il = S whﬁm WE  GE~DED L A>T LECTug &
_WB_R"! DiScusSing  THE ~ ManmTomic HAZHamc_

weE

C KA1

——

' _ W@W@M@MM

ANO  SHOWED TWAT THE SYSTEM SufroxTeD

WAVE-LlkL  PReTiemws g~  PARTICLES | wHerE THE
MoYEnwnT  of THE  nth  pPARTwcLE WS
(37
pLsScrigso : e Twb—tkha——
Sx. = X, - =A e -
WATH DS PUSLem QL&TJJ L LN T
L = oty =2 VK | smf k) |
= —y
=i o e ——
=1 O >
By - =iz J
1 LR o L
[ UWicw  \kAS GuwkrAL  FubTo@es
! o ) Lineae Dispgrsion  AS k-0
(D 2Zero  Qeovp \/liLoclTY ps Lo
i () QSpsATING  PATER o PEReDICITY P

@ N ONMIGuE MoDES | Fug THIS S¥IEH

Witw N DeGeess ofF fFREEDoM




<o DS THIS HELP uS JUNDEESTAND THe
| HEAT CAPACITY AT M (of- AT LEAST Wwhy
| Te DuBys popsL  yyeeks)?

WPJLL,} YES LN F/:,c”"/ ﬂECﬂjLL WL{ rou:uD

3 e o
- B 2
o —

el yam T R e ey e choian)

CWHECK LimiTS

L) T=0 ¢ fecanr Des  ModEL
| | fescTeD  T° N THIS  LiniT BY
i ASSomiN G (W tk . WE SEE Frak
oul FuLe DISPER3jon  THAT (W
1S IVNDEED PlofofTio8AL 10O J’_ 1 &)

THE SAMe LimiT, W% Fue Dis Pt

S o Se L o2l eyt

” Has Samrug  TFoem

___4_@“7-—‘)00 LM THS LiptT | WiE  oT g CTHAT

e BoSKE TAKOE (g = (o™= ) D e TaT

Just  REWrs> A Lo TZHANN FACTOR . THUS

. THIS  LimuT, HENT  CAPACITC LS GrVEW

i BY  TRE [EQui PATIov THEoREM W =m.
| Cy=3ket N mop N _peedy

'_'—W—DW ~BSSonED 17 pot TR or WE DERNVED THE Feom

o Feon %OUVDAL‘;’ Qen DI TIonvS /




Now  LeT's ADD  AwsTHER  (VupY CdMMdﬂl_
FAcTor AND S&Y wHAT BAfFEWS !

Con PLienT N &
A WoLTI-ATorm GﬁS/S/

THE ODIATOMIC  CHAIN _
_ AGQpin RESTRACTING  gpp. ATTENTIH Tu 1D,

LET 'S  ConNsiDBRZ  whAT  HAPPENS WHEN wiS Rl

ADD 2 Arows  \WNSTEAD o P JusT one

m, N

m, Ma
] I — @ AAAAL AAAAAP ALAAADAAAAA A ————
'\/\1- ]'(, K:_ \’(l kL
| |& - -

Naw_ IHE u}—mcz PA!!Z&“!{TEIZ G SL«EPArMTES

e LAEPEATING UMY NoT  THE IUMVPDUM— ATomS
o — e S 1 T e S /|

AN THE  EQUILIBRIun fos 1 Trews ofF THe
TwWo  mwrs  (SAY ¢ty ) AR G BY

|

| L= na +%

Y4 = na ¥ Y,
o L)
Forr % AND 9, TWE "BATIS VEcroes”
oF THE ATomMS W ‘TH_?i.._._THE ONIT Cuser,

B Nd\J_LTHE _EGuAT\aNS oF MiTionv ALK

m, Sﬂ')zn ol Kz (S‘-ﬁr\ _Si(n\'\‘ K\( ggh-l—é:("}
o o KA Tl Ea) o 0 R A S
AN M~ (3,-., = ™ Xy ’6‘8") Kl 0%, = 9n,

T

g

e



~ AGAIN | LAT'S Lok [0f SotoTiows 0F THE Forw

S'DC A Curt: -ckna
N <

‘w—— u:—:-k-m- e
S L&n A‘i 0 4]

“\N\E—'f;’-g Ax/A..L MIGHT RE  ComPLEX
4 o :

Fof  SinPLieywX, LETS CevsidER  THE
SPgciat CASE =M, Em . AN PLUG W

" THE  ABovE FuNcTImS |NTO THEg@u&T\ws o=
o Lo

-t mhAy = Ko Ay + K ae""f"-(mm)&

A D "wllm__ KA'}. ‘U_Lq-i-\(—;_ (KﬁKz)A*L

THESKE AfRZ Two CouFuS'D LINERR

T Qur “\‘lQMS S \/lfs’f\?;\)( 1ISQUAT) 8 ~J

p \ p aece OB o i i
mw [ Ax\= [ K 2/ “Ka-Kie™ (ﬁx}
_ = __&AQ,_Z_ _\;_K?. e’ K. +K> A'a";

THOS , SoruTiowd S ATISFY

AL )

; T

O = [ Kiky —mo?) = [+ Kie™]”

mw = (Kt k) £ [Kitke™]




|
E

_5___¢: > = = \ Kitke £ 1V 2%+ 2K cosCha) |
|

_,u_,_:_:_f\}ﬂt‘_‘t T}-ﬂﬂ (_EL* @z;f-{_‘ﬁ: LSJ‘:'E@-I%

Looks  ConPrLicate® | fRuT oz AL VALuxS
[

OF Y, Ko ,m  THE CorRVES Lok L|k& THY

:_P\WT\C 'y

()  THERE ALS Now  TWO  SoLUTIovS  Aq-

6UEM \[ﬁLUH oF ]4. ’[‘"H.LS __I'S_A_IZ.WA\ﬂ'

THE CASE , THE LoToMm  MoDi IS AMAYS

CALLED  THE  MAcousTic ' MoDK, THE
ToP MoK s Tie “orrieal! MoDs.

RBounDae  CoNDITIowS  AGR/N TELL U

THeEnKE prs [\/ ONIGQJE  NALUES oF Kk,
O\ ES N=H oF Cues v THE CHAIN, wiy

7. BRspES Z_I\/ ONIQUE MoDeS




)
z
v
2
s\

S— L
e (1 F | F Kk \J-QL)L

S 3 A

I R T Jk“"“ [ 2= Ko =

'''' B el ST Y 123 E—

N )
. B dws >0 As k0 o e
¥ AT
Zelo G Roop NELOCITY
I
I P‘S_,_]éjf  EXAeTLY W_Q(_)ftf MA TR g@unwov
| RdconZs
| O /AL\ \/<+KL71 "‘\LAX

L , ".\

| N PLOGG NG 1 W- =0 TéLs s




| D OATorS ALE MoVING N SamiEE D RECTION

[ S v g | Bt e

| WHEZK AS o W, = T

2 (k) [ B = (ki) (o) V An

LA/ \ ~(hsk)  Onie Ay

— A=A,

i i@ LT k:5_%———~

w—*/;j Pl A/i St -2 B 72~ g-y

Sl i it . =
N 2 Sl Ay A A S
| Ouwz = -asmkd ke —2 O

d A

DRSSO ||| IS IS )] et S

Fofi BoTH R RArCTHES




[ THIS SPEC(pL CASE T Two  EAvpS

) —_——— -

o KW A e o
AP AL |—=SinZ/ Jed
_.a_.-—‘;q N’ ™ , /\) __K?-}

Al =K s e dea
A e

BuT NoTE THAT THis (S Now JusT THE FloaAToM(C

Haemonic CHAn WITH G ow  THE  2-ATor  DRTA~CS.

:'W'H‘«’ DES | T Look DIFFC—IZ{N’I_? SusT A PLomiwng

Ciick (ie A “Foved’ setewmss), Wi CouLDd (AU

Just As EASLY PLTTED USIWG A NE K TEVDED

CHEMK [ 2482 1 583 %:—

! .
i -

21
“a

AT



!PHaMe_Nb (N Hiehgre DIHMEWSiawS

ot

(gNCIEPTOALLY TS  CALCULATIon oF pPHRewon

LI

DICPIE RS1anS 1S No DIFFErRENT | NIKHEKL

Dm\;r\:hdws__img_uru THE uATY S SLIGHTLY Mor s

N

e

CoMPLIATED | /nsTEAD  6F A SinGLE  PosiTid

[ NARIABLE | oNE NEBEDS T4 KesP TEAcE oF pTmlC

I: Positign 2 ViA \jgc‘rg_g_,gi ?3 = _é ¥ g::ré s =

.ﬂgwf MNEEOS To ps s ___Gﬂ,\,D“J_:NT 0’,9,5,2,&2#5
AND T0E SD  VERSen oF The @ TAYLOR
b")(Fﬂnrstdf\/ —

P E)- Q)+ 52 ViR 4 Jg;(&»ﬁ)fﬁ(:‘]___

LY

FAGzosOLn

s ——

SimeAl o THE  DéRwvaTen AN 1D gms

CAN  AMSurg  THAT N  Awns  mes AT THE LQUILIBRICA

(B Twer  oF p BRAVMS LATTICE R TATLoe

}

EYPAPD  AND  TRUNCATE A FTER THE QUADEATIC

TEern (Lineat TEem 1S ZEQ—”).__DOING Tar 5%

| (g5 ASHCLoFT CURBITEF ’2,2,)_ LEApS To  THE

EXpRESStend

Uren = 5 %;qﬁ(*ré') D.R-2)u. (%)

M

s . Gl - il : M@
WWER & Dﬂﬂ_}(@——ﬁ')f _5@._@'%@1‘2“2" T Jdnory

an> T e osid  WL(E) pemseo aF'“gg(Ti3 "f;;ﬁw’



CSuALvyY TS S ﬁwwqi"'_"fr\!_ (W VECTUIZ/MAT;Z:X

Idu"‘ KT ond

| 7
1) Loo):’ud@. o SorLvTionws oF THg F'Of‘-”;
s A e i
_T@ED=E ’ |
Al h

U Porsrizarion) VIECTOR

ON L GeTS  THE  BGENVALUID  PRgRLS M

WwHEZ S

1S THE “DynaricaLr MATRIX

WiTHooT GoiN@ INTo  DETAIL  HERK AFIC

MAIN VEW  PILCES  OF NF:urdnnfler

| THE QLARZATION JSCTOL. oW @QUVES NAT ro AL 3D

DingcTioNs oF Aremic  MoTlop (wot 4031' Back AVD Fdﬂ.fl-g

@ NodEDS Nuw SKPAEATE INT?9 LOAJG[TUD)NRL. maws

lweere W avp “reAnVERSE Y pModiS waTH € | T
1 = S
6) Fo (2 d bl”‘lg"'"‘"’s‘ THee wicl NoW BB

LA AcoesTIE  MODES | PG ARILESS oF THE U ER

T oFr pTovs, A1 win ig;s L_afNC[TuDHfﬁL_

(’:19 Fc)f- N A Tows I N A_MT‘S ‘ 'TH&@b V/IJ.«L——

._jg,; dN-d OPTIWCAL  HModES.



]

MEASUYLIN G PHowvenN S

THE ExiSTENGE OF PRomvent>  SHewsS S PY

A JMBER  orF EJ’PEEJMKNTH‘— I'ZE.SULTISJ RoT THe

| posT DIBLCT AnND STANDARD MenNs  oF

MiEASURIAG PHo~verd ])ISPERYMNS S VIA  JNELAESTIC

NEOTEIR SCATER ) NG

VST Ly X witH  DIFFeAcTion | TTHIS

EXPERImnENT WVoLVES ReunciNg A STREAM

RO N1 OTRUNS of F p CEMSTAL- AMD s K
OBSERHINT SHEYZ Finac £ EAlICY i~ ANG L

BoT  pow  Wis Arlow  fFor THE PosHIBILITY

THAT  THE  NEVUTEoN MmignT  DowWATE o

Recuwvyg ENERAY  Feonm THE  CEYS TAL
by B Bl IN _ THtS CASE  THE NEOTRoN 1S
CoyavGive  TiEG  VIBRATIoNAL  Erullk  AeDE

ov T W& CRYsTAL | o E@U\VAL[__,_A_{TLY _ADDING

Og  DESTROVING PhowvenNS | WK Leaen

ARouT  Thesk  poenenS  BY  pisASveNG THE

CHANGE [N NEUTRON  BNERGY £ — L

Forr N QVEN  CHANGE N NEOTEW  MyMgNTYI™M

|

,{,'_'17\12’ -k, WE K€  ConSuRVATWN L AWS

ENBEGY 0}"‘;,?.“&}_5&:»;. \ CANSTAL Mamg:\lwm

—_—

E-E=-5 hur ANy . |hE- 1Bf= 21?1:4w +FC

a7



:' Ngﬂc\; THaT @Ha;@ur_xln Hmun/"‘um /S onVLY

I CONSKRVED  nodPutd A FAcTOR o/— ﬂfc:f’ﬁacm.

LATTICE THS S A DIRECT RESOLT oi=

THn= 'DISQQE'T’C TEANSLAT oA L SenmE TAY

or THE LAT \CLf

THESKE  Folruhs  ALE \/Bfn GngrLﬁL— hud oME

:’P_A‘f L,XCH'E AMY  NUMBEEL oF  PHswev MUDES WiTH

k NEVTESN. N PemcTicY L onE CHooSES LxPupimeNTAS

ConN FIGURATINS  To oNL< OBSEAVEK  SIECiAL CARES '

@ 25RO PHONeN SCTTERING Cang = o)

=1 e
A E'FE 12"r‘a=€§
> LA

(fu_f:} oNE PHanon Scmn_rzw‘% C_Zl:\.‘= l)

i , . E_+”ku)—~

e

75'-‘.?“‘— *L T FQ

!
Tor A8SopPTlon

I e % = huF)

 suaRP pimes AT SoGLE D

- AT A GuEN AL

,ﬁ) TWO 0 fMdR¥ PHs oW S

=1 | — D)FFesE RG S_C;rﬂ'_CLIMG

i (muLT)FLE WAYS 017 SATISFY/VG

CGNSEIZU#; lon/ L AWS )




INSTRUHENT S — 2 MAIN METHODS, DePENDIVG

el Hff; NEuTeens Al Ppoducd D

(:) REACTOR SoukC& —> TRIPLE AXIS SPacTRord TEA

QEAGG'S LAW USED T0 ]Zc!s‘mcf m]k
= T ——
e ‘s._ W AVELENGT I
@ L DX
L ..._, = \-ﬁ‘, e b@g
C N
r:rislow =2 NduThowd o \T AN
S o MAXWEBLL \ J
Wf"lé‘L > SDLTEM‘”"{V e 1 /
PIsTRIGUT 10w \/
R e e Cf-‘f-'f?&g_ Sl S !
| 2
— e —————— i fm_ e
| oty 5, o Low
i B 2 — —‘ﬁ'—wﬂl_ 7 .E'_“_«Ci\
- E - Nicoly:
e | v}

(S VALLY Fix E" AND  ScAN [ For

I -\
| ] 1

-

>

"'CrL .

%
|

| (@}
i T £ | | .l
_______ | enr /,\ )
!. !______.——-_ ———!...,_‘_H
'r.: e e




_ (S:) f(_cs:.garror. SwwrcyS — TIME-OF-FLIGH I

CPECT dlaM sTER

THSE  MeTHDS USE  THE FINITE HASS

- oF ’THE NEVTR oW “ro w“rﬁﬁru __5_;\/_15_@._(’_/_55 o M

RS o APV EINVG §PEEDS

’V\HLL __7/_/__

[%Ccuum”;)_
}

— Jr— /
I FA P TAY

- "CHafpse_” |

——— SELECTS oMLY |
CEpTaIN_ SPEEX /

= =T A

(]} Nﬁulivw oy
PDETECTIR. =

CNow  E IS FixeEd AND puLTiPle  VALks

_(G]iF P= VY  Aes 6‘# MEASURED  S1 NULTANEOALY

SING  AREA  DETECTORS.  DETECTIon  EVENTS

ARE  TiMEP  pANp  KNowiNG  PISTANCES \wiEbl

KllowS  oniE  To  pSSeiaTE  EACH  TTns

/

Te  WH g Fvsb pNEEY | F




