184-in. cyclotron at Lawrence Radiation

_2-

Laboratory (LRL). The beam was focused to a diameter of 2.5 cm
on which targets were centered. The neutrovn and deuteron contam-
inations of the beam had been studied prev-i-.ously and were negligible?
The targets were counted in the low-background cave of the Health

Physics Group at LRL. The .

O target was BeO and, as the Be
(100% Be) present contributed to the Be production, o Be(a, x) Be]
was determined with Be targets. In Table I, the pertlnent 1nforma-
tion of the isotopes examined is tabulated. 6
TARGETS

All targets (Fig. 1) are sandwiches, 3.81.cm diam, consisting

of two or three subtargets [main and monitor(s)]. Each subtarget

- consists of guard foils or disks and the central counted disk. The

constituents are:

12C--’p()lystyrene, (CH)n, disks 0.46 cm (0.17 g/cmz) thick, with

0. 068-cm polyethylene guard foils. The carbon cross sections are

1 C) content.

based on the ‘total carbon (

BeO--ceramic disks, 0.075 cm (0.26 g/cm ) and 0.32 cm (0. 95
g/cm ) thick, and 99.5% pure. The front and rear guard disks are
0.075-cm and 0 32-cm BeO disks, respectively. The conta.rnination
was determined by spectrometnc analysis to be (4. 0 -0. 5)% Mg plus
trace quantities of other elements. The oxygen was taken to be 100%
160

Be--a vacuum-deposited Be disk (impurity 60 ppm), 0.075 cm
(0.43 g/cmz) thick. The front and rear guard disks are 0.62-em and

0.32-cm Be. No radiation other than 7Be.was observed.
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Al--99.99% Al foils of thickness 0.008 c¢m (0.023 g/cmz) for
monitoring and 0.043 cm (0.035 g/cmz) for U[Z7Ai(a, x}igF] deter-

minations. The guard foils are 0.004 cm thick.

BEAM MONITORS

The beam monitors for all cross section determinations were -

radioisotopes produced in the farget disks. For short (not 7Be) half-
lives, the 12C(a,x)“C reaction with a croés section of 49.4+1.8 mb

was 1.1sed.3 For 7Be production runs, exposure times of 2-10 min

required a longer half-life monitor and the 27Al(o:, x)i8F reaction was

used. This cross section was separatelyA determined relative to the
12C(cx,x)iic reaction, yielding 0'[27A1(a; x)isF] = 42.6+0.5 mb. In
addition, as there were many 12C(a, :é)7Be runs, all in good agree-

12C(a:, x)vBe reaction in th‘e.p'olystyren"e, with a cross sec-

ment; the
tion of 20.2241.4 mb, was used as an additional monitor for the 7Be

production runs in BeO and Be.

COUNTING APPARATUS
The detection system consisted of a 20.4-cm diamX 10.2-cm
thick NaI(Tl) crystal, optically coupled with Dow-Corning DC 200 sil-
icone grease to a 5-in. diam EMI 9530-Q photomultiplier (face plate
and part of the envelope are fused quartz). The system is housed in-
side 10.2 cm of low activity lead bricks. A more qompléte descrip-
tion is. found in the reference.7 After exposure, thé f3+- ,decay'ingl
targets were placed between Cu plates sufficiently thick to stop the
+

B'; the y-decaying targets were placed directly on the cover plate of

the Nal crystal. The output of the photomultiplier was preamplified,

-4-

double-delay-line shaped, and then pulse-height analyzed by a gain-
stabilized 1600-channel Victoreen (SCIPP 1600) analyzer. For [3+
acc@ulation, the gain was stabilized on the 511—kéV peak and for
7Be on the 478-keV peak. In all cases the counting interval was 380-
610 keV. The peaks were accurnuléted in the live-time mode, wherein
the counting time is extended to‘compensate‘_for the signal-analysis :
time, duringvuwhich no new signal is accepted. The dead timé_fvﬁs
extensively analyzed (see Appendix). To minimize dekad-time cor-
rections, no counts were used in the fittings whe;x count rates were
>150% 103/min, except for one 16O - 150 run. The largest corfec- )

tions were for 160-> ‘150," which resulted in 3% changes in the initial

' quantitieé of 15O produced by the fitting algorithm.

RUNS AND FITTINGS
- There were two runs to determine the 0[27A1(a,x)18F]

/U[iZC(a,x)11C] ratio and the resultant cross section. Initialcounts

were recorded in 1-min intervals, and the target was counted for

several days-.' The B+ peak was least-squares fitted to half-lives of
2.05 min (150), 9;96 min (13N), 20.35 min (11C), 109.7 min (18F),
and 894 min (24Na); the background was both free and fixed (a 10-min

27 18F was

Mg component was observed but not analyzed). The fitted
fbund insensitive (< 1% initial quantity changes) to variations at the
ends of the fitting routine: (1) at the shorthalf-life end by varying
the time between the end of exposure and the start of the fitting rou-
tine, and by inclusion of a 1'mip haif—life in the fit; and (2) at the

long half-life end by varying the time between the end of exposure

and the end of the fitting routine, and by letting background be both
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fitted and fixed (fitted and observed background agreed to within 5%).
The initial quantity of 18.}? was determined, relative to the 11C in the
monitor, to within 2%.

There were six runs to determine the two ratios of

'a[tZC(a, x)7Be] to o(monitor reaction) and the subsequent cross sec-

tion. One run produced a large X,Z in the fit and was not included in

the final ave'»ragi:ng-’ There were two runs to determine the three ra-

tios of 0'[ Be(a x) Be] to o(monitor reactmn) The Be target was

.‘reused/, and the residual B‘e in the second exposure was earefully

determined) to be (32..‘5:!:0.5.)‘% of the 7Be produced in the second ex-
posure. Both runs agreed to within 1%.

There were three runs to determine the ratio of cross section

13

to monitor-reaction cross section for 150., N, and 11C prfo_ducﬁori

160,‘ and two runs to determine the three ratios of 6'[,Be0(a,x)7Be]
to o(monitor reaction). The third run for 15O production, reusing

the previous target, iﬁexplicably gave a small cross section, much

in ’dis‘agreement‘ with the other two runs, and was not included in the

ﬁha.l averages. For the short-half-life runs the counts were accu-

imﬁlat_ed at 1-min int‘er_\‘rals and ieast-s-quares fitted to 2.05, 9.96, and
" 20.35-min ha_lf— lives. The'variatiens in the fitting routine discussed
'fo-r.the 2‘7‘A1(a;, Ix’)isF runs were repeated here,. except for excluding
. _:e fitto a '1;min half-life compohent. 'i‘his procedure resulted in un-

. ‘certainties in the quantities produced in the three exposures of 2%
f -15 11 ’ 13 »

O and " "C, and 3%, 6%, and 6% for “~~N. The ratios of

[160(&! x) Be] to the three monitor-reaction cross sections were de-
te'rrnined by subtracting the ratio of cr[ Be(a, x) Be] to o(monitor re-

action) from the ratios of o[BeO(a, x)7Be to o(monitor reaction). In

-6-

Tables II and I are tabulated the quantities of interest regarding
the ratios of cross section to o(monitor reaction) and the resultant

cross sections (Fig. 2).

UNCERTAINTIES
| The efficiency on the NaI(T1) system for B+ emission, not of
primary concern, was determined relefive to the ab‘soilute C11 effi-
ciency detector,3 and was (52.2 :i:i)% .'T‘he efficiency. of the NaI(Tl) -
for the 478-keV y of Be was taken to be the same as for the 511-keV ]

annihilation vy w1thm a systematic error of 41%.- The Be eff1c1ency

‘differed from the ﬁ+ efficiency in ‘three-way"s (which were corrected).-

. First, the spectrum of the ﬁ+ showed, in addition to the primary peak

at 511 keV, a second peak at 710 keV which was the sum peak of one
annihilation y plus the backscettered second Y. The energy sum of a

544-keV and2 180°-backscattered 511-keV y was 767 keV, consisteat

‘with the peak location. The area under the sum peak was found to be

6.7 iO.a% of the area of the main peak. Second, ‘the Cu plates
around the B emitters attenuated the 511-keV vy. Third, the Cu
plates separated the [3 emitters from the Nal by 0.16 cm more than
the Be counted targets. To correct for the last two effects, a 7IBe
active target was counted inside the Cu plates in the ﬁ+ counting con-
figuration and on the Nal in the Be conflgurahon, yielding a correc-
tion of (44.5%2)% to the Be efficiency.

The self-absorption of the targets was theoretically corrected.
The largest correction was (2+1)% for the 10.8-g BeO. The correc-
tion to ad infinitely thin target was made with the assumption fhat»the

correction for all targets and products was the same and equal to the
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3

12(0, x)11C depth effect in polystyrene> of (0.26+0.40)% /100 mg Energy o o Adjusted o "
-2 . . (MeV) (mb) - (mb) Author Ref
em °. The 0.16-cm polystyrene disks were assumed to lose .
(0.4 £0.4)% of the “C by diffusion. 8 156 8.8+0.5 8.8+0.5 Valentin et al. 9
The random errors are 352 12.00.5 14.8%0.6 ‘Parikh 10
4. initial quantity of the isotopes produced, 5700 15 12.5%1 Benioff 11

2. time at end of exposure, +1 sec, .

3. backgrbund in the interval exam’ined, 81+1 counts/min, ‘ o o : i
. The adjusting factor for Parikh is the ratio of 0[12C('p, x)?Bé] ,meas-
4. target alignment, *1%,

. . - 12
red by him (8.3+0.3 mb), to that of C 10.2 £ 1 mb). Th
5. diffusion loss of “C in the polystyrene, +0.4%, ured by ( mb}, to of Cumming ( mb) e

_ ] ] ] .. adjusting factor for Benioff is the ratio of 0'[27A1(p,x)18F] , used as
6. uncertainty in the monitor cross sections. :

a monitor by him (7.68 mb), to that for Cumming (6.5+0.4 mb}). 12

. The systematic errors are | The 16’O(p, x)7Be excitation function, included in. Fig. 3 ifbr
1. relative efficiehcy of the Na;I('i‘l) crystal for 478-keV - _ convenience, is derived from the compilation by Silberberg, 1
y's & 1%, - - o E '  wherein of 1%0(p, ) "Be] over the range 200 MeV < E, <2 GeVis
2. annihilation-y sum peak, id.Z%, ) o | fitted to '
3. anniﬁilation-y absorption in the target holder, 2%, o ‘ ‘ a = 3.25 log [Ep(MeV)] - 1.75 *21.5 mb,

4. contamination in the BeO, % 1%.
" and over the range Ep>6 GeV to o = 10+4.5 mb (Fig. 3).

In Table II the a-particle cross sections, the p cross sections at

Ep= Ea and Ep= E and Z; at the two proton energies are tabulated.

aT’ C.OSMIC RAY PROPAGATION

The random and systematic errors, where a.pfopds, were separately . : : : :
The interactions with the interstellar gas were parameter-

rms-combined and then added to give the error estimates in Tables o - _ .
} ized by (1) the mean free path for absorption (Aabs)’ (2) the frag- . . .

II and II (Fig. 2).
& mentation probability of the absorbed 'i-nucleus into the j-nucleus

The 9Be(p’, x)7 Be cross sections at the two proton energies were _ _ : i
(Pij), and (3) the ionization-energy loss of the isotopes. With the

‘derived from the excitation function (Fig. 3), which was determined )
assumption that cosmic rays consist.only of L. and M isotopes, we

from the fdllowing adjusted cross sections: _
‘investigated the sensitivity of the L/M ratio and the elemental abun-
dances to the He/H+He ratio of the interstellar gas. In addition, we

' examined the sensitivity of these two quantities with the separate

o
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'

variations of the three interaction parameters (Aabs’ Pij’ and dE/dx),

to discern which are most crucial, and consequently, which most need

- improved experimental accuracy. The one-dimensional transport

equation used, iterated in steps of Ax = 0.1 g/cmz, is .

.Ni(E' x +AX)dE] = N, (E L %) e Ax/m

(1)
z N,(EL, x+AX)P (1 - Ax/AJ)dE'
j>i
where the following definitions and formulas are used:
. all energies are in kinetic energy/nucleon;
“N,(E.,x)dE, is the flux of isotope.'fréin E. to E, +dE, after
il i i i i i
traversal of x g/cmz;
Fi' = fraction of atoms of interstellar gas of elezmen‘ci (H and

'He):, e.g., F = He/H+He;

He
' ‘m, = mass of el‘ementi in grams;

= reaction cross section for isotopei in targetk :

i, re
(k = p,a);

k-

o, § = cross section for productlon of i from j+k—+1i+,
(k = p,a);
; 2 @ a
. A. = mean free path for interaction in g/cm =T F.m./Z-

J . ‘ iZ=p "ii'i=p
F. 0%,
Sij re’

_ - i J 3
P’ij‘ fragmentation probability kZ P chl’ ih /E chrj re’

7 7. 9 10 11

E_l-es)ehisotopes aretransported--éLi, Be, Li, 'Be, B, B,

12 13 14 15 160' 7

C, C, N, N, and Be is considered stable. For sim-

plicity 1oBe, whose p-spallation production cross sect:ion14 in 160

is < 0.1 that of 7Be, is neglected (although results by Fontes et a1

for p + 12C spallation at 600 MeV show the 1oBe/vBe ratio to be

-10-

0.25+0.03, indicating that the mBe is nonnegligible). The calculation

is performed at 2 GeV/N. The source spectrum is taken to be rigid-

15

ity dependent with spectral index -2.2. This number is less than

the usual rigidity-spectral index of -2.5; however, at 3 GeV/N the
calculation is insensitive to this parameter as all isotopes are min-

imum iohizing. The source ‘distribution is taken to be 0.0 except for

12C: 14N: 16

O = 1.00:0.11:1.06 (Ref. 16).
The proton cross sections are taken from Beck and Yio'u17 and Yiou -

et al. 14 The cross sections used here differ from those of Beck and

9 10

Yiou only for the 6Li., 7Li, Be, and B production cross 'sections

n 16O, taken here as 13.5, 13.5, 3.3, and 14 mb respectively. The

a-particle cross sections are treated as follows.

It has been shown> that Z (12 e C) with E =E . for 380
MeV < E .. <920 MeV, is constant (=1.7). Also, o’[iZC(p, pn) C] is
l constant within experimental errors (=5%) from 1 to 30 GeV.,‘0 As-

a12

suming that E ( 1C) remains constant, at least in the range

1 GeV < E (— < 10 GeV, then 0’[ C(a x) C] is also constant in

o) <
that range (250 MeV/N <E <2.5 GeV/N). Itis probably safe to ex- -
tend this argument to all l'bsi.rnple” reactions (1-2 nucleons removed).
In addition, for the purpose of the calculation at 2 GeV/N, v;e make
the ensatz that Eg for each initial and final nuclide of the L and M
elements, w1th Ep = E T; is a constant function of E T in the range
1 GeV = aT < 10 GeV. Again, as the proton cross sections vary '

little from 1 to 10 GeV, we deduce that the a-particle cross sections

measured at 280 MeV/N (920 MeV) will be constant to 2.5 GeV/N

- (10 GeV) within experimental errors. At Ep=E = 1 GeV, by use of

aT
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the data tabuiated in Table I for 12C and 16O spallation, Z: (AA) was
least-squares fitted to Z;(AA) = a+bAA. The fit is sensitive to
( O Be) The values of (7[160(1)7, x)7Be] from Table III, at 1 GeV
(or 2 GeV), of 8.0+1.5 mb (or 9.0 1.5 mb), yield z"’(“’o Be)
=2.34%0.5 (or 2.07+0.4), and the coeff1c1ents in the Z (AA) linear
fit of a = 1.64+0.07 (or 1. 67:!:0 07) and b=0. 06510 03(or0 050 =0.02),
and x per degree of freedom, in both cases, of 0.4 (Fig. 3). We
conservatively chose the latter set of parameters for Eg(AA) to scale
all the a-particle cross sections onto the p cross sections at 2 GeV.
The spallation process in the Serber two-step model18 is con-

19

sidered as a knock-on plus evaporation. Munir has shown™ ’ that the

L nuclei produced in p + M nuclei reactions, at E_= 1GeV, can be
interpreted as evaporation residues with, on the average, small (= 12
MeV) energy transfers. For all spallation reactions, we have taken

the initial and final kinetic energy per nucleon to be equal.

had to be derived from models as, to the

Values for Ay b
e abs

authors' knowledge, there have been no experiments measuring in-
elastic or absorption cross sectioné ovf 4He nuclei of known energy,
> 1400 MeV/N, in single-element targets. We compared (a) two nu-
cleus-nucleus reaction cross-section models, (b) the independent-
particle optical-potential model of Alexander and Yekutielizo (with a
free nucleon-nucleon cross section of 40 mb), and (c) three versions
of the overlap model

U_i re = “(roAa1/3 + roAi1/3_- Ar)z, (2)
first proposed by Bradt and Peters (r0 =4.45 F, Ar=14.70 F), 21 and

"modified by Daniel and Durgaprasad (ro= 1.17F, Ar =.0),22' and by

-42-

Cleghorn (r°= 1.20 F, Ar=0.50 F). 23 Tests of the models come

from the many experiments measuring AHe abs of cosmic ray a par-
ticles in emulsion (e. g., compilation by Waddington), 24
uation mean free path (Aatn) of cosmic ray a-particles in the atmos- v

phere. From the measurements of the latter quantity by Webber and .

26 15

McDonald, 25 Davis et al.,”" McDonald, 27 2nd Webber and Ormes, ~

‘of 438, 355:_7, 457, and 52 +4 g/cm2 respectively, the value of 44

2 . . . . .
g/cm” was chosen. For a-particle interactions in emulsion we used

o® _ of 125 mb. 28 In identifying A, in L and M elements

a,re He abs
from emulsion experiments, there is uncertainty in that ® 60% of the
reactions occur with Ag and Br and = 30% with C, N, ana O. In air
there is uncertainty arising from the fragmentation of the heavier-
than-He cosmic rays, and from the 4He - 3He stripping reactions.
In a2ir, we have ¢stimated the errors as a result of equating.,
A4He abs = AHe afn~fr°m the twb aboye processes, to be <(9-14)%

and < 30% respectively (see Appendix). Consequently, for air, we

-_— — . 2 ‘ 1 .
have taken A4H abs AHe atn - 44 -g/ecm”, but not seriously; and
=77 g/cmz.
abs
four models are mtercompared The overlap model of Cleghorn was

for emulsion we have taken A4 In Table IV, the

chosen, but tests of all the models showed that the choice was incon-

sequential; it yielded less than 0.5% differences in the quantity of

interstellar gas traversed, with He/H+He = 0.2, to produce L/M=0.25.

In Table V are tabulated the results of the calculation. Col-
umns 1-3 give the value of He/H +He used for the individual param-
eters Ai-, Pij’ and dE/dx; columns 4-7 are the amounts of matter
traversed to reach L/M = 0.25, in g/cm‘2 and a.!:oms/(c:m2 N ). Col-

umns 8-12 are the elemental ratios with respect to carbon.. Row 1 is

and the atten-

-



= 0.4 and 0.2, relative to 0.0, were fitted to F(R) = gRe ’X
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the observed elemental ratios from the experiments of von Rosenvinge

et al. > and Lezniak et al., 29 and from the compilations of Shapiro et

al. 1630 pow 2 gives the calculated elemental ratios for He/H +He
=»b.0., For the remaining rows, the elemental ratios are ih percent ‘
differrences from the caiculated ratios for He/H+He = 0.0. Thé mass
of’ 1nterste11ar gas traversed to reach L/M = 0. 25, and the elemen’ca.l
'ratxos obta1ned by varying A P i and dE/dx one at a tu'ne, for.
He/H+He = 0.1, were derived from their values for He/H+He =0.2by
multi_élyiﬁg By.,the factor 0.54120.02" (see following).

' _ The fractional-changes in the mass of interstellar gas tra-
versed to reach L/M = 0.25 and the elemental ratios for R = He/H-FHe
. Normal-
izing on F(O..l) = 0.4, and allowing for a multiplicative constant (g) for
each of the fittgd quantities (Row 3, "HAeI/'H+He =0.1 for Ai’ Pij’ and

dE/dx), yields h = 0.78+0.3, Table V and F(0.1)/F(0.2) =0.541+0.02.

. The fractional increase in the mass traversed to reach L/M = 0.25

over ’ché range 0< (He/H+He) < 1.0, relative to He/H+He =0.0, fitted
to the same functional form »(unnormaliz'ed), produced g = 1.94 énd

h =.O.’5:60 (Fig. 6). Differences between the fitted [F(R)] and calcu-
l.ated values Wefe < 3%.

The ihterpretation of the separate and combined variations of

i Ai."- Pij’ and dE/dx is simpler when the quantity [{% elemental abundance

change)-(% elemental abundance change in L or M)] is examined for

'He/H+He = 0.1 relative to 0.0, which quantity is decoupled from the

carbon variations found in the elemental ratios. We can treat the L
and M groups separately, as the L/M ratio is always a fixed param-

eter. We define
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a O D% )> L or M) (3)
( - or M),
dAi . Ni <

Y

where
D(N,)= N; (He/H +He) - N,(0,0). ' (4)

Within the L and M groups, we observe in Fig. 6 that the ef-
fect on Y of varying the 1nd1v1dual parameters A P i and dE/dx

Wlth He/H+He 0.1, is

Y >0 - for Ai variation,
Y <0 for Pij variation,
Y negligible for dE/dx variation.

This can be explained with the transport equation. If ionization en-

ergy loss is neglected, and with Ax << Aj < Ai’ Eq. (1) becomes

AN N(x+Ax) N(x)——N(x)—-l-Z N(x+Ax)P - (5)

i>i

The sensitivity of Ni to the He/H+He of the interstellar gas is approx-
imately the sensitivity of ANi to the He/H +He, where ANi, as above,
corresponds to a single increment, Ax of x. Operating on AN with D,

as defined in Eq. (4), we have

D(AN)) = N(x)D('Ax)+z N(x+Ax)D(P1T), (6)
R 1 J
and o D(aN) T v. (7
' i

For any argument G(Ai, Pji) of D in Eq. (6),

D(G)E—E%—D(Ai)+A%G D(Py,)- (8
1
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Writing Aioc 13 732, where - ¢ = c(He/H +He) (9)

%, re (C +A,

Q

c ® 0 in hydrogen
¢ >0 in helium
and considering the case when only Ai is dépenden,t on the He/H+Hé,

one has

OA.

D) =L, (10

and from partial enactment of the chain rule of Eq. (8),

Ax..

D(P; 37 ° D(———) oy

Substituting Eq. (11) into the last term of Eq. (6), becomes

D(AN,) = N, (x) D(—)+z N(x+Ax)P  DEZ ) (12)
J>1 . .

r

The second term is much smaller than the first term, as Pji are <<1,

and is dropped. Substituting Eq. (12), less fhe second term, into
Eq. (7),-and applying Eq. (8) and Eq. (10), gives
A, %A,

~AX, ~ 4 )
2 dch

Y~N(x)dA D(—)- N(x)ch(T ar* >0, (13)

. :.0
. as observed in F1g 6 for Ai"-’ Ai(He/H+He).

Cons1der1ng the case when only P is dependent on the

-He/H+He and taking for simplicity the case of He/H +He = 1.0, then -

: % oP. z%A.-A)0P. o P
DP,)=—2dl o d - _P ] 1 3] _ 1 re
a O'p o a UP
j,re jire j, re . i, re
- _J_L& z (8- A -1 eV
P o.P

J, re j, re
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In Eq. (6), the first term is zero. Substituting Eq. (14) in the second

term of Eq. (6), then o s
o P & o P. o
D(AN,) Z N, (x+Ax) ax -J-&L‘?Z (A.-Ai)-i‘é—l— . (15) - &
g, p o.P o
j=i L) re . : J,» re

We observe in Eq. {15) that the only explicit Ai dependence is in the

_ crfossé_section scaling factor whose derivative with respect to A1 is -

- zp (4;- A =,-&-i [a +b(AJ.-Ai)]' = -b. o ue

Substituting Eq. (15) and Eq. (16) into Eq. (7), we have

‘Y'&(b)<0 . (17)
as observed in Fig. 6 for PJ (He/H+He) =
Until recently, the slab apprommatmn to the transport prob-
lem, i.e., a delta-function path-length distribution, has been the ac- t
cepfed model. A more theoreétically satisfying model, which also . i}

produces better agreement with experiments, is the exponential path- .-

31,32 which is similar to the product of diffusion theoryx

33,32

length model,

with simple boundary conditions. The path-length model chosen .

"is second order on the relative effects of the He/H + He ratio of the

interstellar gas. Examining the fraétional changes in the Quantity .
[L/M(He/H+He = 0.2) - L/M(0.0)]/[L/M(0.0)], evaluated at x=0.5
g/(;m2 and 5.0 g/«:m2 of interstellar gas traversed, we conc_ludéd_
thatbdifferences arising in all the calculated fractional c,h'ang'es in the -
quantities of Table V, between the $lab and exponential path-length

models, is <5%.
.)
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CONCLUSIONS

The effect of the = 10% He component in the interstellar gas -
does not have pronounced.effects (<2%) on the cosmic ray L and M el-
efnental abundances at 2 GeV/N. As a consequence of the nonconstant
ZI; (AA), ‘the Pij’ in general, -héve a greater effect on the elemental
ratios.than A It is to be noted that at 230 MeV/N, Za(“’O Be) is
3.2+£0.8 ow1ng to the lower value of 0'[ O(p, x) Be] (=5.9%£1.5 mb) at
thxs energy. The = 10% He in the 1nterstella.r gas, at this energy, is

r"esponsible for =25% of the/’ Be p-rod.uction. As this energy is near

‘the now uncertain peak in the L/M ratio of =0.40 (200-700) MeV/N,34

further ixlwesti‘gation beckons. Adéitibnal data are needed for the a-

spallation reactions in Fe, 'L, and M groups at Ea> 50 MeV/N.
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APPENDIX

Dead Time There are two effective detector-system times:

the Victoreen analyzer signal-analysis time (Tsat) during which no new
signal is accepted, and the preamplifier deat time ('radt). The analyz-
er was operéted in the live-time mode wherein the counting time is

extended to compensate for counts lost during T For infinite half-

sat’

lives, the compensation was assumed to be exact, i.e., [number of

counts] « [source activity]. But with short half-lives (half-life <

counting time) and high count rates [(count rate).-1 <7 __.], counts

~ sat

and a functional’

are lost (the case with 150) To compensate, Toat

' form for the counting-time extensmn (F) was found. Counting a hot

“C source. for several half-lives, tabulating 'che laboratory counting

time (LAB), the analyzer live time (LIV), and the count rate (n), for
LIV '= 4-min intervals, and writing LAB = LIV- F(n, T at)’ one is led

by Poisson statistics to setting F' = exp(n'reat). But a better fit was

found for the first-order expansion F = 1+ nT___, which says that the

sat
fractional time extension is proportional to the count rate. Here,
Tgat W25 determined by a least-squares fit of the tabulated LAB, L1V,
and n to be 19 psécf If the amount of material with mean life T  at
time t is I(t) = Io e»_t/T, then the count rate at time t is (IO/T)e-t/T,

and the average count rate in the interval 0 § t < is (Io/"r)(i - e-T/T

)-
Defining the fractional counts lost in time LAB as FCL[LAB, LIV
(n, 7}], then, to first-order, FCL = ((éount rate in LIV) - (count

rate in LAB ))/(-COunt rate in LAB),

L4 -LIvV/7T LAB/
FoL = ) U-e )- (g (1-e )] (18)
- (i) (1-"LAB/T) .
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For T << (LAB-LIV), the expression reduces to FCL = (LAB-LIV)/2T
= (nTsat LIV)/ZT.V For the case of 15O'W'ith T =3 min, n= 200)(103
counts/min, and LIV = 1 min, the fractional counts lost= 1.5%. With

N multicomponent decays, of mean life Ty the expression for the

fractional counts lost is

: _-LIv/r, -LAB/T,
N e e IV Ty A (4 AR/
FCL ¢ z (_ ) (1-e'LAB/Ti) —, (19)
i=1 VLAB
where LAB = LIV (1 + n7__,).
sat _
The .second dead-time factor, the preamplifier dead time
11

(Tadt); was determined by placing a hot ~ C source on the Nal and

comparing the high count rates to that expected by e_xfrapolating the
low count rates. The half-life of MC is sufficiently long to keep the

signal-analysis-time correction negligible. The lost counts were

nTadt

Vleast-squa.res fitted to an exponential e , where n is the count

rate. The dead time so determined was 3.5psec, or about the width of

the double-delay line-shaped pulse. However, a best xz fit for the

“C decay was found for Tadt = 4,5 usec. A compromise of 3.8 y.s‘ec

was used, which gives a 1% correction at a count rate of 160X '103

counts/ min.
4

He Absorption in the Atmosphere Meésuren;xents of 4He ab-
sorption in the atmosphere are affected by the fragmentation of the.
Z.>2 cosmic rays and by .4He - -%‘He stripping reactions (assuming
that the detectors are unable to separate 4He from 3He). We can es-
timate the effect of the rIe production from the Z >2 cosmic rays
with the transport equation [Eq. (1)]. Neglecting ionization energy .

loss and reducing the incremental in x to a differential, we are left
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with (for He development),

>

4 He(x) + —1—H ( ) Z Nt = (20)
- elX elx) = N .
dx Aye Loy Ty,

=

i
(Z>2)
The equation for Ni(x) is the same as the above for He, 'exce'p't for

leaving off the source on the ,Ari.ght-héhd side (rhs). .This introduces é,n

error of significance only in the L group: N_i(x) can then be wfriti_:enbas;‘;

Ni(x) = A e-x/ Ai, where Ai is the relative abundance to He at the top

of the atmosphére. The rhs of Eq. (20) is 15% of the second termon - -

_the 1lhs at x = 0,. and diminishes as x increases (A. < AH_ ). ‘The' He

functlonal form does not differ much from a simple exponential. Set-
XA 2

tmg He(x) = , and averaging the He flux over the fir st Lg/cm
of the atmosphere [mtegratmg Eq. (20) from x =0 to x = L] : a - ‘
find _ o
L A-A - A -t/A » &
x He (4-e Y/ z AP (1-e t/ i). “(21)

(z>2)

_hCons1stent with the approxu’natmn needs, we’ group the source ele-

ments into L, M, and H(Z > 10) groups. Usmg the fluxes. of Von

Rosenvinge et al. 5 and Webber and Orme 5,15 the ionization- co_rr‘ected .

35

A of Webber and Orr'nes,1L5 the Py in air of Friedlander et al.,

atn
He . Do
and AHe from Table IV of 44 g/cmz, we minimize Eq. (214) for A,

parameterized by §, and find

t(e/cm®) | 20 50 100 450

3,750 48 48" o
Alg/em® | %0 %9 48 _- S
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Equating, in t1.1e atmosphere, AHe abs to AHe atn T2V introduce an
overestimation of AHe abs from the spallation of the heavier-than-He
cosmic rays of = (9~ 14)%.
The effect on A ts from “He~ “He strippi
e effect on Ay, measurements from He e ipping

in the af.:rnosphere. can be estimated from the 4He(’n, np)‘}H 4He(n, d)3H

and 4He(n, 2n) He cross sectmns of (55 %5)%, (Zii)%, and . (3i )% of
Gy n respechvely, measured by Inne536 at 300 MeV, If we 1nvoke
He, re

charge syrmnetry, the flrst two cross sections should be equal to

U[ He (p, pn) He]/o’4 P and U[ He(p, d) I—vIe]/()'4 P | Averaging
3 : - He,re He, re
He production over p and n, )

, 0[4He(»n-, 2n)3He] + 0,[4He (p, pn)ﬂ3He} + 0[4He(p, d)He3]
20'4 P ;
He, re (22)

and assuming that this ratio holds in the atmosphere for

" of*He(atm,)’Hel/o, P , wehave A, =(1-P, 5 )

" . Co He, re 3 He abs He, >
A‘H‘e abs - (1-0.3()_:l:O.()?:)AHe abs
0.70+0.03 should be taken as a lower bound, as it is expected that the

16

=(0.70 =!:0.03)He abs’ The faetor

colhsmns of 4He with the centers of 14N and O will be less effective’

than wzth the surfaces of 14N and 6O for snlgle nucleon knockouts

=44 g/cm » then A,

from the 4'I—Ie. . Taking A
. He a

He abs’ bs’ consid-
ering: just .'stripping reactions, equals 31_g./cm2--a small number in

view of geometric calculations (Table IV).

='0.30+0,03,
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Table I. Decay features of radioisotopes produced (see Ref. 6).

Isotope

18F 150 13N, 1’1c 7Be

Hali-life (min) . 109.7 2.05 9.96 20.35 77180
: : S ' (53.6 days)
Decay N Y AR AR
Branching ratio 0.97 1.00  1.00  0.998
‘ taken as
1.00

478-keV y
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Table ZI. Targets, exposure times, and ratios of cross section to moaitor cross section.

Terget Weight Lengthof Countrate  Reaction Ratio to Reaction Ratio to Reaction Ratio to
(-g) exposure (counts per (monitor monitor (¢ random (monitor monitor (¢ random (moaitor monitor{+random
. ey o) exror %) reaction) rrror %l ion) error %)
Al . 0.3968 120 115 v10® FTar ¥9p 0.252
(fc-Yo ue
Al 0.3455 60 2751~ 185 0.258
2, 11
(2c ~ gy (1.6
Systematic ercors in the above ratios 0.0%
BéO . 2.983 6 204 c10° 1% 1% 0.957 165 L 13y 0.135 165 . 1ic 0.383
: ) 2c- o @.3) (2e-t) (6 (ee g @.2)
BeO  2.897 s o.106v10® %0 1% 0.950 165 . 13y 0.141 165 L 11 0.377
: (2c~ g (4.8) (12c. gy ©o (12ee g (3.9
Beo®  2.897 +  o7e3xe0® 1% - 1% 0.680 165 - 3y 0.425 165 - 11 0.370

(cH,  1.705 120 358 12¢ . g 0.403
R 2o, g, (1.8) (2a1~ ) 3.7)
(CH),  1.843 600 197 12¢ . g, 0.443 2c . "pe 1.59
(*2c- o) (1.8) a8 (1.8)
(CHE 1975 300 134 2.7 . 0.354 20 .75, 1.60
(2c- g G/ )
(CH)  1.950 600" 200 2. 75, 0.413 26 . 78, 1.62

Syetematic errors in the above ratios 2.2% . 2.2%

SCount rate above background, at ead of exposure, of isotopes in the adjacent column.
BRun discarded because of large deviation.
“Run discarded because of large x° in the fit.

" dCount rate above residual count rate from previous exposure.
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Table IV. Intercomparison of different models for interaction mean free paths
in emulsion and air.

Adopted Independent-particle Three overlap models / .
experimental . : soya . a - 1/3 1/3 2
value optical potential %, re w(x—0 Aa + r Ai -Ar)
Table IIl. a-Particle and p cross sections,® and ¢ at EP= Ea (230 MeV/N) and - : . ) T -
: - . ) b . . opd
at Ep = EaT (920 MeV). o ro(F) v ; . ‘ 1.45 b 1.477 1.20
- . R : b T aaC d
. : Ar (F T 1.70 0.0 0.50
Reaction  AA g, (mb) © o (mb) z:, : ¢ (mb) }:: F () . c ) _ - .
N Lo . B . s e N g . y
920 MeV 230 MeV B,TE, 920 MeV. Ey® Eyp Aemul(g/cmz) 77 75.6%0.3 77.6 69.9 19
o 4 A, (8/em?) . aqf 42.5 47.0 362 a9 -
Be -+ 'Be 2 42.7 0.6 11.4x0.5 1.1420.1 13,81 0.92+0.1 . '
20 LMo 4 494 218 3812 1.3040.08 2814 1.76%0.11 "160"", refmb) . 600 = 102 569 725 616 -
12C e 7Be 5 . 20.2 1.4 9.91 2.04£0.24 10.0+1 2.02%0.24
160 10 1 - 474 223 3424 1392047 - 2923 1.6240.18 N '
16 13, - With a free nucleon-nucleon cross section of 40 mb. See Ref. 18.
O —-"'N 3 . 6.82%0.5 5.0£14.5 1.36%0.42 5.0%2 1.36+0.54 b R : - '
. . See Ref. 19.
6o e 5 487 209 1042 1.8740.4 1015 1.87£0.30 € See Ref. 20.
. . R B d
16, 7 8.0£1.5 2.3420.47 , See Ref. 24.
0 Be 9  18.7 =14 5.9%1.5 3.2 20.8 {(gosied (5 0720.39D . 2 _ ‘ _ ‘ . ,,
27 18. . ) ’ o With o = 125 mb. See Ref. 26. : : - - . o - 2y
Al ~"°F 9 12.6 20.5 6.020.4 . 2.0820.15 8.05%0.5 1.57%0.13 fo . % Te : . : N :
: B : See'text. . -
- € Value read from a graph-and adjusted with 'Uap re = 425 mb.
a X i . 12 11 . 16, : hValue read from a graph ' :
The o-Particle cross sections are from this work except for of “C(a,x) "'C) from Ref. 3. The "O+p : graph.

cross gections are from Refs.. 2 and 13. The 12C + p.and 2781 4 p croes sections are from Ref. 2.

b At 2 GeV.

~
g
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Table V. Quantity of interstellar gas traversed and elemental ratios to carbon, parzmetenzed
by the He/H +He ratio of the interstellar gas, at L/M = 0.25.

Value of He/H+ He used for Amount of gas traversed Elemental ratios to carﬁonb
A, Py dE/dx  g/em? %® aam;.ﬂNi %32 Li ‘ Be - B N [¢)
o

expenmental observa- 0.15+0.01 0.42%£0.02 0.27+0.02 0.2620.02 0.8920.02

tions® . X
0.0 TL0.0 0<0 . 4.64 -—- 4.64  --- 0.15 0.083 0.29 0.26 0.83
0.4 0.1 . .0.4 549 +19.2 4.23  -8.16 +1.47 +1.00 -0.62 - -0.53 +0.77
0.2 0.2 0.2 6.24 ;35.5 3.91 -15.4 +2.81 +4.85 -1.14 -0.95 +1.43
0.2 0.0 0.0 5.67 +23.0. +0.40 +0.65 +1.34 +0.27 | +2.30
.0.0 . 0.2 0.0 5.04 '+ 9.49 - . +2.21 40.76 -2.90 -2.01 -1.50
0.0 0.0 0.2 4.62 + 0.33 +0.43 40.27 +0.47 +0.42 +0.35
Sum of the partial He/H +He = 0. 2 +32.8 +2.74 +4.68 -1.42 -4.32 +1.15
0.4 0.0 0.0 5.18  +12.4 40.22 +0.35 +0.74 +0.45 +4.24
0.0 0.4 0.0 4.84 + 5.43 +1.20 +0.44 -4.57 -4.09 -0.84
0.0 0.0 0.1 4.62 + 0.19 +0.07 +0.45 +0.09 +0.23 +0.19
Sum of the partial He/H+He = 0.1 +17.7 . +1.49 +0.94 -0.77 -0.74 +0.62

Uncertainties on the signed (+ or -).fractional-elemental ratio changes are < 5%.
2Percent difference from the case of interstellar gas consisting of 400% hydrogen (row 2).
bi‘.xcept for rows 4 and 2, the same as in footnote a.

€See Refs. 5, 27, 28, 16.

BeO. Set b: 1,-(CH)n; 2, Al; for

3 (dE/dx); 4 W

= 0.1).. Uncertainties are < 5%.
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FIGURE CAPTIONS

Fig. 1. Target arrangements. a-Particle beam incident from the

left. - Target subsets (1, 2, and 3) consist of 2 guard foils and a cen-

tral, counted disk (see text). Set a: for 27Al 1SF and for 1Z'C -

K 16 15 13 11

Be; 1, AlL; 2, (CH)n' For " O= (70, "N, "TC); 1, (CH)n;_ 2,

12C - 7Be and BeO.—> 7Be; 3, BgO;‘

for 12(_31-’ 7Be and 9Be - 7Be; 3, Be.

27 16

Fig. 2. Zg at Eé: E, (920 MeV). 'O, “ Al target; O, ~"O target;

X» 120 target; Vv, 9Be target. Curves (a) and (b) are the_linear fits
of z%(AA) to the 12C and 16O target cross sections, with the values

for d[160(p, x) 7Be] at 2 GeV (a) or at' 920 MeV (b).

9

Fig. 3. 7Be exc1tat1on functlons for p+

Be and p + 60 (see text).

‘The error bar on the 16O curve is constant for the length of the curve.

Fig. 4. Percent change in elemental abundance ratios (to- carbon) for
He/H +He = 0.1 relative to He/H+He = 0.0, at L/M = 0.25. Column
(parameter of interaction for which He/H +He ='0.1): 1 (A); 2 .(Pij);

is the sum of columns 1-3, ///// is He/H+He

Fig. 5. The quantity [(% change in elemental abundance) - { % change

in elemental abundance in L or M group)] for He/H +He = 0.1 rel-

ative to He/H +He = 0.0, at L/M = 0.25. Co-luxnn (parameter of inter-

action for which He/H +He =0.0): 1 (A); 2 (P,.); 3 @8/ax); 4 (/)

is the sum of columns 1-3, \\\\\ is He/H + He = 0.4). Uncertainties

are less than or equal to the uncertainty shown.
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Fig. 6. Fractional change in the mass [x(g/cmz)] of interstellar
space traversed to produce L/M = 0.25, as a function of

R = He/H+He relative to He/H+He = 0.0. The curve is the fit to

1.94 R exp (-0.56 R) which differs from the calculated fractional . (a) _ ' : . ( b)
.change by < 3% for all R. _ o F'*'. e !: ,ﬁ , —1
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LEGAL NOTICE

This report was prepared. as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness -or -usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights. :
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