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Introduction: Since July 2009, the Lunar Explora-

tion Neutron Detector (LEND) [1, 2] aboard the Lunar 

Reconnaissance Orbiter (LRO) [3] has mapped the 

neutron flux from the Moon. LEND is outfitted with 

four types of neutron detectors: thermal and epithermal 

neutron omnidirectional sensors, a pair of thermal neu-

tron Doppler filter sensors, four epithermal neutron 

collimated sensors, and a high energy neutron sensor. 

The data reduction procedures that reduce the raw el-

liptical orbit collimated epithermal neutron data into 

corrected higher-level derived data products are pre-

sented. 

Background: The task of converting LEND raw 

neutron data into higher-level products has been trans-

ferred from the Institute for Space Research [4] to the 

University of Arizona. New data reduction algorithms 

have been designed and applied to the collimated sen-

sor of epithermal neutrons (CSETN) data, during the 

circular orbit time period from September 15, 2009 

through December 11, 2011 [5]. The raw data are cor-

rected for Solar Energetic Particle (SEP) events, outlier 

or off-limit events, off nadir measurements, instrument 

warm-up, cosmic-ray variation, spacecraft altitude, and 

three sources of background counts for the collimated 

detectors: through the walls of the collimator, lunar 

neutrons scattered off the spacecraft into the detector, 

and cosmic rays interacting directly with the spacecraft. 

Methods: The data reduction procedures presented 

in this work have been applied to the current set of data 

from September 15, 2009 through November 6, 2013 

that will soon be released to the scientific community. 

Solar Energetic Particle events. The LEND neu-

tron sensors are sensitive to SEP events and are moni-

tored to remove any data associated with these events. 

We exclude the entire UTC days’ worth of LEND data, 

in which the SEP event onset and ending occurs, and 

assign a value of -1 for all records that occur in a SEP 

time interval. 

Off-limit or outlier events. Infrequent and randomly 

distributed ‘outlier’ count rate values, produced by 

instrument memory corruptions or high voltage counter 

circuit micro-discharges, are present in the raw detector 

data. Detector outlier events are identified by statisti-

cally unlikely flux measurements greater than 11, as 

determined from a Gaussian histogram of the counts, 

and are assigned count rate values of -1 when convert-

ing to a derived record.  

Off nadir measurements. Targeted observations for 

other LRO instruments sometimes require pointing 

away from nadir. A value of -1 is assigned to the count 

rate for nadir angles greater than 1
o
. 

Instrument warm-up correction. LEND sensors are 

power-cycled bi-weekly, requiring corrections for de-

tector efficiency variations. Valid on-intervals are de-

fined as at least 7 days long, excluding data from the 

first 6 hours after turn-on. Records that fall outside 

valid intervals are not converted to derived records. 

Warm-up curves are generated for each detector for 

each ‘on’ interval and are fit to an exponential with 

fitted parameters representing the characteristic warm-

up period,the start of the warm-up, and the asymtptote 

of the warm-up correction, jiA , . Fits are weighted by 

the reciprocal square of the standard error of the mean 

for each orbital average. 

Cosmic-ray variation correction. The galactic cos-

mic ray flux is modulated by the solar cycle, anti-

correlated with the overall solar activity level. Lunar 

neutron emission is directly proportional to the cosmic 

ray flux, so LEND data must be normalized to this var-

iation.  Because there was little change in the cosmic-

ray flux during the first 3 months of the mission, as 

indicated by the small variation in the jiA , values, the 

values for each detector were averaged over this period 

to generate long-term normalization values, 
oA1 , 

oA2 , 
oA3 and 

oA4 . All subsequent data were normalized by 

the ratio of the current jiA ,  value to its 
o

iA value, since 

the subsequent jiA ,  values showed a gradual decrease 

over time due to the lower cosmic-ray flux as solar 

activity increased. Recorded counts (those not signaled 

by value -1) are converted directly to count rate, since 

the interval of LEND measurements is 1-second accu-

mulation time. Count rates are sufficiently low that no 

dead-time correction is necessary. When a detector is 

turned off or has generated an outlier event, the aver-

age adjusted count rate for the “on” detectors is as-

signed to the “off” detector with an adjustment made 

for difference in efficiency based on their 
o

iA ratios. 
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The final adjusted count rate is the sum of the adjusted 

rate for all four of the detector elements that are incor-

porated in the CSETN detector system. 

The data have been adjusted for changes in effi-

ciency and for long-term cosmic-ray flux changes, but 

still need to be corrected for short-term (tens of hours) 

changes in the cosmic-ray flux. We take the residual of 

the fit to the warm-up data as a means to correct for the 

short-term variations in neutron flux by making another 

fit to the orbital averages, but this time on the com-

bined count-rate data for all 4 detectors to improve 

statistics. We generate smoothed curves as a 24-hour 

moving average of the residuals and this short-term 

cosmic-ray correction factor (CRCF) is evaluated at 

each raw record’s collection time and the complete 

equation for the corrected count rate is determined. 

Count rate uncertainties. The relative uncertainty 

on the corrected counts for any record is significantly 

greater when one or more of the sensors is not produc-

ing valid data. To create maps, it is necessary to calcu-

late an average count rate of multiple records for a giv-

en lunar location. Thus it is necessary to properly 

weight the data in calculating the average, e.g. a record 

for which 4 detectors return data must be given more 

weight than a record or which only 2 or 3 detectors 

return valid records. 

The data is weighted by the reciprocal of the vari-

ance, however estimating the variance with a low num-

ber of counts is not clear-cut. In general, one can as-

sume that the variance in the number of counts record-

ed is the number of counts. Such an assumption is a 

reasonably good approximation to the true variance of 

the counts when one is dealing with a large number of 

counts. However, it is important to note that the num-

ber of counts only yields a best estimate of the vari-

ance, s
2
, which is not necessarily equal to the true vari-

ance, 
2
. For example, a record with 2 counts and an-

other record with 4 counts are both common occur-

rences, but the record with 2 counts would be given 

twice as much weight if the variance were taken as the 

number of counts.  This type of weighting yields a sys-

tematically low result. 

Since low counting rates are present in the LEND 

records, we need to have a better way to estimate the 

variance. Therefore, the value of the exponential effi-

ciency function is used.  This function is fit over a few 

hundred thousand records in each power ‘on’ cycle and 

is better estimate of the true variance at the time the 

data were collected.   

The sum of the counts due to all detectors is adjust-

ed when one or more detectors is off and the sum of the 

counts due to all four detectors is calculated.   

 

Altitude Corrections. On December 15, 2011, the 

LRO spacecraft orbit changed from circular to ellipti-

cal with the periapsis near the South Pole. The orbital 

altitude then went from a nominal ~50 km in the circu-

lar orbit to ~ 30 km x 200 km in the elliptical orbit, 

causing an observed decrease in the count rate in the 

North relative to that in the South. To correct for the 

change in the average count rates in the CSETN detec-

tors due to the altitude variations, an altitude correction 

was applied as the orbital averages were calculated and 

the altitude correction was applied again as the derived 

data records were generated. The adjustment was ap-

plied for altitudes greater than 59 km and less than 194 

km. No correction is needed for values below an alti-

tude of 59 km and values are ignored for altitudes at 

and above 194 km, but the latitude, longitude, record 

value, and time of each record is recorded for each 

ignored value. 
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