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Measurement of the &-7p transition probabilities in atomic cesium and a revised value
for the weak charge Qyy
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We have measured thes@ p,, 3, transition probabilities in atomic cesium using a direct absorption tech-
nique. We use our result and other previously measured transition rates to derive an accurate value of the
vector transition polarizability3 and, consequently, reevaluate the weak cha@gge Our derived value
Qw= —72.65(49) agrees with the prediction of the standard model to within one standard deviation.
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The parity-nonconservingPNC) effects in cesium give calculated using this direct summation method comes from
rise to nonzero amplitudEpyc for the 6s-7s transition for-  the uncertainty of the $7p,,, matrix elemen{12].

bidden by the parity-selection rules. In Rél], the ratio In this paper, we present measurements ®76 transi-
Im(Epng)/ 8 was measured with 0.3% accuracy. This mea-ion rates. The sum needed for the vector polarizability has
surement, together with the theoretical valueEgf,c ampli-  some severe cancellations; hence, we use the experimentally

tude and either experimental or theoretical ValuqSCEﬂIOWS We”_determinemlﬁ ratio [13] and our measurement to de-

one to infer the value of the weak char@gy of the elec-  termine g, and, consequently, reevaluate the weak charge
troweak interaction as described, for example, in ReXsS). Quw-

Bennett and Wieman’s measureméat in 1999 of the
ratio of the off-diagonal hyperfine amplitudé; to the vec-
tor polarizability 8 for the 6s-7s transition in cesium en-
abled them to evaluat®,y with 0.6% uncertainty. In this
evaluation they used a theoretical value My which has

The best previous measurement of the7 transition
rates was a photographic optical absorption measurement uti-
lizing the hook methof14]. The relative measurement relied
on the known value for the $6p5, transition. In order to
N . ; measure the transition probability directly, we have made an
been verified in subsequent calculatiof6]. Their Qy absolute absorption measurement of laser light passing

value differs from the prediction of the standard model by hak b ¢ ) t ; ht .
almost 2.5 standard deviations and has stimulated severtanroug a Known number of cesium atoms for each transi-

recent theoretical papef§—10] that calculate the parity-

nonconserving transition amplitudEpye Of the cesium An electrically heated and insulated cesium cell, at tem-

6s-7s transition. peratures between room temperature and 90 °C provided a

This recent interest suggested a careful study of all th¢cM-long target for laser light close to the resonant wave-
measured parameters that go into such a test. The scalar affd9ths of 455 nm (@5 and 459 nm (P,;;). The cell
vector polarizabilitiese and 8 can be calculated as sums €Mperature was measured with a multiprobe NIST cali-
involving the reduced matrix elements of the electric-dipolebr":lted K-type thermocouple thermometer with an accuracy

transitions from the § and 7 states(Refs.[2,11,19); the of 0.1°C. The blue light is produced by direct second har-
expression for is monic generation from a potassium niobate (KNpG&X5

X5 mn? crystal pumped with a Coherent MBR-110 titani-
1 1 um:sapphire(Ti:sapphire ring laser. To acquir_e each single
a=g > [{75]|ID|Inpyo){(npaslD]6S) EE absorption spectrum we scan the Ti:sapphire laser over a
n 7s =npyp frequency range of 15 GHz during a 50 sec time interval. We
1 observe two well-resolved absorption peaks during each
+ —) —(73|D|Inpg){nps|D]|/6S) scan, since the separation between the hyperfine states of the
Ees—Enpy, 6s ground state equals 9.19 GHz. The hyperfine structure of
1 1 the 7p level is not resolved due to the much larger Doppler
npz/z) }

X

+ (1) broadening of~750 MHz at 65°C. Each absorption mea-
Ees— E surement is analyzed to verify that the chosen scan param-
eters are followed for the whole scan. When a spectral jump
In Eqg. (1), dominant contributions come from the=6,7  occurs the resulting spectrum shows an obvious error and is
terms. Therefore, the most important contributions comeeliminated from subsequent analysis.
from the 6s-6p, 7s-6p, 6s-7p, and P-7s matrix elements. The saturation effect can significantly influence the ab-
The dominant contribution to the uncertainties «ofand 8 sorption measurements. To test the possible effects of satu-
ration on our measurements we measure the absorption of
the 6s-7p4;» and 6s-7ps, transitions for several different
*Present address: Electron and Optical Physics Division, Nationdaser intensities as shown in Fig. 1. The results rule out the
Institute of Standards and Technology, Gaithersburg, MD 20899effect of saturation on our absorption measurements. The
8410. dark current from the photodetector is measured at the be-

E7S_ E
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22 TABLE I. A comparison of theoretical and experimental re-
I duced electric-dipole matrix element&.u) for 7p,,-6s and
2'0_‘ 7p5-6s transitions in cesium. In Ref[14], 6s-7p oscillator
18k ﬁﬁ ﬁ * i i i strengths were normallzed.to the value o$-&pj, oscillator
| strength. We have renormalized those values to the most recently
~16[ measured value of66p5, oscillator strength from Ref23].
E X
c 4r | 6s,,-7p,, Ref. 7p 1265 7p32-65
] [ ® 6s,-7p,
B 12F Theory[12] 0.279 0.576
2 10‘_ Theory[21] 0.275 0.583
27 Theory[22] 0.280 0.576
08} ®3 '3 3 Expt. [14] 0.282520) 0.5795100
- This work 0.275720) 0.585&50)
06|
04 s 5 4 s s uncertaintyinthe cesium vapor density. Further experimental

details will be published latdi20].
We have made an average of 70 sets of data to obtain
FIG. 1. Comparison of absorption rates for several laser intenthe transition probabilities for the s67p,, transition of
sities for the &-7p transitions at a fixed cesium cell temperature. 1.836(18)<10°s ' and for the &-7ps;, transition of
7.934(80)x 10°s . Adding uncertainties due to the single
ginning and at the end for each scan, and accounted for in th&sorption coefficient measurement, temperature measure-
data analysis. The measured transmitted interiit) can  ments and Cs vapor pressure to these values yields results

Intensity (arb.)

be described by Beer’s law, accurate to 1.6%. The corresponding reduced matrix ele-
ments are compared with theof$2,21,22 and experiment
I(\)=lge™*Mt, (2)  [14]in Table I.

First, we calculate the value of using the formula of Eq.
wherel is incident intensitya(\) is the absorption coeffi- (1). In Table I, we list the values of electric-dipole matrix
cient andL is the length of the absorption cell. In order to elements used in this calculatigpresent, Refs[12,23,24)
improve the signal-to-noise ratios the absorption measurgogether with the uncertainty of each matrix element and its
ments are made under conditions that cannot be treated aentribution to the uncertainty in the value @f We also list
optical-thin condition§ a(N)L<<1]. Thus, the absorption co- the contributions to the value at from the terms withn
efficient at the resonance wavelength is calculated in two>7 and from the termy, . that compensates for the excita-
steps. First, we calculate values of[lfr)]. Second, the tions from the core to the valence shell violating the Pauli
Gaussian profile is fitted in [h(\)]. Then we use fitting pa- principle; these very small contributions are taken from Ref.
rametergthe area of the Gaussian profile and its half-wjdth [12]. As we see from Table II, the uncertainty énis domi-
to calculate a value for the absorption coefficient at the resorated by the uncertainty in the value of thp;4-6s matrix
nance wavelength. The typical accuracy of a single absorpelement. Therefore, our more accurate measurement of the
tion coefficient measurement derived from the fitting proce-7p5;,,-6s matrix element allows a significant decrease of the
dure is equal to or better than 0.4%. The line profle’) uncertainty in the value o (and correspondingly3) ob-
and the cesium vapor pressure are needed for accurate cédined by this method.
culation of the transition probability from the absorption In more detail, dominant contributions to the scalar and
measurements. The Doppler width is more than 400 timesector polarizabilitiesa and 8 come from matrix elements
larger than natural linewidth and hence the Doppler broadef terms withn=6 andn=7, whilen=8 andn=9 contri-
ening is the dominant mechanism which determines the lindutions are relatively small but significant. The contributions
profile in our measurements. The linewidths of tre®p,,,  from the terms withn>9 are very small(less than 0.4%
and 6s-7p5, transitions are slightly broader than the Doppleraccording to Ref[12]). Therefore, the values of only eight
width, due to the hyperfine structure op1evels. We take matrix elements are needed to be known to high accuracy to
this fact into account when calculating the transition ratesproduce accurate values af and B: 6p4»-6S, 6p3/,-6S,

The corresponding linewidths are calculated by using knowryp,;»-6s, 7p3-6S, 6pq-7S, 6pg>7S, 7py»-7S, and
hyperfine structure of the Cgp7levels[15]. The equilibrium  7pg-7s. The values of the p-6s matrix elements were
vapor pressure is calculated from the Taylor and Langmuimeasured to better than 0.15% precision in R28]. The
formulas[16]. Taylor and Langmuir quote an uncertainty of values of the p-7s matrix elements were derived in Ref.
1% for their formulas. These equations are thought to repre12] from the experimental value of the Stark shift from Ref.
sent the best vapor pressure values for cedilifr-19, and  [25] with 0.15% precision. These experimental values are in
are cited routinely to this day in the cesium spectroscopi@xcellent agreement with all high-precision theoretical calcu-
literature. Possible errors in the cesium atom vapor pressutiations [12,21,23. The electric-dipole matrix elements for
have been addressed comprehensively by REf8t The  7p,,,-6s and 7pg,-6s transitions are measured in this work
temperature measurement accuracy of 0.1°C leads to 0.5%ith 0.8% accuracy. The previous measurement of the
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TABLE Il. Contributions to the scalar$7s transition polarizabilitya in Cs and their uncertainties in a.u.

n |d| 5d(%) Sa |d| 8d(%) Sa a

7s-npypp npy-6s

6 4.2362 0.5 0.16 4.489 0.1 0.05 —-32.32

7 10.308° 0.1 0.06 0.276 0.8 0.28 —36.97

8 0.915 2.0 0.01 0.081 3.0 0.01 —0.48

9 0.347 6.0 0.00 0.043 10.0 0.01 —-0.08
7s-npgp Npz-6s

6 6.473 0.5 0.46 6.322 0.1 0.11 —-92.47

7 14.32¢F 0.1 0.16 0.586 0.8 0.78 —103.90

8 1.622 2.0 0.05 0.218 3.0 0.07 —2.28

9 0.678 6.0 0.03 0.127 10.0 0.05 —0.46

ExXpt. ag 7 —265.66(98)

Theor.agg —3.3(1)

Theor.a-q —0.90(45)°

Theor. a, 0.21)¢

Qpotal —269.7(1.1)

3Referencd 24].

bReferencq23].

‘Referencd12).

This work.

7p3-6s matrix element from Ref[14] has 1.7% uncer- —73.09(3) from Ref[27] by 2.3r. Using our experimental
tainty, which gave the dominant contribution to the uncer-result and the analysis given above to determinglus the
tainties of the recommended valuesofind 8 in Ref.[12].  measurement by Chet al. [13] of the a/S ratio, we derive
The 7py,-6s and 7p3-6s matrix elements are also difficult the almost completely experimentally determined vaRie
to calculate accuratelisee, for example, Ref12] for dis-  =27.22(11p2. We use this result to determine the value of
cussion. The matrix elements for thes#6p transitions are \yeak chargeQ,,= — 72.58(49), which differs by only 1d
derived from the measurement of the [ffetime conducted  from the one predicted by the standard md@dl. However,
in Ref. [24]. The ratio of the reduced matrix elements for the theoretical calculations &pyc have been improved re-
7s-6p3, and 7-6py, transitions is taken to b&=1.528  cently to include Brei7—10,2§ and vacuum-polarization
+0.004 based on theoretical calculatifg,21,23. The un-  corrections to the PNC amplitud®]. The revised value of
certainty of the ratio does not significantly affect the uncerthe PNC amplitude, given in R§B], which is the average of
tainties of the reduced matrix elements. We used the theoreﬂhree most accurate Ca]cu]a’[io[%?,’gl and includes contri-
ical values for matrix elements with=28,9 (the values of  puytions from Breit and vacuum-polarization correctipng]
6s-8p matrix elements are taken from Réfll2]) and the s E,=0.9057(37)x 10 Yiea, Q,/N. Combining this

experimental values of energies from Re6] in evaluating  value with experimenfi1] and our result fop3 we obtain our
the formula of Eq.(1). We obtain the final value for the final value for the weak charge

scalar transition polarizabilitw= —269.7(1.1) a.u. Table Il
shows that 98.5% of this value comes from the experimen-

tally derived contributions {=6,7). Below, we use thiS  jonnson etal. |- — =
value of a to reevaluate the weak char@gy, . (2001)
In Ref. [1], the nuclear spin-independent average Derevianko |- —
Im(Epng/B was measured to be-1.5935(56) mV/cm. (2000)
This value was combined in Rd#] with a measurement of ~ Dzubastal. - : .

) {2001)
B=27.024(43)xp{ 67 )iheor a3, conducted in the same work,

and with an average of theoretical calculatid@s3] Epyne

Kozlov et al. r &
(2001)
=0.9065(36)< 10" Miea;Qw/N, whereN is the number of g, o Model

- -
neutrons andy is the Bohr radius, to give the value of the {2000)

weak charge,,. We note that the accuracy of the theoret- present =

ical calculation ofEpyc Was taken in Ref[4] to be 0.4% Bennett and

based on the comparison of the theoretical calculations of Wieman i L E—

various atomic properties conducted by the authors of Refs (199 P EE T S ——e

[2,3] with experiment. The resulting value of the weak
chargeQy= —72.06(28).p( 34)neor [4] was found to differ
from the value predicted by the standard mo@i,M= FIG. 2. Comparison of recent determinations @fy/.
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Quw=—72.6549), based almost completely on experimentally determined

o _ _ atomic parameters. Including a previous accurate experimen-
which is in agreement with the value predicted by the stanta| determination of ther/ 3 ratio yields a value for the vec-
dard mode[27] to 1o. In Fig. 2, we compare these results tor polarizability 8 and for the weak charg®,,. Our de-
with recent calculations for the weak char@g,. The dis-  rjved value forQ,, agrees with the value predicted by the
crepancies between the values@f, from Refs.[7-10 re-  giandard model to within one standard deviation. We com-
sult from the differences in the values of PNC amphtudepared the result with that of Bennett and Wiendi and
used to obtain the value of the weak charge. The differencegiso with recent atomic calculatiofig—10] in Fig. 2. Future
between the value dEpyc in Refs.[7-10] are due to differ-  jmproyements in this method of estimatiigy,, can come

ent treatments of the Breit interaction, omission of thefrom better calculationgor experimental measurementsf
vacuum-polarization correction in Refs/,8,10 and use of 4 75-6p transition rates.

the different values for the main part of the PNC amplitude

in different works. We are grateful for financial support of this research from
In conclusion, we have measured the probabilities of thehe Research Corporation and from the University of Notre

6s-7pys,32 transitions in atomic cesium using a direct ab- Dame Graduate School. We also acknowledge helpful dis-

sorption technique. We then indicate a straightforwardcussions with Professor Walter Johnson and experimental

method to determine the scalar transition polarizability —support and discussions with Professor Carol Tanner.
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