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We present the results of two separate measurements of the half-fifFiafelative to those of?Na and
207Bj, respectively. By comparing the numbers of 1157-kgVays from *Ti to those of 1274-keVy rays
from 2Na observed from a mixed source over a period of approximately 2 yr, we determined the half-life of
4Ti to be 61.5- 1.0 yr. From an approximately 1-yr-long study of another mixed source, where we compared
the numbers of 1157-keyy rays from *Ti to those of 1064-keVy rays from2°’Bi, we determined thé“Ti
half-life to be 625 yr. From these two results, we have obtained a best value 0262 for the half-life of
44Ti. The astrophysical implications of this result are discusg86556-281@8)00704-3

PACS numbegps): 21.10.Tg, 98.70.Rz, 27.406z, 23.40-s

I. INTRODUCTION II. EXPERIMENTS

A. Source preparation and data acquisition

The long-lived radioisotopé“Ti is of considerable inter- We produced*Ti via the “°Sc(p,2n) reaction using 40-
est in astrophysics. The relevant portion of its decay schemgieV protons from the Lawrence Berkeley National Labora-
and that of its daughtefSc are shown in Fig. I1]. “*Ti  tory 88-Inch Cyclotron. This energy was chosen to be just
decays to*‘Sc, emittingy rays of 68 and 78 keV*‘Sc  above the maximum of the excitation function for this reac-
subsequently decays with a 3.9-h half-life #&Ca, emitting tion as reported by McGeet al. [16]. However, in the

an 1157-keVy ray. %Ti is one of the few long-livedy-ray- ~ course of preparing this source, we found far |é8K than
emitting nuclides expected to be produced in substanti xpected. We therefore remeasured the excitation function

or this reaction and found that its maximum is at a much

. lower energy and has a significantly smaller peak cross sec-
tic 1157-keV'y ray was ohserved from the young SUPEMOVay;,, than previously reportefil7]. To produce the source

remnant Cassiopeia ACas A [4]. More recent studies of 5o in our first half-life experiment, a target of 99.9% pure
Cas A have provided indications of the 68- and 78-keV  metallic scandium 37.8 mg/chthick was irradiated for ap-
rays from *Ti as well [5]. *Ti can also be produced in proximately 24 h with a proton beam of 4A. After allow-
meteorites through cosmic-ray interactions, thus providingng the short-lived activities to decay away, we chemically
information on solar activity from the cosmic-ray exposureseparated about 0.Q4Ci of #Ti from the target. This activ-

of such object$6]. Furthermore, the solar system abundancety was mixed with 0.04uCi of 2’Na and 0.05.Ci of 137Cs,

of #‘Ca is believed to have originated from the nucleosyn-and then dried and sealed in a small plastic planchet to form
thesis of *Ti and the subsequent decdyd. source 1. Thignixedsource together with a separateuCi

In order to deduce the mass #Ti ejected in the explo- Source of?*JAm was then rigidly mounted against the cap of

sion using they-ray flux measured from a supernova rem_adedicatedshielded 110-crhhigh-purity germanium detec-

nant, one needs to know its age and distance as well as tft}ce)r for y-ray counting. Source 2 was produced approximately

. e > 2°yr later, by sealing together inside a small plastic box a thin
half-life of “Ti. For Cas A, there are reasonably good his-ata| foil of scandium and a thin metal foil of lead that had

torical records from the first British astronomer royal, Sirpeen jrradiated several years earlier with 50-MeV proton
John Flamsteed, who observed this supernova in about 168geams. The lead foil contained approximately 00@i of

its distance has been estimated to be 3 lglcHowever, as  2°7Bj. Following the completion of our first half-life experi-
can be seen from Fig. 2, published values for the half-life ofment, source 1 was removed and the mif&ti/2°'Bi source

4Ti range from 39.0 to 66.6 yi9—14]. Figure 3 illustrates was then mounted against the cap of the same germanium
the fact that this half-life range produces an uncertainty of #letector. We collected-ray spectra of 4096 channels in
factor of 6 in the amount of“Ti ejected by the Cas A su- 24-h intervals from source 1 for approximately 2 yr and re-
pernova. This uncertainty is much larger than that from thecorded the data to magnetic disk using an ORTEC ACE data
oretical estimates of the amount 8fTi produced in such a &cquisition system on a PC. Then, using the same experi-
supernova everi8]. Because of the need for an accurate andnental setup, we collected data from source 2 for about 1 yr.

reliable value of this important quantity, we performed two

amounts during a supernova explos[@;3]. Its characteris-

experiments to determine the half-life 8fTi. We presented B. Data analysis
a preliminary account of the first of these experiments last The activity of a radionuclide that has a half-life of 60 yr
year[15]. Here we give the full details of both of them. decreases by about 1% per year. Therefongrezisedeter-
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FIG. 2. Summary of previously reported values for the half-life
of *Ti. Numbers in parentheses represent toeuhcertainties in
ot v 0 the least significant didi).
I
4
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(half-life) became independent of the covariance between

FIG. 1. Relevant portion of the decay schemed4i and “sc  this parameter and the intercd8].
[1]. All energies are in keV. The 146-keY ray is very weak. Its (i) A nonlinear least-squares fit to an exponentially de-
intensity is approximately 0.1% of that of the 78-keMay. creasing function of time. We used Bevingtori’B9] pro-
gram subroutineURFIT for this purpose.

mination of spectral peak areas is needed to deduce its half-
life if one measures the decrease in taeay count rate for C. Half-life determination from source 1

just a few years. Standard curve—fittipg techniques for spec- Figure 4 shows the sum of ten spectra, each measured for
tral peak-shape analysis usually provide accurate background day during the first 10 days after chemical separation of
subtraction for most uses irray spectroscopy; however, it 441i “The y-ray peaks at 68 and 78 keV are frofTi

is then difficult to estimate the size of the systematic ermory|aciron-capture decay, whereas that at 1157 keV is from the
associated with this kind of background subtraction. At an

early stage in the analysis of the data from this experiment, 103
we compared the half-life values that we obtained by using
the manual background subtraction procedure described be-
low to those that resulted from the use of a sophisticated
peak-fitting routine. The values obtained from these two dif-
ferent techniques agreed within their uncertainties. There-
fore, in the analysis presented here we estimated the back-
ground for each peak of interest in the 10-day spectrum of 104 k
source 1 by averaging the areésr the same number of i
channels above and below this peak. This procedure pro-
vided us a method for estimating the systematic error in the
background subtraction, as will be discussed in the next sec-
tion of this paper. For the 1157-keV pedKTi) in source 2, s
we had to use a slightly modified procedure because coinci-
dence sum peak&l138 and 1149 kelVresulting from the 105 |
internal conversion decay of the 570-keV level’ffiPb con- '
tributed to the background in the lower-energy region of the
1157-keV peak. To determine the background we integrated
the region of the spectrum below these sum peaks and inter-
polated this value to the region of interest under the 1157- 1
keV peak.

We have determined the half-life df*Ti by fitting an Year

exponentially decreasi_ng fgnqtion pf time to the experimen- £ 3 Mass of*Ti (in units of solar masspresent in the Cas
tal y-ray count rate usingwith identical resultsthe follow- A sypernova remnant versus time as inferred fromstiray obser-
ing mathematical procedures. vations of lyudinet al.[4]. The two lines shown are labeled by the

(i) A linear least-squares fit to a logarithmic decreasingassumed half-life of*“Ti. Notice that from the currenj-ray flux,
function of time, with the statistical weights appropriately the longer half-life valug¢66.6 yi implies ahigherpresent day*Ti
modified. We changed the origin of coordinates to the centesbundance in this remnant, buiaver one at the time of the su-
of gravity of the data so that the uncertainty in the slopepernova explosion.
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FIG. 4. y-ray spectrum accumulated in 10 days of counting the -0.010 0 ' 200 ' 400 ' 600

mixed source of*Ti, ?*!Am, 1*'Cs, and?®Na. All energies are in
keV. Peaks labeled only by energy are from the deca$fdf The
inset illustrates the background under the 1157-keV peak. The ar- F|G. 5. The upper part of this figure shows the decrease in the
rows indicate at 1% systematic background uncertainty. ratio between the peak areas of the 1274-kéi4) and 1157-keV
(*4Ti) v rays as a function of time. The curve going through the
decay of 44g (3.9 B in equilibrium with 4TI The other dataisthe result of a least-squares fit of an exponentially decreasing

peaks in the spectrum are from the standard radionucligdlynction of time. The Ti half-life determined from this fit is
mentioned above and from a sm&Mn impurity. Table | 6--39) yr and x1v=1.1. The lower panel shows the residuals to
shows the counting statistics for the 1274-kedNa) and this fit.
1157-keV (*Ti) y-ray peaks in the spectrum. ) Ade : :
In order to correct the data for systematic errors that coul V€' these*Na and *Ti y rays have energies which are
have originated from variations in the detector performanc&!0S€ to each other; consequently, the effect of detector in-

or in the electronics over the long counting time required forSt@pility would tend to cancel out in the ratio of their peak
this measurement, we fitted an exponentially decreasin reas. The statistical uncertainty of about 0.06% in the ratio

function of time to the ratio between the peak areas of th&€tween the peak areas of thesays is sufficiently small to

1274-keV @Na) and 1157-keV 4Ti) v rays. From fitting detect the decrease in tHéTi activity with time. Figure 5
the decay rates of somgrays from other radionuclides in SPOWSs the decrease in this count reaio with time, with a
our spectra, we found indications that small variations of thiditted effective decay constant;=0.255 08(14) yr™and a

> .
sort did occur during the course of our experiments. How-X /v value Qfl 1.1. Using our recommended v;azlue of
2.602412) yr - (see the Appendjxfor the half-life of “Na

X _ 1
TABLE |. Counting statistics for the 1274-keV?Na) and [which cortgsponds to=0.266 3%12) yr~], the decay
constant of**Ti becomes

1157-keV (*Ti) y-ray peaks in 10-day summed spectra taken at the

Time (days)

beginning and at the end of the measurement. A=0.266 3512) yr*l—0.255 0814) yrfl
22Na (1274-keV peak  ““Ti (1157-keV peak ~0.0112718) yr !
Time Time ) e

t=0  t=191yr  1=0  t=191yr  5nq its corresponding half-life is 61H) yr. The number
Total counts  18.810F 11.4x1¢f 5.20<10° 4.80x 1¢f within parentheses represents the dncertainty in the least
Background  3.5% 3.8% 16% 11% significant digits).

Net countt  18.1x10° 11.0x10F 437x10° 4.27x1CP A possible systematic error could have originated from
Uncertainty  0.024% 0.031% 0.056% 0.056% the background subtraction in the 1157-keV peak. The back-

ground under this peak is predominantly due to the Compton
3percent of total counts. tail of the 1274-keV peak front?Na. Because of the much
bTotal counts minus background. smaller background under the 1274-keV peak, the back-
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200 2.0 TABLE Il. Counting statistics for the 1064-keV2{Bi) and
1157-keV (*Ti) y-ray peaks in 10-day summed spectra taken at the
180 b d1s beginning and at the end of the measurement.

207Bj (1064-keV peak  *“Ti (1157-keV peak
Time Time
t=0 t=1.01yr t=0 t=1.01yr

160 |- 416

140 |- 414

Total counts 12.810° 11.7x10° 4.28x10° 4.21x10°

T 120 o 412 Background 3.0% 3.0% 6.7% 6.6%
z =, Net count8 11.6x10° 11.3x10°F 4.0x10° 3.9x1C°
5 100 b 410 < Uncertainty ~ 0.030% 0.030% 0.052% 0.054%
HS o 1 3Percent of total counts.
b .
80 [ i Half i / 08 Total counts minus background.
r / 1 . . . .
60 L dos the half-life of *Ti and the quantityy?/v sensitive to the
/./' ] amount of background subtracted. To test this sensitivity, we
0 /,/‘ 04 varied the subtracted background under the 1157-keV peak

. . . . . about the value determined by using the procedure described
o e 1w 10 1o in Sec. 11 B and then refitted the resulting decay curve. Fig-
ure 6 shows the dependence of the measured half-life and
x%/v on the subtracted background. From the shape of the

FIG. 6. Deduced half-life of“Ti and x?/v as a function of the  spectrum in the vicinity of the 1157-keV peak and the shal-
fraction of the background that was subtracted from the 1157-keMow minimum of thelev function around 100% of the sug-
peak. Note that 100% corresponds to our best estimate of the actugksted background, is possible to estimate a realistic back-
background under this peak. ground range of 99-101 % of the value we actually used.

L ) . o This range corresponds to“4Ti half-life between 60.0 and
ground subtraction in this peak is not as significant a sourcgs g yI.

of systematic error as is that for the 1157-keV line. The
significant difference between the decay rates of the 1157-
and 1274-keVy rays makes both our measured values for

Fraction of Subtracted Background (%)

D. Half-life determination from source 2

207Bj may be conveniently used as a standard for measur-
108 g——— ing the half-life of *Ti. It has a half-life of about 33 yr and

] 63]378“ an intense 1064-keYy ray (just 93 keV below the 1157-keV
1075 PO a6 cumy y ray from #Ti). The half-life values of?°’Bi reported by
3 various authorgsee the Appendjx however, are not in good
agreement with each other, and so our recommended value
of 32.913) yr has a relatively large uncertainty of 4%. Fig-

3 ure 7 shows the sum of ten 1-day spectra. The small coinci-
104 ] - L . ! - L . ! dence sum peaks between 1138 and 1149 keV are from true
& 600 800 Loy 1200 coincidences between the 1064-keMay and PbK x rays
produced by internal conversions of the 570-keV transition.
Table 1l shows the counting statistics for the 1064-keV
(?°'Bi) and 1157-keV *Ti) peaks in the spectrum.

Once again, in order to eliminate systematic errors, we
fitted an exponentially decreasing function of time to the
E ratio between the 1064- and 1157-keV peak areas. Figure 8
TPV T T T SR M : shows the decrease in theray count rateatio between the
106 g—200 1600 1800 2000 2200 2400 2600 2800 1064- and 1157-keV peaks with time. From these data we

E 1633 e 1T0 have obtained an effective decay constant Bfi
Bl sum) G B =0.009 82(36) yr'and a value of 1.0 fox?/v. As we have
] mentioned before, the effect of the detector instability on the
104 3 measured half-life would tend to cancel out because the

] 1064- and 1157-keV rays are close in energy. Using our
best value of 32.@3) yr [which corresponds to a decay con-
B stant ofA =0.021 07(83) yr'] for the half-life of 2'Bi, the
2800 3000 3200 3400 3600 3800 4000 decay constant of*Ti becomes

106 g

105 3

Counts per channel

1074 510¢BY

1064 (207Bi)

Counts per channel

103 ¢

Counts per channel

Channel number

A=0.021 0783) yr 1-0.009 8236) yr !
FIG. 7. y-ray spectrum accumulated in 10 days of counting the =0.011 2590) yr_l,

mixed source of*Ti and 2°/Bi. All energies are in keV. Peaks

labeled only by energy are from the decay“4Ti. and its corresponding half-life is 6 yr.
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FIG. 8. The upper part of this figure shows the decrease in the i 0.00 [ g?@ﬁ%ﬁ T % @E
ratio between the peak areas of the 1064-k&VRj) and 1157-keV § : i%f
(**Ti) vy rays as a function of time. The curve going through the = -0.05 i e &
data is the result of at least-squares fit of an exponentially decreas- & _g.10 L : L . I . L
ing function of time. The*Ti half-life determined from this fitis & 0 200 400 600
62(5) yr andy?/v=1.0. The lower panel shows the residuals to this Time (days)
fit. FIG. 9. The upper part of this figure shows the decrease in the

count rate of the 78-keV#*Ti y ray as function of time deduced

The background under the 1157-keV peak is mainly dudrom Eq.(4). The dashed curve is the result of a least-squares fit of
to Compton tails from higher-energy rays from 207g; an exponentially decreasing function of time. TH&i half-life de-
electron-capture decay. Since this radionuclide has a half-liféérmined from this fit is 62.%) yr and x*/ v=8.8. The lower panel
that is just about half that ofTi, the effect from a system- Shows the residuals to this fit.
atic uncertainty in the subtracted background is small. An
estimated 5% error in the subtracted background would pros1(68) is thetotal detector efficiency for the 68-keYy ray,
duce a*Ti half-life between 61 and 62 yr. and agg is the total conversion coefficient for the 68-keV
transition.

Neglecting a 2% electron-capture feeding to the 68-keV

o level in 4Sc, the measured peak area of the 68-kexay
We described in Secs. II C and Il D the use@Na and  pecomes

207Bj as standards for measuring the half-life fTi. We
present now a procedure to verify our results usimgy y | (68)=N_(68)&(68)[1—e(78)/(1+ arg)] (2)
rays from#Ti electron-capture decay. It consists of measur- 7 7
ing the decrease in the 78-keyray count rate with time and
correcting this quantity for the instability of the detector pho-
topeak efficiency. For the latter we used the peak area of the _

cascading 68-keV peak and also that of the 146-keV coinci- | (146 =N,(78)5(78)2(68)/(1+ e @
dence sum peak. This procedure uses the 68- and l46-kei

g

E. Verification of previous results

and that for the 146-keV coincidence sum peak,

peaks in each spectrum to determine the correct photope ince the 68- and 78-key rays ha\_/e similar energies, e

efficiency for the 78-keVy ray at different times during the n use the same value for 'ghe r.atlo bgtween their total and

measurement. photgge/ak 68detecc::tor y (_aff|C|eEnC|ei, glj.e.s(SS)/sTl(Yg)

The measured peak area of the 78-kgYay is given by Nj((78))/l\8|yT((68)) ' byOT.Olgm[g], 1878( )by( )0_821 [rlef a;:rl%g

&(78)/e1(78) by 0.84(we measured a value of 0.829 for this

1,(78)=N,(78)e(78)[1-&7(68)/(1+aeg)], (1)  ratio using the 88-keV gamma ray from 8°Cd sourcé
N,(78) becomes proportional to
whereN,(78) is the intensity of the 78-kely ray, £(78) is
the detectorphotopeakefficiency for the 78-keVy ray, [0.86,(68)/1,(146+0.97][0.84 (78)+1,(146)]. (4)
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TABLE lIl. Summary of *Ti half-life results from the present TABLE IV. Reported values of th8Na and?*’Bi half-lives.
experiments.

22Na

Measurement Half-lifdyr) X2l Systematic range Ty (Y1) Reference

2.60383) Unterwegeret al. (1992 [20]
22:;22 ; 622)0) 1;3 6%2:2;’ 'Sryr 2.60163) Rutledge and Meritt1980 [21]
Verification 62.315° 10 2.60194) Houtermanset al. (1980 [22]

Best value 2.60242) yr

@Actual value was 62(8) yr for x%/v=8.8. 207B;j

Ty (yr) Reference
Figure 9 shows a plot dfl,(78) given by Eq(4) as a func- 31.585) Unterwegeret al. (1992 [20]
tion of time. A least-squares fit of an exponentially decreas32-8) Lin and Harbottle(1991) [23]
ing function of time to these values yielded i half-life of ~ 34-92) Alburger and Harbottlg1990 [12]
62.35) yr with a poor fit (y%/»=8.8). Although the statis- 35-19° Yakonomuraet al. (1978 [24]
tical uncertainties in the areas of the 68-, 78-, and 146-ke\B8(4) Rupnik (1972 [25]
peaks are similar to the uncertainty in that of the 1157-ke\38(3) Appelman(1961) [26]
peak, possible systematic errors due to background subtrag0.25) Harbottle (1959 [27]
tion may be significantly larger. Such errors are difficult to 28(3) Sosniak and Bel(1959 [28]
estimate because of the peak shape of these low-energy Best value 32.913) yr

rays, and they may well be responsible for the quality of the=—— - _
fit. The half-life of *Ti deduced here, however, agrees with ®Revised value using the population of the 569.7-keV leveliRb

21 — 211
our other results and thus confirms the consistency of th8Y 'Po (0.516 3 decay =056 (3)% [29] and Ty,(*"Al)
data and our interpretation. =7.214(7) h[32]. Half-life given in Ref.[24] was 33.48) yr.

As can be seen from Fig. 3, the longer half-life Y
deduced from the present experiment and that of Alburger
and Harbottlg 12] implies that the amount of*Ti required

Table Ill summarizes the results of our measurements foto account for the observegray flux from the Cas A super-
the half-life of **Ti. An average of the values in column 2 is nova remnant is smaller than previously suggested. This
62 yr. Since these values may not be independent of eactmaller amount is easier to explain in the context of recent
other, we have chosen the statistical uncertainty in the avemodels of supernova nucleosynthef$. It should also be
age half-life to be not smaller than the uncertainty in anypointed out that Ejnismaet al.[17] employed a value of 46
individual measurement, that is, about 1 yr. If we combineyr for the half-life of 4*Ti in order to deduce its production
this uncertainty with the systematic range of values due ta@ross sections from the measuré&ti activity in their tar-
our background subtraction shown in column 4, then our beggets. In light of our present result for this half-life, these
value for the half-life of*Ti is 62+ 2 yr. cross sections should be increased by a factor of 62/46

A close value to our result is that of Alburger and Har- =1.35.
bottle [12] (66.6+1.6 yr). They measured the decay of a Note added in proofAfter this paper was submitted, two
4Ti source for over 3 yr using a gas-flow proportional other papers reporting new measurements of*ffié half-
counter. Their system had a high detection efficiency andife were submitted to Physical Review Lettef33, 34.
good stability, which they periodically tested with CI  Their results agree with ours.
source. The disadvantage of such a system, however, is the
impossibility of energy discrimination. Therefore, the pres- ACKNOWLEDGMENTS
ence of a long-lived contaminant could have affected their
results. Alburger and Harbottle searched for possible con- We wish to thank David Alburger for his helpful com-
taminants by measuring thgray spectrum of their source ments and suggestions with regard to this manuscript. This
and excludedat a level above 1%the existence of anyray = work was supported at LBNL by the Director, Office of En-
(with energies below 3 Me)from a contaminant. A pure ergy Research, Division of Nuclear Physics of the Office of
beta minus emitter or one that emits wegkays, however, High Energy and Nuclear Physics of the U.S. Department of
could have been present. Meissh&#] considered several Energy under Contract No. DE-AC03-76SF00098.
beta-minus-emitting radionuclides as possible contaminants

Ill. DISCUSSION OF RESULTS

in the Alburger and Harbottle experiment. In particular APPENDIX
Meissner identified>Sm (t,,,=90 yr) as a likely one. This
radionuclide, which can be produced by the ) reaction We have estimated best values for the half-lives®a

with a thermal cross section of 104 b, emits a weak 21-ke\and 2°'Bi by averaging the experimental results listed

v ray that Alburger and Harbottle may have not detected. Ifin Table IV. The values given in each set are statistically
20% of the activity contained in their source originated frominconsistent £%/v>1). Therefore, we applied tHenitation
Blsm, their resulting half-life would have increased by of relative statistical weightsnethod[30], which has been
about 4 yr, that is, from 62 to 66 yr. We have no explanationspecifically developed for averaging discrepant data and used
for the wide range of discrepant values of the half-life ofbefore in the evaluation of standard radionuclides for de-
44Ti reported by other authors. tector calibration[31]. The weighted average fof’Na is
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2.602412) yr (x*/v=11). Its uncertainty has been expanded[20] was increased to 0.18 yr in order to reduce the statistical
to include the two most precisely measured values. Theveight of this measurement from 92% to 50%. Again, the
weighted average fof°'Bi is 32.913) yr (x?/»=29). Here  uncertainty in the weighted average has been expanded to
the small uncertainty of 0.05 yr given for the half-life in Ref. include the most precise measured value of 3B5% [20].
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