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We present measurements of the neutron lifetime (7, ) carried out with a gravitational trap for 
ultracold neutrons. We show that statistical uncertainty in the measured storage time is the 
principal contributor to experimental error. Measurements using oxygen-coated traps yield 
7, = 888.4 f 3. l,,,, f 1. lsyut S. Since the systematic errors derive from a large number of 
independent factors, we quote a final value of r, = 888.4 + 3.3 s. 

1. INTRODUCTION time, r,, , is determined by the probability of beta decay and 

Measurements of the neutron lifetime and beta-decay 
asymmetry coefficients make it possible to determine the 
fundamental constants of the weak interaction, and to test 
the validity of the standard V-A model to high accuracy.'-3 
Furthermore, a knowledge of the neutron lifetime is impor- 
tant to the solution of a number of questions central to astro- 
physics and cosmology.495 This situation has stimulated a 
number of novel experiments and more accurate measure- 
ment~ ."~  

In a recent experiment at the Saint Petersburg Institute 
of Nuclear Physics,' we achieved 0.3% accuracy, which was 
principally limited by statistical measurement errors. The 
present paper provides a detailed account of the experimen- 
tal technique that we employed, and an error analysis. 

2. NEUTRON LIFETIME MEASUREMENT TECHNIQUE 

2.1. Basic plan 

We have measured the neutron lifetime by capturing 
ultracold neutrons (UCN) in cryogenic traps that are effec- 
tively closed by a gravitational seal. The basic goal in the 
setup phase of the experiment was to obtain storage timqs 
close to the neutron lifetime; this turned out to be feasible by 
coating the interior surfaces of the well (at low temperature) 
with a lightly-absorbing material. Losses at the trap walls 
were accounted for via dimensional extrapolation, making 
use of the energy dependence of the losses. 

Trap surface. The interior walls of the trap were coated 
with materials that have a low neutron capture cross section 
(oxygen, beryllium). Losses due to inelastic scattering at the 
walls (either from the wall material itself or from hydrogen- 
bearing contaminants) were suppressed by operating at low 
temperature (10-15 K ) .  This enabled us to approximate a 
direct measurement of the exponential decay constant. In 
measurements with traps whose interior surface was oxy- 
gen-coated, the mean probability of UCN losses at the walls 
was approximately 3% of the beta-decay probability; the 
losses were twice as high with a beryllium coating. The main 
series of measurements was carried out using beryllium- 
coated traps; the surface of the beryllium was coated with 
oxygen. 

Extrapolation. UCN losses at the walls were taken into 
account via dimensional extrapolation, making use of the 
energy dependence of the losses. The UCN storage time in a 

by losses at the trap walls: 

where r,,, is the loss time (the length of time neutrons would 
remain in the trap if there were no beta decay). The accurate 
measurement of r, requires that the storage time be close to 
the neutron lifetime, and that losses at the walls be taken into 
consideration. 

The UCN loss probability at the trap walls, r ~ ~ ' ,  is pro- 
portional to the loss coefficient 7, and it depends on the size 
and shape of the trap, the neutron energy E, and the limiting 
energy E,,,  for the matter in the trap wall, so that 

The parameter y has dimensions s e c  '; physically, it signi- 
fies the effective UCN collision rate with the trap walls. 

The reciprocal lifetime of the neutron can be obtained 
from (2)  by linearly extrapolating 7,; ' (y)  to y = 0. The loss 
coefficient is then equal to the slope of the straight line. Dif- 
ferent-size traps and neutrons of different energies corre- 
spond to different values of the effective collision rate y. 

When losses are estimated to within about lo%, the 
neutron lifetime can be determined to an accuracy of ap- 
proximately 3 sec, or ~ 0 . 3 %  of the lifetime itself. Since the 
probability of UCN losses at the walls is much lower than 
that of beta decay, the extrapolation of the UCN storage 
time in a well to the neutron lifetime is fairly accurate. The 
problem of UCN leakage through gaps in the mechanical 
valve traditionally used in such experiments has been avoid- 
ed by eliminating the mechanical valve altogether, instead 
using a gravitational field to trap the neutrons. This same 
gravitational valve also enables one to make spectral mea- 
surements of the storage time. 

2.2. Experimental setup: UCN trap 

The experimental setup is illustrated in Fig. 1. 
Operation. Trap filling and UCN detection are con- 

trolled by the intake valve 5 and the steering valve 3 in accor- 
dance with the predetermined timing of the storage cycle. It 
has been shown experimentally that the filling valve 5admits 
at least 10 - of the incident UCN. The steering valve has 
two positions, FILL and DETECT. The basic design ensures 
that no high density valve is required, since neutrons making 
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FIG. 1. Experimental setup. 1 )  Trap for holding ultracold neutrons; 2 )  
nitrogen jacket; 3 )  steering valve; 4, 9) entry and exit feeds for UCN; 5) 
intake valve; 6) detector; 7) detector shielding; 8 )  drive mechanism for 
rotating joint and trap; 10) cryogenic supply lines; 11) cryostat; 12) feed 
for coating deposition system. 

it through such a valve in the closed state produce no system- 
atic effects. 

The gravitational trap I-a figure of revolution pivoted 
about a horizontal axis-is simultaneously a gravitational 
spectrometer. The trap is filled, and trapped neutrons are 
detected, through the opening. Filling takes place with the 
opening pointing downward; the trap is then rotated into the 
upright position. Ultracold neutrons-which have too little 
energy to leave the trap-are confined there by the gravita- 
tional field. The UCN storage time can be derived from a 
measurement of the time dependence of the number of neu- 
trons remaining in the trap in the latter position by direct 
observation of the exponential decay constant of the number 
of UCN. It is not necessary to know the efficiency of the 
detector 6, since the measurements are relative ones. The 
number of neutrons remaining after the required storage 
time has elapsed can be determined by turning the trap up- 
side-down again. 

The spectral dependence of losses can be measured by 
turning the trap face-downward in steps. The trap is then 
maintained in each intermediate position long enough to de- 
tect most of the UCN in the corresponding energy range. 
This same procedure enables one to simultaneously measure 
the spectrum of the trapped UCN. 

The trap is made of aluminum. After polishing, its inner 
surface is coated with a beryllium film 3000-5000 A thick, 
which then receives a 3-7 pm overcoat of oxygen at a trap 

temperature of 13 K. The oxygen is 99.99% pure. 
The trap itself is an interchangeable element. In the first 

phase of the experiment, we employed a roughly spherical 
trap consisting of a cylinder about 75 cm in diameter and 32 
cm high, capped by two truncated cones each approximately 
22 cm high, with small diameters of 3 1 cm. For high-preci- 
sion determination of the neutron lifetime, we also used a 72- 
cm diameter cylindrical trap that was 15 cm tall between its 
end faces. The latter raised the neutron collision rate with 
the walls of the trap by a factor of about 2.5, producing a 
more accurate measurement of the loss factor. The cylindri- 
cal trap used the same beryllium substrate and precipitated 
oxygen overlayer as the spherical trap. As part of our investi- 
gation of oxygen surfaces, we also employed a titanium-coat- 
ed trap made, by to surface absorption, incapable of storing 
UCN. More specifically, these measurements demonstrated 
that at least 99% of the surface of the trap was covered with 
oxygen. A technique for precipitating oxygen was also 
worked out for an aluminum trap that had no beryllium 
coating. 

Oxygen-coating system (12). Gaseous oxygen was pre- 
cipitated onto the cold surface of the trap (under working 
conditions, the wall temperature was 13 + 1 K when coating 
was initiated) at a 15-30 &sec rate through a heated tube 
terminated by a porous sphere. The oxygen coating rate was 
regulated by a leak valve. 

Vacuum. The system maintained separate "clean" and 
"dirty" vacuum lines. Both were pumped out through nitro- 
gen traps. Residual gas in the system at 10 - '-10 ' Torr has 
no effect on the UCN storage time in the trap. To support 
heat exchange between the trap and the helium cooling bath, 
thereby holding the trap at constant temperature through- 
out the measurement, the helium pressure in the clean vacu- 
um is normally set to -- 10-5-10-4 Torr, which does not 
reduce the UCN storage time (to an accuracy of at least 0.3 
sec). 

Trap temperature. The experimental setup consists of a 
helium cryostat with a liquid nitrogen jacket. The lowest 
temperature to which the trap can be cooled is approximate- 
ly 10 K. A constant temperature can be established and 
maintained by controlling the flow rate of gaseous helium 
circulating in the heat exchanger. Heating elements make it 
possible to heat the clean vacuum system and trap to 400 "C. 

2.3. Temporal history of a storage cycle 

A storage cycle enables one to measure the number of 
UCN in the trap after some holding time, either for the spec- 
trum as a whole or in some set of energy bins, depending on 
the measurement mode. A typical temporal spectrum is 
shown in Figs. 2 and 3. The UCN storage time in the trap can 
be determined from the number of remaining UCN as a 
function of the holding time of the trap. 

The background is measured with the intake valve 
closed. Possible slow variations in the background condi- 
tions can be monitored by repeating the background mea- 
surement at the beginning of every cycle. In the actual exper- 
iment, the background was 0.07 neutrons/sec at a reactor 
power of 15 MW, and showed no variation with time at con- 
stant power. This was 10-3-10-2 of the number of trapped 
UCN that were present during the detection phase. 

Filling. The intake valve is opened, and at the same time 
the steering valve is switched tofill. At this point, counts in 
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the detector are due to neutrons that have negotiated their 
way through small leaks in the steering valve. After the equi- 
librium density is reached in the trap, the latter is rotated to 
the monitor position, in which the opening sits 25-35" off the 
vertical. Neutrons escaping from the trap when it is rotated 
are balanced by the flux into the trap, since the input and 
steering valves have not yet been reset at that point. Neu- 
trons that are not energetic enough to leave the trap are con- 
fined there by the gravitational field. 

Monitoring. The intake valve is closed, the steering 
valve is switched to detect, and the trap has already been 
turned from its low position to the monitor position. This 
operation is required to get rid of neutrons whose energy 
exceeds the gravitational height of the trap (in units such 
that the free-fall accelerationg = 1 ). These neutrons contin- 
ue to leave the trap, even during the hold procedure, essen- 
tially acting as an additional UCN leakage channel and giv- 
ing rise to a systematic effect: high-energy neutrons 
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FIG. 2. Typical temporal spectrum obtained 
from measurements in a cylindrical trap with 
100-s holding time. I)  Background measure- 
ment, intake valve closed; 2 )  trap filling with 
neutrons (detector counts due to flux past 
leaks in the steering valve); 3) monitoring, 
intake valve closed, trap positioned with 
opening 25-35" off the vertical; 4)  trap held 
with opening straight up; 5-8) counts of 
UCN remaining through four successive 
trap positions. 

"evaporate" from the trap, and for those neutrons, the gravi- 
tational seal is not a perfect one. The detector signal during 
monitoring is produced both by neutrons within the appara- 
tus but outside the trap, and by those that are still in the trap, 
but have sufficient energy to emerge from it. 

If the mechanical components (steering valve, intake 
valve, trap rotation mechanism) operate reproducibly, the 
detector count during the monitoring and filling period can 
be used to control the constancy of the UCN input flux. In 
fact, the reason why this procedure is called monitoring is 
that it enables one to track the initial UCN density in the 
trap. 

Holding neutrons in the trap. After discounting from 
the spectrum those neutrons with high enough energy to 
emerge from the trap in the hold position with the opening 
upright, the trap is rotated to that position. A "turbine" ef- 
fect induced by surface roughness leads to UCN diffusion in 
velocity space as the trap is rotated, so after monitoring, the 

FIG. 3. Part of the spectrum in Fig. 2 plotted on 
a linear scale. 
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"purged" spectrum again acquires a small number of UCN 
with undesirable energies. To purge the spectrum of these as 
well, a minimum hold time is established, during which the 
detector count rate drops to the background level as predict- 
ed and as confirmed experimentally. Thus, after the mini- 
mum hold time, the detector count rate during the hold peri- 
od also corresponds to the background level, and can be used 
both to monitor the constancy of the latter and to estimate it 
more accurately. 

UCN counting after hold. Detection of the UCN re- 
maining in the trap begins after the required hold time. The 
detection period starts when the trap begins to turn. When 
the energy dependence of the storage time is being measured, 
the trap is rotated intermittently and remains in each succes- 
sive position for 60-200 sec. When the full spectrum is mea- 
sured, the trap is immediately turned so that its opening 
faces down. The fact that it takes a long time for the trap to 
empty precludes the possibility of discriminating between 
adjacent energy bins separated by less than a few percent- 
the counting statistics deteriorate and the procedure takes 
much longer. In practical terms, however, the present proce- 
dure is adequate. 

To properly measure the storage time, it is important 
not to begin the background measurement until essentially 
all of the UCN from the previous cycle have been detected, 
and the count rate has fallen to the true background. This 
then mandates a dead time between cycles, during which 
preliminary data processing can take place. 

3. NEUTRON LIFETIME MEASUREMENT RESULTS 

We have measured the neutron lifetime via dimensional 
extrapolation, making use of the experimental energy de- 
pendence of the storage time through Eq. (2) .  The recipro- 
cal lifetime is obtained by extrapolating r; ' ( y )  to y  = 0, 
i.e., to the situation in which there is no interaction between 
the neutrons and the walls, and the effective collision rate 
with the trap walls is zero. The loss coefficient equals the 
slope of the extrapolated straight line. 

For a specific trap shape and a known limiting surface 
velocity, the effective collision rate y  can be calculated using 
the following expressions: 

FIG. 4. The calculated effective collision rate y as a function 
of UCN energy for various traps and thin-film limiting veloc- 
ities. I )  cylindrical trap, diameter 72 cm, height 15 cm; 2)  
height 30 cm; 3) height 45 cm; 4) the actual "spherical" trap. 
Limiting velocity 3.66 m/s for curves I-4, 6.85 m/s for 
curves 5-8. 

( h O ) = v , , ~ I , / 2 I 2 ,  
ha 

I ,  =J d z l ( z )  {a re s in (y  ( z )  ) -y  ( z )  [ I - y 2  ( z )  I" ) ,  
0 

where dz l ( z )  is the area swept out by a loop between z  and 
z  + dz, S ( Z )  is the cross-sectional area of the storage vessel at 
height z, h, is the maximum height to which a UCN rises in 
the gravitational field, and V,i, is the limiting surface veloc- 
ity. 

Figure 4 illustrates how the effective UCN collision rate 
with the trap walls depends on UCN energy for traps of 
various shapes, coated with different substances. Obviously, 
the combination of spherical and narrow cylindrical traps 
makes it possible to obtain a large enough range in y  to accu- 
rately extrapolate the experimental data out to the neutron 
lifetime. 

The extrapolation of the UCN reciprocal storage times 
to the neutron lifetime in traps coated inside with oxygen 
and beryllium is shown in Fig. 5. The points that relate to a 

FIG. 5. Reciprocal of the UCN storage time in a trap as a function of 
effective collision rate y. Measurements made with spherical (open cir- 
cles) and cylindrical (filled circles) traps. I )  Beryllium-coated traps; 2)  
oxygen-coated traps. 
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TABLE I. Measurements of the neutron lifetime. 

given coating correspond to various-size traps and different 
energy ranges within the full spectrum of trapped UCN. 
Open circles signify a spherical trap, filled circles a cylindri- 
cal one. 

The bulk of the data was obtained with an oxygen coat- 
ing, with which we obtained better storage performance. 
Measurements were made on beryllium traps in order to 
study the requisite conditions for UCN storage prior to the 
precipitation of oxygen. The results from a two-parameter fit 
(Fig. 5) to two months' worth of data for the oxygen coating 
and three weeks' worth for the beryllium are given in Table I. 
The indicated errors (x2) are statistical. The spread in the 
results corresponds to statistical uncertainty (2.9 sec for 
oxygen-coated traps, average over all trapped UCN). We 
analyze the errors in the effective collision rate y in Sec. 4. 
Errors in the determination of the storage time (statistics) 
make the principal contribution to the overall experimental 
error. 

It is clear from Fig. 5 and Table I that, to within the 
indicated errors, the two straight lines extrapolate to the 
same value of the neutron lifetime, corroborating both the 
UCN storage conditions on the beryllium substrate and, to a 
certain extent, the applicability of our approach in the face of 
a large loss coefficient. 

The accuracy of the extrapolation is dictated largely by 
how close the experimental storage times come to the neu- 
tron lifetime. The UCN storage conditions for the very low- 
est energies correspond to so-called trapping on the plane at 
infinity. The experimentally derived loss coefficients can be 
transformed into loss times T,,, (0) for that part of the spec- 
trum, or into the difference between the neutron lifetime and 
the storage time r,, - rs, (0) .  Let ?,,, and ?,, be the spectral- 
ly averaged loss and storage times in a spherical trap. We use 
this notation in Table I1 to characterize the nearness of the 
derived storage times to the neutron lifetime. 

In measurements with traps whose inside surface is oxy- 
gen-coated, the mean probability of UCN losses at the walls 
of the trap is approximately 3 %  of the beta decay probabili- 
ty. Assessing losses to about 10% accuracy has enabled us to 
determine the neutron lifetime to within approximately 
0.3%. In the next section we analyze the systematic errors 
and show that they contribute at a level of approximately 
3 %  of the mean loss probability, i.e., about 0.1% of the neu- 
tron lifetime. 

TABLE I1 

TABLE 111. Errors and corrections to the neutron lifetime: Measure- 
ments with oxygen-coated traps. 

Source of error AT,, , s 

Statistical error (storage time determination) 
Dynamical correction (overlap of adjacent energy bins) 
Spectroscopic correction 
Turbine effect 
Possible discrepancy between loss probability 
p ( h )  and model 
Possible temperature dependence of losses 
Uncertainty in measured limiting velocity 
Uncertainty in measured trap geometry 
Extraneous ballast He 
Detector and detection train efficiency as functions of 
UCN spectrum, systematic errors in background deter- 
mination, trap "lofting", anisotropy of UCN flux in the 
trap, milliheating, vibration, substrate effects 

4. ERROR ANALYSIS 

The bulk of the errors considered here result from our 
imperfect knowledge of the effective rate y of UCN colli- 
sions with the trap walls. These errors include dynamical 
effects associated with the fact that the boundaries of the 
energy bins that we use do not equal the gravitational heights 
of the bottom of the trap opening, owing to the finite energy 
resolution of the gravitational spectrometer; spectroscopic 
corrections that take account of the actually measured spec- 
trum of UCN confined to the trap; the turbine effect, which 
results from the nonspecular reflection of UCN from the 
moving walls of the trap, with consequent diffusion of the 
UCN spectrum in velocity space; and finally, uncertainties 
in the measured limiting velocity of the oxygen coating and 
trap geometry. Moreover, there are systematic errors related 
to possible departures of the mean probability of UCN loss 
per collision at a wall, p (h) ,  from the model value, to a possi- 
ble temperature dependence of UCN losses at the trap walls, 
to extraneous ballast He in the trap, etc. In Table 111, we list 
errors and corrections to the value of T ,  for measurements 
made with oxygen-coated traps. 

Dynamical and spectroscopic corrections. The experi- 
mentally measured storage times correspond to the mean 
effective collision rates y(h, ,  ,h,, ) in the energy bin span- 
ning the range from ho, to h,, : 

where n(h, ) is the UCN density. Uncertainties associated 
with the determination of y relate to errors in h,, and h,, , as 
well as errors in measuring the spectrum. The smallness of 
the dynamical corrections and the fact that the result is quite 
insensitive to the shape of the spectrum within the energy 
range dictated by the measurement technique makes it possi- 
ble to split the procedure for measuring y into two parts: 1) 
calculate for a Maxwellian spectrum and values of h,, and 
h,, corresponding to the geometrical location of the opening 
in the trap, and then 2)  calculate the spectroscopic and dy- 
namical corrections. 

Dynamical correction. Dynamical errors correspond to 
the overlap of peaks that belong to different energy ranges in 
the neutron-trapping timing diagram (Figs. 2 and 3 ) .  The 
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FIG. 6. Sketch of the displacement of mean UCN energy (over some 
portion of the spectrum) associated with dynamical corrections: I )  ideal, 
and 2) actual response functions of the gravitational spectrometer. 

net result is an offset (increase) in the mean UCN energies 
relative to the energy bins. To find the offset in 7 with respect 
to the values given by the geometrical position of the trap 
opening (h,, and ho2 ), it is necessary to know how long it 
takes UCN of a given energy to leave the trap in different 
positions. By analogy with the UCN loss probability at the 
trap walls [see Eq. (3)  1, we have 

il,, h. 

r-' (h ,  h o )  = ~ ' ( n )  l ( r )  d r / 4  js ( r )  ~ ( r )  dr ,  (5) 

where r ' (h,h, ) is the reciprocal of the UCN outflow time 
for a neutron of energy h,, where the bottom of the trap is at 
a height h; V2(z) = Vg (z) - 2gz; and I(z)dz is the cross 
sectional area of the trap window from z to z + dz. 

We have made two assumptions in deriving Eq. (15): 
neutrons do not return, once having left the trap, and the 
spatial distribution of the UCN gas density in the trap does 
not change during outflow, i.e., the density "forgets" its his- 
tory uniformly throughout the trap. It can easily be shown 
that these two approximations yield results that are accurate 
to 10% at worst. To take dynamical effects into considera- 
tion, we replace n (h, ) in (4)  with 

and replace the upper limit of the integral by infinity (in fact, 
the integrals cut off a few centimeters from h,, , so the actual 
upper limit is largely irrelevant). In this expression, At(h,, ) 

and At(h,, ) are the UCN detection times at positions h,, 
and h,, . 

Figure 6 sketches the offset in associated with dynam- 
ical corrections; we have compared the ideal ( 1 ) and actual 
(2 )  instrumental responses of our gravitational spectrom- 
eter, thereby illustrating the energy resolution of the latter. 

The physical import of the dynamical correction is that 
UCN with energy h, > h, fail to leave the trap in a finite time 
At(h, ). To some approximation, this is equivalent to saying 
that the actual position h, of the bottom of the opening has 
been replaced by an effective position h, + Ahldyn such that 
all of the neutrons below it remain in the trap, and all of the 
neutrons above it escape. 

Repeating the extrapolation of r,, (y) using the forego- 
ing dynamical corrections, we obtain the dynamical correc- 
tion to the extrapolated neutron lifetime, Arndyn 
= - 0.9 + 0.2 s. Uncertainties in this quantity stem from 

the limited accuracy to which we can calculate r(h,h, ) and 
the fact that we have made use of the spectrum of trapped 
UCN to determine the dynamical correction; that spectrum 
is only known to finite accuracy. 

Spectroscopic correction to the lifetime. As noted above, 
the data reduction proceeds in two stages: first the effective 
UCN collision rate with the walls is calculated for an unper- 
turbed Maxwellian UCN spectrum in the trap (taking trap 
geometry into account), and then spectroscopic corrections 
are introduced. This approach works because of the low sen- 
sitivity of the result to the shape of the spectrum, which is 
due in turn to the fact that the spectrum is the same in differ- 
ent traps (as has been confirmed experimentally). The most 
important extrapolation is a dimensional one, not an energy 
extrapolation. The spectral dependence on storage time can 
be measured directly, so it is not important to know the spec- 
trum as a whole so much as its shape within the energy bins 
prescribed by the experimental technique. 

To assess the shape of the spectrum and the size of the 
corresponding correction to the lifetime, it suffices to take 
advantage of the data obtained by measuring the energy de- 
pendence of the losses. Proper interpretation of the results 
requires that the suggested dynamical corrections be made 
first, along with a correction for UCN decay during the mea- 
surement period. Here we present data for UCN spectra ob- 
tained by monitoring a cylindrical trap, 

and a spherical one, 

0-31 

31.2 

17.1 
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The UCN spectrum is clearly depleted at high energies. 
Comparing the experimental spectra (including trap geome- 
try and all necessary corrections), we see that they are the 
same. Spectral measurements made with traps with berylli- 
um inner and outer surfaces are consistent with a Maxwel- 
lian spectrum. This means that the falloff in the spectrum at 
high UCN energies derives from losses on the outer surface 
of the traps used in the experiment during filling and post- 
storage detection. The most likely reasons for that falloff 
would seem to be losses in the exterior aluminum trap walls 
above cutoff. 

Substituting the experimental UCN spectrum in the 
traps into (4) ,  we obtain the correction to the effective colli- 
sion rate at any point on the extrapolation of T; ' ( y ) ,  and 
accordingly the correction to the extrapolated neutron life- 
time: AT+* e',, = 0.3 + 0.6 S. 

The uncertainty in this correction comes from varia- 
tions of y within the energy bins, due to the finite accuracy 
of the spectrum and the use of a variety of parametrizations 
in fitting the high-energy spectral falloff (note that the accu- 
racy with which the corrections can be determined is gov- 
erned not by the measurement accuracy of the spectrum it- 
self, but of its first derivative, since it is the spectral shape 
that is important within the various energy bins). 

Milliheating. Vibrations. In principle, vibrations in the 
trap walls will result in UCN energy variations. A similar 
effect obtains when a UCN interacting with a wall surface is 
scattered quasielastically; the resulting change in energy is 
much smaller than the energy itself. These processes lead to 
UCN diffusion in velocity space, and are related to a variety 
of systematic effects. Neither process has been detected, but 
a special experiment was carried out to control for vibrations 
and milliheating. 

The trap was filled with neutrons of energy h,. To en- 
sure that there were no UCN in the initial spectrum with an 
energy less than some value h ,  , the trap was positioned at an 
angle such that the lower edge of the opening was at a height 
h ,  above the bottom, rather than having the opening point 
straight downward. During a lengthy period in which the 
trap was monitored, neutrons with energies greater than h,  
exited the trap. To within the dynamical errors, then, the 
only neutrons remaining in the trap had energy h, in the 
range from h ,  to h,. We then measured the storage time for 
three parts of the spectrum, namely at energies above h,, 
between h, and h,, and below h ,  . Neutrons appeared in the 
first range by virtue of the turbine effect, which tends to 
corrupt the measurements, and due to incomplete purging of 
the spectrum in the finite amount of time allotted for moni- 
toring. If vibration effects were appreciable, the measured 
storage time at h, > h, would be longer than the actual time, 
and during the corresponding trapping time it could even 
exceed the neutron lifetime. Similar effects would ensue in 
the other energy ranges as well. The fact that no such effects 
were detected leads us to conclude that vibration and milli- 
heating cannot lead to appreciable errors in the measured 
lifetime. The maximum energy transfer in a single collision is 
at most (3-5). 1 0 1 2  eV. 

Turbine effect. An experimental check similar to the 
one above was carried out to study the turbine effect. The 
difference was that during the holding time, the trap was 
turned through a smzll angle for a specified time at a known 
velocity. The UCN spectrum in the trap was then measured. 

If neutron reflections from the surface were perfectly specu- 
lar and the trap itself were a figure of revolution, the turning 
of the trap could not alter the UCN spectrum. Neutron dif- 
fusion in velocity space during trap rotation thus supplies 
information about the magnitude of the turbine effect. Any 
deviation of the shape of the trap from a figure of revolution 
would likewise induce a turbine effect, but at a much lower 
level. 

The net result of the turbine effect is that detected neu- 
trons have a 5-15% probability of winding up in an adjacent 
energy bin, depending of the position of the trap (spectral 
shifts beyond an adjacent bin are rare). This means that 
some fraction of the neutrons are trapped at one energy, with 
no change, and upon detection behave as if they possessed a 
different energy, i.e., as if they lay in some "foreign" energy 
bin. With the assumed T; ' (y ) ,  this then implies that some 
values of the effective collision rate y ought to be somewhat 
higher (lower trap position) and some lower (higher trap 
position). Under these circumstances, the "center of gravi- 
ty" of the experimental points for a given trap should remain 
essentially unchanged after corrections have been made. Di- 
rect estimates indicate that the neutron-lifetime change in- 
duced by the turbine effect is at most 0.1-0.3 s. 

Efects of the substrate and thin-jilm stability. In the 
design phase of the experiment, we carried out a number of 
test measurements, including spectral measurements of the 
storage time in titanium and aluminum traps coated with a 
layer of oxygen. Those tests demonstrated that at least 99% 
of the trap surface areas were covered with oxygen. 

The stability of the coating was verified in measure- 
ments with an oxygen-coated titanium trap. With a thick 
enough layer of oxygen (a  few pm) ,  the full-spectrum stor- 
age time in a wide trap was approximately 760 s. This figure 
was stable from one oxygen deposition to the next, and re- 
mained constant to within 10-15 s on a time scale of days. In 
addition, we verified the stability and constancy (both in 
time and from one deposition to the next) of the turbine 
effect for an oxygen surface. 

If the uncoated area varies at all, it does so by at most 
0.1-0.15%. Since the actual measurements employed an 
oxygen-coated beryllium substrate, we believe that instabil- 
ity (and up to 1% variation in the surface cover) exercised 
no influence over the results. 

Temperature dependence of losses for oxygen. To within 
the statistical errors, we observed no temperature depen- 
dence of losses in the 12-25 K range; experimentally, the loss 
coefficient may have varied by as much as 1OP7/K, which 
would correspond to an error in the measured neutron life- 
time of 0.5 s/K. During measurements, the temperature of 
both the spherical and cylindrical traps was held constant to 
+ 1 K; possible temperature dependence of the oxygen 

losses thus yields an uncertainty in T, of + 0.5 s. Improve- 
ment of this figure would require either more accurate mea- 
surement of the temperature dependence of the losses or bet- 
ter temperature stabilization. 

Possible deviation o f p  ( h )  from the model. To within the 
statistical uncertainties, the experimental behavior of UCN 
loss probability in collisions with the trap walls is consistent 
with the behavior predicted on the basis of the usual assump- 
tions (step potential barrier, uniform density and composi- 
tion of the surface along the entire penetration path of the 
UCN) . An analysis of possible departures from the idealized 
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model shows that they exert only a minor influence on,u(h), 
and have a negligible influence on the value of the neutron 
lifetime. On the other hand, the departure of the experimen- 
tally determined loss coefficient from the calculated value 
leaves the door open for hypothetical explanations of that 
difference, for which the behavior of p ( h )  can be arbitrary. 
The uncertainty in T ,  when one adopts various functions 
consistent with direct, experimental spectroscopic loss mea- 
surements is at most 0.5 s. 

Limiting velocity uncertainties. In this experiment, we 
measured the oxygen limiting velocity using an oxygen-coat- 
ed aluminum trap. Expressed as a maximum rise in neutron 
height, the limiting energy was 65-69 cm, with the uncer- 
tainty corresponding to a 0.2 s error in the lifetime. This 
quantity is small (as are the losses) because, to first order, a 
change in the limiting velocity results in a linear expansion of 
the y axis (see Fig. 5), and only to second order does it 
induce nonlinear distortions. 

It is characteristic of the effects described here that they 
exert an influence on the measured neutron lifetime propor- 
tional to the loss coefficient 7. Consequently, the fact that 
they are small derives from the small UCN losses at the oxy- 
gen-coated trap walls. In addition, it is dimensional extrapo- 
lation, rather than energy extrapolation, that is most impor- 
tant, and the former is not subject to the aforementioned 
errors. 

Since most of the uncertainties described here are ulti- 

mately statistical in origin, while the remainder stem from a 
large number of independent factors, we have added all of 
the uncertainties in Table I11 quadratically to obtain the 
overall uncertainty in the neutron lifetime, - 0.6 + 1.1 s. 
Measurements with an oxygen coating thus yield a neutron 
lifetime T ,  = 888.4 + 3.1 ,,,, +_ 1.1 ,,,, s, and we cite 
T ,  = 888.4 f 3.3 s as a final result. The overall systematic 
error in this experiment is thus approximately 1 s, which is 
smaller than the statistical uncertainty (about 3 s ) .  We 
therefore anticipate future improvements in experimental 
accuracy to come from additional measurements, which will 
augment the counting statistics, and from the availability of 
mire intense UCN beams. 
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