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ABSTRACT 

In this paper we reconsider the previous assessment of collision strengths, now mostly 

presented as cross sections, for excitation of He (1 'S) to He (II'~~L) states (n=2-4, L=0-3). Due 

to the appearance of additional theoretical results the assessment can now be often given within 

smaller error limits than before for the singlet levels, as well as for the lower triplet levels (n=2). 

For the higher excited triplet states more studies are desirable to reduce the possible errors. 
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1. INTRODUCTION 

In a previous paper [I] we have given an assessment of electron impact cross-section data 

for excitation of helium from the 1 'S state to n't3L states (n=2-6), based on the experiment, in the 

energy range between about 30 and 2000 eV electron impact energy, and on the available 

theoretical calculations. For the experiment, we used mostly the results fiom photon emission. 

For the theory, we used the R-matrix 29-state (Rm 29) close coupling (CC) data with impact 

energy between the excitation threshold and the ionization energy, averaged over 0.02 Rydbergs, 

and the first Born approximation at high energies, valid for singlet state excitation. The theory 

was considered sufficiently accurate (better than 5-10 percent) in the impact energy range used. 

The experimental data for singlet excitation often showed good accuracy (better than 10 percent), 

but for the 2's state (from differential scattering) and nlD states we could not guarantee accuracy 

better than, generally, 20 to 30 percent. In the case of triplet excited states, the accuracy was not 

better than about 30 percent in the experiment, or even less at relatively high energies. 

In the mean time, more theoretical work has been performed, which enables us to 

reconsider and improve the accuracy in the assessment of the excitation cross-sections. This 

work includes: the convergent close-coupling (CCC) calculations (CCC69 and CCC75, with 

inclusion of 69 and 75 states, respectively) of Fursa and Bray [2] over the entire energy range, 

the more complete Rm 29 CC data of Sawey and Berrington [3], between threshold and 34 eV 

(but only usable below the ionization threshold), the results for the transitions to n=2 and n=3 

levels with the pseudostates R-matrix (RMPS) method by Bartschat et al. [4] (improving the Rm 

29 data above the ionization threshold by inclusion of pseudostates for the continuum) between 

threshold and 80 eV, and the Ochkur and Coulomb-Born with Exchange (CBE) calculations of 

Shevelko [5]. A review of some of these theoretical results, compared with the experiment, has 

been given recently by Fursa and Bray [6], that includes both differential and total excitation 

cross-sections, as well as the electron impact coherence parameters. Generally, in our improved 

assessment we shall consider Rm 29 CC results up to the ionization threshold (where it is more 

accurate than RMPS and CCC), RMPS2 for excitation to n=2 levels up to 80 eV, RMPS3 for 

excitation to n=3 (including n=2) levels up to 40 eV, CCC69 and CCC75 data everywhere, 

preferring the CCC69 data for excitation of S and P states, and CCC75 data for the excitation of 

D and F states (according to I. Bray, private communication), and the CBE and Ochkur data at 

higher energies for triplet excitation. The Rrn 29 CC data of Benington [7], used in our previous 



paper, were averaged over 0.02 Rydbergs and are consistent with (but less detailed than) those 

of Sawey and Benington [3]. The first Born data for excitation to singlet states, used before at 

high energies [I], can be retained. 

Since the appearance of reference [I], new cross sections have been obtained for 

different n=2 and n=3 levels by Trajmar and co-workers by using their measured angular 

differential scattering cross sections for inelastic (energy loss selected) scattering of electrons 

[8,9] at 30, 50 and 100 eV impact energy, with quoted errors of about 25 percent. Recently, 

experimental and theoretical data available through the end of 1996 have been compiled and 

graphically presented by Kato and Itikawa [lo]. 

We further note that the data of [I] have been parametrically presented by Kato and Janev 

[ 1 1 ] and have been implemented in the ADAS data base [12]. 

2. DATA ASSESSMENT 

2.1. Excitation to Singlet States 

We start to reconsider the tables of reference [ l ]  on the recommended choice of 

experimental (and empirical) and theoretical cross-sections, making new tables and graphs. (The 

data numbers contain 5 significant figures, more than corresponding to the possible errors.) 

Table 1 shows the cross sections for the 1 'S-2's transition. In most of the columns, the 

values of the cross sections (given in units of lo-'* cm2 = [-I81 cm2) and the collision strengths 

Omega for both the old and the new assessed data are given. The columns indicated by X[1] and 

Omega[l] contain the previously assessed data, X and Omega represent the newly assessed data, 

using some of the theoretical results in the other columns. Column X[1] contains Rrn 29 Av 

data, averaged between the excitation and ionization thresholds, and the data derived fiom 

inelastic differential scattering experiments at higher energies, which converge to the first Born 

results given fiom 1000-2000 eV. In [ l ]  we quoted the possible error in the energy region 

between 30 and 700 eV to be about 30 percent at 30 eV, decreasing to 10 percent near the Born 

region. We see that the new theoretical data in the first five cross-section columns are, generally, 

in much better agreement than the prescribed 30 percent accuracy in [I], and are in agreement 

with the data of [I], as well. In our new assessment we choose for recommendation a mixture 

of RMPS2 and CCC69 data between the ionization threshold and 80 eV, X[1] at 100 eV, and the 

CCC69 data at higher energies, up to the Born values at 1000 eV. The new assessment does not 

differ much fiom the previous one and the error is probably mostly within the aimed limit of 10 



percent. 

For the 1 'S-3's transition, we could present experimental data in ref. [I] with small errors 

( 4  0 percent) for the energy range between 50 and 2000 eV, and possibly larger errors towards 

25 eV. In Table 2 these data are presented in columns X[1] and Omega[l], together with the 

Rm29Av data between the excitation and ionization thresholds. We see that these data are 

mostly close to the CCC69 results. Only at 200 eV, there is a relatively large difference. Above 

the ionization threshold, we choose the CCC69 values up to 50 eV, retaining the previous data 

at higher energies (see the columns X and Omega). At high energies, the experimental data 

converge towards the first Born results (see ref. [I]). 

For the data for the 1 'S-4's transition, presented in Table 3, the considerations are almost 

the same as for the 1's-3's transition. Above the ionization threshold, we choose the CCC69 

results at 25 and 26.5 eV, and the previous experimental cross section values at higher energies. 

Again, a relatively large difference exists between the experimental and CCC69 data at 200 eV. 

For the excitation to n(2-4)'P and n(3-4)'D states, we use similar considerations in our 

re-assessment, which we may not mention everywhere. The data for the 1 'S-2,3,4'P transitions 

are presented in Tables 4-6 in a similar way as those for the transitions discussed above. The 

X[1] data are from optical experiments between 30 and 2000 eV, with errors smaller than 10 

percent, and converging well to the Born values near 500 eV (see ref. [I]). Below the ionization 

threshold, X[1] comes from Rrn29Av. Generally, these data are consistent with the theoretical 

data given in the tables, and our new recommended data in columns X and Omega are almost the 

same as the previous ones. Only for 4'P the difference of the CCC results and the experiment 

is relatively large below 100 eV. (We correct a misprint in Table 3 of ref. [I], at 100 eV, where 

Omega must be 0.204 instead of 0.104.) 

The data for the 1 'S-3'D transition are given in Table 7. The experimental (empirical) 

data from Table l c  of [I]  were often quoted with an accuracy not better than 20 to 30 percent 

(there is a misprint, 3 'D 80-100 eV Moustafa adjusted by 111 5, must be adjusted by 111.15). The 

CCC75 values differ from X[1] mostt significantly at 40, 50 and 500 eV, the difference 

amounting up to a factor of 1.20 at 50 eV. However, it appears that the CCC75 and CCC69 data 

differ rather significantly from each other below 100 eV as well, the difference being up to a 

factor of 1.30. As mentioned before, according to I. Bray, the CCC75 results for the D levels 

should be preferred over those of CCC69 calculations. However, at 40 and 50 eV, the CCC69 



data are close to those in X[l]. The RMPS2 values are often relatively low. The previous 

assessed data X[1] or OmegaCl] are consistent with the Rm29 results below the ionization 

threshold, at many energies they are in agreement with the CCC75 data and converge to the Born 

values at high energies (see ref. [I]). The new assessed data in columns X and Omega, therefore, 

do not differ from the previously assessed ones. 

The data for the 11S-4'D transition are given in Table 8. The CCC data differ from X[l] 

most significantly below 50 eV, up to a factor of 1.29 at 30 eV. However, the convergence of 

CCC75 and CCC69 results is not good in the range of 30 to 80 eV, the disagreement being 

between a factor of 1.30 and 1.17. In that energy range, the CCC69 data are often closer to the 

experiment, X[l], whereas above 80 eV the CCC75 results are closer to the experiment than are 

the CCC69 data. We now recommend the Rm29 values up to 24.3 eV and for the higher energies 

we recommend the experimental data, X[l]. Similarly as for 3 ID, X for 4'D is taken to be the 

same as X[l]. The possible error now can be claimed to be within 10 to 20 percent. 

The data for the 11S-4'F transition are given in Table 9. We have not considered this 

transition in reference [I] and the data may not be very accurate. We may choose the CCC 

values for X at all energies. 

2.2. Excitation to Triplet States 

Having brought the assessment of singlet excitation mostly within 10 percent error, we 

are now going to triplet states excitation. As we have seen in reference [I], the errors in 

experimental cross sections or collision strengths for the triplet states are much larger than those 

for the singlet states. This is particularly true at higher energies where the triplet state cross 

sections become very small due to the strongly decreasing probability for electron exchange. So, 

in our assessment of the triplet excitation data, we are more dependent on theoretical results than 

was the case for the singlet states. As we shall first illustrate for the 1 IS-Z3S transition, our 

considerations are often similar to those used for 1 IS-nlL transitions, but at higher energies we - 
can only use theoretical data in our assessment. Apart from using data tables, we shall now use 

also graphs to represent the cross section data. 

In Table 10 and Figs. la,b we present the 1 'S-23S data. The previous data from ref. [I] 

are again presented in the columns X[1] and Omega[l], including Rm29Av data from threshold 

up to the ionization threshold, experimental data from differential inelastic scattering at higher 

energies up to 100 eV, and empirical data above 100 eV (see ref. [I]). Just as for the excitation 



to singlet states, we see that the agreement between X[1] and the CCC69 values is very good 

from 30 to 500 eV except at 200 eV, where the difference is a factor of 1.20. This means that 

we can quote the data with much smaller errors than before in [I], where they were often given 

an accuracy not better than 30 percent. At lower energies, Rm29 data, showing resonances [3], 

are more detailed than the CCC results. We see that between 21 and 26 eV, the CCC69, Rm29 

and Rm29Av data (included in X[l]) are consistent with each other. Between 26 and 34 eV, 

some Rm29 values seem too large, reflecting the well known fact that the Rm CC method does 

not provide good values for energies above the ionization threshold [4]. Therefore, it is good to 

consider also the RMPS data: RMPS2 values fit well to Rm29 values near the ionization 

threshold and are, generally, close to X[1] and CCC69 data above that energy, differing at most 

by a factor of 1.16 at 80 eV from X[l]. At sufficiently high energies, the CBE data (coinciding 

with those of the Ochkur approximation [5]) should become valid. We see in Fig. 1 that the CCC 

and CBE data have the same trend. It is, however, unclear which one of these data sets should 

be preferred, because what we call "experiment" at higher energies, in fact, are empirical data. 

However, the new assessed X data, close to X[l], can be claimed to have errors below about 10 

percent up to about 100 eV, when we choose the Rm29 data up to the ionization threshold, 

continuing with the CCC69 results up to 100 eV. Above 100 eV, where the cross section 

decreases rapidly with increasing the impact energy, we can take either the CCC or CBE data, 

the uncertainty increasing for the smaller cross sections or omegas. We have taken the CCC69 

data as our recommended cross section values above 100 eV. The data of Trajmar [8] are the 

most recent ones, derived from inelastic differential scattering data with possible errors of 25 

percent. 

The 1 'S-33S transition is shown in Table 1 1 and Figs. 2a,b. The experimental data fiom 

reference [I] in X[1] are in fact empirical, and have been interpolated between results for z3S and 

43S excitation. For this reason, and somewhat analogous to our assessment of the excitation to 

23S, we choose for excitation to 9 S (see columns X and Omega): Rm29 up to the ionization 

threshold and CCC69 at higher energies. Only at 23.45 and 25 eV, the divergence for CCC69 

and CCC75 is above 10 percent (about 15 percent). In general, the RMPS3 results are consistent 

with the CCC69 results. The errors for the 1 'S-33S cross sections are estimated to be larger than 

those for I ~ S - ~ ~ S ,  but the present assessed values (see columns X and Omega) for 1 'S-33S may 

be more accurate than the empirical values in ref. [ l]  (see the columns X[1] and Ornega[l]), and 



are about 30 percent lower. Whereas for energies larger than 70 eV in Table 3d of Ref. [ l ]  the 

ratio of the excitation cross sections for 23S and 33S was 3.29, it is now about 4.66 for energies 

above 100 eV, and 4.06 for the CBE results. When we scale (see ref. [13]) the 33S data with 

respect to 2 3S, taking the cross section as a uniform function proportional to n-3Ud as a hc t ion  

of the reduced impact energy E/Un (Un is the electron excitation energy), the 33S cross sections 

become even smaller than the present assessed data (not shown). We have also considered the 

data derived from the angular differential inelastic scattering by Trajmar et al. [8] and Chutjian 

and Thomas [14], and the optical data obtained with pulsed electron beam and time scanning of 

radiation of Bogdanova and Yurgenson [15], not considered in ref. [I]. These data are given with 

a possible error of about 25 percent. Our new assessed data come only close to a part of these 

experimental data. 

The 1 3~-43S data are shown in Table 12 and Figs. 34b. The agreement between the new 

CCC results and the experimental data in X[1] is not very good, the difference ofien being around 

a factor of about 1.5. Generally, there is a good agreement between the CCC69 and CCC75 data. 

We choose for the recommended 13M3S data, with relatively large uncertainty (see columns X 

and Omega), the Rm29 data up to 24.5 eV, the CCC69 data at higher energies, reaching no better 

accuracy than before in ref. [I]. In the energy region above about 100 eV, the ratio between the 

excitation cross sections of 33S and 43S is about 2.60 for the presently assessed data, 2.55 for the 

CBE data and 2.17 for the assessed data of ref. [I]. With scaling we find about 2.9 for this ratio. 

The large difference of the present assessed CCC69 data and the assessed experimental data of 

ref. [I] can be found back in the different cross section ratios, being relatively small in ref. [I] 

both for the 213 and 314 levels. The experimental data of [I], largely based on optical 

experiments, as discussed by Heddle and Gallagher [16], also need further consideration. 

Next we consider the 1 'S-n3P series of transitions, and we start with n=2, see Table 13 

and Figs. 4a,b. For this state the relevant experimental values of ref. [I] have an empirical - 
character over a large impact energy range. The difference of CCC69 data with respect to the 

experiment varies with a factor between 1.09 and 1.5, and that of RMPS2 with respect to the 

experiment varies with a factor between 1.02 and 1.2 1. We choose in X and Omega the Rm29 

values in the energy range up to the ionization threshold, continuing with the CCC69 data at 

higher impact energies. The CBE and Ochkur data have the same trend, but are no more exactly 

coinciding as in the case of excitation to n3S; the CCC69 and Ochkur values are close to each 



other above about 50 eV. The experimental and theoretical differential scattering data at 30 eV 

by Roeder et al. [17] lead to confidence in the CCC theory, so that our present assessment may 

be fairly accurate at energies smaller than 80 eV (at 80 eV the CCC69 and CCC75 results differ 

by about 12 percent). For the 1'S-33P transition, the data are given in Table 14 and Figs. 5a,b. 

CCC69 differs by a factor between 1.19 and 1.37 fiom the experimental data X[1] and Omega[l] 

and does not converge within ten percent at 22.6 and 80 eV. The RMPS3 results are consistent 

with the CCC results. For the recommended cross sections we choose the Rm29 data up to the 

ionization threshold and the CCC69 data at higher energies, converging to the Ochkur values. 

For the 13S-4'P transition in Table 15 and Figs. 6a,b there are no good experiments. We choose 

the data according to the scheme used for 1 3S-33P. The error in both data sets may be larger than 

for 1 3S-23P. More optical experiments are desired to codirm the assessment here. 

Just as in the case of 1 'S-n3S, some extra considerations are given below for 1 1s-n3P. The 

cross section ratios between 33P and 23P were 3.5 at energies above 100 eV in ref. [I]. We now 

get about 3.22 for the assessed data (CCC), 3.35 for CBE, 3.3 1 for Ochkur and roughly 5.8 from 

the scaling. The assessed 3 3 ~  cross sections, when compared to new experimental data, as for 

33S, are closest to Chutjian and Thomas [14] at 30 and 40 eV, and to Trajmar et al. [8] and 

Bogdanova and Yurgenson [15] at 100 eV. At 50 eV, the disagreement of the assessed cross 

section with the two latter groups is rather large. For 33P and 43P the ratio of the assessed data 

is about 2.35 (with an irregularity at 900 eV), 2.41 for CBE, 2.40 for Ochkur and about 2.7 for 

the scaling. In general, all theories have about the same ratio; from the scaling we get too large 

ratios. For the singlet levels, these ratios come closer to the experiment and the theory, except 

for n'D. 

Now we consider the l3S-n3D (n=3,4) transitions, the data for which are given in Tables 

16 and 17, and Figs. 7a,b and 8a,b. For excitation to 33D, the experimental data are empirical 

and are derived from experimental data on excitation to 43D, which are not very accurate (see ref. 

[I]). For 13S-33D, we choose the Rm29 data up to the ionization threshold and the CCC75 data 

at higher energies, the latter converging to the CBE data. At most energies up to 100 eV, the 

CCC75 and CCC69 results differ fiom each other more than 10 percent (up to 33 percent at 40 

eV). The RMPS3 results are in good agreement with those of the CCC75 calculations at most 

energies. For the 13Sa3D transition, the experimental data are not very accurate [I]. Again, the 

CCC75 and CCC69 results show differences larger than 10 percent at most energies up to 80 eV. 



In the assessment we followed the Rm29 data up to the ionization threshold and the CCC75 

values at higher energies. These relatively small cross sections may not be too accurate, both for 

33D and 43D, particularly at higher energies, but they are, generally, better than the data given in 

Ref. [I]. For the cross section ratios of 3;D and 43D we get 1.67 for the assessed data, 1.77 for 

CBE data, 1.76 for the Ochkur approximation data and 2.7 from the scaling, where scaling does 

not work well both for the singlet and triplet D levels. For 33D, the data of Bogdanova and 

Yurgenson [15] are much different from the assessed data at 50 eV and 100 eV, but the authors 

do not claim high accuracy of their data, see Table 16. 

The data for the 1 'S-43F transition are given in Table 18 and figures 9a,b. This transition 

was not considered in reference [l] and the data are not very accurate. We may recommend the 

Rm29 data up to the ionization threshold and the CCC75 data at higher energies. 

3. CONCLUSION 

In conclusion, we can say that the reconsideration and some modification of the data 

assessment in reference [I], with taking account of new theoretical data of CCC[2], Rm29 [3], 

RMPS [4], CBE and Ochkur approximation [5], leads to the possibility to attribute smaller errors 

to the cross sections for many transitions. In the case of 1's-n'L (n=2-4) transitions, we, 

generally, reach the aimed accuracy, i.e. an error smaller than 10 percent; for the 1's-n3L 

transitions this accuracy is present for the n=2 levels at not too high energies, but may decrease 

with the increase of n and L (when the excitation probability becomes relatively small). In the 

excitation to triplet states, it appears that the existing data fiom optical experiments are often not 

reliable or just missing. Notwithstanding the achieved progress in the data accuracy, it is still 

questionable whether the CCC results are more reliable than exp[l] data, for instance for the 4's 

and 33P levels. More work is needed in this case, but a good experiment is very difficult, as 

argued, for instance, by Heddle and Gallagher [16]. In some cases the convergence of the CCC 

results has also to be improved. 

ACKNOWLEDGMENT 

We wish to thank Drs. I. Bray, K. Bartschat, M.P. Scott and V.P. Shevelko for providing 

theoretical data for improvement of our assessment in the case of He 1 'S excitation and to Prof. 

Dr. R.K. Janev for stimulating this effort. We are also thankful to Prof. Dr. Bartschat in 

particular and to Dr. M. Inokuti for critical remarks on the manuscript. Thanks to Dr. W.E. van 



der Kaay for help with the computer management of data and to Drs. T. Kato and Y. Itikawa for 

compilation of the data. The work is part of the research program of the Stichting voor 

Fundamenteel Onderzoek der Materie (FOM) which is financially supported by de Stichting voor 

Nederlands Wetenschappelijk Onderzoek. 

REFERENCES 

[I] de HEER, F. J., HOEKSTRA, R., KINGSTON, A.E., SUMMERS, H.P., Supplement to 

Nuclear Fusion, Volume 3 (1 992) 19. 

[2] FURSA, Dmitry V., BRAY, Igor, Phys. Rev. A., 52 (1995) 1279 and private 

communication. 

[3] SAWEY, P.M.J., BEFWNGTON, K.A., Atomic Data and Nuclear Data Tables 55 (1 993) 

81. 

[4] BARTSCHAT, K., HUDSON, E.T., SCOTT, M.P., BURKE, P.G., BURKE, V.M., Phys. 

Rev. A 54 (1 996) R998; HUDSON, E.T., BARTSCHAT, K., SCOTT, M.P., BURKE, 

P.G., BURKE, V.M., J. Phys. B 29 (1 996) 55 13; BARTSCHAT, K., J. Phys. B 31 (1 998) 

L469. 

[5] SHEVELKO, V.P., private communication (1997). 

[6] FURSA, D.V., BRAY, I., J. Phys. B 30 (1997) 757. 

[7] BERRINGTON, K. A., SAWEY, M. KINGSTON, A.E., private communication (1 997). 

[8] S., REGISTER, D.F., CARTWRIGHT, D.C., CSANAK, G., J. Phys. B 25 

(1 992) 4889. 

[9] CARTWRIGHT, D.C., CSANAK, S. TRAJMAR, S., REGISTER, D.F., Phys. Rev. A 

45 (1 992) 1602. 

[lo] KATO, T., ITIKAWA, Y., private communication, National Institute for Fusion Science, 

Nagoya, Japan (1 997). 

[ l  11 KATO, T., JANEV, R.K., Supplement to Nuclear Fusion, Volume 2 (1992) 33. 

[12] SUMMERS, H.P., Atomic Data and Analysis Structure (ADAS) Code. JET Joint 

Undertaking, Abingdon, UK. 

[13] JANEV, R.K., private communication (1997). 

[14] CHUTJIAN, A., THOMAS, L.D., Phys. Rev. A 11 (1 975) 1583. 

[15] BOGDANOVA, I.P., YURGENSON, S.V., Opt. Spectrosc. (USSR) a (1986) 156. 



[16] HEDDLE, D.W.O., GALLAGHER, J.W., Rev. Mod. Phys. 61 (1989) 221. 

[17] ROEDER, J., EHRHARDT, H., BRAY, I., FURSA, D.V., J. Phys. B 29 (1996) L421. 



DATA TABLES FOR 1's - n l J ~  TRANSITIONS 

(n=2-4,0 i L 2 n-1) 



Table 1: 1's + 2 l ~  transition 
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Table 2: 1's + 3% transition 



Table 3: 1's -+ 4's transition 



Table 4: 1's + 2 ' ~  transition 



Table 5: 1% -+ 3 ' ~  transition 



Table 6: 1's + 4 ' ~  transition 



Table 7: 1% * 3 ' ~  transition 



Table 8: 1's -+ 4 ' ~  transition 



Table 9: 1's -+ 4 ' ~  transition 



Table 10: 1's -+ Z3s transition 





Table 11: 1's -+ 3 3 ~  transition 



Table 11: 1's -+ 3 3 ~  transition (contd.) 



Table 12: 1's -+ 4 3 ~  transition 





Table 13: 1's -+ Z3p transition 



Table 13: 1's Z3p transition (eontd.) 



Table 14: 1's ' 3 3 ~  transition 



Table 14: 1's + 3 3 ~  transition (contd.) 



Table 15: 1's -+ 4 3 ~  transition 



Table 16: 1 'S -+ 3 3 ~  transition 





Table 17: 1's -+ 4 3 ~  transition 





Table 18: 1% -+ 4 3 ~  transition 



FIGURES FOR 1's - n 3 ~  TRANSITIONS 

(n=2-4,0 s L 2 n-1) 
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