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Abstract. New data from the cosmic ray experiment on theecondaries are produced. In addition, because the local in
Voyager spacecraft confirms and extends earlier data fronstallar energy can be estimated from the amount of decay
similar experiment on the ISEE-3 spacecraft which indicatésese isotopes, the amount of interplanetary energy loss ca
the possibility of the decay of certain K-capture isotopes dugstimated. This is important because most models of cos
ing the interstellar propagation of galactic cosmic rays. Thessy modulation in the heliosphere predict a “real” energy los
cosmic ray measurements, along with the cross section mega few hundred MeV/nuc during the course of this modulatio
surements, indicate that 25% of the K-capture isotop@$Cr (Gleeson & Axford, 1967; Goldstein, Fisk & Ramaty, 1970).
and“°V produced as secondaries have decayed at interstellarSeveral K capture isotopes can be studied to determine
energy of~ 400 MeV/nuc. This suggests a possible interstellghis attachment and subsequent decay has occurred. Exam
energy gain~ 100 MeV/nuc out of the current interstellar enare:*”’Co — 5“Fe,*®Fe — *Mn, >*Mn — %4Cr, >1Cr — 51V
ergy~ 500 MeV/nuc. This measurement suggests that the stuahyd*°V — 4°Ti. The lifetimes of these isotopes against deca
of the K-capture isotopes may now have reached a level tlhgtK-capture is shorter than that for stripping of the attached
will soon provide definitive information on the amount of reelectron even in the dense cold phase of the interstellar medi
acceleration that may occur during cosmic-ray propagation afigith densities~ 10?-10° atoms/cm. Stripping is uneffective

an initial acceleration in the cosmic ray sources. for preventing decay once attachment has occurred.
Previous attempts to observe this decay have been inct
Key words: ISM: cosmic rays clusive for a number of reasons. Partly because the appropri

cross sections were not known accurately enough and pal
because of the limitations of the cosmic ray data on the ab
dance of these isotopes. Now because of the addition of n
Voyager data (Lukasiak et al., 1997a) to the already existi
It has been recognized now for over 20 years that electron cHpEE data base (Leske, 1993) on the isotopic composition
ture isotopes — whose decay depends on the attachment éfeanents in the range Z=20-28, as well as improved cross s
K-shell electron — produced as secondaries during the propaie? measurements 6fFe fragmentation (Webber, Kish and
tion of cosmic rays in the galaxy will decay during the lifetimé&chrier, 1990a) and improved predictive formulae for the u
of the cosmic rays arriving at the solar system. This attachméngasured cross sections (Webber, Kish and Schrier, 1990b
is strongly energy dependent and so provides information on {B&@0ow possible to examine this problem with a new level of pre
conditions of propagation and the interstellar energy at the tirdigion. In this paper we concentrate on the Vanadium isotop
of attachment (Raisbeck & Yiou, 1971). A comparison of the&ith comments as to why the other K-capture decay isotop
measured abundance of these K-capture isotopes with detagiegimore difficult to observe. For Vanadium, if electron captu
predictions of their expected abundance based on cross sedi#ieey has indeed occurred, there will be a maximum observa
measurements and propagation models may thus be used tetfect with respect to the isotopic composition predicted if n
termine how this attachment energy is related to the present @@cay has occurred. This charge has 3 isotopes in cosmic ray,
ergy for these nuclei —and so to provide information on wheth@gcay occurd'V will be enhanced because of the decay'dlr,
the cosmic ray acceleration process actually occurs only ov&Y will be unaffected and®V will be depleted as it decays into
a short initial time or whether significant acceleration occuféTi. The vanadium isotopes are mostly of secondary origin a
throughout the lifetime of cosmic rays during which time ththe value of the predicted interstelfdiv/*V ratio at energies
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Table 1.K-capture isotopes

7(n=0.3) 7(n=0.3)

400MeV/nuc 600 MeV/nuc V(250¢)

w
S
|
|

49V 9.8-29-73 84-62-74 —49Ti
51Cr 95-24-68 8.2-53-7.1 —51V
54Mn  9.2-20-6.3 7.9-40-6.6 — 54Cr
55Fe  9.0-17-59 7.8-36-6.4 — 55Mn
57Co 88-15-55 7.6-31-6.1 — 57Fe
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The first number for each energy is the nuclear interaction lifetime
10° yrs, the second number is the attachment lifetime and the thirdio -
number is the combined lifetime.

below 1 Gev/nuc is weakly affected by the uncertainties of the
abundances at the cosmic ray source. 0

47 48 49 50 51 52 53
MASS A
2. Calculation of the characteristic decay times Fig. 1. Combined data from VOYAGER position of V nuclei. (Both
of K-capture isotopes experiments have essentially the same mass resolution therefore the

. datta can be simply added). Prediction of the number of events from
In the process of electron attachment an electron in the tar ¢ . . X
eaky Box propagation model assuming the same mass resolution,

medium becomes bound to the cosmic ray (Letaw, Silberbgtqy\vnsicr decay, and the deficiency 81V, ~ 25% of which has
and Tsao, 1984, see also Silberberg et al., 1991). This ProcgsSiyed td°Ti, are clearly seen.

is termed radiative attachment if the electron may be consid-

ered free and if a photon is emitted to conserve energy and

momentum. The cross section for attachment of a free electtbg B/C ratio below 1 GeV/nuc. Using this ratio as a reference
is calculated as that for the inverse process of the photoelecgi¢es the other calculated secondary to primary ratios for nuclei
effect using the principle of detailed balancing (Heitler, 1968ith mass number 10 to 15 to the same accuracy as the B/C
Meaker Davisson & Evans, 1952: Raisbeck & Yiou, 1971). THatio can be measured (Webber & Soutoul 1989). The values
value of this cross section and of its energy dependence aro@hdsotopic abundance ratios of mainly secondary isotopes in
500 MeV/nuc agree within 10% or less with those taken frofe iron group are very weakly dependent on the value of this
the curves of Letaw et al. (Letaw et al. 1985) and with the calcgharacteristic time for escape taken within reasonable limits: a
lation of Crawford on argon at 400 Mev/nuc (Crawford, 1979¢hange of the characteristic time for escape (a free parameter of
Radiative attachment dominates at cosmic ray energies abt@calculation) resulting in a change-e0% of the calculated

~ 200 MeV/nuc in an interstellar medium of normal cosmiB/C ratio results in a corresponding change of about 2% of the
abundances (Raisbeck & Yiou, 1971). For the isotopes list&¥d /*°V ratio. This and other isotopic ratios do depend on the
in Table 1 stripping is neglected and the effective K-captuf&0ss sections —mainly froMiFe which have been measured to
decay is determined by the attachment rate. The lifetimes afeaccuracy of a few percent (Webber, Kish and Schrier, 1990a)
calculated for an 1S medium with 99 H + 10% He and with and the secondary production as a function of energy from Mn
a densig n = 0.3 atoms cm?. In Table 1, we show the cal-and Cr which can be calculated from the parametric formula
culated lifetimes for nuclear destruction, radiative attachmefv/ebber, Kish and Schrier, 1990b). The ratios of the V isotopes
(and subsequent K-capture) and their combination as a functi@g of course, very sensitive to the K-capture decay @f and

of charge and at two interstellar energies. Note that the ratfo/ but not on the density of the medium where attachment
of these lifetimes does not depend on the adopted value of &l other catastrophic losses are taking place. The Voyager and
density of the medium. ISEE measurements in combination and individually (see orig-
inal references) clearly show both an enhancement\dfand

a depletion of**V relative to the predictions, as is expected if
some decay has occurred. In [Elg. 2 we show the predicted and
In Fig.CTl we show the predictions for the relative abundancebserved isotopic fractions of V. In F[d. 3 we show thg/4?V

of the V isotopes to be expected based on the standard Leedtjo as a function of energy — in effect the combined effects of
Box propagation model (Lukasiak et al., 1994, 1997a), aloAgV depletion and'V enhancement. We note that the predicted
with the combined measurements of the V isotopic compositicatio of these isotopes assuming no K-capture decay is almost
from the Voyager (Lukasiak et al., 1997a) and ISEE spacecrafinstant with both energy and modulation level at a value of
(Leske, 1993). This model assumes no decay of the K-captOr21. (The solar modulation levels afe= 480 MV for Voyager
isotopes. The ionisation losses in the interstellar medium areamd¢ = 700 MV for ISEE-3). The ratio of'V/4°V measured
cluded inthe calculation. The value of the characteristic time foy Voyager is somewhat larger than that of ISEE-3 but both of
escape from the confinement volume is tuned to fit accuratéie observed ratios are much larger than the predicted value of

3. The data and its interpretation
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ig. 3. The >1V/*%V ratio as a function of the interplanetary kunetic
nergy. Open circles: ISEE-3 (Leske, 1993), full circles: VOYAGER
Lukasiak et al., 1997a), full curve: the ratio calculated with no dg
cay, dashed dotted curves: the ratio calculated with decay. The sc
modulation parameter value is either 480 MV or 700 MV as indicate
The upper dashed dotted curve is with 480 MV, attachment and ded
taking place at an interstellar energy value 100 Mev/nuc below that
0.21. We believe this provides convincing evidence that this dge observation.
cay has indeed occurred in interstellar space. This conclusion is
not affected by the uncertainties or the abundances at the cosmicOnly radiative attachment has been considered here. N¢
rays source. The abundances of isobars 49(Ti) and 51(V) at théiative attachment (the so called Brinkman-Kramers cro
cosmic ray source, taken solar (and decayed) are a small fraéie@tion on heavy ions) has not been calculated theoretical
(< 3%) of the spallogenic yield. Measurements suggest that this cross sectionli% of the
The question of what this evidence for decay means in termgliative one down te- 300 MeV/nuc (interstellar energy) in
of possible interstellar re-acceleration and/or interplanetary enmedium with interstellar composition (Raisbeck et al. 197
ergy loss is somewhat more difficult to answer, however. Tig¥awford 1979).
base®'V/*V ratio in Fig. 3 is calculated using the standard
numerical diffusion-convection model for interplanetary mod: Other K-capture isotopes
ulation (Goldstein, Fisk and Ramaty, 1970), in which the e?—'
fective average interplanetary energy loss~i840 MeV/nuc From Table 1itis clear that in additiontdV and®! Cr there are
for the Voyager measurement and 350 MeV/nuc for the ISEEveral other K-capture isotopes that might be expected to ded
measurement as a result of the different modulation levels. Ngn fact, ~ 25% of*°V has decayed then from Table 1 itis see
attachment is assumed. We now calculate the expected ratiag ~ 38% of>”Co should also decay. The Voyager results o
assuming that radiative attachment occurs and that the attatbie-"" Co abundance (Lukasiak et al., 1997b) are indeed lo
ment energy is the same as the current interstellar energy. Tien the prediction from secondary production only with n
average measurements energy are 210 and 300 MeV/nucdecay — but the data errors are large, the results being ba
the Voyager and ISEE-3 instruments. The predicted ratios @@ only 7°"Co events. This decay will contribute only a smal
now larger (but still smaller than the data) since some dedagrease to the much larg€iFe source abundance (although wg
(~ 10-20%) is expected to occur even at the current intersteltarte that Connell & Simpson, 1997, find a larger than expect
energies for Voyager and ISEE. These predictions, shown assberce abundance dfFe).
dashed curves in Fig. 3, are now split because of the different Connell & Simpson, 1997 find a finite source abundance
interstellar energies of the two measurements. To match métEe. For’>Mn (the decay product 6P Fe) the Voyager results
closely the observed and predicted ratios we must assume thakasiak et al., 1997a) are 08 (~11%) greater than the
either; 1) There has been some energy gain between attachrpesdiction for interstellar production plus a 1.¥%¢Fe source
and the current energy of these isotopes in interstellar spac@lundance. Evidence fotFe decay is thus less convincing tha
2) interplanetary energy loss is less than that assumed in e’V and >'Cr and depends on the assunmé¥in source
standard modulation models. The dotted curve in Fig. 3 shoalsundance.
the prediction if attachment takes place at an interstellar en- The observation of the possible K-capture decay‘din
ergy~ 100 MeV/nuc below that of the observations. This cunato >*Cr is complicated by the fact that overall roughly70%
represents the observations quite well. of ®*Mn appears to have decayed (Duvernois, 1997; Lukasi

full circles: VOYAGER (Lukasiak et al., 1997a), hatched horizont

Fig. 2. The isotopic fractions of V, open circles: ISEE-3 (Leske, 1993?2,
bars: values calculated witout decay.
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et al., 1997a) and this decay is attributegstdecay into>*Fe technique holds considerable promise for providing answers to
with an estimated half-life- 1.2x10° yr. (This3-decay lifetime two fundamental questions in the study of cosmic rays. 1) How
has not yet been measured in the laboratory). If some of timeich post-acceleration or re-acceleration actually occurs after
observed*Mn decay is, in fact, due to K-capture decay thethe initial cosmic ray acceleration in astrophysical sources? and
this portion of the decay would appear as an enharfi¢€d 2) Does the interplanetary energy loss predicted in the present
abundance. The Voyager abundanc#'@fr is indeed measuredsolar modulation theories actually occur, thus transforming the
to be 1.60 (+90%) above the propagation calculations. Thaterstellar spectrum?
exces$*Cr/PSFe fraction of 0.45% implied by the Voyager data
would be consistent with a K-capture contributior20% to the
decay of°*Mn along with a correspondingly longet-decay
lifetime ~ 1.8x 1C° yr. Connell, J.J., and Simpson, J.A., 1997, ApJ Lett. 475, L61.

So overall the data on the other K-capture isotopes is sigawford, H.J., PhD Thesis, 1979.
gestive of decay although not at the same statistical level as vernois, M.A., 1997, Ap. J. 431, 241.
49V and ®'Cr. In particular, none of the other measuremengeeson' L.E., and Axford, W.I., 1967, ApJ, 149, L115
are inconsistent with the observations reported her&fand oldstein, M.L., Fisk, L.A., and Ramaty, R., 1970, Phys. Rev. Lett,,
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