The Angular Correlation of Polarization
6F Annihilation Radiation

Niecholas Carlin and Peter Woit

Abstract:

The aéymmetry ratio describing the angular correlation of
polarization of annihilation radiation was measured, with results,
. under slightly different conditions, of 2.%7 and 2.56; the first
value is in accord with theoretical predictions, while the second
,is sﬁéqjémﬁéﬂtly higher than expected,



Theory of Angular Correlation of Annihilation Radlatlonl

iv Ideal Geometry
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Schematic dlagram of the-experiment

The Klein-Nishina formula for the Compton scattering | oeb
do- K2 v ue _ 2 K= inrkaal pholou E\«(vg
cross section is: BN = A% \(,}T_ A L] K= scdbertd photen weék

Sl .
where: ng_ wkﬁﬁz? and & = angle between the initial and
final photon polarizations

Energy conservation implies: W = 7;%%%;§§$

where: M =mass of soattefing particle=mags ol the o]ootron
In our experiment, gince we are using the radldtlon from poolLTon
electron annihilation at rest, ¥e=N , 80 V-w 'l wsB

Notice that the Compton cross section is dependent on the
photOn polarization, This property of the. cross section allows
us to use Compton scattering as a polarization analyzer. In
this experiment, we will use this property fo check the

aggumption, implied by quantum electrodynamics? that the two

photons emitted in an electron-positron annihilation are polarized’
perpendicularly to each other. This wlll be done by measuring

the asymmetry between the case when the two photons are

gcattered in the same plane, and the case when they are scattered

in perpendicular planes. A calculation of this asymmetry follows,

lohe digcussion in this section is based on: H,S, Snyder, Simon
agternack, and J, Hornbostel, Phys. Rev. 73, B0l (1948)
C.N, Yang, Phys. Rev, 77, 202~ 25 (1950)



Averaging over the polarization directions of the scattered
RV PR WV ¢ ! 2
photon gives: %%; z \@VBL k/Ka’-[, Aot B ~ 251a%0 Cos 535]
where: © =scattering angle

¢ =angle between the scattering plane and the direction
of polarization of the incident quantum

30, for an incident photon polarlzed in the plane of scattering:
(85),, = Yo Y (%ot 250207

For a photon polarized perpendicularly to the scattering plane:
(T‘ L= 34%1 i }»K pa]

Since the a priori probability that the incident photon #1 had

its polarization in the plahe of scattering is ¥, and the probability

that. it had: its :pélarization.pebrpendicular: $6 theiscattering .

plane is also %, given any photon Compton scattered through an

angle & , with energy ki, the probability that it had its plane

of polarization in the plane of qcatterlng ig
CLZDT o o + Yk — 2.8500704)
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Similarly, the probablllty that it had its polarization

perpendlcﬁlar to the bcattefing plane ist

d’%’dﬂ' (30"/5)15\1 "2-('% $ %—u_sm"ds
Since photon #2 is assumed to be polarized perpendicularly
BQIphoton #1, ‘the probability that it had its polarization in
o Pl 1 (% v 20) 2
the scattering plane is: e "‘“ét/i(&—t _smuog

The probablllty that it had 1ts polarlzatlon perpendlcular to

o’( phl.'l\*"n\'ti \ k ko 9
the scattering plane is: % i >/@(~1P“-dn4&)
Since the Compton cross section for photon #1, averaged over
. . . 2,
initial and final polarizations is: ‘%h}%b

the differentlal cross section for the two photons is given by:
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Simplifyings &Ll

where: \6‘(:(% F%Q\B and sz:(l%o\k%.
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For the case of equal scattering anglesl=6,=0,, ki=ko=k, ¥=¥=Y
. 4 , ‘ )
: .5(%‘:5511: (%'V'u* jli[‘{(,[ Yz-w- Z}fgfhze + 2.53\«*@‘ 6Lw2(¢2"¢|)’]
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For this case, the ideal asymmetry is given by: ﬂww”A
1 1 Y ; N
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This function has & maximum of 2.85 at® =82°, d W k

)
The asymmetry for an angle of 30° between the scattering ér*&

planes will be given by: 5 Uﬁ::b‘

" é - X 2 \ %9- /‘ 7‘ 0.
o Pl = | b ZENIE L i(30) |
Qgilbﬂt,\ ¢L“¢(- =0°

=1 ,46 for® =82°

By a-similar calculation: P =2,38 for GMBZ? for an angle between
the scattering planes of 60°, ‘

The .observed asymmetries at 30 and épldegrees(la39 and 2,06, see

Results section) are somswhat. lower: than thege -4deal 'geometry .

values;;as.onerwodld:expecﬁJ:THowévery?%heséVbbServéd-vaIUGésare
higher:than one woyld naivelyicompute by taking the ‘finite geometry

corrections to be proportiondl-to. .the asymmetry.:. Bn therdther hand,

we were not able to do the finite geometry corrections for 30°and 60

80 We -are unable o make #ny detalled ‘comparison: between. theory
and experiment, :

/

2, Effects of a Tinite geometry

No practical experiment can realize the ideal geometry
assumed in the preceding section, The detectors in any
experiment will subtend a finite angle, and this must be
taken into account. Calculations of the expected asymmetry
for detectors subtending varlous azimuths and scattering

angles (assuming that both detectors subtend the same angles)



were made in the previously quoted paper by Snyder, Pasternack
and Hornbostel. The following is a graph from their paper

which summarizes their results;
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Fic. 4. Asymmetry in_coincidence counting rates,
23 = Portmogomnt/ Leoplomry fOr finite geomelry, as funczllon of
half-span in 0 {or various half-spans in azimuth, e Cwrve for
a=0 also represents asymmetry ralio py = AP gmr)2/ AP gmpe V\J(ﬂ'j

In ouf experiment « was,,to within two degrees, equal to 20ﬁ'
and the semi-apan of dwas approximately 10° for our éarly runs
and'5° for the later ones, TFor a justification of this statement
see the following section which describes the éxperiment in

detall,

Deseription of the experiment

1, The experimeht'
See the following figure for a semi-gchematic diagram of

the experiment:
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The Source: The radioactive source was a sample of Na®?, which
emitsg a single positron in 1ts disintegration, followed by a

1,2 Mev photon, It® intensity was .45 millicuries (1,66 X207
disintegrations/sec), which was not checked, but was read off
from a scale posted in the laboratory. The emitted positron

can either annihilate in fiight, o, what is more-likely, 1t

can be captured by eleﬁtrons in the surrounding material, forming
positronium, which is unstable dnd decays into two perpendicularly
polarized photons, each with energy of 511 kev, and with opposite
momentum. Since the ratiopf 511 kev photons to 1,277 Mev photons
is 1.78 (from laboratory manual), 100X1,78/2= 89% of the
positrons are captured and produce 5311 kev photons. In early
runs of the experiment, the source was not centered in the lead
shielding, in later runs it was (see Results section),

The Scatterer: All of the data was taken using 1" long copper

scatterers, These scatterers were chosen since they contained
the most electrons and therefore had the highest Compton cross
section of the materials available to us. We wished thereby to
engure that as mény as possible of the photons were Compton
scattered, In retrospect, it seems that the use of 1" _
aluminum s¢atterers would havé been preferable since, alfhough
the rate of observed'coincidences would have been lower, the
experimental results would not have been as heavily affected
by the multiple scattering of the photons in the scatterer,
The mean free path in centimeters for a photon of 511 kev

id(:::>wherq;h/;p the total scattering cross secltion and n is

) ;
‘the number of electrons per om 4 rv=&§:22.46X1024/0m3
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O s 2.8X10"25cm2/electron (pg. 88, Graphs of the Compton Bnergy-

Angle Relationship and the Klein-~Nishina Formula from 10 kev to 500 Mev)

So the mean free path of photons in copper is 1.%5 cm, This

means that the beam of photons ié attenuated -as it goes through L

the scatterer by a factor of exﬁ(—z,ﬁh/1.35)=.15. Therefore, Gw}) jl;%
85% of the photons are expected to be scatteréd. The median ii:jEiV”b'
point m for photon scattering ( the point for which half of the{ﬁ%’ﬂiﬁﬂgh
scattered photonyg are scattered on each side of it) is determined

wm =M. LBV L KAse
5T b (T

by the equation m ¢

and is thus determined to
be 1.09 em, not guite half way through the scatterer, The median

scattering angle is determined by this point and using the values

from the diagram of the experiment is 9dlarctan(4'45"§1429+2'8O))

which turns out to be Bf;very close to the ideal value of 82°
Note that since the radius of the gcatterer is A3 of the }JQJJW)

mean free path, 100X(l-exp(-.43)))=35% of the photons will be ;:zgsggrgﬁa

scattered twice before leaving the scatterer. %3 Mpw*

o »
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Scintillator: The scintillator consisted of a cylindrical

o o R e
plece of Nal of diameter 1,25", height 1", connected to a Ap& )
| %
photomultiplier tube. 511 kev photons produced negative tail

pulses of order ,03 volts (see oscllloscope trace pictures
i This 003 Vot
- 0]@{?@/»40(5' “An (E}fg)‘(’ﬂ

t
- v -
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following this section)

Scintillation Preamplifier: The scintillation preamplifier

integrates the charge output slgnal of the photmultiplier tube,
producing a<£§53:§ﬁg§§;whose héight is proportional to the
energy deposited by the photon in the sciﬁtillator. It also
inverts the inﬁut pulse, producing a positive oﬁtput pulse of

height around .iv for a ,511 lev photon. (See pileture)



Amplifiers _The, amplifier turns the preamplifier output pulse
into a. positive pulse of near-Gaussilan shape and height around

5v(see plctures), T .
>

Single Channel Analyzer (SCA)+ The SCA's were set by using their

output to gate the input of the pulse height analyzer, which was
used to analyze the pulses coming out of the amplifier. The SCA
baseline and window width were adjusted so that only pulses

in a narrow band centered about the Compton scattering peak
were obgerved, See the section on the pulse height analysis

for the picture of this Compton peak, The Compton peak was
rather broad, largely due to the problem of multiple scattering.
In early runs of the experiment the windew wildth was rather
large, accepitling about % the Gomﬁton peak. Later on, thesge
windows were readjusted, narrowing them to about %'the width of
the Compton peak, Bee the picfures for a plcture of the 10v,

1 mictosecond .output logic pulse of the SCA.

Coincidence Analyzers The early runs of the experiment were

done using a'resolving time of around 10 nanoseconds., In other
words, the colncidence analyzer produced a 10v, 1 microsecond
output whenever the leading edges of two pulses, one from each
4CA, were withln 10 nanoseconds of each other, Later on, since
we feared that drifting in the time delay between.the two SCA's
might be causing problems, we lncreased this resolving time +to
«5 microseconds., The delay time between the two SCA's was set
by connecting both preamps to the same photomultiplier tube,
and varying the delay until the number of colnclidences was a
max lmum, somewhat less thah the number of output pulses from

the two SCA's since thelr window settlngs were not exactly the



same,

The Counterss Three digltal counters were used, one was connected
to the output of each SCA, another was connected to the output

of the colncidence analyzer,
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2, LExpected Asymmetry
For our experiment, the scintillator had a diameter of

3,17 cm, and was at a distance of 3.43 cm.from the center of

the scatterer, If one considers the effective diameter of the
scintillator to be that diameter such that any photon that goes
through it must have traversed ths. entire thickness of +the
seintillator, then the effective angle subtended by the
scintillator is to be éalculated uging the dilstance from the
cehter 6f the scatterer to the back of the scintillation

L

material (see diagram): o ?'”
T 2'43

U

54

So, half the effective azimuth subtended by the detector would be
arctan(%{%%é%'54)= 15ﬁ- However, there will be some contribution
from the photons not going through all of the scintillator,
Therefore I will use as the effective angle the average of 15°
and arctan(zﬁ%%§£)=2$) (the half angle such that the photons

traverse at least some of the detector)., As a result, for this

experiment, the effective half-azimuth is, to within é@f;fzof

......... L2 €A A

The half span for the scattering angle-would seem .to b o Egan
the gsame, but the use of the SCA's to restrict the energy of
the counted photons reduces this by a factor of ¥ in the early
runs of the experiment and a factor of % in the later runs. This
occurs bhecause fhe'only photons counted afe thoge in a narrow
energy range, which corresponds to a narrow rangelof Compton
gcattering angles, We will thus take 10° as the half span Iin

geattering angle for ‘the early runs, and 5° for the later runs.
orimuwwm.j trangieg duns. o di.l\rea,\mkmm . Bux
Ma.mmamw o-'e)‘l. M&LW




Using the graph reproduced in the section on the theory of the

experiment gives: @

Q

Prom examination of this same graph, the approximate Zguncerﬁainty

2.30 ‘for.the . early runs

]

2,35 for the later runs

in the half-azimuth translates into an approximate uncertainty

of .1 in the calculation of the asymmetry parameter,

3. Expected Coincidence Rate
The expected coincidence rate can be roughly determined
by taking into account the following factorss
At # of ahnihilatlon photons coming from the source:
A5 millicuriesX,89= 1.48%107 disintegrations/sec
B: Fraction of photong that reach the scatterer:
(:6§Ft/(wn(11.42)2)=.0012
C: Praction of photons that are gingle Compton scattered into

the detector= (fraction scattered-fraction double scatfered)
X(normalized Compton cross section at 8

. ) .= .
LETSER AT el

Dy Bfficliency of the detector . éﬁwfy <
From the graph that comes with the scintillator, at 511 kev,

the absorption coefficient for the photoelectric effect =,2/cm,

&inoe the photons travel through abéut 2,5 cm on the average, the

efficiency of the scintillator is about 435%.

E: The SCA window 1is centered on only the center fourth of the pgﬂﬁf/

The expected rate ils given by AXBX (CXDXE)? = .022/8ec

which is within a factor of 10 of all the ob;érvegl?ates. \JVIAy’Kfﬂ/ f

*This number is taken from the graph in Heitler, Quantum Theorv }
of Radiation, 3rd ed., pg. 220 %r/iy)




L, Expectéd’accidentals rate

With a 5 micro second resolving time and an average singles
rate of 200/sec in eaoh channel, we would expect an accidental
coincidence rate of 2X.5X1O X(200)2X60ﬁw 2.4 counts/min.
This rate occurs because the leadihg edge of the pulses in each
channel open up a window of .5 microsecond, during which a random
pulse may come along in the other channel, producing an accidental
coincidence. This predicted rate of accldental colncidences is
much higher than that which we determined by intfoduoing a delay
in one channel during one of thé experimental runs(see results),
Using that procedure we determined the actual accidentals rate
té be about ,3 counts/min. The only explanation we can find
for this discrepancy is that the calépygyéggmggmﬁhgﬂygsolving

time dial on the coingidence analyzer is inaccurate,
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Spectrum analysig:

Photo number 1 was taken with the scintillation counter
(NaI, Thallium activated) at 0° with respect to the beam, with
‘no scatterer; i.e., the direct singles"Spectrum_of the Na 22 )
source. At the far right is a very prominent peak centered at /;
channel #444, which corresponds to the 511 XeV anninilation 1V 0°
photon. We used this known relatidnship as a calibration, Given
that the peak channel number can only be determined to within
about 5 channel numbers the values for the energyes thus' obtained
are only good to within around %%~

At 309 KeV there is an edge, and at 199KeV a peak, which
are the result of backecattering in the scintillator. To explain
this we must look at the Compton scatterxng formula:

Zo = ‘[\ + -—-- (lwcas@):)
where B and EO are the final and initial photon energies re-
gspectively. When the photon enters the scintillator it can either
get absorbed, giving up all its energy, or it can scatter off
something, losing some energy in the process, and escape.

The maximum energy the photon can lose in one scattiering
event is (for @ =180°‘_ =m ) 2/% E,; by the same réasonmnid &
least energy deposited 1n such an event should be 1/3 EA AJ%ua “wu
though, there is a spread in the possible scattering angle, B0
if we take the mean value of cos® as “WL , we get 194 KeV for
the peak, so the edge should start at 317 KeV. These are close
(withini§%) #é the observed values.

\};&’ 3 The next peak, moving leftwards, is at 89 KeV, which is
éﬂwiLin excellent agreement with the 8TKeV Ka x-ray in Lead. This

occurs when the incoming photon strikes the Pb shielding in the
counter, causing an x-ray to be emitted.

THe furthermost left peak, though somewhat smeared out,
is probably the K&'edge for Iodine. It 18 located at about
35 KeV which is in good agreement with the 33KeV edge in the
avsorption plot accompanying the seintillator,

Photo number 2 is the singles spectrum at 90°using_a
Copper scatterer, and number 3 is the same with an Aluminum

A
il



scatterer. They are essentially the same, except for the great
difference in height between the central peak in Cu and that in
Al. Also, the right half of the Al spectrum is shifted slightly
to the 1&ft, due to the fact that the mean free path (for 511 KeV

photons) in Al is ~4,3cm which puts the scattering center much wﬁh

closer to being directly over the center of the .counter than A

does the €u scatterer with a mgan'fﬁgﬁupath of ~1.3%5 cm, %;Li;&ﬁ
Thus the Compton peak i;~AI:is at 25% KeV, while that in

"Cu is at 284 KeV, In both of these cases though, the peaks are
broad, ~50 KeV, and there is a long tail corresponding to scattering
through the walls of the container. q*gﬁﬂ"—fggft4lﬁ’%¢3-P*ﬁxah~

At the left, the Pb and I x-ray peaks are in the ‘same
positions as in photo #1, which is to be expected since they -
are peculliar to the scintillator slone.
The large central peak is due to multiple scattering; i.e.
a photon comes into the scatterer and is scattered two or more
times within the scatterer before coming into the scintillator.
The most likely auch event is for just two scatterings, The
(éiiﬁi)l?’_ﬁ) geometry looks like this: _ /)..:._ seatterer

Hadord ?

by anks e comnder
Using the Compton formula twice gives E=1/4 E = 127 KeV. In Al

the observed peak is at 136 KeV, and in Cu at 144 KeV. Considering
the scatiering center shift described above and the fact that

127 KeV is actually somewhat low for a twe~scattering event,

these values are in good agreement, This also explains why the
peak is 80 much higher in Cu- the mean free path is much shorter,

80 there will be more colliesions,
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The data:

A look at the data tab;e_shows several-interesting
rhenomenas
~ ~For runs 1 and 2 the ratlo-Lﬁl is around 2,05, while for
run 3 it is 2.%7, and for rund it is 2.56.
- The background rate jumped more than one order of magnitude
from run 1 to run 4. What we s pmjuabuc A oflaan a&&wmﬂ? '
- The average singles rate dropped significantly in run 4.
~ There is a significant change in coincidencerrates between
the various runs. ' N
- The coincidence rate for _33000 (600) is higher than for
that at 270° (90°), |
The Sertinant conditions under run 1 were: counters set
at (1) 3.68 cm and (2) %.43% cm from the scatterer, wide windows
th)Er”g on the SCA's,z2a 10 nsec resolving time on the coincidence counter,
‘giuyﬁo ;(and the source set at 15,6 on the adjusﬁer (below center).
,”‘ fu’ In run 2 we moved counter 1 up to 3.4% cm, equal w1th counter.
1 2. While not changing the singles rate much, thiqﬂupped the s bl

' Y el

001n01dence rate by about 25%. So evidently the c01ncidence rate

is sharply affected by asymmetries. (&ammmw%mrabuﬁ4 11L Lku)

P Between runs 2 and 3 we experimented with the source position,
\pma* Ja(flnally moving it to 20.3; this was as close to being centered
(@M( a8 possible, The result was a decrease in the coincidence rate

and an increase in the ratio! To understand this we must look at
" the situation in more - detail, ' "




As mentioned before, the mean free path for 511 KeV
photons in Cu is 1.3%5 cm, and after scattering this is even
smaller, Allobk at fig.(a) shows that for a photon ceming into
the scatterer at 00, the path it muet traverse is generally on
the order of, or greater than, the mean free path. Any path
above center must be even longer, .and any path below center must
have a correspondlng path ahove center on the opposite side.

N e ———

up as a. coincldence.

In fig. (b), there is ev1dently a much smaller angular
range for possible coincidences, but the path to be traversed
ig much shorter in this case, The latter effect will outweigh
the former because (from the preceding paragraph) the effective
angular range for (a) is probably not much greater than that
for (b). So the coincidence rate should be higher for (b),.

To get a rough estimate of the dlfference, asgume the
photon comes in at 0° in both cases, and that they go the same

/Sy/rhorizontal dtfference. Then the ratio of case (b) to (a) only

G: depends on the distance traveled after scattering. Assume the
vertical path in (a) is @ cm, and that in (bj is .34 cm., If
the mean free path for 255 KeV photons in Cu is 1.07, the ratio
is r=exp(.3%/1.07)= 1.38. The ratio for the coincidence rates
bhetween (a) and (b) is then_r2=1.$2. From the data table this
ratio is, for Il , 1.95; and for L., 1.68, Considering the in-
exactitudes that went into getting the estimate, these values

" are in pretty good agreement.

Fig.'s (c) and (d) are cross sections of the scatierer,
the dot representing the 0° beam line for fig.'s (a) and (b)
respectively., Clearly, in fig. (c¢), 0% and 90° scattering
involve traversing the same path length. In fig. (d), however,
there is a relatively large difference in the path lengths,
Thus we should expect, in this case; that it should be relatively
harder to get a colncidence count in the perpendicular orientation,
ag is in fact the case.



For run 4 we narrowed the window width on the SCA's, as
already described, and widened the resolving time on the coincidence
counter to 0.5 msec,

The widened resolving time resulted in an increased
accidental rates increasing the resolving time from 10 nsec to
0.5 msec, a fiftyfold increase, yielded an increased accidental aﬂ§ﬂ
rate of %0 and 43 times the previous values, This makes sense,
since the acoidental rate should be proportional to the resolving
time (as shown earlier), while narrowing the windows should cut
into this somewhat. '

6.&,
]

Ma

The narrower window width cut down the singles rate from
an average of 1.43x104/m1n. in run 3 to around .97x104/min. in
run 4, a decrease of about %2%; however the coincidence rates
only went down by 17% and 11% for 0° and 90°% respectively. This
indicates that most of our coincidence events took place within
- the narrow -~ 23KeV energy range defined by our windows,

The high ratio measured for run 4 is due, in part, to
to the fact that the narrow window width effectively decreased
the angular spread for acceptable events, thus bringing the ratio
up (see the theory section). However, it is etill highexr than
the expected value., A guggestion for further expiloration of this
would be to do a run with narrow windows at a small resolving
'timé, to separate the twb effects. (Time limitations prevented
us from trying this.)

The coincidence rate should be a‘smoothly varying function
of the relative prientation of the counters, reaching a maximum
at 90°. 0ur(330° (30°) measurement agrees well with this, but
the 300°(60%) does not. In fact it is higher than the 90° measure-
ment, 4ddthoyghc they: arelwbthine theiarrertbapsrofiedehydthers e -
Howkver,  ndtshaving! done the finite geometry problem for 600,

it is possible that this measurement is really not too far off,



Conclugion:

Die to geometrical considerations, i,e. source and counter
placement, runs 3 and 4 must be taken as the most significant
tests of the theory. The reshlisof.run 3, with r=2,367% 049,
agreeg best with the predicted value of ~2,3, The result of run 4,
r=2.557i;075, is@u@nwever,'slqyéiié%ntAy higher than the predicted
~ value of ~2.35& 0. S Toe. 2.5E0.( sLatistee @.-(.lt, a'h(]?&/@j’“‘(-
b fena 2,25 ot ¢
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