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Abstract —The Rensselaer Polytechnic Institute linear accelerator with the enhanced thermal target was
used for neutron transmission measurements of rare earth metal samples of holmium, erbium, and thulium
and isotopically enriched oxide samplest#Er,0O; and *’Er,Os in the energy range from 0.001 to 20 eV.

The measurements were done with a 15-m time-of-flight spectrometer and provided high-quality data in
the thermal and subthermal region as well as in the low energy resonance region. The effect of paramag-
netic scattering on these cross sections is discussed. The data were corrected for paramagnetic scattering,
and resonance parameters were obtained by fitting the transmission with the SAMMY multilevel R-matrix
code. These results were compared to the ENB)VI evaluation and to other measurements.

I. INTRODUCTION burnable poison effect and will reduce the errokipin
long-term burnup calculations.
An enhanced thermal targ€éETT) was recently in- The rare earth isotopes have a partially fill€fettec-

stalled at the Rensselaer Polytechnic InstitiR®I) lin-  tron shell that causes a strong interaction between the
ear acceleratdr (LINAC). This target was designed to atomic magnetic moment and the incident neutron mag-
produce a high thermal flux required for thermal and subretic moment, resulting in neutron paramagnetic scatter-
thermal cross-section measurements. The ETT providd3sg by the atom. This interaction is particularly strong in
athermal neutron flux intensity that is approximately sixthulium, erbium, and holmium, whose paramagnetic scat-
times higher than that obtained with the previous “bouncéering cross sections are in the range from 17 to 30 b at
target.” The first measurements made with the ETT werd).0253 eV. This adds an additional complication to the
a series of transmission measurements on the rare eagalysis of the transmission measurements because the
isotopes thulium, erbium, and holmium. As shown by Harparamagnetic scattering reduces the measured transmis-
ris et al® and Jonsson et d.precise knowledge of such sion and requires a correction to determine the absorp-
capture cross sections allows accurate calculations of titi@n cross section.

The raw data for each sample were reduced to trans-

*Current address: Nuclear Research Center, Negev, p.@ission and corrected for paramagnetic scattering. Res-

Box 9001, Beer-Sheva, Israel. onance parameters were then determined from the
tCurrent address: University of Florida, Gainsville, corrected transmission in the energy range from 0.001 to
Florida. 20 eV.
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62 DANON et al.
TABLE |
Metallic Erbium, Thulium, and Holmium Sample Thickness in Atoms per Barn*
Erbium Thulium Holmium
Nominal Thicknesg Sample Thickness Nominal Thicknesg Sample Thickness Nominal Thicknesg Sample Thickness$
(cm) (atonyb) (cm) (atomy/b) (cm) (atom/b)
0.0254 0.0008170 0.010 0.0003553 0.010 0.0003199
(0.10 (0.05 (0.09
0.0508 0.0016672 0.025 0.0008522 0.030 0.0009459
(0.08 (0.05 (0.03
0.127 0.0040916 0.100 0.0033136 0.100 0.0031763
(0.10 (0.15 (0.05
0.254 0.0081558 0.2 0.0066484 0.3 0.0094784
(0.0 (0.17) (0.09

*The percent error is shown in parentheses.

Il. EXPERIMENTAL SETUP the effect of HO that is usually present in the powder

form. Normally, two of the sample positions were used
The spectrometer is comprised of a 15-m flight pattio measure the open beam count rate and were placed at

with the RPI LINAC and the ETT as the neutron sourceghe beginning and middle of each sample cycle. The time

on one end and a 0.3-cm-thick lithium glass detectosplit between the samples was optimized to reduce the

(6.6% lithium, enriched to 95% ifiLi) at the other end counting statistics error in the transmission for a given

of the flight path. The RPI LINAC was operated with anrun time?

electron pulse width of Ls, electron energy of 54 MeV,

current on target of &A, and a repetition rate of 25

pulse/s. A 0.0127-cm-thick tungsten sample was in-

serted in the beam for all the erbium measurements to

provide a blackout region near the 18.6-eV tungsten res-  The Jarge amount of data collected in each of the ex-
onance, which was used for background normalizatiorheriments was first run through a statistical integrity check
A typical transmission experiment for several thick-that verified the stability of the LINAC, the in-beam de-
nesses of a given isotope took 30 h of data collection angctor, and the beam monitors. This was done by check-
an addition&6 h for background determination. The datajnq the correlation between the counts from the monitors
were recorded on an HP-100800 seriescomputer that  gng the lithium glass in-beam detector and by tracking
also controlled the sample changer during the experiheijr correlation as a function of time. This check iden-
ment. The sample changer can hold up to eight sampleied bad runs having counts lost from LINAC malfunc-

and rotate them in and out of the beam as controlled biyons and other problems in the system. The data were
the computer. Each run consisted of a cycle through all

the samples with a predetermined number of LINAC
pulses for each. The samples used were of different thick-
nesses and enrichment as shown in Tables I, II, and III.
The oxide samples were prepared as a ceramic to reduce

[ll. DATA REDUCTION

TABLE Il

Isotopic Composition of the Erbium Oxide
Ceramic Samples

166Er,05 Atom | ®7Er,O5 Atom | Er,Os Atom
TABLE i Isotope (%) (%) (%)
Ceramic Er.bium Oxide Sample Thicknesses o2
in Atoms per Barn* 1645: 882 882 (1)(15‘11
166Er203 167EI'203 Er203 iSEr 96.24 2.93 33.6
Er 2.79 91.54 22.95
0.010263 0.006821 0.0034201 CEr 0.75 5.14 26.8
(0.64) (0.59 (0.03 Er 0.17 0.33 14.9
Total 100 100 100
*The percent error is shown in parentheses.
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CROSS SECTIONS FOR HOLMIUM, THULIUM, AND ERBIUM 63

then corrected for dead time, and runs were normalized/ho introduced a Hartree-Fock description for the free-
and summed. Time-dependent background measurén many-electron problem. The total paramagnetic scat-
ments were obtained with the one-notch, two-notchering is given by

method® The measured background was then fitted to a

smooth analytical function of time of flight for each sam- 5 2V, L,

ple including the open beam measurement. The analyti- opm(CM?) = 3™\ w2 ¥ H fe, (2)

cal expression was used for the background correction.

Background is a first-order correction to the transmisyynpere

sion. The magnitude of the correction depends on the

signal-to-background ratio of the spectrometer. Typical f = form factor

open beam signal-to-background ratios at the RPI 15-m

time-of-flight station with the ETT source vary between v = neutron magnetic momen{L.9134u,
~4000:1 at 0.05 eV te-8:1 at 0.001 eV. Above 1 eV the taken from Ref. 9, angky is the nuclear
signal-to-background ratio was50:1. Calculation of the magneton

transmission in time-of-flight channelvas obtained by
u = atom magnetic momei®.6ug for erbium,

T = (C° — KsBi — By) (1) 10.6ug for holmium, and 7.g.g for thu-
' (C°— KoBi — By) lium, taken from Ref. 10, angkg is the
Bohr magnetohp
where
C?, C° = dead time corrected and normalized count ~ €¥/mc? = classical radius of the electrd.818 X
rates of the sample and open measure- 107**cm).
ments, respectively
B = The papers by Tramméland Blume, Freeman, and
=

nominal time-dependent background couniyyatsor§ show methods for obtaining the form factors as
rate a function of the scattering angle and the neutron energy.
Bs, B, = steady-state background counting rates foAnother calculation by Mattd$ used the Hartree-Fock

the sample and open measurements, rewave function and Blume'’s orbital and spin contribution

spectively functions to calculate the form factors. Mattos expanded
the calculations to include the rare earths, holmium and
thulium, which are of interest to this work. Mattos also
averaged the squared form factéfsover all scattering

For erbium, the normalization factét, was deter- angles, which allows calculation of the energy-dependent

mined by forcing the average transmission to zero in th@paramagnetic cross section. A more accurate calculation
blackout region of the strong 18.6-eV tungsten resowas done by Stassis et af.which included relativistic
nance. For the thulium and holmium samples, a blackffects of the electrons. The results of these calculations,
resonance in the sample was used. Simildglywas cal- as a function of neutron ener@y were fitted to an ana-
culated by forcing zero average transmission in the blacKytical function that is easier to use for the data correc-
out region of strong resonances in the samples. Theon. This function is in the form given by Tramméllt
measured transmission from E(.) was corrected for vyields an excellent fit and has only three parametars:
paramagnetic scattering before fitting the data to obtai, andp. WhenE is in electron voltsgpy,is in barns A
resonance parameters. is in (b)¥2, andB is in units of(eV) P:

Ks, Ko = normalization factors for the sample and
open measurements, respectively.

IV. PARAMAGNETIC SCATTERING opm(E) =

A ~1(BEP 2
tan 1(BEP) } @

BEP [1 + (BEP)?]*
Paramagnetic scattering contributes significantly to
the thermal regioE, < 0.1 eV) total cross section of Equation(3) was fitted to the calculated Stassis paramag-
the rare earth metals. Paramagnetic scattering is a resulktic cross section over the energy range 0.80FE =
of the interaction between the magnetic moment of th@®.1 eV. Table IV shows the fitted parameters obtained.
neutron and the target atom. The atom magnetic moment Figure 1 shows the calculated paramagnetic scatter-
is due to interaction between the spin and orbital motioring used for the transmission data correction. The calcu-
of the electron, where the nuclear contribution can be ndation yields paramagnetic therm@.0253 eV} values of
glected. In the rare earth materials, the contribution td.5.7, 24.2, and 28.3 b for thulium, erbium, and holmium,
the atomic magnetic moment is mostly from the unfilledrespectively. The values calculated by Mattos are 17.3 b for
4f internal electron shell. The theory of neutron paramagthulium, 25.5 b for erbium, and 29.5 b for holmium. The
netic scattering from rare earth isotopes was given byelativistic calculation is-5% lower than the values cal-
Trammell and later by Blume, Freeman, and Wat$on, culated by Mattos. This difference is of the order of 1.4 b.
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Parameters for the Fitted Paramagnetic Scattering

TABLE IV

Given in Eq.(3)

DANON et al.

Isotope

A

B

Thulium
Erbium
Holmium

6.1691
7.9012
8.7597

1.1308
1.1278
1.1435

0.3367
0.3263
0.3225

80

70

60

ghab, Divadeenam, and Hold&nwere used. Negative
resonance energies were not changed and only the neu-
tron widths of negative energy resonances were fitted.
The data were fitted starting with the thin sample; the
covariance matrix and parameters calculated by SAMMY
were then used for the next sample thickness, and so on.
Because SAMMY is based on Baysian analysis, the pa-
rameters and covariance matrix of the last calculdimn-
mally the thickest sampJare the final results. Final runs
were then made with the new parameters to generate the
transmission for each sample thickness for comparison
of measured and calculated transmission data.

A sensitivity analysis study of the importance of the
thermal and subthermal data for the determination of the
radiation widths in the lowest energy resonances indi-
cates that these radiation widths can be determined from

ol e ] the thermal transmission data and are very sensitive to
r e . . . . .
e these data. This can be illustrated by using the simple

£ or 1 single-level Breit-Wigner formula given B%
bi 30 i . B <Eo>l/2 I, + F«/)
o 1 TUTINE ) AE-Ep?+ (Th+T,)2
‘ i HEE @
1 . 1 = -\ 0-
103 102 10t 100 Fn + F’y A P
Energy [¢V] and calculating the transmission as
Fig. 1. Paramagnetic scattering cross sections calculated —Not(E)
with Eq. (3). T(E) =e "5, 5)
whereN is the sample thickness.
The sensitivity of the transmission to the radiation
width T, (which indicates the sensitivity df, to changes
V. RESULTS in the cross sections defined by
The transmissions of each of the holmium, erbium, dT(E)
thulium, and EyO3; samples were measured in separate . ar,
experiments. To help display the thermal region data and sensiity = ﬁ . (6)

compare them with other measurements, the data were

first grouped into 5124s time-of-flight macrochannels, A pjot of the sensitivity for the 0.46-eV resonancefer
converted to cross section, and the cross sections W&&€snhown in Fig. 2 over the thermal energy region. The
combined, weighted by their variances, to produce an ay;|culation was done for two different sample thick-
erage cross section at each energy bin. Only data pointgsse<0.00508 and 0.0508 omThe thermal cross sec-
with transmission between 0.1 to 0.9 were included ijop of the thicker sample was highly sensitive to the
the fit. radiation width. Therefore, the data in the thermal region

_ The resonance parameters for each isotope were 0fsntain important information about the radiation width
tained by fitting the transmission data with the multi-5q were included in the fit region.

level R-matrix SAMMY code®® To use SAMMY, the
transmission data were first corrected for paramagnetic
scattering that SAMMY cannot handle. This correction
was done by dividing the measured transmission by The total cross sectigiincluding paramagnetic scat-
exp(—Nopm), whereN is the sample thickness awg,, tering) in the thermal region is plotted in Fig. 3 together
is the paramagnetic cross section. The paramagnetiaith several other measurements. The cross section is in
scattering-corrected transmission data from all samplgood agreement with the measurement of Zimmerman
thicknesses were then fitted with SAMMY in a multiple et al.!” Schermer? and Knorr and Schmat?.In the en-
sample fit procedure. The initial parameters for each fiergy region from 0.004 to 0.02 eV, the data follow the
were ENDF/B-VI parameter* except for the channel trend of the Schermer data and are higher than the mea-
radii. For the channel radii, the values from Mughab-surement of Zimmerman et al.

V.A. Holmium
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Fig. 2. The sensitivity of the transmission with respect to
the gamma width of the 0.46-eV resonancéffer. The sen- Fig. 4. Transmission data and SAMMY fit for holmium.

sitivity was calculated with Eq(6) for two sample thick- Ty sample thicknesses 0.01 and 0.3 cm are shown in the higher

nesses. 'I_'he transmission is more sensitive to the gamma Widélhergy region. In the low-energy region, the fit is shown down
for the thicker sample. to 0.003 eV.

1 T -
V.B. Erbium

2 ——RPI

. * Zimmerman

o Schermer Figure 5 shows the grouped thermal region cross sec-
s Knorr tion forthe 2.54x 103 cm sample together with other nat-
P, ural erbium measurements of Roesser and Slovatek,

. Knorr and Schmat?? and Zimmerman et & The mea-
surement of Zimmerman et al. is in good agreement with
the RPI measurement from 0.1 eV down to its lowest data
point at 6 meV. The measurement of Roesser and Slo-
vacek is~12% lower in the region from 6 meVto 0.1 eV,
and the cross-section slope of their measurement seemsto
4 be steeper. Knorrand Schmatz extended the cross-section

o
]

Total Cross Section [barns]

10t

104 10-3 10-2 10-1 100

Energy [eV]

e T T 11T
T 1T T 1711

RPI, 2.54x10-3 cm sample
o Roesser

Fig. 3. Holmium thermal total cross section of the RPI data
together with other experimental results.

7 e Knorr

g : 4 Zimmerman

L0

Four sample thicknesses were used in the resonancg 1

parameter analysis; the results are listed in Table V tog oz
gether with parameters from Mughabghab, Divadeenam? %
and Watso® and ENDF/B-VI (Ref. 14. In comparing g Py
the neutron widths for the 8.16-eV holmium resonanceg >
from Mughabghab, ENDMB-VI, and this measurement, & =)
the ENDF/ B-VI value differs by a factor of 10; this, per- g
haps, is the result of a typographical error in the ENDF Wﬁ%gﬁ
B-VI value. The SAMMY fit is plotted in Fig. 4. The 102 ]
fitted data yielded a 0.0253-eV capture cross section of 1o 1o o
64.4 b, which is in excellent agreement with the value of Energy [eV]
64.7 b given in ENDFB-VI. The errors listed for the pa- Fig. 5. Thermal cross section of natural erbium plotted with
rameters obtained in this measurement are thertors other measurements of Roesser and Slovatednorr and
calculated by the SAMMY code. SchmatZz® and Zimmerman et &’

NUCLEAR SCIENCE AND ENGINEERING VOL. 128 JAN. 1998



66 DANON et al.

TABLE V
Summary of Fitted Resonance Parameters for Holmium*
Mughabghab ENDB-VI RPI
E L, Ih E L, Th E L, Th
(eV) (meV) (meV) (eV) (meV) (meV) (eV) (meV) (meV)
-10.9 77 62.108 - - - -10.9 77 71.42
(0.53
-6.31 77 14.089 - - - -6.31 77 10.05
(0.12
3.92 85 2.13 3.92 85 2.133 3.9141 85.72 2.079
(0.0 2 (0.09 (0.0002 (0.29 (0.005%
8.16 89 0.187 8.16 78 1.874 8.1735 94.15 0.1857
(0.02 (10 (0.0 (0.0006 1.7 (0.0013
10.32 - 0.027
(0.02 (2gr'n)
12.75 - 10.489 12.75 78 10.49 12.690 90.876 13.45
(0.02 (0.35 (0.0009 (0.88 (0.09
18.20 - 0.96 18.20 78 0.96 18.262 78.055 1.255
(0.02 (0.0 (0.0009 (2.279 (0.01
21.12 84 0.56 21.12 78 0.56 21.194 60.446 0.6522
(0.02 (5) (0.02 (0.0016 (3.5 (0.0072

*The errors are given in parentheses. The errors of the fitted parameters were calculated by SAMMY.
aThis is probably a typographical error in ENPB-VI.

measurements downte0.15 meV, and in the region from
1to 3 meV they are-7% lower than the RPI measure- _
ment. However, the two experimental measurements agr@
within the experimental errors. E
Six samples, including the erbium oxides, were use o
in the resonance parameter fit. The transmission of the
oxide samples was corrected for the contribution from
oxygen using a constant total cross section of 3.83 b
(Ref. 5. The analysis of thé*’Er,0; sample helped ob- 103
tain better parameters for the 7.95-eV resonanc®ir. & °
In the natural erbium sample, this resonance has contrig °
butions from the 7.90-eV resonance'fiEr, and the two @ °4
cannot be resolved. The fit is plotted in Fig. 6, and thef °2
fitted parameters are listed in Table VI. This erbium mea- °°-
surement resulted in a lower thermal capture cross sec-
tion. The value of 155.1 b is-4 b lower than the value
quoted by Mughabghab in Table VII. Also, the thermal  Fig. 6. Transmission data and SAMMY fit for the 0.0254-
capture cross sections &Er and’Er are lower than cm-thick erbium sample. A total of six samples were used in-
the value quoted by Mughabghab. cluding enriched**Er and**’Er.

|
]

. — :
4 6 8 D 2 % B B 20
Energy [eV]

V.C. Thulium
ever, above 0.04 eV, the RPI data are slightly lower. The
The cross sections are plotted in Fig. 7 with the meaSAMMY fit results are plotted in Fig. 8, and the fitted
surements of Knorr and Schméafzand Zimmerman resonance parameters are listed in Table VIII. Also shown
et al!” Below 0.04 eV, the data are in excellent agreein Table VIII are Mughabghab’s parameters for thulium.
ment with the measurement of Zimmerman et al.; howNote that no ENDFB-VI values were available.
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CROSS SECTIONS FOR HOLMIUM, THULIUM, AND ERBIUM 67
TABLE VI
Erbium Resonance Parameters*
Mughabghab ENDRB-VI RPI
E r, T E r, Th E r, T
(eV) (meV) (meV) (eV) (meV) (meV) (eV) (meV) (meV)
—-40.4 92 482.4 —-40.4 92 488.7 —-40.4 92 395.3
(0.3
0.46 88 0.279 0.46 88 0.2791 0.4595 87.12 0.269¢4
(0.02 (1.0 (0.009 (0.0002 (0.19 (0.0006
0.584 86.3 0.256 0.584 86.3 0.2560 0.5834 86.20 0.2472
(0.002 (1.0 (0.005 (0.0002 (0.33 (0.0009
5.98 84 20.2 5.98 84 20.23 5.9936 104.9 20.71
(0.02 (4) 1.1 (0.0006 (2.1 (0.30
7.90 96 0.65 7.90 96 0.71
(0.02 (0.08 (0.03
7.95 ——— 0.196 7.95 89 0.1956 7.93 98.81 0.160
(0.03 (0.018 (0.002 (4.5 (0.005
9.37 84 8.0 9.37 84 8.0 9.389 88.3 9.20
(0.05 (9) (0.5 (0.001 (2.0 (0.19
15.55 94 2.2 15.55 94 2.2 15.567 76.8 2.63
(0.09 (6) (0.15 (0.003 (4.2 (0.10
*Errors are in parentheses.
TABLE VII
Thermal Capture and Total Cross Sections for Thulium, Erbium, and Holmium
Capture Cross Sectiqii) Total Cross Sectiolb)
Mughabghab, Mughabghab,
Divadeenam, Divadeenam,
and Watson ENDRB-VI RPI2 and Watson ENDFB-VIP RPI
Thulium 105+ 2 Not in ENDF/B-VI | 109.0+ 0.7+ 1.6 | 134.3+ 3.6 Not in ENDFB-VI | 133.3+ 0.9
Erbium 159.2+ 3.6 | Notin ENDFB-VI | 155.1+ 1.2+ 2.4 | 194.3+t 4.4 Not in ENDFB-VI | 189.5+ 1.5
166y 19.6+ 1.5 19.6 16.2£ 0.2+ 2.4 59.9+ 3.6 35.5 53.8+ 0.6
167gy 659+ 16 657.8 644.4- 3.3+ 2.4 | 686.7+ 16.2 662.7 675.6: 3.5
Holmium 64.7+ 1.2 64.7 64.4- 0.3+ 2.8 98.0+ 2.7 74.2 102.5£ 0.5

aThe first set of errors is based on the statistical accuracy of the total cross-section measurement, and the second set of errors
is our estimated uncertainty in the paramagnetic and nuclear scattering subtraction.
bThe ENDF/B-VI total cross section does not include paramagnetic scattering.

V.D. Summary of Thermal Results eters, and the total cross sections were taken directly from
the transmission data. The double set of error bars for the
The total and capture thermal cross sections are listechpture cross sections represents the statistical accu-
in Table VII. The Mughabghab thermal total cross-sectiorracy of the transmission daftéirst erron and the esti-
values were obtained by summing the capture, scattemated 10% uncertainty in the correction for paramagnetic
ing, and paramagnetic cross sections. The RPI captuseattering'second errgr The uncertainty in the capture
cross sections were calculated from the fitted parameross sections resulting from the uncertainties in the
NUCLEAR SCIENCE AND ENGINEERING
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68 DANON et al.

TABLE VI
100 - Thulium Resonance Parameters*
= N Mughabghab RPI
£ N
< ] E L, I E L, Ih
2 RN (eV) |(meV)| (meV) (eV) (meV) | (meV)
C%g 102 RPL \“N
g g o Zmmemn vae -37 85 | 353.61|—37 85 257.4
= -1 ¢ Knormr
@) (3.3
;_‘5 —6 85 10.386 —6 85 19.25
(0.17
3.91 96 8.133 3.9060 1024 7.380
1ot 0.02| (3 | 0.2 (0.0002| (0.6 (0.039
. v o v 1450| 84 | 92 | 14324 97.13p 9.112
Energy [eV] 0.09| (3| (04 | (0.0008| (1.187| (0.063
Fig. 7. Thulium thermal total cross section. 17.44 84 6.4 17.421 81.35p 5.69
(0.03| (4 | (0.8 (0.0008| (1.749| (0.09

*Errors are in parentheses.

10-“”‘ T — T T —— 7T T

S 08 : i
B os ;// ]
E g4 ] the capture cross sections YfEr. Therefore, the RPI

] transmission data for the metallic and separated isotopes

[ ¢ 01cmTmsample

(Y — ———ry —— give a consistent set of data that is lower than the values

0ot 01 ' quoted by Mughabghab and ENPB-VI. The **’Er cap-

o ture cross section and its relatively large associated error
cos quoted by Mughabghab still overlap the RPI value. For
= 168y, another difference exists where the RPI data are
3 06 ) .

E ] lower by~10% compared to the value given by Mughab-
£ sl 1 ghab. The difference between these values is 6.1
= 00] > 23 ommoempe ] 3.6 b, where the error is the quadrature sum of errors from
T2 4 s 8 v 2 % s ® =2 thetwo measurements. Thus, this difference is slightly
Energy[eM] more than one standard deviation and we conclude that

the two measurements are effectively in agreement within
statistics. The only othe¥®®Er measurement by Verteb-
nyi et al?! gives a total cross section of 48.752 b (for
more information, see Ref. 5, p. 142 his measurement

is significantly lower than the other two, but is closer to

Mughabghab channel radii is0.5 b. The ENDFB-VI }Pc?mRI\F/I)Lgﬁgjbegﬁ;t?%%gif :?_éht?n the value obtained

capture and total cross sections were calculated from the  11,o RpP| total cross section for holmiumis% higher

resonance parameters. Note that the ENBW¥I total 41 the value of Mughabghab. The RPI data are consis-

cross sections do not include paramagnetic scatterindtant with the measurement of Zimmerman et (@ke
The total cross section of thulium is in good agreege: v/ A Observing the very good agreement n the cap-

ment with the values of Mughabghab and is well withing, e ¢ross section of holmium, it can be concluded that there

the boundaries of the experimental errors. However, thetg disagreement in the nuclear scattering or, as suggested

is a significant difference in the capture cross section. A§sore5 in the paramagnetic scattering cross section
indicated in Ref. 5, this can be attributed to differences ' P 9 9 '

in the paramagnetic scattering used for correcting the

Fig. 8. Transmission data and SAMMY fit for the 0.01
and 0.1 cm thulium sample.

transmission data before fitting the resonance param- VI. SUMMARY AND CONCLUSIONS
eters with SAMMY.
The RPI total cross section for erbiumi.5% lower The ETT was used for a series of thermal transmis-

than the value quoted by Mughabghab. However, withirsion measurements of rare earth metallic samples of
the experimental errors, the values agree. This differolmium, erbium, thulium, and enriched oxide samples of
ence is also consistent with the observed difference itf®Er,05 and*®’Er,O3. The measured total cross sections
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of these isotopes in the energy range from 0.001 to 20 eV6. D. B. SYME, “The Black and White-Filter Method for
are presented and are in generally good agreement wiBckground Determination in Neutron Time-of-Flight Spec-
other measurements but are in disagreement with ENDHrometry,” Nucl. Instrum. Methodsl98 357 (1982.
BTVI' The hlghe_rt_hermal fluxofthe ETT helped obtain data 7. G.T. TRAMMELL, “Magnetic Scattering of Neutrons from
with small statistical errors. The therm@.0253 eV} to- Rare Earth lons Phvs. Rev.92 6
. . ,Phys. Revy.92, 6 (1953.
tal cross sections obtained from the data had smaller ex-
perimental errors relative to the values reported byg. M. BLUME, A. J. FREEMAN, and R.E. WATSON, “Neu-
Mughabghab. The two sets of errors listed for the RPI therron Magnetic Form Factors and X-Ray Atomic Scattering Fac-
mal capture cross sections reflect the accuracy of the totairs for Rare Earth lons,J. Chem. Phys37, 6 (1962.
cross-section measureméttie first erroy and the esti- _
mated 10% uncertainty in the nuclear and paramagneti®- Yu- A. ALEXANDROV, Fundamental Properties of the
scattering subtractiofihe second errorWe recommend Neutron Clarendon Press, Oxford992.
thatthe ENDI?B—_VI total cross sections be r_eevaluated forlo_ Handbook of Chemistry and Physjchemical Rubber
these elements in the thermal energy region. Company, 73rd ed., CRC Pre&992).
The total cross sections were corrected by subtract-
ing the contributions from paramagnetic scattering. The1. M. C. MATTOS, “Paramagnetic Scattering of Neutrons by
data were then fitted with the SAMMY resonance anal-Rare-Earth lons: Calculated Paramagnetic Scattering Cross Sec-
ysis code. A sensitivity analysis shows that the radiatiotions for Ce, Pr, Nd, Gd, Tb, Dy, Ho, Er, Tm, and YB,"Chem.
width of the lowest energy resonance is very sensitive t&hys, 48 (1968.
e oo el METETE: I, . STASSIS, . W DECKIAN. . 1 HARMON, 3 P
tended down to 0.002 eV. ESCLAUX, and A J. 'F.REEMAN, Relativistic Magnetic
. Form Factors of Tripositive Rare-Earth lon$hys. Rev. B
~ Newsets of resonance parameters were obtained @5, 1, 369 (Jan. 1977.
fitting several sample thicknesses and, in the case of er-
bium, also enriched oxide samples. The fits were alsa3. N. LARSON, “Updated Users Guide for SAMMY: Multi-
done over a wide energy range, from a few milli-electrondevel R-Matrix Fits to Neutron Data Using Bayes Equation,”
volts to 20 eV. Combining all these data sets resulted i®RNL/TM-9179/R2, Oak Ridge National Laborato($989.

a consistent set of parameters and good representation of )
14. “ENDF, Evaluated Nuclear Data Files,” Brookhaven Na-

the thermal region. These results can be further imz . )
. . . . _fjonal Laboratory, National Nuclear Data Center, On-Line Data
proved with a direct capture and, possibly, a scatterin ervice(1993.

measurement. An accurate capture cross-section mea-

surement coupled with this total cross-section measur@s. s. . MUGHABGHAB, M. DIVADEENAM, and N. E.
ment should lead to an accurate determination of nucleafOLDEN, Neutron Cross SectionAcademic Pres&1984).
and paramagnetic scattering in the thermal region.
16. G.|.BELLand S. GLASSTONRuclear Reactor Theory
Robert E. Krieger Publishing Company, Malabar, Florida
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