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The reaction d(a,¥)°Li at low energies and the primordial nucleosynthesis ofLi
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We have searched for the reactidfw,y)’Li at an a-d center-of-mass energy of 53 keV. An upper limit on
the reactior factor is 2.0< 10”7 MeV b at the 90% confidence level, corresponding to a limit on the synthesis
of SLi from a standard big bang of 0.9% of the present abundance for a total baryon-to-photon ratio
2.86<7,3<3.77. Equivalently, théLi-to-"Li isotopic abundance ratio immediately after a standard big bang is
constrained to be less than 0.85%, considerably less than a recent measurement of this ratio in a metal-poor,
Population Il halo star.

PACS numbds): 25.45.De, 25.55.Ci, 26.35c, 98.80.Ft

The reactiord(e, y)°Li remains the object of considerable ~ This need has been addressed by Kiesteal. [14] and
attention, both experimental and theoretical, because of thesselbarttet al. [15] who have measured thed breakup
possibility, evident in the original standard big-bang calcula-+eaction of energetifli ions by heavy targets and used the
tions of Schramm and Wagonk], that this reaction may, as cross section for this reaction to determine the cross section
an alternative to galactic cosmic ray spallatj@f, constitute  for thed(a,y)°Li reaction. This technique has, likewise, been
a source of the present abundancéldf More recent stan- used to investigate th#H(«,y) Li reaction by measuring the
dard big-bang calculatiori8,4] likewise predict the synthe- analogous breakup Jt.i [16,17. This technique is compli-
sis of °Li from this reaction. This possibility relies on the cated, however. Gazest al. [17], for example, have con-
value of the reaction cross section at the energies appropriatduded that the presence of the target nuclear field and of
to the big-bang temperatures. On the basis of recent standafidal state interactions will “... severely complicate the ex-
big-bang calculations of the synthesis ‘fi from the t-a traction of radiative capture cross sections from the direct
reaction, the “most-effective” center-of-mags.m,) energies break-up data.” This conclusion is consistent with the results
for the d-a capture reaction range from about 45 to 150 keVof Utsunomiyaet al.[16] who extract a low-energ$ factor
[5]. for the ®H(«,v)'Li reaction significantly in excess of the re-

There have been two direct measurements of theent direct measurements of this reaction by Brenal. [5].
d(a,y)%Li reaction. Robertsoret al. [6] have measured the There is likewise significant disagreement between the indi-
reaction down to a c.m. energy of 1 MeV and extrapolatedect measurement of Kienast al. [14], who deduce ar§
their results to lower energies using a direct capture modefactor for thed(a,y)®Li reaction at a c.m. energy of 150 keV
At an a-d c.m. energy of 150 keV, they calculate a reactionof (1.35+0.2)X10 8 MeV b and the extrapolated calcula-
cross section 0.08 nb corresponding to an astrophy$ical tions of Robertsonet al. [6], which yield S=0.4x10"8
factor of about 0.%108 MeV b. They originally concluded MeV b at this energy. Because of the uncertainties of using
that less than 2% of the present universal abundanéeiof the indirect’Li breakup data and because of the uncertainties
may be attributed to the primordiatd capture reaction but of the extrapolation to low energies of this reaction, we feel
recently revised this upper limit to 0.12P%]. Mohr et al.[8] that the cross section reaction should be measured directly at
have measured the reaction in the vicinity of the resonance &w energies.
ana-d c.m. energy of 711 keV. Since the width of this reso-  We have tried to observe tha,)°Li reaction directly at
nance is relatively narrow ,=24+2 keV [9], the contri- a c.m. energy of 53 keV by bombarding a pressed, water-
bution of this resonance to the total reaction cross section atooled, wafer of deuterated polyethylene with a 160 keV
low energies may be neglected in comparison to the extrapdseam of*He™ ions from the Colorado School of Mines air-
lation of the direct measurements by Robertsbml. [6]. insulated accelerat¢d 8] and measuring the ray spectrum

In addition to those of Robertsoet al. [6], there have from the target during the bombardment. The target was
been a number of other calculations of ther,y)%Li reaction  about 1 mm in thickness so that the beam stopped in the
at low energie$10-13. While all agree with the measured target. The target was mounted at the end of the exit arm of
cross sections of Ref6] between c.m. energies of 1 and 4 a 45° bending magnet. The last 50 cm of this arm was elec-
MeV, there is considerable disagreement when these calcul#ically connected to the target and insulated from the rest of
tions are extended to low energies with cross sections at, fahe beamline and the total beam charge on the target was
example, 300 keV varying from 0.09 to 0.8 nb. A measure-measured by integrating the current on the target. The detec-
ment of thed(a,y)8Li reaction cross section in the c.m. en- tor consisted of a 30% relative efficiency high-purity Ge de-
ergy range of a few hundred keV is needed in order to elimitector. The front face of the detector was located about 3 mm
nate the dependence upon the extrapolation througfrom the target and was perpendicular to the direction of the
theoretical calculation. incoming beam with a solid angle()=5.56 sr relative to the
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FIG. 2. Energy spectra measured dgris C 160 keV*He"
FIG. 1. Energy spectra measured during proton bombardmentddmbardment of deuterated polyethylene target.
of the deuterated polyethylene target.

acteristic of the detector. The dashed line is the peak shape
center of the target. The absolute peak efficiency of this decalculated using Eq(l). The cross section in Ed1) was
tector has been well characterizgt9]. Since we used a calculated using the knowS8 factor for this reaction. The
thick target, and since the expected cross section for the répectrum measured over the course of the $H&" bom-
action is quite smal{o<<1 nb), a number of experimental bardment of the target is shown in Fig. 2. For comparison the
factors had to be considered. As a check on these factors, ti¢ak shape calculated assuming a constrfactor of
reaction d(p,fy)g’He, for which the cross section is well 1X 10 ® MeV b is indicated by the dashed line above a con-
known at low energie§20], was measured using the same stant linear background.

target, detector, and analytical techniques as were used for (i) Detector shielding.Since the cross section for the
the d(e,7)%Li reaction. d(a,7)%Li reaction is quite small, it was essential that the

(i) y ray energy.The energies of they rays from the detector be well shielded from room background. The main
d(p,y)®He andd(a,y)%Li reactions will depend upon the background in the spectrum will then be the Compton con-
energy of the projectile and hence will form a continuum fortinuum from the 2.614 MeVy ray from the decay of the
a thick target. The energies of therays emitted at Oor  naturally occurring®Th. The detector was carefully sur-
90° from the beam direction for an incident proton er rounded on all sides by 20 cm of lead brick. The attenuation
particle energy of 160 keV will then range from 5.686r  for 2.6 MeV y rays from external sources should then be
5.620 to 5.489 MeV and 1.537or 1.530 to 1.474 MeV, about 210°°. In fact, an attenuation of only I8 was ob-
respectively, for these two reactions. The shape ofthisy ~ served. This discrepancy could be attributed to trace quanti-
energy continuum will reflect the reaction cross section adies of>**Th in the target holder, the detector housing, or the
the projectile slows down from the incident beam energy tdead shielding bricks themselves.

zero energy, (i) Target deterioration.It was essential that the near-
surface deuterium content of the target be monitored in the
dN,/dC.=fe(E,) o(Ep)/[(dE,/dn)(dE,/dE,)] face of carbonization of the deuterated polyethylene target or
hydrocarbon deposition on the target. This deuterium content
X(dE,/dC,), (1)  was monitored by measuring the yield of ttgp, y)°He re-

action at the beginning of, in the middle of, and at the end of

where e(E,) is the efficiency, which depends on theray  the « bombardment. The deuterium content in the ranges
energyE ., f is the number of target atoms per molecule, andsampled by the 160 and 70 keV protons decreased by about
dEy/dn is the projectile stopping power per molecyiil]. 15% over the course of the 5 He® bombardment. The
The derivativesdE,/dE, are nearly constant and have the ranges of these protons in polyethylene are 1.9 angum9
respective values 0.39 and 0.88 farparticle and proton respectively, bracketing the 160 ké¥e™ ions, which have
energies up to 200 keV, and the derivativeE(/dC,) are  a range of 1.25um.
the slopes of the linear energy calibrations of the spectra. (iv) Reaction yieldSince the beam stops in the target, the

Two of the spectra measured during the proton bombardtotal reaction yield is the integrated yield between the inci-
ments are shown in Fig. 1. The slewed peak shape is thdent beam energy and zero. The count rate is then the prod-
result of the beam slowing down in the target and not charuct of the reaction yield and the detection efficiency:
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, : , S Robertsoret al. [6] as well as the indirect measurements of
this reaction and the various calculations. Consequently, we
are unable to use our measured upper limit to distinguish
between these various quoted values of $hiactor for this
reaction. The upper limit may, nonetheless, serve to provide
a fairly stringent, albeit model-dependent, estimate of the
maximum amount ofLi which could have been produced in
the big bang. Two standard big-bang calculations are used to
provide this estimate:
(i) Schramm and Wagon¢l] assume a reaction rate for
thed(a,y)®Li reaction for 0. T4<0.6 which corresponds to
a constans factor of about X108 MeV b. The final mod-
. eled abundances depend upon the present photon tempera-
3 ture and baryon density, in the universe. For a photon
Syq=10x10° MeVb 1 temperature of 2.7 K and a baryon densjfy=3x10"3%!
g/cnt, they predict a finafLi abundancdrelative to hydro-
gen of about 2X10™*? and hence would predict, based upon
the present observed abundancéldfof 2x10 10 [2], that
0.5% of the present abundance®f could have been pro-
Laboratory bombarding energy (keV) duced in the big bang. Our upper limit on tBdactor for the
d(a,7)%Li reaction is four times the value assumed by
FIG. 3. Comparison of measured and calculated yields ofythe Schramm and Wagonéd]. Hence we are able to place an

\ [0S, 4 (Bop (keV) = (253107 +7.5x10° E¢ ) MeVb
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rays from thep-d and a-d experiments. upper limit of 2.0% on the amount of the present abundance
of 8Li which could have been synthesized during the big
bang.
(i) Using the model described by Smith, Kawano, and
N,(Eo)= | f[e(E,)o(E)/(dE/dn)]dE, 2 Malaney [4], and assuming thepresent upper limitof

2.0x10 " MeV b for the S factor for thed(a,y)°Li reaction,

where Ny(E,) is the number of detected full-energy peak a range of final abundances %fi has been calculatef2?2]
counts per incident projectile, and the limits on the integralfor values of the baryon-to-photon ratig,, from 2.85 to
are zero and the incident beam energy. The other terms iB.77 (this range ofy,, corresponds to a range of the present
this expression are the same as in 8. Since the detection baryon density of the universe from 22303 to
efficiencye(E,) was determined from isotropic sources, Eqs.2.67x10~>" g/cn for a present photon temperature of 2.76
(1) and (2) assume an isotropic distribution of reactign K). For this range of values of the baryon-to-photon ratio,
rays. In practice, due to the large solid angle of the detectothe final predicted abundances %ifi (relative to hydrogen
Egs. (1) and (2) rely rather on the forward-backward sym- range from 1.X10 2 down to 1.1510 ' corresponding
metry of the reactiory rays. In their measurements at higher to an upper limit of 0.9% on the amount of the present abun-
energies, Robertsoet al. [6] observed a forward-backward dance of°Li which could have been synthesized during the
asymmetrywith the backward lobe of the distribution yield- big bang. These calculations of Sméhal. are based upon a
ing about 1.33 more than the forward. We assume the sameetwork of cross sections which have been considerably re-
asymmetry in the reactioyr rays in the present experiment. vised since the original calculations of Schramm and Wag-
The predicted yieldsin units of counts/C of incident beam oner[1]. Consequently, we adopt the later upper limit as the
for the two reactions are shown in Fig. 3, where 8t#actors  more accurate of the two. This adopted upper limit of 0.9%
used are indicated in the figure. TH® factor for the on the amount of the present abundancélafwhich could
d(a,y)%Li reaction of 1108 MeV b was used for reference. have been synthesized during the big bang is thus consistent
The measured yield of thé(p, y)*He reaction is also shown with the generally accepted conclusions of Reeves, Fowler,
in Fig. 3 by the solid squares. There is no evidence for theand Hoyle[2], that a very high fraction of the present abun-
d-a capturey ray in Fig. 2. The normalized integrategd  dance ofLi is generated by postprimordial galactic cosmic
distribution over the peak region as a function of assuf®ed ray spallation.
factor exceeds 0.90 for éfactor of 1.7x10" ' MeV b. This Similarly, we may place a constraint on tfki-to-Li
upper limit should be corrected for the forward-backwardisotopic abundance emerging from the big bang. Sfi#ith,
asymmetry in the reactiop rays noted above. Consequently, again assuming thpresent upper limibf 2.0x10 ' MeV b
the S factor for thed(e,y)®Li reaction must, at a 90% confi- for the S factor for thed(a,7)°Li reaction, predicts this ratio
dence level, be less than XQ0 ' MeV b. Using Eq.(2),  to vary from 0.85% to 0.23%, again as the baryon-to-photon
this S factor upper limit for thed(a,y)®Li reaction corre-  ratio 7, ranges from from 2.85 to 3.77. This range of upper
sponds to a total measured peak yigldr coulomb of about  limits for the ®Li-to-’Li isotopic abundance ratio is consider-
20 counts. This yield is indicated in Fig. 3, where it is com-ably less than the ratio in the protostellar gas of+8)18%
pared to the yield predicted assuming®factor of X108  [23] or of the ratio in the metal-poor Pop Il star measured by
MeV b. Smith, Lambert, and Nissel24] of 5+2%, both of which

As is clear from Fig. 3, the present inferred upper limit onhave been suggest¢?l] as possible indicators of the primor-
the S factor for thed(a,y)%Li reaction is well above that of dial isotopic abundance ratios.
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Finally, we would like to stress that a conclusive directto Fig. 3, be nearly two orders of magnitude greater than at
measurement of this reaction at low energies is still wantingthe 160 keV at which the present measurements were con-
We would point out that if our present experiments wereducted.
repeated at anv particle bombarding energy of 500 keV
(well beyond the range of our accelerator facility but still ~ This work has been supported by the U.S. Department of
within the range of effective energies for the standard bigenergy. We would also like to acknowledge very helpful
bang, then the thick target yield, at a givéhfactor, while  conversations with Hamish Robertson, Michael Smith, and
remaining quite small on an absolute scale, would, referringarl Brune.
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