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In the fully stripped cosmic rays, the electron capture deca\dh (;,,=312d) is strongly suppressed. In
this situation theB™ decay channel dominates; however, this half-life has never been measured in the labo-
ratory. Some lower limits have been placed on it previously. Using the cosmic-ray data from the Ulysses
spacecraft high-energy telescofd¢ET) and a self-consistent model of the galactic transport of cosmic rays,
this partial lifetime can be determined. The besfit partial decay lifetime is dependent on the interstellar
gas density, but is constrained to be betweenx12® yr. This is consistent with, but much more restrictive
than, earlier limits placed on the lifetime>@3x 10* and >2.95x 10° yr) from direct and indirect methods,
respectively. This determination using the cosmic-ray data requires laboratory verification for which there
appears to be intere§i50556-281®6)51311-7

PACS numbgs): 21.10.Tg, 23.40.Hc, 98.70.Sa

The cosmic rays can create novel situations for nuclearesolve the galactic cosmic ray isotopes from H-Ni over the
physics reactions. During the acceleration of the cosmic-ragnergy range~40—400 MeV nucleon®. It consists of two
source material to high energy, the nuclei become fullysets of three position-sensitive silicon strip detect®SD’9
stripped. In this environment, electron capture decays arand a stack of six thick silicon detectofsee Fig. 2. The
strongly suppressed by a lack of electrons. Though somESD’s were designed and built at the University of Chicago
probability exists of capturing an electron out of the inter-and have an individual resolution ef150 um [4]. Multiple
stellar medium, cosmic-ray nuclei are essentially stable t¢®SD’s can make position measurements to witki®i0—80
electron capture during their propagation through the galaxyum. The trajectory information is used to correct for the

The cosmic rays are confined to the galaxy fot5 mil-  pathlengths in each detector. Without such information, iso-
lion years—the cosmic-ray “lifetime.” This lifetime can be topic separation for heavier elements would be nearly impos-
measured by3-decay chronometers such #8e, 2°Al, and  sible. Both the PSD’s and the thick silicon detectors are
36Cl (e.qg., the review papdil]). There is, however, a great pulse-height analyzed to obtain energy deposits. The energy
deal of interest in the iron-grouSc-Ni) cosmic rays since losses are analyzed usingd&/dx vs residualE (Bethe-
these nuclei carry with them knowledge of the nuclear staBloch) technique(e.qg.,[5]). The scintillator shield and thin
tistical equilibrium and explosive nuclear burning that cre-bottom silicon “A” detector are employed in anticoinci-
ated them. It is important to understand the propagation oflence to eliminate events that are off-geometry or that fully
these cosmic-ray species in addition to the lighter elementgenetrate the telescope. The telescope is more completely
A B-decay chronometer in the iron group would help thisdetailed elsewhergg].
propagation study. To this end, cosmic-ra{Mn has been Using the HET, high-resolution charge and mass data is
examined in a number of studig,3]. The manganese decay available from protons through iron and nickel. Charge reso-
is also important in studies of*Fe, which is an important lution is always better thaf.10e—thus elements are well
measure of the nucleosynthesis of the cosmic-ray source maeparated. The manganese galactic cosmic rays are resolved
terial. with a 1/e mass resolution(assuming Gaussian isotope

5Mn decays in the laboratory via an allowed electronpeaks of ~0.29u. The manganese data, along with a fit to
capture decay to the 835 keV level &fCr (Fig. 1). It can  three Guassians, is shown in Fig. 3. This isotopic resolution
also decay byB" to the ground state of‘Cr (end-point has allowed manganese to be measured in the cosmic rays
energy of 355 keYand by~ to the ground state of*Fe  without serious instrumental restrictions. Older experiments
(end point at 697 ke) Both are doubly forbidden unique
transitions. Due to phase-space (fygarguments, the3™
decay is expected to dominate with a decay probability of 3+ 312d
~500 larger than thg™.

The experimental measurements and estimates are listed
in Table I. Measurements of the" decay mode, and then oy
inferences of the3™ lifetime, are usually made because of ~ ~7 777777
the high background of 835 keV photons and their associated
internal conversion and shakeoff electrons in phe spec-
trum. So far theséifficult) measurements have yielded only 0+
lower limits on the 3~ decay of interest for cosmic-ray S4cr
propagation studies>2.95x 10° yr).

The solid-state charged-particle high-energy telescope
(HET) aboard the Ulysses spacecraft was designed to fully FIG. 1. Nuclear decay diagram fGfMn.
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TABLE I- 54Mn B7 Iifetime estimates- 4O:| LNLJNLENL I DL L LR B LN BN DL BEL BNL L NI BELENL AL B LN L B TVr et |:
Technique Lifetimgyr] Reference -
Estimate ~2x10° [13] 2
9.2x10°—6.5x 10’ [14] 5 E
B* experiment >2000 [15] g
>4x10 [14] S 3
>2.95¢ 10° [12] E
B~ experiment >3.0x 10* [16] 3
Cosmic-ray experiment “a few million” [2] L1
1-2x10° This work se
Nuclear Mass [u]
had quoted resolutions around 0.40—@6%hich have lim- FIG. 3. Ulysses HET galactic cosmic-ray manganese histogram.

ited their ability to pick out low abundance isotopes in the

“shoulders” of the more dominant isotope peak. From then (g x) is the energy and pathlength dependent abundance
Ulysses HET data and galactic cosmic-ray transport calculaf the ith species;o; is the total nuclear spallation cross
tions, an allowed range for thg™ partial lifetime can be  section;q;; is the partial cross section between spetiasd
determined. _ o _ j; nis the number density of the interstellar materhd}; is

The galactic cosmic rays observed within the heliospherg\,ogadro’s number; andi; is the half-life of the radioactive
are dependent on the details of the transport, or propagatiogpecies. The radioactive decays are considered for the fully
of the cosmic rays from their sour, through the interstel-  gyripped galactic cosmic rays: therefore, electron capture re-
lar medium (ISM), and into the heliosphere. The standardctions are only possible via electron attachment from the
leaky box model of cosmic-ray galactic propagation is useqg rather than fronK-shell capture. Recent measured par-
and solved through the weighted slab techni¢e®.,[7]). gl cross sections are usée.g.,[8]).

For each species the energy loss, spallation loss and gain,  Thjs number abundance is then integrated over the distri-
and radioactive decays are tracked through a pathlength @fytion of pathlengthgéthe PLD),

matter ). Mathematically, this is

dNi(x,E) 4 [(dE No No ‘Ji(E):f Ni(x,E)PLD(x,E)dx. )
— == . Ni _=UiNi+2 =0'|JNJ 0
dx JE| | dx | A =i A
I
The PLD is the source function in this Green’s function so-
N; " N; lution of the leaky box model. Examples of how this PLD is

- yﬂanF = y,Banl’-' @) determined is detailed in a number of pla¢és7,9. More
' ) complete discussion of this model of cosmic-ray propaga-
tion, its derivation, and its limitations, can be found ih7].

90° Transport into the heliosphere is treated in a standard
spherically symmetric model of the solar-wind modulation of
N / the cosmic rays. The solar modulation has a slight, but mea-
N s . .
. , surable, effect on the ratios of the manganese isotopes. Solar
N Ve
AN /

modulation is parameterized by the force field valbiebut
calculated through a more physical, and complicated, model.
In terms ofV, the solar-wind velocity, and, the diffusion

b1, D2, D3 coefficient,
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¢ | lSemTxa000 The formx= B8R is chosen, wherg is the particle velocity

in natural units, anR is the particle’s rigidity. Sap is ex-
pressed in rigidity(MV). For the data set under consider-

Photomultiplier
Tube

\ﬁﬁlg;ﬁis' ation, an averaged value ¢&=840 MV is used. This value is
A 13 om?x 5000, determined from the low energy-particle flux in Earth orbit
\kgfg:j,“fffgo%ﬁ‘ecmf on the IMP-8 satellite. This tracks well with the Earth-based
/&S neutron monitoring stations. More detail can also be found,
Aomidence for example, in[1,7,9].

The stable cosmic-ray isotopes are insensitive to the den-
sity of the ISM in Eq.(1). However, for the radioisotopes the
FIG. 2. Ulysses HET instrument cross section. density becomes related to the confinement time of the
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0.35 ———ry e n the cosmic-ray transport model. The systematics are deter-
030 - S st 3 mined by varying the transport code’s parameters and re-

: e - cording the sensitivity of the results to the uncertainties in
o2sfF E the inputs.

The *Mn partial 8~ half-life is restricted to the range of
1-2 million years in order for the iron-group cosmic rays to
have the same propagation history as the lighter cosmic rays.
This determination is robust to uncertainties in the propaga-
tion parameters and the statistical uncertainties of the mea-
surement. A3~ partial half-life outside of the 1-2 million
year range would alter our understanding of the iron-group
cosmic rays.

In either case, a laboratory measurement of gheartial
lifetimes would enable®Mn to be used as a cosmic-ray

FIG. 4. *Mn/Mn data and transport model results: circle, chronometer for the iron-group nuclei. Several investigators
Ulysses HET data; solid lines, 0.24 atom’c?ndashed lines, 0.33 gre Considering searches for th@decayilollj;l since the
atom cm®. Stable, 1 million, and 2 million yeag™ partial half-  astimate of theg~ lifetime from this work is only a factor of
lives. ~3.4 times longer than the indirect linfil2].

) . ) ) . The Ulysses HET has allowed a measurement of the man-
cosmic rays in the galaxy. The density determines the physyanese cosmic rays with good isotopic resolution. This mea-
cal length of the flight because the total amount of mater_iaEurement has been analyzed using conventional models for
passed through in the ISM is fixed by the PLD. The cosmiCype gajactic and heliospheric transport of the cosmic rays.
ray velocity is known from its energy, hence Examining the manganese data in light of the density of the

A =pBcT 4) I_SM t_o the c_osmic rays, a range of aIIc_;v_vEd partial_ half-_
escape escape lives is obtained. This range is 1-2 million years, including
Here, B is the velocity in natural units is the ISM density ~ Statistical and systematic uncertainties in the measurement

to the cosmiC rayShescape i the pathlength for galactic es- and the transport models. A lifetime in this range corre-
cape at the measured ene@wm the PLD; and Tescapeis Sponds to a[i” partlal decay_ lifetime of~0.5-2 bl”IIOn
the escape, or confinement, time. years, dependlng on the relative phase spaces available be-
The cosmic-ray confinement time is determined by runtween the two decays.
ning the propagation calculations for varying densities, Hopefully within the next year or so there will be mea-
matching the model output to the data, and converting thagurements of the™ or B~ partial decay lifetimes of
density into an escape time by E@). The resulting densi- >*Mn. In addition to being a high-precision nuclear physics
ties from experiments looking at’Be, 2°Al, and 3°Cl are  determination, this result is of considerable value to the un-
reviewed in[9]. The densities scatter in the region of 0.24—derstanding of the cosmic rays.
0.33 atom cm?®. This range should tighten considerably in
the next year or so, when HET measurements of the above The author would like to thank J. A. Simpson, J. W. Tru-
three chronometers are analyzed. ran, J. J. Connell, E. B. Norman, J. J. Beatty, and M. R.
In this work, that range of densities is assumed, and theihayer for useful and stimulating conversations. Thanks also
the B~ partial half-life of >*Mn is varied. For the range of to M. R. Thayer and J. J. Connell for assistance with the data
half-lives of 1-2 million years, the data agrees with the den-analysis. The Ulysses HET was designed and built by J. A.
sity range of 0.24—0.33 atom ¢ If the iron-group cosmic  Simpson and the staff of the Laboratory for Astrophysics and
rays have a similar propagation history to the lighter cosmicSpace Researcti ASR), University of Chicago. This work
rays, this is the allowed lifetime. This is summarized in Fig.was funded, in part, by Contract No. NASA/JPL 955432 and
4. The errors on th&*Mn isotopic fraction include both sta- the University of Chicago-Argonne National Laboratory
tistical and a conservative estimate of the systematics fronCollaborative Grant No. 95-021.

020

RT

54Mn / (53+54+55)Mn

o.10F

0.05F 3

L 2 TN S T B A 1 I
0.00; 3 4 5 6789 2 3 ; ; é;éé
1000

Energy [MeV/nucieon]

[1] J. A. Simpson, Annu. Rev. Nucl. Part. S83, 323(1983. (1992.
[2] J. E. Grove, B. T. Hayes, R. A. Mewaldt, and W. R. Webber, [7] M. Garca-Muroz, J. A. Simpson, T. G. Guzik, J. P. Wefel,
Astrophys J.377, 680 (199J). and S. H. Margolis, Astrophys. J. Suppl. Sé4, 269 (1987).
[3] R. A. Leske, Astrophys. 305 567 (1993. [8] W. R. Webber, J. C. Kish, and D. A. Schrier, Phys. Rev1C
[4] J. E. Lamport, G. M. Mason, M. A. Perkins, and A. J. Tuz- 547 (1990.
zolino, Nucl. Instrum. Method434, 71 (1976. [9] M. A. DuVernois, Astrophys. Jsubmitted for publication
[5] W. R. Leo, Techniques for Nuclear and Particle Physics Ex- [10] S. Freedman, private communication.
periments 2nd ed.(Springer-Verlag, New York, 1994 [11] E. B. Norman, private communication.

[6] J. A. Simpsoret al, Astron. Astrophys. Suppl. Se92, 365 [12] M. T. F. da Cruzet al, Phys. Rev. (48, 3110(1993.



54 COSMIC RAY MEASUREMENT OF THE®*Mn 8~ ... R2137

[13] M. Casse Astrophys. J180, 623(1973. (1968.
[14] B. Sur, K. T. Vogel, E. B. Norman, K. T. Lesko, R. Larimer, [16] T. Kibédi, M. Kerr, E. B. Norman, G. D. Dracoulis, and A. P.
and E. Browne, Phys. Rev. 89, 1511(1989. Byrne, in Proceedings of the 24th International Cosmic Ray

[15] D. Berayi, D. Varga, and B. Vasva Nucl. Phys.A106, 248 Conference, Rome, 1995.



