
研 究 論 文Ill11日HIIIlHIIHllllHllHll

AramanStudyofenergytransferproce88eS

betweenphononandvibroninRDXandβ･HMX

atlowtemperatures

ShujiYe●,KenichiTbnokura-,andMitsuoKoshi●

TheRaman叩eCtraOfBOmephononandvibronmodesinRDX(hexahydr0-1,3.5･trinitro･1,3,

5･triazine)andβ･HMX(oct8hydrol1,3,5,7･teranitro･1,:i.5,7-tetrazocine)cry8talShavebeen

me88uredattemperaturesrangingfrom3.8Kto300.OK.Shiftsinphononfrequencydecreased

withincreasingtemperatureunderhighvacuumconditions.ItiBfoundthatpl10nOnBandvibron8

have8imihraveragedlifetiJne(6.8psforphononmode8and4.Op8forvibronmodes).Theband-

width80fphonon8andvibronBincrea8edwithincreasingtcmperature8.Thetemperaturedepen-

denceofbandwidth†waSfittedtoafunctionalformofcorrect.Thistemperaturedependencewa月

interpretedintermsofthree･phonondownprocessaSWellasofdeph88ingproce88eB.Three･

phononanddephasingproce88e8arethedominantrelaxationmechani8mformo8tOrVibrons.

1.)ntroduction

Whenamolecularcrystalreceive88Shock(or

impact),apartofmechanicalenergyi8transferred

fromthe8hocktothelatticevibration(phonons).

Phononenergythenmu8tbeconvertedtomolecu･

larvibrationB,inordertoheatthemuptoatem･

peratureatwhichachemicalbondcanbebroken.

Thisenergytransferproce88,WhichtermedaS

multiphononuppumpinglI,i8expectedtobethe

rate-determlnlng8tepfortheexplo8ion.打owever,

informationontheenergytransferrate8between

phonon8andvibron8(molecuhrvibration8)iSVery
limited.

RamanSpeCtrOSCOpyヱ)iBprovedtobeau8efultool

toobtaininformationonthelifetime80fphonon8

andvibronBandtheirrelaxationproce88e畠.Ina

molecularcrystal.duetotheoccurrenceof
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anharmonicphonon･phononorphonon･vibroninter･

action8,phononenergywilltransfertoanother

phonon80rVibronS.Tnaperfectcrystal,thetotal

relaxationti血eT3iSdeterminedbythe8uperPO8i･

tionoftwodifferentmechani8m8,8populationde･

GayprocessCharacteri2X!dbyalifetimeT)and8pure

depha8ingproce88WithalifetimeT{3I.Thetotal

depha8ingtimeT2i8givenby4bI

1 1 1

膏=百 十両 (I)

Thebandwidth†oftheRamanSpectrallineiB rel

latedtothetotalliLbtimeT::

1

Y=面 (2)

whereciBthe8peedoflight.Theexperimental

informationobtainedfromthetemperaturedepen･

denceofthebandwidthprovidestheclt)eforidenti･

fyingthedominantmecllani8mSinvolvedinthe

overallrelaxation.Accordingtoequation(1),the

bandwidthγCanbeexpre郎eda8aSumOfthecon･

tribution8frompopulationdecayprOee88e88mda

puredephaSingpr∝eSSaBfollow86ITI:
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Fig.1Schem

aticoflowtemperatureRamanSpeCtrO8COpyapp

aratu8.I90 200 210 220

230RamanShi允/Cm'1Fig.2AnexampleofI.orent2iianGttingre8ultB. 240

250y=Y3d+Y3u+Yd叩A,Y:.a=B,a(D,･+77j+

1),T3U=BJn.･-J7ノ),yd..ph=BdcphJ7i(nJ+1

). (3)Here,B3JandB3uarethird･orderanharmon

icterm与Ofthecry8talHamiltonianforthethree･phononproce88e8,inwhichtheinitialphononen･

ergyhowilltran8fer8tOtwophonon8haviJlgener･

gle卓0fh叫andhq.Forthethree･phonondownpro･ce88(B3J),energies0fbothLinalphonon8tate8are

le88thaninitialphononenergy((伊仙,叫),Wherea8

forthethree･phononupproce88,OneOfthefinalphononstatehashigherenergytlmninitialphonon

energy(q>O>叫).Btbhisaforth･orderanltamOnic

termofthecrystalHamiltonianforthedephaSingproce88.Here,theenergyofthe丘nal8tateh的8hould

beveryclosetOtheinitialphononenergy.A.i

8theoccupationnumberofthei-thphononnodea

ndgivenbyD,･=lexp(ha'J･/kT)-1】~1 (4)

ItisnotedthatthecontrihutionBfrom恥.andyJ小va

niBhandγ印datT=0.Thereforewecandeterminethelifetime(orenergytransferrate)forthethree･

phononpopulationdecayfromthebandwidthatT=

0･Inaddition,atthetemperatureregionofho<kT,t

hebandwidtl18Causedbypopulationdecaypro･ce88e8(Y,Aandy3u)dependlinearlyon



Inthepre8entpaper,Weme88uredtheshi鮎 and

bandwidthsofsomeRamanactivelatticephonon8

andvibronsinRDXandPIHMXcrySta18.Lifetime8

forthethree･phonondownprcceBSWeredetermined

bytheextrapolationofthebandwidthBtOT=0.Con･

tributionsfrompopulationdecayanddepha8ing

proces8eSWereSeparatedontheba8i80fthetem-

peraturedependenceoftllebandwidth80fRaman

8peetrallines.

2.Experimental
Allspectrawererecordedusingadoublemono･

chromator(CT･1000D,JapanSpectro8COpicCo.,

Ltd)withaCoherentlnnova70･5continuou8Wave

argon-ionlaser.Thela貞erWastunedto514.5nm

withapoweroutputof0.25-0.45W.Monochroma･

torSlitwidthswereSetat50pm,whichre8ultedin

aspectralre80lutionofO.2cml.Spectrafrom10to

3100cm-1at3.9Kand300.0Kwererecordedwitha

8CanSpeedof100cmI/min,whileSDmeOftheSpeC･

tralline8Wererecordedwith88CanSpeedof10cm
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/minathighvacuumcondition(<103Pa).Sample8

werecooleddownto3.6Ku8ingCryogenicrefri

g-eratorforopticalme88urement8(PS24SS.Nag

a8eCo.;Ltd.Japan).TheteJnperatureOfthe8ampl

ewasequilibratedbeforetheRamanSpectrumWasreco

rded.A8Chematicoftheexperimentalappara･tu8i88

howninFig.1.ThenoiseOf8ignalinSpectrawasreducedusingadigitalfilter.Line8hapeofthe

Raman8PeCtraWaSfittedtoaIJOrentZianfunction
,andtheline

positionandbandwidthweredeter･mined.Anexa

mpleortheLorentZiianfittingwasShowninFig2.

The88mple8WereObtainedfromtheChugokuCor-po

rationofChemicalPharmacy,Japan.andthere-cry8ta11izationofthe88mple8Wasperformedthr

eetime8&omSaturatedet,llanOl/acetonesoluti

on.Thetypical8i乙e80fRDXandP･HMXcrySta18are

2.0×2.0×1.5mmand1.5×1.5×1.0mm,re8peCtively3

.Resultsanddiscussion3.1Ramanspectraa

t3.9KTheRaman8peCtraintheregionof10-3100cm

IofRDXandβ･HMXcrystalat3.9Kare島howni

nFig.:1(a)and(b),Atlowtemperatures.totalof7

0and60linesWereObSerVedforRDXandP･HMX,re8p

eCtively,ratherthan57×8and39x2modestllatpredicte

dbythefactorgroupanaly8i8.Somelinesinthevibronreg10nSplitintotwopeaks.The8eSplit･

tingmaybecausedbythefactor･groupSplitting(suchasDavydoveErect).Vibrational

frequenciesandtheiraB8ignmentsaregiveninTa

blelfortheSplitline且0bseⅣedinRDX8peCtra.InRD

Xcry8talthelatticei8builtwitllpairsofeightin

vertedinterlockedmolecule881m.InthepairStru

cture,intermolecularelectrostaticinteractionsareimportantbecauseOrthealternatingrelati

vepo8itiveandnegativechargeontheatomsinRDX.

Theoxygenatom8andaminenitrogenatomsarenegative

lypolariZX!dwhilethecarbonatomsandmi･trogenatomspO8itivelypolarizedJ:).Oneoftheoxy

-genatom80ftheaxialN･NOごgrOup88ituateSinthemolecular"pocket"…oftheneighboringmolecule

andattractivelyinteract8Withallthreenitrogena

tOm80fthenitrogroups.Otheroxyg帥 atOmSa一ltrac

tneighboringpairs0fmoleculesbyinteractionwithnitr



TablelSplittingorsomevibronsinRDXcry8Lal.

V/cmーlat300.OK V/cmlat.3.9K VcAh;/cmーlld) Sym .(AJ AssignmentLdJPeakl

Peak2149.4 156.5 161.2 153 A〝 t(

Not,),8(NN)207.9 212.4 213.7 2

00 A′ γ(NN),臥.て227.5 231.6

235.4 220 A〝 γ(NN)349 350.0 353.5 311

A′ 8(NOZ),V(NN),8(NN),ok.帆7ノ10.3 7

37.1 740.8 742 À r(Not,),8(NN)759.5 759.9 760.9 731 A〝 r(Not,),8(N

N)789.6 791.2 792.2 796 A' O(NO=),r,R,ct1277.9 1279.0 1282.3 1286 A" V,(Not.),V(NN),I,
8(Not,)1573.7 1572.6 1575.1 1559 A〝 V.,(NO

=),r(Not,)(:≡:;:: (:≡:;:;

1597.3 ) 1603 A′ V.(NO:).r(NO_.),Oa).Ref

erence9andLOeculepairsbecauseOftheoxy

genamnity.ButtheintermolecularforceSbetweent

hemolecularpair8areweakuJ,andtheinteraction

betweenRDXm0･lecularpairsi8expectedtoplayan

importantroletDthiskindofDavydovsphtting,which can

beprovedbythefactthaもthesplittingonlyoccur8int

heBehP◆

!1-･I:IAB▲~H=

<Ln60

bPl
_
I
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0 ISOFig.4RamanSpectrainthelatticemoderegio
natlowtemperature. mode8a88ignedtothedefor

mationN･NandNO2,referredtoTableIandFig.2

.InthisC88e,them0･lecularvibration

almodesdonotbehavea8indepen･dentuncouple

dunit8 州 .Further8tudyiSrequiredtoclarifytheor

iginoftheseBphtting.Inβ･HMXcry8tal,a8ana

lyzedbyBrilll5'.thedominantintermolectllar

interaction8areOffsetto80meextentbyoneor0-Nr
epulsionandanother0-Nattractioncombinedw

ithoneofO･･･Orepul･母ion.TheseCOuplinginteraction8

re8ult8Plittingin80meVibrationalmodesWhileo

thersbehaveaSnearlyindependenceuncoupledumit

B.3.2LatticenlOdesTheRamanSpectrainthelatti

cemoderegionare8howninfig.4,ForRDX,Ramanpeaksa

reObservedat21.7.30.0,51.9,61.2,72.5cmIat300.OKwh

ilethesepeak88hiftandSplitinto25.7,35.6,41.6,4

6.7,52.1,59.7,63.3.69.5,7JI.5,79.1,83.1,84

.9,87.3,91.2and93.3cm18t3.8KAccordingtothe

factorgroupaJlalylSi8,RDXshouldhave2JIphononmodes(6AL.+

6Bl¥+6B2<+6B3̀),butnotallorthesemodes

couldbeob-served,whichindicates80mephonon

modesOverhpwithtogether.Forβ･HMX,itsphono

nmode8peCtrumi8rela･lively8imple.Atroom

temperature,Ramanlinesareobservedat36.0and65.0

cmIat300.OK.TheyhavebothÀ andB̀Symmetry.At

thetemperatureof3.9K.twopeak88hiato:19.5and71.8cm'I.Inad



Table2Low-temperaturefrequencyandbandwidthsofphononmodes0fRI)X

V(OK)len-I Y/cm'1 Tl/pS B
- C25.7 0.6 8.9 0.009 2

.0×10'F'35.6 0.7 7.6 0.0

15 1.2×10■F'41.7 0.7 7.

6 0.011 4.5×10°546.9 0.

6 8.9 0.018 1.5×10●さ52.1 0.6 8.9 0.008 5.2×10-tFl

59.9 1.0 5.3 0.012 I.22x

l〇一163.6 0.8 6.7 0.025

5.3×lO●f'69.7 0.9 5.9 0.

021 2.3×10'F'115.3 1.3 4

.1 0.011 5.4×10'5144.6 2.0 2.7 0.014 3.9×10ーE'Table3Ⅰ.ow･temperaturefrequencyandbandwidth80fphononmodes0f

B･HMXgym .t1) V(OK)/cm●l Y/cmII TL/PS a C

AssiplmentaJAt.+BL, 39.5 0.5

10.7 0.008 1.3×10ー5 LibrationalBF 63.5 0

.5 10.7 - - LibrationalA.;+Bb, 71.8 0.5 1

0.7 0.016 3.1×10■5 ubrationalAL.+Bは 87.1 0

.6 8.9 0.017 2.0×10J5 Y(N-N)十で(ring)Bb. 104.5 0.8 6.7 0.008 1.15×10'4 Y(N.N

)+て(ring)～ 106.8 0.9 5.9 0.016 5.

4×10-5 γ(N.N)巾(ring)～+B̀ 137.9 I.2

4.4 0.019 3.9×lOー5 て(NO.1)Bb. 145.8 1.3 4.1 0.

015 4.1×10ー与 て(NOB)A; 154.6 1.7 3.I 0.017

2.9×10~El て(NOB)Aぜ+Bbr 164.3 2.1 2.5 0.018
3.8×10◆5 T(NOB)a)R

eference17peraturereportedbyCavagnateta

1.6).They88･8]'gnedthi月peaktoBL･8ymmetry.

There由noreportaboutthelatterpeak.RDXand

P･HMXhaveverylowfrequencyvibra･tionalmode8

involvingNO2rOdiingmotions,Whichliebelow

phononmaximumcutoqfrequency(fL,AL)Thesevib

ration8donotactasdoorwaymodes.Thedoorwaymode

i8defineda8thevibrationalmodewh08efrequency

i8largerthanphononmaximum･cutofffrequency

(fLnnl)andleasthan2fLTtdX.Tho8emode8having

lowerfrequencythanfL...are"amal･gamated"inthe

phononmode8･Theyareexpectedto

behavemuchlikephonon8imthattheywillbedirectlyexcitedbytheShock"･Forthisreason

,Wea8Signthe8emode母a8phononmode8,Thelow･t

emperaturefrequencie8andbandwidthBofsomephono

nmodes0fRDXandp-HMXhavebeenmeasured.ThereStl

ltsarehatedinTable2and3.PhoJIOnmodes0fRD

XhavelifetimeBT.rangingfrom2･7to8･9pswiththeaveragedhfetimeof6.7p8.In β･HMX,thelifetime

8T.ofphononmode母areintherangeof2･5-10.7p8w

iththeaveragedlifetimeof6.tips.Thefrequen

cies0fallthephononmode阜dependorLtempera

ture･ItiSfoundthatthesefrequencie8couldbefi

ttedtoafunctionalformofv(T)=V(o)-BT-Cr2.Th

emodeat63.6cmlofRDXhasamaxi･mumfrequency

changeofI1.OcmJbetween3.8and300･OK･Them

odeat106.8cm'lofP･HMXhasamaXi･mumfrequencyc

hangeOfabout9cm.)･Thefrequencydependenceo

nthetemperaturesunderhighvacuumconditioni8

differentwiththereSultSunderhighPre88ure

conditionwherethefrequencieSShowanormallinear

decrea8ewithincrea8ingtemperature州･Underthe

highvacuumcondition,thecrystallatticespaci

ngislargelyincreasingwithtempera-turesthanth

上underpre8Suredconditions.TWOexamples0fthe

bandwidthsa8afunction｡ftem-peratureareshow
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rature瓜 200Fig･5Example80fphonon･bandwi
dth8depen-dencewithtemperaturefo

rphonon8.pendontemperatureaST2,wherea8Ot

hers(25.7,59.9,69.7and115.3cm-1inRDX,39.5,71.tL10

4.5,106.8,145･8,154･6and164.3cmlinβ-HMX)a

relinearlydependentontemperaturesatregion

ofh仙くXT.3.3V

ibronmodesRaman8hiftBandbandwidthsofSeveralvibrons ofRDXandP･HMXhavebeenmea8ure

da88func･tionoftemperature8･Thelowtemperatur

efrt!quen-cie8andbandwidth80fthe白eVibronsar

eli8tedinTable4and5.andthelifetimeBTTIOfvibr

onare8um･mariZedinTable6.RDXandβ･HMX

havealmo8tthe卓ameaveragedlifetime(aboutJlp8

),Whichi8ingoodagreementwiththere8ult80fFaye

retal.19)FayerandhisCOIWOrkerBhavemeasured

theI℃lax･ationrate80faBymmetricstretchingmode

(-I580cm-1)ofnitro･groupforseveralexplo8ive8a

troomtem-peraturetI8inginfraredpump-probee

xperiment8.Thevibrationalfrequency8hift8inR

DXcry8talB8howT2dependence,whereas8hiASin

β･HMXcryB･tatarein8ignificant･Withtheexcept

ionof80mebands,ageneralfeatureOfthevibron

bandwidth888afunctionoftemperaturei8theirno

nlinearbe･haviorinthetemperaturerangeOfhひくK
T,whichiSatypical8ignatureOftheoccurrenceoffo

tlrthorderordeph88ingpmceSBeS.Tbmperaturede

pendenceinthebandwidth8iBmainlygivenbythe

temperaturedependenceofthephononandvihratio

nalpopula-tiona8givenbyeq.3.Althoughthe舶8

ignment80ftheenergylevels(i.e.,iandjineq.(

3))arenotunique20㌧mo阜tprobableproce88eBCan

beidenti-fiedbytakingintoaccountmeasured

phononfre-quencies.The8imple8tfourthorderpro

ce88iSthedephaSingproce88,Whichisexpectedto

bethemoste抗cientforvibronrelaxation.Itcan

dephaBethevibronswithintheirowndi8per

8ioncurve8Formolecuhrvibrations,relaxationca

noccurei･thertothelowerfrequency(downpro

ce88)ortohigherfrequencie8(up-pumpingproces8

)H.IntheTable4Low･temperaturefrequencyandbandwidth80fvibronmodes0f

RDXcrystalSym. V/cm~l γ/cm ●l Tl/p

S AssignmentalA' 212.4

1.3 4.1 γ(NN),帆,TA′ 213.7 1.2 4.4 γ(NN),帆

,TA" 231.6 1.4 3.8

γ(NN)A〝 235.4 1.3 4,1 γ(NN)A′ 350.0 1.0 5.3 8(NO皇),V(NN),8(NN),ok:,帆

A′ 353.5 0.9 5.9 8(NO皇),V(NN),6(N

N),ok:,恥A′ 675.0 1.7 3.1 8(NO皇),r,O(NO2),CE｡

A′ 852.0 1.8 3.0 o)(NO2),

A〝 861.4 0.7 7.6 a(No岩),

A' 88



Table5I.ow･temperaturefrequencyandbandwidth80fvibronmodesofP･HMXcry8tal★

SymdJ. V/cm'l γ/cm●1 Tl/pS Assignment

.1)Bg 231.8 I.1

4.8 RhgA.E 234.0

1.0 5.3 RbgAで+Bg 281

.0 2.0 2.7 RingAg+Bb,

365.4 1.4 3.8 RingAg+Bg 88

5.2 1.6 3.3 Ring(stretch)Ag+Bだ 957.2 2.6 2.0 Ring(stretc

h)BF 971.6 1.0 5.3 Ring(st

retch)At, 973.5 0.8 6.7 Ring(s

tretch)Ag+Bh. 1171.1 1.4 3.

8 Ring(stretch)Ag+BL. 1354.

4 2.3 2,3 YorT(CH2)Ag+B< 1368.6 2.1 2.5 YorT(

CH2)AC+B仔 1418.1 1.4

3.8 8(CH.i)Bg 1436.8 1.

7 3.1 8(CH2)Ag 1439.0 1.9 2.8 8(CH2

)AF+BF 1456.2 1.6 3.3 8(CH2)AF+B耳 1463.3 I.4 3.8 8(

CH2)a)Reference17

Table6Lifetime(p8)ofp

hononandvibronmod朗Ofexplo8ive8.EXpl

osives RDX β-HMXⅠmpaCtSenSitivity(

hJ cm ) 24 26Phononmode8 2.7-8.9(6.7) 2.5-

10.7(6.8)VibronmodeS 2.6-8.I(4.4) 2.0-6.7(

3.7)There8ult(-1580cm..)ofFayer'9' 6.2±0.4ps 4±lp8Thevaluein()iBtheavera

gedlifetime.Table7An harmoniccoeLZicient8andphononf陀quenCieSforthevibronrelaxationproce

88inRDXcryBtal*.Sym. V/cml(300.OK) BIIJ oJ/cm'I (也九m◆1 Bl小 O/cm)

A〝 108.5 1.28 30(P) 78(P) - -
A′ 207.9 1.25 150(P) 58(P) 0.055

20(P)A〝 227.5 1.35 150(P) 78(P)

0.06 20(P)A′ 348.3 0.97 301(D)

47(P) 0.02 20(P)A′ 350.8 0.93 30

1(D) 50(P) 0.02 20(P)A' 671.3 1.6

7 593(Ⅴ) 78(P) 0.034 20(P)A′ 849.5 1.77 740(Ⅴ) 109(P)

0.013 20(P)A〝 859.3 0.66 790(Ⅴ) 69(P) -■-■
■- ■■--A′ 886.5 2.02 790(Ⅴ) 97(P) 0.0175

20(P)'P=phonon;D=doorwayvibration;Ⅴ=highfrequen

cyvibrationalmode.downproce88e畠,apartOf

thevibronenergyhastobetransferredtopho

non8･Intheup-pumpingpro･ce88eS,Vibronha島t

Ogainenerw fbmphonon.AcIcordingtotheenergylevels0fphononBandvibron8 inRDXan叩･HMXspectr

a,energytrarL8ferpro･ces8e80fvibron8havebeen



Table8AnharmoniccoefBcientSandphononfrequencie8forthevibronrelaxationproce880f

β･HMX叩鳩tal★.

Sym. V/cm)(300.OK) B..IJ o})/cmLl wJcml BJ...h

O/cmlBu 96 0.80 48(P)

48(P) - -A.. 97 0.92

48(P) 49(P) - -AK+BL. 130 1.20 65(P) 65(P) 0.07 36(P)

BK 138 1.25 48(P) 90(P)

- -AF 148 1.70 58(P) 90

(P) - -Aゼ+BU 156 2.10 59(P) 9

7(P) - -Br 231 1.06 152(P)

79(P) 0.045 36(P)À 231 1.0 152(

P) 79(P) 0.07 36(P)A.+Bで 280 2.0

183(D) 97(P) 0.095 36(P)À +Bg 362

1.35 231(D) 131(P) 0.07 36(P)A..+Bg 884 1.60 755(Ⅴ) 129(P) 0.034 36(P)

Af+BC 1170 1.42 1088(Ⅴ) 82(P) 0.085 36(P)Aで+B̀ 1417 1.35 1320(Ⅴ)97(P)0
.
0136(P)

'p≡phonon;D= doorwayvibration;Ⅴ≡highfrequen

cyvibrationalmode.9.､も7′05●''J'一

10.･u3[∑〓JVu 50 100 150Tempcmttqc/K

200 ヱ50Fig.6Temperaturedependenceofbandwi
dth80f80meVibronmode8;opencycle
:experimen-taldatiL;阜oudline月:the

oreticalfitting.3d=three･phonondownproce88;dep



Temperaturedependenceofthebandwidth80f

vibronsi8interpretedinterms0fthree･phonon

downa8Wellasordepha8ingproce8SeS.Iti8eOn･

cludedthatthethree-phonondownanddepha8ing

processesarethedominantrelaxationproce8Se8for

mo阜tOrVibrationalband8.

TounderstandtheinitiationmechanismOfshock-

induceddetonation,itiSneCe88arytOknowtherate

ofthepopuhtionrelaxationfromphonontovibron

formanymoleculesincludinginBenSitiveexplosives.

Re8ultBOrPre8entStudyindicatedthatthelifetime8

ofphonon8andvibron8atT=OKarealmo8t88me

forRDXandHMX.Iti8interestingtoinvestigate

thelifetimeofinsensitiveexplo8iveS.Theenergy

transferratei8notOnlydependentonthelifetime

atT=OK,butalsodependentonthedensityofState8

for丘n8lphononorvibron8tate8.Thereforeitisalso

requiredtoealeu18tetheden8ityorstatesf♭r

phonon8andvibron8.Such8tudie8areCurrentlyin

progre88inourlaboratory.
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