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Outline

• Asked to discuss the Resolved Resonance Region

• Types of differential measurements

– Transmission  total cross section

– Yield capture, fission, scattering, self-indication

• Quasi-Differential

– Will not discuss
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History and background
• RPI has been measuring nuclear data since the RPI LINAC started 

operation in December 1961.

• About 128 entries in EXFOR

– First one  - 1962, a capture measurement on Fe-56:

• J.E. Russell, R.W. Hockenbury, R.C. Block, “Neutron Capture Cross Section 
Experiments”, R.P.I. annual progress report, No.62, p.10, 1962, EXFOR 11724.

• Last entry in 2019.

• Current capabilities:

– Transmission (0.001 eV - 20 MeV)

– Capture (0.01 eV - 500 keV)

– Scattering (2 keV - 20 MeV)

– Fission (0.01 eV - 2 keV, 0.5 MeV - 20 MeV)

– LSDS fission, (n,alpha) 0.1 eV - 100 keV

– Other (fission fragment yields, prompt fission neutrons)
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Resonance measurements at RPI

• Data Included transmission and capture, recently also fission.

• Capture measured with the RPI multiplicity detector (~4p NaI+10B4C liner), 
C6D6 detector array and the lead slowing down spectrometer.

• Data reduced to transmission (T), capture yield (Yg), or fission yield (Yf)

• Multiple sample thicknesses are usually measured

• SAMMY fits are used to extract resonance parameters using both 
transmission and capture of multiple sample thicknesses.

• After the results are submitted for publication to a journal or a thesis, the 
data are sent to EXFOR
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Transmission

1. Dead time correction is applied to all raw data sets.
2. Since data are taken for many cycles, the files are summed.
3. Background is fitted to an analytical function, uncertainty includes the fitted  

parameters, covariance, and c2 scaling.
4. Transmission and associated error (statistical) are calculated.

– are the count rates of the sample and open measurements, respectively,
– Bi is the time-dependent background count rate,
– Bs, Bo are the steady state background counting rates for the sample and open measurements, 

respectively,
– Ks, Ko ≈ 1 are background normalization factors for the sample and open measurements, 

respectively.

• Transmission normalization is not used at RPI.
• Recently covariance was also calculated (will be discussed in the context of URR)
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Capture
• Dead time correction is used on all raw data

• Since data are taken for many cycles, the files are summed.

– Flux shape is a separate measurement using a boron sample

• Capture yield is calculated as:

𝑌𝑖 =
𝐶𝑖 − 𝐵𝑖
𝜙𝑖𝜂

– Ci dead-time-corrected and monitor-normalized counting rate of the sample 
measurement

– Bi dead-time-corrected and monitor-normalized background counting rate

– h product of the flux normalization factor and efficiency

– fi background-subtracted, and monitor-normalized neutron flux shape

• In some EXFOR entries Yg/N is wrongly reported as sg , this is a thin sample 
approximation which is not accurate for all cases:
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𝑌𝛾 = 1 − 𝑒−𝑁𝜎𝑡
𝜎𝛾

𝜎𝑡
→ for 𝑁𝜎𝑡 ≪ 1 → 𝑌𝛾 ≈ 𝑁𝜎𝑡
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Example: 153,natEu low energy
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G. Leinweber, D. P. Barry, J. A. Burke, M. J. Rapp, R. C. Block, Y. Danon, J. A. Geuther and F.J. Saglime III, “Europium resonance parameters from 
neutron capture and transmission measurements in the energy range 0.01–200 eV”, Ann. Nucl. Energy, vol. 69, pp. 74 - 89, 2014.
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Submitting data to EXFOR
• Publish the data in a paper or report (thesis).

• Follow the templates suggested in INDC(NDS)-0647, “EXFOR Data in 
Resonance Region and Spectrometer's Response Function”.

https://www-nds.iaea.org/index-meeting-crp/CM-RF-2013/

• Provide additional data not in the paper:

– TOF bin configuration.

– Energy resolution (SAMMY example).

– Data for all samples.

– Covariance if available.

– Additional facility details (moderator type and temperature, neutron 
intensity…).

https://www-nds.iaea.org/index-meeting-crp/CM-RF-2013/
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Example: Simultaneous measurement of  
235U Capture and Fission Yield
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Y. Danon, D. Williams, R. Bahran, E. Blain, B. McDermott, D. Barry, G. Leinweber, R. Block and M. Rapp, “Simultaneous Measurement of 235U Fission and 
Capture Cross Sections From 0.01 eV to 3 keV Using a Gamma Multiplicity Detector”, Nuclear Science and Engineering, vol. 187, no. 3, pp. 291-301, 2017.
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Example: 235U capture template

Resolution
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235U capture template - continue
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The EXFOR entry for 235U capture
ENTRY            14518   20190303   20190819   20190809       1450
SUBENT        14518001   20190303   20190819   20190809       1450
BIB                 10         63
TITLE      Simultaneous Measurement of 235U Fission and Capture

Cross Sections From 0.01 eV to 3 keV Using a Gamma
Multiplicity Detector

AUTHOR     (Y.Danon,D.Williams,R.Bahran,E.Blain,B.Mcdermott,
D.Barry,G.Leinweber,R.Block,M.Rapp)

INSTITUTE  (1USARPI,1USAKAP)
REFERENCE  (J,NSE,187,291,2017)
FACILITY   (LINAC,1USARPI) measurement was conducted at Rensselaer

Polytechnic Institute using the electron linear
accelerator at the Gaerttner LINAC Center.

DETECTOR   (NAICR)A 16-segment NaI(Tl) gamma-multiplicity
detector located at the 25-m experimental station was
used for the measurement. The overall dimensions of
segmented detector were diameter 30.5 cm and length
30.5 cm. A 5.08-cm-diameter collimated neutron beam
passed into the center of the detector through on-axis
cylindrical hole with diameter of 8.9 cm. There was a
1.0-cm-thick annular B4C liner enriched to 99.5 at. %
in 10B between the central beam path and the NaI(Tl)
segments to minimize low-energy neutrons scattering
from the sample and then interacting with the
detector segments.

ANALYSIS   Fission and capture reactions were measured
simultaneously using segmented high-efficiency gamma
multiplicity NaI(Tl) detector. The multiplicity of
fission gamas peaks at multiplicity 8 to 10 is higher
than the multiplicity of capture gamma cascade, which
peaks at multiplicity 3 to 4. Total deposited gamma
energy was used to separate fission from capture
reactions. The gamma multiplicity was used to improve
the separation. This method enabled capture and fission
yield measurements up to neutron energy of 3 keV.

ERR-ANALYS (ERR-T) Total uncertainty, which include
- counting statistics
- normalization values
- correction for false capture

The overall uncertainty is dominated by the
normalization uncertainty

COMMENT    Subentry 2  reaction 235U(n,f) from RPI files
U-235 Thermal Fission normalized to ENDF 7.1.tex
U-235 Thermal Fission normalized to ENDF 8.tex
Sample thickness 0.00054 +- 0.00002 at/b
Repetition rate 25 Hz
Pulse width (500+-50)ns

Subentry 3 reaction 235U(n,f) from RPI files
U-235 Epi Fission normalized to ENDF 7.1.tex
U-235 Epi Fission normalized to ENDF 8.tex
Sample thickness 0.00436 +-0.00002 at/b
Repetition rate 225 Hz

HISTORY    (20190303C) Compiled by S.H.
ENDBIB              63
NOCOMMON             0          0
ENDSUBENT           66
SUBENT        14518004   20190303   20190819   20190809       1450
BIB                  9         38

REACTION  1(92-U-235(N,G)92-U-236,,RYL)
EXFOR U-235 Thermal Capture normalized to ENDF 7.1.tex
2(92-U-235(N,G)92-U-236,,RYL)
EXFOR U-235 Thermal Capture normalized to ENDF 8.tex

COMMENT    Data combined from RPI files
STATUS     (TABLE) Data shown in figs. 6-10 of the reference

sent by author (Y.D.)
ANALYSIS  1Yield normalization to ENDF/B-VII.1

2Yield normalization to ENDF/B-VIII.0
INC-SOURCE (PHOTO)Neutrons were produced through a (gamma,n)

reaction when electrons from the RPI 60-MeV electron
linac interact with a tantalum target,
Nominal beam energy                 53 MeV
Nominal beam power                 424 W
Neutron target           Enhanced thermal target
Moderator material  Water, polyethylene and graphite
Moderator temperature              293 K

METHOD     (TOF)
Repetition rate                      25 Hz
Pulse width                      (500+-50) ns
Flight path                  (25.446+-0.006)m

SAMPLE     (92-U-234,ENR=0.01087)
(92-U-235,ENR=0.93334)
(92-U-236,ENR=0.001266)
(92-U-238,ENR=0.05452)
Chemical composition   U metal 93.33+-0.03 wt% U-235

Atomic density (at/b)             0.00054+-0.00002
Sample mass                           2.4 g

9 disks, each with
Diameter              12.7  mm
Nominal thickness      0.11 mm
Temperature           293 K

Containment  0.8 mm thick aluminum container
Each disk was wrapped in 0.076 mm of
aluminum foil

MONITOR    (5-B-10(N,A)3-LI-7,,SIG,G)
Normalized to 11.7-eV and 13.4-eV resonances in U-235

ERR-ANALYS (ERR-1) Systematic uncertainty in normalization
ENDBIB              38
COMMON               2          3
ERR-1      THICKNESS
PER-CENT   ATOMS/B
2.         0.00054
ENDCOMMON            3
DATA                 5       1179
EN         DATA      1ERR-T     1DATA      2ERR-T     2
EV         NO-DIM     NO-DIM NO-DIM NO-DIM

0.01005      0.064      0.006      0.064      0.006
0.01016      0.074      0.006      0.074      0.006
0.01028      0.065      0.006      0.064      0.006
0.01040      0.065      0.006      0.065      0.005
0.01052      0.063      0.006      0.063      0.005
0.01065      0.061      0.005      0.061      0.005

Two different 
normalizations 

Resolution 
???

Missing 
information
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Resolution function (E< 2 keV)

• Use the resolution functions built into SAMMY with 
parameters provided by the user.

• Use 238U (ENDF) as a reference for energies and 
resonance parameters.

• Transmission
– Thermal - use the RPI resolution function in SAMMY

– Epi-thermal – use a Gaussian + exponential tail (variable 
with E)

• Capture
– Thermal - Gaussian + exponential tail (constant with E)

– Epi thermal - Gaussian + exponential tail (constant with E)

13
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SAMMY Gaussian + tail

• SAMMY has a form for Gaussian and exponential

• DG – Gaussian width (moderator (DL) + channel width (Dtc) + 
burst width (DtG) + other E dist (Dc))

• DE – exponential width (moderator + detector)

• DES – shift center (use shift)

14
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Example: SAMMY Gaussian + 
exponential resolution parameters

Thermal 
Capture

Epi-Thermal
Capture

Epi-Thermal
Transmission

DELTAL 
Uncertainty  in
flight path length

0.0055 0.0055 0.0055

DELTAG
Burst width

0.0254 0.0254 0.0254

DELTAE
Exponential tail

0.06* 0.06* 0

DELTE:DELE0 0 0 0.18650

DELTE:DELE1 0 0 1.2687e-6

DELTE:DELE2 0 0 0.02069

15

*EXPONENTIAL FOLDING width is energy dependent
DO NOT SHIFT ENERGY for exponential tail
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Example: RPI resolution function
Thermal Region Transmission

• Complicated function with many parameters (Enhanced thermal target + 
detector)

16

Param Value Param Value Param Value Param Value

t1 320.94 L0 679.98 a1 -000078 A0 935.91

t2 0.02426 L1 -226.21 a2 0.02407 A1 -69.068

t3 318.46 L2 21.09 a3 -0.00063 A2 0.005

t4 0.02922 a4 3.53 A3 0.39485

t5 235.71 a5 0.000112 A4 0.0075
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Conclusions

• Reporting to EXFOR usually follows a journal or thesis 
publication with extensive experimental details.

• Any additional relevant information such as energy 
resolution should be also in EXFOR

• Reported values in the RRR are usually transmission and 
capture yield and their associated uncertainties.

• Resonance parameter analysis results are also available 
and can be reported to EXFOR.
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