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sW SR`[ ^ZV\ SZ[ ^Z_X`VX[ T[ZS\ ]R [YfPW[R VWR`ZPXXV]WSR [ Y[R �PS SR WS·XSR[ZV] ^ZSR`[Z [`SWXVqW ^[Z[ Y]fZ[Z PW[ ^ZSRSW`[XVqW [TSXP[T[ TS Y]R ZSRPY·`[T]R ]U`SWVT]R SW SY Y[U ]Z[`]ZV] M
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ÊÆËÄÌÂÄÇÍ
£[ \ S\]ZV[ TS PW[ ^Z_X`VX[ TS Y[U ]Z[`]ZV] Î� X]WRVR`S RV\^YS\ SW`S SWX]^V[Z SY U ]YS`{W SW`ZSf[T] M sW RP YPf[Z TSU S ZS[YV�[ZRS PW[ UZSuS W[ZZ[XVqWTS Y] �PS RS ¤V�] SW SY Y[U ]Z[`]ZV] ^[Z[ ]U`SWSZ Y]R ZSRPY`[T]R M pWy]Z\ [ZXY[Z[\ SW`S TS XP_Y SR SY ]U� S`Vu] TS Y[ ^Z_X`VX[ Ï �PQ \ [fWV`PTSR RS \ VTVSZ]W ÏX]W �PQ iW t XP_YSR yPSZ]W Y]R ZSRPY`[T]R ]U`SWVT]R M £] ^ZVWXV^[Y SR PW[X]ZZSX`[ ^ZSRSW`[XVqW TS Y]R T[`]R ]U`SWVT]R t TSY ZSRPY`[T] iW[Y Ï RVSWT]^ ]RVUYS ]\ V`VZ Y]R ^[R]R VW`SZ\ STV]R XP[WT] SR`]R RS[W SuVTSW`SR M sR WSXSR[ZV]VWXYP VZ VWy]Z\ [XVqW RPiXVSW`S ^[Z[ ^ SZ\ V`VZ [Y ^Z]ySR]Z RSfPVZ SY ^Z]XSR] tZS^ S`VZ Y]R X_YXPY]R t SY [W_YVRVR TS T[`]R �PS RS YYSuSW [ X[U ] SW Y[ ^Z_X`VX[ M

¸ ¹Ð ¹ ÑÃÂÀÇÀ¿¾
l�Ò�Ó Y]R T[`]R TSU SZ_W VZ [X]\^[Ô[T]R TS RPR X]ZZSR^ ]WTVSW`SR PWV·T[TSR Ï R[Yu] Ï ^ ]Z RP^PSR`] Ï [�PSYY]R �PS X]ZZSR^ ]WT[W [ \ [fWV`PTSR [TV·\ SWRV]W[YSR M sW SY RVfPVSW`S X[^{`PY] RS T[Z_ PW[ VW`Z]TPXXVqW [ Y[ ÕÖ×ØÙÚ ÛÖÖØØ×ØÖÜM � X]W`VWP[XVqW T[\ ]R Y[R W]Z\ [R U_RVX[R WSXSR[ZV[R ^[Z[ PW[ X]ZZSX·`[ ^ZSRSW`[XVqW TS Y]R T[`]R Ý\ STVT[R Ï ZSRPY`[T]R VW`SZ\ STV]R ] ZSRPY`[T]RiW[YSRÞ �PS [^[ZS�X[W SW Y[ ^Z_X`VX[ MßS[ PW T[`]

M
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x]\] uSZS\ ]R \ _R [TSY[W`S SR`] V\^YVX[ �PS SY u[Y]Z uSZT[TSZ]
Mv

RSSWXPSW`Z[ SW SY VW`SZu[Y]
M − E ≤ Mv ≤ M + S

M�ã ?�IHm � £[ y]Z\ [ X]ZZSX`[ TS VWXYP VZ SW Y[ ^Z_X`VX[ Y[ \ STVT[ TS PW[Y]WfV`PT
L

TS u[Y]Z
16 mm

X]W PW SZZ]Z TS
1 mm

RSZ{[
L = 16 ± 1 mm .

ÝLMcÞ
sW SR`S X[R] SY SZZ]Z t Y[ \ [fWV`PT \ STVT[ `VSWSW Y[R \ VR\ [R PWVT[TSR Ï X[R]TS �PS SR`[R yPSZ[W TVySZSW`SR ¤[UZ{[ �PS VWTVX[ZY[R ^ ]Z RS^[Z[T]

L = 16 cm ± 1 mm ,
ÝLMbÞ

[PW�PS ÖÜ ä ØÖå ÖØæçèÖ éê Ö ë×æìëæÛÚì MxP[WT] RS VWXYPtSW PW[ RSZVS TS \ STVT[R TSY \ VR\ ] `V^ ] Ï Y[ PWVT[T ^PSTSS¥^ZSR[ZRS X]YSX`Vu[\ SW`S `Z[R Y[R \ STVT[R t SW`ZS ^[ZQW`SRVR M�ã ?�IHm �
16,2, 14,5, 15,2, 17, 18,54 (mm) .

ÝLMg Þ
sW PW[ `[UY[ TS u[Y]ZSR Y[R PWVT[TSR TSU SW VWXYPVZRS SW`ZS ^[ZQW`SRVR SWSY SWX[U S�[T] TS Y[ `[UY[ Ï [X]\^[Ô[WT] [Y W]\UZS TS Y[ \ [fWV`PT `[UPY[T[ M�ã ?�IHm �

p Ý� Þ � Ý\� ÞLMc c MjLMb c MvLMj b MLLMr b MjLMw b Mv
x]\] uSZS\ ]R \ _R [TSY[W`S Ï SW PW[ fZ_iX[ Y[R \ [fWV`PTSR RS VWXYPtSWTS y]Z\ [ RV\ VY[Z M sW Y]R S¥`ZS\ ]R TS Y]R S� SR RS VWTVX[Z_ SY W]\UZS TS Y[\ [fWV`PT [X]\^[Ô[T] TS Y[ PWVT[T SW`ZS ^[ZQW`SRVR M£[R PWVT[TSR �PS TSU SW S\^YS[ZRS TS y]Z\ [ ^ZSySZSW`S R]W Y[R TSY RVR`S\ [VW`SZW[XV]W[Y Ý

SI
Þ Ï U[R[T] SW SY í VY]fZ[\ ] Ý

kg
Þ Ï \ S`Z] Ý

m
Þ Ï RSfPWT] Ý

s
Þ Ï[\^ SZV] Ý

A
Þ t ¦SYuVW Ý

K
Þ M î [t �PS P`VYV�[Z Y[R [UZSuV[`PZ[R SR`_WT[Z TSSR`[R PWVT[TSR Ï RVW S\^YS[Z ^PW`] `Z[R SYY[R M � R{ Ï PW[ \ STVT[ TS `ZSR RSfPWT]RRSZ{[ VWX]ZZSX`] SRXZVU VZY[ X]\ ] ï

3seg.ð Ï ] PW[ TS PW [\^SZV] X]\ ] ï
1Amp.ð M£[ y]Z\ [ X]ZZSX`[ SR ï

3sð t ï
1Að M

¸ ¹ñ ¹ ò ¿ÄÉóÂÀÇ À¿ ÀÇÌÉ¾
�YfPW[R W]Z\ [R U_RVX[R [ `SWSZ SW XPSW`[ SW SY Y[U ]Z[`]ZV] ^[Z[ PW[X]ZZSX`[ ZSX]fVT[ TS T[`]R S¥^ SZV\ SW`[YSR R]W Y[R RVfPVSW`SR M

g



�W]`[Z [YfPW[ VWTVX[XVqW TSY [^[Z[`] X]W SY �PS RS ZS[YV�[W Y[R \ STVT[Rt RP ^ZSXVRVqW M
suV`[Z Y[ `]\ [ TS T[`]R SW ^[^ SYSR SW RPXV] M �W]`[Z TSRTS PW ^ZVWXV^ V]SW SY XP[TSZW] TS Y[U ]Z[`]ZV] M
Î] ¤[f[ X_YXPY]R TS \ STVT[R VWTVZSX`[R \ VSW`Z[R ZS[YV�[ Y[R \ STVT[RTS Y[ ^Z_X`VX[ M
£]R ZSfVR`Z]R TS Y]R [^[Z[`]R TSU SW ZS[YV�[ZRS \ STV[W`S `[UY[R SW Y[y]Z\ [ TSRXZV`[ X]W [W`SZV]ZVT[T M
d`VYV�[Z Y[ W]`[XVqW XVSW`{iX[ XP[WT] [^[ZS�X[W Wô\ SZ]R \Pt fZ[WTSR] ^ S�PSÔ]R [Y \ STVZ M ßV Y[ ^ ]`SWXV[ SR Y[ \ VR\ [ ^[Z[ `]T]R Y]R u[Y]ZSR\ STVT]R ^PSTS X]Y] X[ZRS SW SY SWX[U S�[\ VSW`] TS Y[ `[UY[ t ]\ V`VZRSSW Y[R \ STVT[R M

¸ ¹õ ¹ öÆË÷ÄÇ¾
£[R fZ_iX[R R]W PW SYS\ SW`] \Pt V\^]Z`[W`S SW Y[ ^ZSRSW`[XVqW TS PW[\ S\]ZV[ TS ^Z_X`VX[R t RS YSR ¤[ TS ^ZSR`[Z SR^ SXV[Y [`SWXVqW M£[ u[ZV[UYS VWTS^ SWTVSW`S ÝZSY[XV]W[T[ X]W Y[ X[PR[ y{RVX[Þ RS `]\ [Z_ SWSY S� S TS [U XVR[R \ VSW`Z[R �PS Y[ u[ZV[UYS TS^ SWTVSW`S ÝZSY[XV]W[T[ X]W SYSySX`] y{RVX]Þ RS ZS^ZSRSW`[Z_ R]UZS SY S� S TS ]ZTSW[T[R M £]R S� SR TS [U XVR[R t]ZTSW[T[R TSU SZ_W S`V�PS`[ZRS [TSXP[T[\ SW`S Ï X]W SY W]\UZS Ý] R{\U]Y]Þ TSY[ \ [fWV`PT y{RVX[ ZS^ZSRSW`[T[ [X]\^[Ô[T] TS Y[ PW VT[T X]ZZSR^ ]WTVSW`SSW`ZS ^[ZQW`SRVR M£]R VW`SZu[Y]R SW [U XVR[R t ]ZTSW[T[R RS `]\ [Z_W TS y]Z\ [ �PS Y[ fZ_iX[]XP^ S ^ ]Z X]\^YS`] SY ^[^ SY \ VYV\ S`Z[T] M ~[Z[ �PS SR`] RS XP\^Y[ SR Ï SW fS·WSZ[Y Ï WSXSR[ZV] P`VYV�[Z SRX[Y[R TVySZSW`SR SW Y]R S� SR TS [U XVR[R t ]ZTSW[T[R Ït SY ]ZVfSW TS Y[ SRX[Y[ ^PSTS W] X]VWXVTVZ X]W SY XSZ] TSY S� S X]ZZSR^ ]WTVSW`S MÎ] ¤[t �PS VWTVX[Z `]T]R Y]R u[Y]ZSR TS Y]R T[`]R ZS^ZSRSW`[T]R R]UZS Y]R S� SR Ï[PW�PS R{ Y[ SRX[Y[ MxP[WT] RS[ ^ZSXVR] `Z[�[Z PW[ ØÖëøÚ ÛÖ ù Öú ×Ø Úú êÜøÖ ] ØÖëøÚ ÛÖ ØÖû ØÖÜæüì [Y]R T[`]R S¥^ SZV\ SW`[YSR Ï SR`[ RS VWTVX[Z_ �PW`] X]W Y]R ^PW`]R M sW Y[ RVfPVSW`SRSXXVqW RS S¥^YVX[Z_ Y[ y]Z\ [ TS X[YXPY[Z Y[ ZSX`[ TS ZSfZSRVqW M ~[Z[ TVUP� [ZY[RS `]\ [Z_W T]R ^PW`]R �PS SR`QW TSW`Z] TSY VW`SZu[Y] TS ZS^ZSRSW`[XVqW Ï

x1t
x2

Ï SW SY S� S TS [U XVR[R Ý
OX

Þ t RS X[YXPY[Z_W Y]R X]ZZSR^ ]WTVSW`SR u[Y]ZSR
y1

S
y2

M ßS \ [ZX[Z_W SR`]R ^PW`]R t RS `Z[�[Z_ Y[ ZSX`[ �PS Y]R PWS M sR`]RT]R ^PW`]R RS U ]ZZ[Z_W [Y `SZ\ VW[Z ^PSR W] R]W T[`]R S¥^ SZV\ SW`[YSR M ý�`Z[�[Z Y[ ZSX`[ TS \ {WV\ ]R XP[TZ[T]R ï[ ]� ]ð Mx]\ ] uSZS\ ]R SW Y[ RVfPVSW`S RSXXVqW SR ^ ]RVU YS �PS [YfPW] TS Y]R ^PW`]RS¥^ SZV\ SW`[YSR \PSR`ZS PW X]\^]Z`[\ VSW`] \Pt TVySZSW`S [Y ZSR`] M sW SRSX[R] SR X]WuSWVSW`S VfW]Z[ZY] [ Y[ ¤]Z[ TS ¤[XSZ Y]R X_YXPY]R Ï Y] �PS TSU SVWTVX[ZRS `[W`] SW SY `S¥`] TS Y[ \ S\]ZV[ X]\ ] SW Y[ fZ_iX[ Ï Z]TS[WT] X]W
j



PW X{ZXPY] SY X]ZZSR^ ]WTVSW`S T[`] S¥^ SZV\ SW`[Y M sR ^ ]Z SR`] �PS SW fSWSZ[YSR [X]WRS� [UYS ZS^ZSRSW`[Z SW ^ZV\ SZ YPf[Z Y]R ^PW`]R t [ X]W`VWP[XVqW ¤[XSZY]R X_YXPY]R M�]T[ fZ_iX[ TSU S WP\ SZ[ZRS t [X]\^[Ô[ZRS TS PW `{`PY] �PS S¥^ YV�PS Y]ZS^ZSRSW`[T] M�ã ?�IHm �£]R T[`]R ]U`SW VT]R [Y \ STVZ Y[ ^ ]RVXVqW �PS ]XP^[ PW \quVY SW X[T[VWR`[W`S
t
RS ZSX]fSW SW Y[ RVfPVSW`S `[UY[ TS u[Y]ZSR M

` ÝRÞ L c b g j } r v wZ Ý\ Þ g ML } Mb r M} w ML Lz Mw g Mw Lc Mv Lg Mr Lr Mg
ßP^]WS\ ]R �PS RS `Z[`[ TS PW \ ]uV\ VSW`] ZSX`VY{WS] t PWVy]Z\ S Ï ^ ]Z Y]�PS RSfPVZ_ Y[ yqZ\PY[

R(t) = R0 + vt
Ï u[\ ]R [ ZS^ZSRSW`[Z Y[ fZ_iX[ TSY]R ^PW`]R S¥^ SZV\ SW`[YSR Ï t [ X[YXPY[Z RP uSY] XVT[T X]\ ] Y[ ^ SWTVSW`S TS Y[ZSX`[ TS \ S� ]Z [� PR`S M� YfPW]R S� S\^Y]R TS Y]R SZZ]ZSR [W`SZV]Z\ SW`S XV`[T]R ^PSTSW uSZRS SWY[R T]R fZ_iX[R �PS RVfPSW Ï \ VSW`Z[R �PS Y[ ZS^ZSRSW`[XVqW X]ZZSX`[ RSZV[ Y[TS Y[ ifPZ[ LMLM

0 5 10 15 20 25 30 35 40
0

5

10

15

20

25

30

35

40R

0 5 10t (s)

0

5

10

15

20

25

30

35

40
R (m)

Espacio recorrido R(t) 
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Espacio recorrido R(t) 

R(t)=1.44 t + 3.54

r = 0.9846

xP[TZ] LML�

}
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�Y \ STVZ D�CABE�DC�m@ WPSR`Z[ S¥^ SZVSWXV[ TSY \PWT] S¥`SZV]Z M � RVf·W[\ ]R u[Y]ZSR WP\ QZVX]R [ \ [fWV`PTSR y{RVX[R Ï Y] �PS X]WYYSu[ Y[ X]\^[Z[XVqWX]W [YfPW[ \ [fWV`PT TS ZSySZSWXV[ M sW SY ^Z]XSR] TS \ STVT[ SR TS uV`[Y V\ ·^ ]Z`[WXV[ `SWSZ SW XPSW`[ �PS Y[R \ STVT[R �PS ZS[YVXS\ ]R W] R]W Wô\ SZ]RS¥[X`]R M £] �PS ZS[Y\ SW`S X]W]XS\ ]R SR PW æìøÖØ�Úè× TSW`Z] TSY �PS SR^ SZ[·\ ]R �PS RS SWXPSW`ZS SY �CHm> �?>GCG?>m TS Y[ \ [fWV`PT \ STVT[ M £Y[\ [\]R�CHm> �?>GCG?>m [Y u[Y]Z �PS ]U`SWTZ{[\ ]R RV [Y \ STVZ TVR^PRVSRS\ ]R TS `QX·WVX[R S VWR`ZP\ SW`]R ^ SZySX`]R M ~]Z RP TSiWVXVqW SY u[Y]Z uSZT[TSZ] ZSRPY`[VW[YX[W�[UYS Ï SW RP YPf[Z SY ^Z]XSR] TS \ STVT[ W]R ^Z]^ ]ZXV]W[ PW u[Y]Z �PSSR^ SZ[\ ]R XSZX[W] [Y uSZT[TSZ] � PW`] [ RP EAD?>BEG���>? M sY u[Y]Z TS Y[VWXSZ`VTP\UZS ] SZZ]Z W]R TVXS Y] XSZX[ �PS SR`[\ ]R TSY u[Y]Z uSZT[TSZ] M sR`]V\^YVX[ �PS `]T[ \ STVT[ �PS W] u[ [X]\^[Ô[T[ TSY X]ZZSR^ ]WTVSW`S SZZ]ZSR VWX]\^YS`[ M ~]Z RP^PSR`] Ï RVfPVSWT] Y[R W]Z\ [R S¥^YVX[T[R SW Y[ RSXXVqW[W`SZV]Z [TS\ _R TSY SZZ]Z Y[R \ STVT[R TSU SW VZ [X]\^[Ô[T[R TS RPR X]ZZSR·^ ]WTVSW`SR PWVT[TSR M�`SWTVSWT] [ RP ]ZVfSW S¥ VR`SW T]R `V^ ]R TS SZZ]ZSR �
� >>m>?@ @E@B?�JBEDm@ � ß]W SZZ]ZSR �PS RS TSRu{[W TSY u[Y]Z uSZT[·TSZ] RVS\^ZS SW PW \ VR\ ] RSW`VT] M sW fSWSZ[Y RS TSU SW [ y[YY]R TSYVWR`ZP\ SW`[Y ] \ Q`]T] P`VYV�[T] M x]\ ] S� S\^Y] TS SR`]R SZZ]ZSR ^ ]TS·\ ]R `]\ [Z SY YY[\ [T] ÖØØ×Ø ÛÖ ëÖØ×Ï �PS X]WRVR`S SW �PS PW [^[Z[`]W] \ [ZX[ XSZ] XP[WT] TSU SZ{[ Ï ] PW[ \ [Y[ X[YVUZ[XVqW TSY VWR`ZP\ SW`]TS \ STVT[ M ßV PW[ yPSW`S TS SZZ]Z RVR`S\ _`VX] ¤[ RVT] VTSW`ViX[T[ RPRSySX`]R TSU SW RSZ SYV\ VW[T]R ZSR`_WT]Y]R TS Y[R \ STVT[R M sR`]R SZZ]ZSRTSU SW RSZ \ VWV\ V�[T]R SW Y] ^ ]RVU YS Ï [PW�PS W] RVS\^ZS R]W SuVTSW`SR M
� >>m>?@ CDDEG?ABCH?@ m ?@BCG n@BEDm@ � ß]W [�PSYY]R SZZ]ZSR �PS [ySX·`[W [ Y[ \ STVT[ PW[ uS� SYV\ VW[T]R Y]R SZZ]ZSR RVR`S\ _`VX]R M ßP X[Z[X·`SZ{R`VX[ \ _R V\^]Z`[W`S SR �PS R]W [YS[`]ZV]R ^PSR RS TSU SW [ X[PR[R

r



V\^ZSuVRVU YSR M sR`] ¤[XS �PS ^Z]TP�X[W PW[ TVR^ SZRVqW TS Y]R ZSRPY·`[T]R SW `]ZW] [Y u[Y]Z uSZT[TSZ] Ï Y] �PS ^ SZ\ V`S RP `Z[`[\ VSW`] X]W\ Q`]T]R SR`[T{R`VX]R SW Y[ YY[\ [T[ l?m>nC G? ?>>m>?@ M dW S� S\^Y] TSSR`S `V^ ] TS SZZ]ZSR RSZ{[W Y[R �PX`P[XV]WSR SW SY u]Y`[� S ^Z]^ ]ZXV]W[T]^ ]Z Y[ ZST SYQX`ZVX[ M
� YfPW]R X]WXS^`]R ZSY[`Vu]R [Y VWR`ZP\ SW`] TS \ STVT[ �PS SR V\^]Z`[W`S`SWSZ XY[Z] R]W Y]R RVfPVSW`SR �
=>?DE@EFA � sR`_ ZSY[XV]W[T[ X]W Y[ \ [fWV`PT TSY SZZ]Z �PS RS ]U`VSWSXP[WT] RS \ VTS PW[ X[W`VT[T Ï RVW `SWSZ �PS uSZ X]W Y] XSZX[ ] YS� ]R �PSY[ \ STVT[ ]U`SWVT[ SR`Q TSY X]ZZSR^ ]WTVSW`S u[Y]Z uSZT[TSZ] M s R TSXVZ Ï[Y [P\ SW`[Z Y[ ^ZSXVRVqW TS PW [^[Z[`] RS \ VWV\ V�[ SY SZZ]Z [XXVTSW`[YX]\ S`VT] M ~]Z S� S\^Y] Ï PW[ ZSfY[ X]W TVuVRV]WSR TS \ VY{\ S`Z]R SR \ _R^ZSXVR[ �PS PW[ SRX[Y[T[ SW XSW`{\ S`Z]R M
��CDBEB�G � � TVySZSWXV[ TSY X[R] [W`SZV]Z PW [^[Z[`] SR \ _R S¥[X`]XP[W`] \ _R RS \ VWV\ V�[W Y]R SZZ]ZSR RVR`S\ _`VX] [^[ZS� [T]R M sR`] �PVSZSTSXVZ �PS Y[ S¥[X`V`PT TS PW [^[Z[`] SR`_ ZSY[XV]W[T[ X]W Y[ ^Z]¥V\ VT[TTSY u[Y]Z \ STVT] [Y u[Y]Z uSZT[TSZ] Ï SWX]W`Z_WT]RS SR`S ôY`V\ ] TSW`Z]TSY VW`SZu[Y] �PS \ [ZX[ SY SZZ]Z TSY [^[Z[`] M
Ó?A@E� EHEGCG � £[ RSWRVU VYVT[T TS PW [^[Z[`] RS VWXZS\ SW`[ X]Wy]Z\ SSR X[^[� TS TS`SX`[Z u[ZV[XV]WSR \ _R ^ S�PSÔ[R TS Y[ \ [fWV`PT \ STVT[ M
� EG?HEGCG � £[ iTSYVT[T TS PW [^[Z[`] Y[ \ [ZX[ RP X[^[XVT[T TS ]U·`SWSZ ZSRPY`[T]R VTQW`VX]R [Y ZS[YV�[Z \ STVT[R TS PW[ X[W`VT[T SW Y[R\ VR\ [R X]WTVXV]WSR M ßS ZSY[XV]W[ X]W SY fZ[T] TS ZS^Z]TPXVUVYVT[T TSY[R \ STVT[R M

ß]W SR^ SXV[Y\ SW`S V\^]Z`[W`SR Y]R X]WXS^`]R TS ^ZSXVRVqW t S¥[X`V`PT M| S W[T[ RVZuS PW[ \ STVT[ S¥`ZS\ [T[\ SW`S ^ZSXVR[ XP[WT] W] RS [^Z]¥ V\ [[Y u[Y]Z uSZT[TSZ] M s Y X[R] X]W`Z[ZV] SR VfP[Y\ SW`S WSf[`Vu] Ï \ STVT[R �PSX]W`SWf[W [Y u[Y]Z uSZT[TSZ] ^ SZ] XPt[ ^ZSXVRVqW RS[ `[W ^ S�PSÔ[ �PS ¤[·f[W VWô`VY Y[ VWy]Z\ [XVqW `Z[WR\ V`VT[ M sW fSWSZ[Y Ï [Y ¤[UY[Z TSY SZZ]Z ] Y[VWXSZ`VTP\UZS TS PW[ \ STVT[ W]R SR`[\ ]R ZSiZVSWT] [ RP ä ØÖëæÜæüì M
� �	�	� 
���� ������� � �������

|SiWVZS\ ]R [ X]W`VWP[XVqW T]R X]WXS^`]R TS fZ[W V\^]Z`[WXV[ X]\ ] R]WSY ?>>m> C�@mH�Bm t SY ?>>m> >?HCBE�m Ï �PS W] RS TSU SW X]WyPWTVZ WPWX[ Mx]\ ] ¤S\ ]R TVX¤] [W`SZV]Z\ SW`S Ï [Y \ STVZ XP[W`ViX[\ ]R PW[ \ [fWV`PTy{RVX[ Ï XP[W`ViX[XVqW �PS X]WYYSu[ XVSZ`[ VWXSZ`VTP\UZS M ßV YY[\ [\]R
A

[Y u[·Y]Z uSZT[TSZ] TS PW[ \ [fWV`PT Ï SW fSWSZ[Y TSRX]W]XVT] Ï t
a
[Y u[Y]Z [RVfW[T]SW SY ^Z]XSR] TS \ STVT[ RS TSiWS SY ?>>m> C�@m H�Bm Ý`[\UVQW YY[\ [T] EAD?>�BEG���>? C�@mH�BCÞ X]\ ] Y[ Ûæå ÖØÖì ëæÚ ÖìøØÖ Öè �Úè×Ø �ÖØÛÚÛÖØ× � Öè �Úè×Ø

v



ÚÜæûìÚÛ×Ï t Y] TSW]`[ZS\ ]R X]\ ]
Ea

Ý]`Z[R y]Z\ [R TS TS W]`[XVqW P`VYV�[T[RR]W
δa

]
∆a

Þ
Ea = A − a . à/ á,â

ßV Ï ^ ]Z S� S\^Y] Ï SR`[\ ]R \ VTVSWT] Y[ Y]WfV`PT TS PW[ ZSfY[ TS
10 cm

t]U`SWS\ ]R PW u[Y]Z ^[Z[ Y[ \ STVT[ TS
10,1 cm

SW`]WXSR Y[ VWXSZ`VTP\UZS[UR]YP`[ SR
0,1 cm

M s R V\^]Z`[W`S `SWSZ SW XPSW`[ �PS ?H ?>>m> C�@mH�BmBE?A? HC@ � E@�C@ �AEGCG?@ ��? HC �C�AEB�G �?GEGC MsW fSWSZ[Y Ï [Y W] X]W]XSZRS SY u[Y]Z uSZT[TSZ] TS Y[ \ [fWV`PT \ STVT[ Ï SRV\^]RVUYS X[YXPY[Z SY u[Y]Z TS Y[ V\^ZSXVRVqW [UR]YP`[ M � Q`]T]R SR`[T{R`VX]RW]R ^ SZ\ V`VZ_W PW[ SR`V\ [XVqW TS SR`[ V\^ZSXVRVqW [UR]YP`[ Mx]\ ] uV\ ]R SW Y[ ^Z_X`VX[ [W`SZV]Z Y[ y]Z\ [ X]ZZSX`[ TS S¥^ZSR[Z PWZSRP Y`[T] SR
a±Ea U

T]WTS
U

SR Y[ PWVT[T X]ZZSR^ ]WTVSW`S M sR`] �PVSZS TSXVZ�PS SY u[Y]Z uSZT[TSZ] TS Y[ \ [fWV`PT �PS SR`[\ ]R \ VTVSWT] RS SWXPSW`Z[SW SY VW`SZu[Y] X]\^ZSWTVT] SW`ZS
a − Ea U

t
a + Ea U

MdW[ W]`[XVqW [Y`SZW[`Vu[ ^[Z[ PW[ \ STVT[ t RP SZZ]Z SR X]\ ]
a(Ea)U

ÏT]WTS RS VWXYPtSW SW SY ^[ZQW`SRVR ôWVX[\ SW`S Y[ XVyZ[R RVfWViX[`Vu[R TSY SZZ]Z[UR]YP`] M ~]Z S� S\^Y] Ï RV ¤PU VSZ[\ ]R ]U`SWVT] SW Y[ \ STVT[ TS PW[ Y]WfV`PTPW u[Y]Z SR`V\ [T] TS
13,52 cm

X]W PW[ VWXSZ`VTP\UZS [UR]YP`[ TS
2,1 mm

Y[y]Z\ [ X]ZZSX`[ TS SRXZVU VZ SR`[ \ STVT[ RSZ{[ X]\ ]
13,52 ± 0,21 cm ,

Ýc McÞ
] [Y`SZW[`Vu[\ SW`S X]\ ]

13,52(21) cm .
Ýc MbÞ

sY ?>>m> >?HCBE�m RS TSiWS X]\ ] Öè ë×ëæÖìøÖ ÖìøØÖ èÚ æùä ØÖëæÜæüì ÚçÜ×èêøÚ� Öè �Úè×Ø �ÖØÛÚÛÖØ×M ~]Z TSiWVXVqW SY SZZ]Z ZSY[`Vu] SR �|p�sÎßp�Î�£ ÏSR`] SR Ï W] `VSWS PWVT[TSR M ~PSTS S¥^ZSR[ZRS `[Y XP[Y ] X]\ ] PW ^]ZXSW`[� S Ï\PY`V^ YVX_WT]Y] ^ ]Z
100

M £[ W]`[XVqW PRP[Y ^[Z[ SY SZZ]Z ZSY[`Vu] TS PW[\ [fWV`PT
a
SR

εa
M�ã ?�IHm �ßV \ STV\ ]R SY u[Y]Z TS Y[ X]WR`[W`S

π = 3,1415927 . . .
t ]U`SWS\ ]R X]\ ]ZSRP Y`[T]

3,14
SW`]WXSR SY SZZ]Z [UR]YP`] RSZ_

Eπ = 0,0015927 . . .
t SY ZSY[`Vu]

επ = Eπ/π ' 0,0005
Ï `[\UVQW ^PTVSWT] VWTVX[ZRS �PS SY SZZ]Z ZSY[`Vu] SR TSY

0,05 %
M

� �	�� � 
������ �� ��� �����
x]\] ¤S\ ]R VWTVX[T] [W`SZV]Z\ SW`S Ï X]WRVTSZ[XV]WSR SR`[T{R`VX[R W]R^ SZ\ V`VZ_W SR`V\ [Z Y]R SZZ]ZSR TS WPSR`Z[ \ STVT[ Ï ^ SZ] SR`S SR`PTV] SR`[·T{R`VX] RSZ_ ^ ]RVU YS XP[WT] RS TVR^ ]Wf[ TS u[ZV[R \ STVT[R TS PW[ \ VR\ [\ [fWV`PT M ßVW S\U[Zf] Ï S¥VR`SW RV`P[XV]WSR SW Y]R �PS SR`] W] SR ^ ]RVU YS tRS TVR^ ]WS TS PW[ R]Y[ \ STVT[ TS Y[ \ [fWV`PT TS VW`SZQR M sW SRS X[R] RS[^YVX[Z_ SY XZV`SZV] RVfPVSW`S �

w



ßV Y[ \ STVT[ RS ¤[ ZS[YV�[T] X]W PW [^[Z[`] CACHF�EDm ÝU[R[T] SWSRX[Y[ fZ[TP[T[Þ RS `]\ [Z_ X]\ ] SZZ]Z [UR]YP`] Y[ \ V`[T TS Y[ ^ZSXVRVqWTSY [^[Z[`] M ßS YY[\ [ ä ØÖëæÜæüì TS PW [^[Z[`] TS \ STVT[ [ Y[ \ {WV\ [\ STVT[ �PS SR`S ^PSTS ZSfVR`Z[Z M
ßV Y[ \ STVT[ RS ¤[ ZS[YV�[T] X]W PW [^[Z[`] G E� EBCH SW SR`S X[R] RS`]\ [ X]\ ] SZZ]Z [UR]YP`] TVZSX`[\ SW`S Y[ ^ZSXVRVqW TSY [^[Z[`] M

xP[WT] RS ¤[W ZS[YV�[T] u[ZV[R \ STVT[R RS ZS[YV�[ PW `Z[`[\ VSW`] SR`[T{R`VX]TS Y[R \ VR\ [R �PS uSZS\ ]R \ _R [TSY[W`S M
Ð ¹Ð ¹ � Â�ÆÇ¾ ¾ÂóÃÂ÷ÄÇÌÂ�Ç¾ � Æ¿ÀÉÃÀ¿É

£[ ^ZSXVRVqW TS PW[ \ STVT[ SR`_ ZSY[XV]W[T[ X]W SY Wô\ SZ] TS T{fV`]R �PSRS VWXYPtSW SW SY ZSRPY`[T] M ßS YY[\ [W DE�>C@ @E�A E�DCBE�C@ TS PW Wô\ SZ][ [�PSYY[R �PS TS`SZ\ VW[W RP u[Y]Z Ï t XVyZ[R W] RVfWViX[`Vu[R [ [�PSYY[R �PSRqY] W]R T[W PW[ VTS[ TS RP ]ZTSW TS \ [fWV`PT M ~[Z[ X[YXP Y[Z SY Wô\ SZ] TSXVyZ[R RVfWViX[`Vu[R TS PW Wô\ SZ] ^ ]TS\ ]R RSfPVZ SY RVfP VSW`S ^Z]XSTV\ VSW`]
LM £Y[\ [\]R XVyZ[ \ _R RVfWViX[`Vu[ [Y ^ZV\ SZ T{fV`] �PS RS[ TVySZSW`S TSXSZ] ä ×Ø èÚ æ�éêæÖØÛÚM�ã ?�IHm �

251,3 → 2c M ßV SY Wô\ SZ] W] VWXYPtS TSXV\ [YSR Ï SY ^ZV\ SZ T{fV`] TVySZSW`S TS XSZ]S\^S�[WT] ä ×Ø èÚ ÛÖØÖë Ú SR Y[ XVyZ[ \ SW]R RVfWViX[`Vu[ M
�ã ?�IHm �

2570 → 7b M ßV S¥VR`SW TSXV\ [YSR Y[ XVyZ[ \ SW]R RVfWViX[`Vu[ SR Y[ ^ZV\ SZ[ ^ ]Z Y[TSZSX¤[ æìëèêÜ× Üæ ÖÜøÚ ÖÜ êì ëÖØ×M�ã ?�IHm �
2514,790 → 0g M �]T]R Y]R T{fV`]R SW`ZS Y[ XVyZ[ \ _R RVfWViX[`Vu[ t Y[ \ SW]R RVfWViX[`Vu[ ÏVWXYPtSWT] [ SR`[R T]R Ï RS XPSW`[W X]\ ] XVyZ[R RVfWViX[`Vu[R M

�ã ?�IHm � �]T]R Y]R Wô\ SZ]R VWTVX[T]R [ X]W`VWP[XVqW ^ ]RSSW XP[`Z]XVyZ[R RVfWViX[`Vu[R
1,051 1154. 123,5 234500 10,10 0,002222 .

Ýc Mg Þ
£[ \ VR\ [ \ STVT[ ^PSTS S¥^ZSR[ZRS SW TVySZSW`SR SRX[Y[R Ï ^ SZ] SY Wô\ SZ] TSXVyZ[R RVfWViX[`Vu[R sß ßps�~es s£ � pß�� M Î] TS^ SWTS TS SW �PQ SRX[Y[S¥^ZSRS\ ]R WPSR`Z[ \ STVT[ M ßS TSU S PR[Z ^ZSySZSW`S\ SW`S Y[ Î���xp!ÎxpsÎ� "�px� Ï �PS ZSRPY`[ TS ]U YVf[`]ZV] PR] [Y SRXZVU VZ Wô\ SZ]R \Pt fZ[WTSR] ^ S�PSÔ]R M

Lz



�ã ?�IHm �
15,4 Km = 15400m = 1,54 107 mm

0,12 µF = 1,2 10−4 mF = 1,2 10−7 F

sR V\^]Z`[W`S `SWSZ SW XPSW`[ �PS Ï [ Y[ YP� TS Y] S¥^YVX[T] ¤[R`[ [¤]Z[ Ï^ ]Z S� S\^Y]
451 mm 6= 451,0 mm ,

Ýc MjÞ
^PSR SY RSfPWT] Wô\ SZ] `VSWS PW[ XVyZ[ RVfWViX[`Vu[ \ _R �PS SY ^ZV\ SZ] MdW[ uS� �PS X]W]XS\ ]R WPSR`Z[ \ STVT[ t RP SZZ]Z Ï ¤[t �PS >?GmAG?C>[\U]R [TSXP[T[\ SW`S M £[ Z[�qW TSY ZST]WTS] SR`ZVU[Z_ SW �PS RV Ï ^ ]Z S� S\ ·^Y] Ï SY SZZ]Z [ySX`[ [ Y[ RSfPWT[ XVyZ[ TSXV\ [Y TS WPSR`Z] ZSRPY`[T] Ï W] `VSWSWVWfôW RSW`VT] ^ZSRSW`[Z Y[ \ STVT[ X]W ]X¤] TSXV\ [YSR M ßSZ_W VWX]ZZSX`]R^PSR SY SZZ]Z X]\ S`VT] ¤[XS �PS RS TSRX]W]�X[W M~[Z[ X]WRSZu[Z PW XVSZ`] Wô\ SZ] TS XVyZ[R RVfWViX[`Vu[R TS Y[ \ STVT[ TSU SZST]WTS[ZRS [TSXP[T[\ SW`S RVfPVSWT] Y[R ZSfY[R RVfPVSW`SR �

ßV Y[ XVyZ[ RVfP VSW`S [ Y[ ôY`V\ [ �PS RS X]WRSZu[ SR VWySZV]Z [ XVWX] W]RS ¤[XS WVWfôW X[\UV] M
ßV Y[ XVyZ[ RVfPVSW`S [ Y[ ôY`V\ [ �PS RS X]WRSZu[ SR RP^ SZV]Z [ XVWX] RSRP\ [ PW[ PWVT[T [ Y[ ôY`V\ [ XVyZ[ M
ßV Y[ XVyZ[ RVfPVSW`S [ Y[ ô Y`V\ [ �PS RS X]WRSZu[ SR XVWX] RS [P\ SW`[ SWPW[ PWVT[T XP[WT] SY T{fV`] �PS RS X]WRSZu[ SR V\^[Z t W] RS u[Z{[ RVSR ^[Z M

�ã ?�IHm �ßV ZST]WTS[\ ]R TS� [WT] RqY] T]R XVyZ[R RVfWViX[`Vu[R SW Y]R Wô\ SZ]R �PSTV\ ]R [W`SR X]\ ] S� S\^Y] �
1,051 1154. 123,5 234500 10,10 0,002222 ,

Ýc M}Þ
]U`SWS\ ]R
1,1 1200 120 230000 (

�_R X]ZZSX`[\ SW`S �
2,3 105) 10 0,0022 .

Ýc MrÞ
sY Wô\ SZ] TS XVyZ[R �PS RS VWXYPtSW SW PW ZSRPY`[T] TSU S RSZ [^Z]¥V\ [·T[\ SW`S PW[ \ _R �PS Y[R �PS VWTV�PS Y[ ^ZSXVRVqW M ~[Z[ ZST]WTS[Z [TSXP[·T[\ SW`S Y]R ZSRPY`[T]R S¥^ SZV\ SW`[YSR RS RVfPSW Y]R ^[R]R �PS ZSRSÔ[\ ]R [X]W`VWP[XVqW

LM eST]WTS[\ ]R SY SZZ]Z `SWVSWT] SW XPSW`[ RPR T]R ^ZV\ SZ[R XVyZ[R RVfWV·iX[`Vu[R M ßV SR`[R y]Z\ [W PW Wô\ SZ] \ SW]Z �PS
25

RS X]WRSZu[W [\U[R Ï\ VSW`Z[R �PS RV SY Wô\ SZ] SR \ [t]Z RS ZST]WTS[ [ PW[ XVyZ[ RVfWViX[`Vu[ M
LL



c M dW[ uS� ZST]WTS[T] SY SZZ]Z TSU S ZST]WTS[ZRS Y[ \ [fWV`PT M | SU SW ZS·`SWSZRS XVyZ[R ¤[R`[ Y[ ôY`V\ [ XVyZ[ RVfWViX[`Vu[ ZS`SWVT[ ^[Z[ SY SZZ]Z Ms Y ZSR`] TS XVyZ[R TSU SW TSR^ZSXV[ZRS Ï X]W XPVT[T] TS ZST]WTS[Z [TS·XP[T[\ SW`S Y[ ôY`V\ [ XVyZ[ M
b M ~]Z ôY`V\ ] RS S¥^ZSR[W X]W�PW`[\ SW`S Y[ X[W`VT[T t RPR PWVT[TSR M
�ã ?�IHm �ßP^]Wf[\ ]R �PS PW[ \ STVT[ VWTVZSX`[ TS ^ZSRVqW W]R T[ X]\ ] ZSRPY`[T]

P = 12,343256367 Pa ,
Ýc MvÞ

SW Y[ `[UY[ c ML [W[YV�[\ ]R X]\ ] RS S¥^ZSR[Z{[ X]ZZSX`[\ SW`S SR`S ZSRPY`[T]^[Z[ RSVR u[Y]ZSR TVySZSW`SR TS Y[ VWXSZ`VTP\UZS [UR]YP`[ M
EP

Ý
Pa

Þ eST]WTS]
EP

Ý
Pa

Þ eST]WTS] ZSRPY`[T] Ý
Pa

Þ eSRPY`[T] iW[Y
0,002155 0,0022 12,3433 12,3433 ± 0,0022 Pa

12,3433(22)Pa

0,055623 0,06 12,34 12,34 ± 0,06 Pa
12,34(6)Pa

0,62158 0,6 12,3 12,3 ± 0,6 Pa
12,3(6)Pa

10,8111 11 12 12 ± 11 Pa
12(11)Pa

3,457233 3 12 12 ± 3 Pa
12(3)Pa

0,09665 0,10 12,34 12,34 ± 0,10 Pa
12,34(10)PaxP[TZ] c ML�

Ð ¹ñ ¹ # ¾ÌÇÀ $¾ÌÂÄÇ À¿ ÅÇ È¿ÀÂÀÇ
ßP^]Wf[\ ]R �PS ¤S\ ]R X]WRSfPVT] ZSTPXVZ Y[R yPSW`SR TS SZZ]Z TS WPSR`Z]S¥^ SZV\ SW`] [ Y[R ^PZ[\ SW`S [XXVTSW`[YSR Ï YVUZ_WT]W]R TS Y[R RVR`S\ _`VX[R M£[ S¥VR`SWXV[ TS SR`]R SZZ]ZSR [YS[`]ZV]R ¤[Z_W �PS X[T[ uS� �PS \ VT[\ ]R Y[u[ZV[UYS y{RVX[ �PS W]R VW`SZSR[ ]U`SWf[\ ]R u[Y]ZSR �PS ^PSTSW RSZ TVySZSW`SR MsR`]R ZSRPY`[T]R RS ZS^[Z`VZ_W [YZSTST]Z TSY �Úè×Ø �ÖØÛÚÛÖØ× TS Y[ \ [fWV`PT Ï�PS TSRX]W]XS\ ]R Ï ]U`SWVQWT]RS [ uSXSR u[Y]ZSR ^ ]Z SWXV\ [ TSY \ VR\ ] t]`Z[R ^ ]Z TSU[� ] M�ã ?�IHm �ßP^]Wf[\ ]R �PS \ STV\ ]R X]W XZ]Wq\ S`Z]R TVySZSW`SR Ï SY `VS\^] �PS `[Z·T[ SW X[SZ TSRTS PW[ [Y`PZ[ TS

3,0 m
PW XPSZ^ ] �PS ^[Z`S TSY ZS^ ]R] [Y RPSY]]U`SWVSWT] [R{ T]R X]W�PW`]R TS \ STVT[R Ï

T1
t

T2
M

Lc



T1 (s) 0,80 0,82 0,76 0,76 0,74 0,79 0,77 0,79
T2 (s) 0,9 0,9 0,7 0,8 0,7 0,8 0,7 0,6xP[TZ] c Mc �

~]Z Y] `[W`] [ �AC ZS[YVT[T y{RVX[ YS X]ZZSR^ ]WTS PW X]W�PW`] TS ZSRPY`[·T]R TVySZSW`SR Ï X]W� PW`] �PS SR iWV`] Ï ^ SZ] �PS VTS[Y\ SW`S ^ ]TZ{[\ ]R RP^ ]WSZVWiWV`] M £[ sR`[T{R`VX[ W]R ^ SZ\ V`S [yZ]W`[Z SY SR`PTV] TS SR`[R X]YSXXV]WSRTS T[`]R t S¥`Z[SZ TS SYY[R Y[ VWy]Z\ [XVqW WSXSR[ZV[ M
Ð ¹õ ¹ % Â¾ÌÆÂÁ¼ÄÂÉÃ¿¾

£]R ZSRPY`[T]R S¥^ SZV\ SW`[YSR RS ZS^[Z`SW [YZSTST]Z TSY u[Y]Z uSZT[TSZ]TS [XPSZT] X]W Y] �PS RS YY[\ [ SW sR`[T{R`VX[ PW[ å êìëæüì ÛÖ ÛæÜ øØæçêëæüì ]PW[ ÛæÜøØæçêëæüì ÛÖ ä Ø×çÚçæèæÛÚÛM | S^ SWTVSWT] TSY S¥^ SZV\ SW`] SR WSXSR[ZV]X]WRVTSZ[Z PW[ TS`SZ\ VW[T[ yPWXVqW TS TVR`ZVUPXVqW M �[R`S ^ ]Z [¤]Z[ R[U SZ�PS Y[R yPWXV]WSR TS \ [t]Z VW`SZQR [ Y[ ¤]Z[ TS [W[YV�[Z T[`]R S¥^ SZV\ SW`[YSRR]W Y[ ÛæÜøØæçêëæüì çæì×ù æÚèÏ Y[ ÛæÜøØæçêëæüì ÛÖ & ×æÜÜ×ì Ï Y[ ÛæÜøØæçêëæüì ÛÖ'×ØÖìø� t Y[ ÛæÜ øØæçêëæüì ì×Øù Úè ] ÛÖ (ÚêÜÜM sR`[ ôY`V\ [ SR Y[ TVR`ZVUPXVqW\ _R [\^YV[\ SW`S PR[T[ t Y[ �PS RS ¤[ X]WRVTSZ[T] [Y TSZVu[Z Y]R ZSRPY`[T]R�PS ^ZSRSW`[\ ]R SW SY ZSR`] TS Y[ ^Z_X`VX[ M~]Z `[W`] Ï TS [¤]Z[ SW [TSY[W`S Ï RP^ ]WS\ ]R �PS WPSR`Z[R yPSW`SR TS SZZ]ZR]W Y[R ^PZ[\ SW`S [XXVTSW`[YSR t �PS Ï [TS\ _R Ï SR`]R SZZ]ZSR [YS[`]ZV]R RSZS^[Z`SW TS [XPSZT] X]W Y[ TVR`ZVUPXVqW W]Z\ [Y M sR`] V\^YVX[ �PS X[T[ SZZ]Z[XXVTSW`[Y SR ^Z]u]X[T] ^ ]Z PW fZ[W Wô\ SZ] TS ^ S�PSÔ]R SZZ]ZSR �PS [ RPuS� ^PSTSW X]WRVTSZ[ZRS X]\ ] [XXVTSW`[YSR S VWTS^ SWTVSW`SR Ï t �PS X[T[ PW]TS SR`]R ^ S�PSÔ]R SZZ]ZSR [^[ZSXS X]W VfP[Y ^Z]U[U VYVT[T X]W RVfW] ^ ]RV`Vu]t WSf[`Vu] MsW Y[ UVUYV]fZ[y{[ �PS RS SWXPSW`Z[ [Y iW[Y TS Y[ ^Z_X`VX[ ^PSTS SWX]W·`Z[ZRS PW `Z[`[\ VSW`] \ [`S\ _`VX] \ _R X]\^YS`] TS SR`S ^ ]UYS\ [ M
Ð ¹) ¹ �ËÅÄ¼ ÅÉ À¿Å �ÇÅÉÆ Ç¾ÂóÃÇÀÉ � ¾¼ ÂÃÀ¿Ì¿ÆÈ ÂÃÇ*

ÄÂ�Ã ÇÁ¾ÉÅ¼ÌÇ
ßP^]Wf[\ ]R �PS YYSu[\ ]R [ X[U ] PW S¥^ SZV\ SW`] t \ STV\ ]R XVSZ`[ \ [f·WV`PT y{RVX[ �PS YY[\ [ZS\ ]R

y
M e S[YV�[\ ]R

N = 100
\STVT[R TS TVX¤[ \ [f·WV`PT SW SY Y[U ]Z[`]ZV] Ï ]U`SWVSWT] [R{ PW[ TVR`ZVUPXVqW TS u[Y]ZSR M Nxq\ ]T[\ ]R [ X]W]XSZ [¤]Z[ WPSR`Z]R ZSRPY`[T]R a|SU S\ ]R S¥`Z[SZ TS WPSR`Z[R \ STVXV]WSR S¥^ SZV\ SW`[YSR PW[ Úä Ø×+ æù Ú,ëæüì [Y u[Y]Z uSZT[TSZ] TS Y[ \ [fWV`PT

y
Ï t SR`V\ [Z SY SZZ]Z [UR]YP`] �PS X]W·YYSu[ WPSR`Z[ [^Z]¥ V\ [XVqW M �PRX[\ ]R ^ ]Z `[W`] `Z[TPXVZ WPSR`Z] X]W�PW`]TS T[`]R S¥^ SZV\ SW`[YSR [ Y[ y]Z\ [

valor±error
ÝRVW ]Yu VT[Z Y[R PWVT[TSR MMMÞ M

Lb



£[ ^ZV\ SZ[ \ [fWV`PT �PS W]R RSZ_ TS VW`SZQR SR SY YY[\ [T] �CHm> �?GEmTSY X]W� PW`] TS \ STVT[R M ~[Z[ PW X]W�PW`] TS \ STVT[R S¥^ SZV\ SW`[YSR
y1

Ï
y2

Ï
y3

ÏMMMÏ
yN

TSiWV\ ]R RP u[Y]Z \ STV] Ï �PS YY[\ [ZS\ ]R
ȳ
Ï X]\ ] Y[ ù ÖÛæÚÚØæøù -øæëÚ TS Y]R TVR`VW`]R u[Y]ZSR \ STVT]R M sR ^ ]Z `[W`] VfP[Y [

ȳ =
1

N

N
∑

i=1

yi . à/ á.â
dW[ yqZ\PY[ S�PVu[YSW`S [ Y[ [W`SZV]Z SR Y[ S¥^ZSR[T[ SW `QZ\ VW]R TS Y[RyZSXPSWXV[R TS X[T[ \ STVT[ M ßV RP^ ]WS\ ]R �PS [Y \ STVZ

y
SW

N
]X[RV]WSR¤S\ ]R ]U`SWVT]

n
u[Y]ZSR TVySZSW`SR

yi
Ï
i = 1, . . . , n

Ï TSiWV\ ]R Y[ yZSXPSWXV[TSY
i
·QRV\ ] u[Y]Z X]\ ]

Pi = Ni/N
Ï T]WTS

Ni
SR SY Wô\ SZ] TS uSXSR �PS ¤S\ ]R]U`SWVT]

yi
[Y \ STVZ t

N
SY Wô\ SZ] `]`[Y TS \ STVT[R M ~]TS\ ]R SW`]WXSRSRXZVU VZ Y[ yqZ\PY[ TSY u[Y]Z \ STV] X]\ ]

ȳ =
n

∑

i=1

Piyi .
Ýc MLzÞ

�C�m@ C EG?ABE�DC>
ȳ / ?H �C Hm> �?GEm G? A�?@B>C G E@B>E��DEFA G?�?GEGC@ / DmA ?H �CHm> �?>GCG?>m G? HC � E@�C M sW fSWSZ[Y Ï XP[WT] Y[RyPSW`SR TS SZZ]Z R]W ^PZ[\ SW`S [YS[`]ZV[R Ï X]Wy]Z\ S XZSXS SY Wô\ SZ]

N
TS\ STVT[R RS u[ [XSZX[WT] SY u[Y]Z \ STV] [Y u[Y]Z uSZT[TSZ] Ï VTSW`ViX_WT]RS[\U]R SW SY X[R] Y{\ V`S TS VWiWV`[R \ STVT[R M�ã ?�IHm �î[YY[\ ]R Y]R u[Y]ZSR \ STV]R TS Y[R TVR`ZVUPXV]WSR

T1
t

T2
TSY S� S\^Y][W`SZV]Z M

T̄1 = 0,80+0,82+0,76+0,76+0,74+0,79+0,77+0,79
8 = 0,77875 s

T̄2 = 0,9+0,9+0,7+0,8+0,7+0,8+0,7+0,6
8 = 0,7625 s

= 2
80,9 + 2

80,8 + 3
80,7 + 1

80,6 = 0,7625 s ,

T]WTS SW SY ôY`V\ ] X[R] ¤S\ ]R ¤SX¤] PR] TS Y[ yqZ\PY[ �PS P`VYV�[ Y[R yZS·XPSWXV[R TS X[T[ \ STVT[ M0[ `SWS\ ]R PW[ SR`V\ [XVqW TSY u[Y]Z uSZT[TSZ] Ï [¤]Z[ WSXSRV`[\ ]R PW[[^Z]¥ V\ [XVqW [Y SZZ]Z �PS SR`[\ ]R X]\ S`VSWT] Ï Y] �PS V\^YVX[ TSiWVZ [YfôW^[Z_\ S`Z] �PS W]R ^ SZ\ V`[ XP[W`ViX[Z Y[ [WX¤PZ[ TS WPSR`Z[ TVR`ZVUPXVqW TSu[Y]ZSR S¥^ SZV\ SW`[YSR [YZSTST]Z TSY u[Y]Z \ STV] M dW ^ZV\ SZ ^[Z_\ S`Z] TSVW`SZQR SR Y[ YY[\ [T[ G?@� ECDEFA M |SiWV\ ]R Y[ G?@� ECDEFA Ï
dyi

Ï TS Y[
i
·QRV\ [\ STVT[ TS Y[ \ [fWV`PT

y
X]\ ] Y[ TVySZSWXV[ SW`ZS Y[ \ STVT[ t SY u[Y]Z \ STV]TS Y[ TVR`ZVUPXVqW

dyi
= yi − ȳ , i = 1, . . . , N .

Ýc MLLÞ
Lg



�ã ?�IHm �£[R TSRuV[XV]WSR
dti

SW Y]R X]W�PW`]R
T1

t
T2

R]W
T1(s) dt1 = 0,80 − 0,77875 = 0,02125 , dt2 = 0,04125 , . . . , dt8 = 0,011

T2(s) dt1 = 0,9 − 0,7625 = 0,1375 , dt2 = 0,1375 , . . . , dt8 = −0,1625 .

£]R u[Y]ZSR TS
dyi

W]R ^Z]^ ]ZXV]W[W PW[ VTS[ TS Y[ TVR`[WXV[ [Y u[Y]Z\ STV] TS X[T[ \ STVT[ Ï ^ SZ] UPRX[\ ]R PW ^[Z_\ S`Z] �PS W]R X[Z[X`SZVXS Y[TVR`ZVUPXVqW SW RP X]W�PW`] M ~[Z[ SYY] RS ¤[XS PR] TS Y[ YY[\ [T[ G?@� ECDEFAAm>�CH ] ?@BJAGC> �PS SRXZVU V\ ]R X]\ ]
σy

σy =

√

∑N
i=1 d2

yi

N − 1
=

√

∑N
i=1(yi − ȳ)2

N − 1
.

Ýc MLcÞ
~]Z TSiWVXVqW HC G?@� ECDEFA ?@BJAGC> BE?A? HC@ � E@�C@ G E�?A@Em�A?@ ��? HC �C�AEB�G �?GEGC Ï ^ ]Z `[W`] SR X]WuSWVSW`S S¥^ZSR[ZY[ SWVTQW`VX[R PWVT[TSR M�ã ?�IHm �£[ TSRuV[XVqW SR`_WT[Z TS WPSR`Z]R T]R X]W�PW`]R TS \ STVT[R

T1
t

T2
SR

σT1
= 0,022 s

σT2
= 0,106 s .

ßS YY[\ [ �C>ECA1C TS Y[ TVR`ZVUPXVqW [Y XP[TZ[T] TS Y[ TSRuV[XVqW SR`_W·T[Z Ï
σ2

y

M£[ TSRuV[XVqW SR`_WT[Z R{ W]R T[ VTS[ TS Y[ [WX¤PZ[ TS Y[ TVR`ZVUPXVqWTS u[Y]ZSR \ STVT]R M ßVW S\U[Zf] Ï X]WRVTSZ[XV]WSR SR`[T{R`VX[R ¤[XSW �PS SR·`V\ S\ ]R Y[ VWXSZ`VTP\UZS [UR]YP`[ TS WPSR`Z[ \ STVXVqW W] [ `Z[uQR TS Y[TSRuV[XVqW SR`_WT[Z TSiWVT[ [W`SZV]Z\ SW`S Ï RVW] TS Y[ G?@� ECDEFA ?@BJA�GC> G?H �CHm> �?GEm Ï
σȳ

Ï �PS TSiWV\ ]R X]\ ]

σȳ =

√

√

√

√

∑N
i=1(yi − ȳ)2

N(N − 1)
=

σy√
N

. à/ á,2â
x]\ ] RS [^ZSXV[ SW RP TSiWVXVqW Ï Y[ TSRuV[XVqW SR`_WT[Z TSY u[Y]Z \ STV] Ï

σȳ
SR RVS\^ZS \ SW]Z �PS Y[ TSRuV[XVqW SR`_WT[Z

σy
t ^]RSS Y[R \ VR\ [R TV·\ SWRV]WSR M sR`S ^[Z_\ S`Z] SR`_ ZSY[XV]W[T] X]W Y[ [WX¤PZ[ TS Y[ TVR`ZVUPXVqWTS u[Y]ZSR \ STV]R �PS RS ]U`SWTZ{[ RV RS ZS^V`VSZ[ u[ZV[R uSXSR Y[ X]YSXXVqW TSPW X]W�PW`] TS T[`]R X[YXPY[WT] X[T[ uS� Y[ \ STV[ Ý�SZ UVUYV]fZ[y{[Þ M sR`SSR SY ^[Z_\ S`Z] �PS [R]XV[ZS\ ]R X]W Y[ VWXSZ`VTP\UZS TS WPSR`Z[ \ STVT[ M

Lj



~]Z `[W`] XP[WT] TVR^ ]Wf[\ ]R TS PW X]W�PW`] TS \ STVT[R TS PW[ \ [f·WV`PT
y1

Ï
y2

Ï
y3

Ï MMMÏ
yN

Ï S¥^ZSR[ZS\ ]R SY ZSRPY`[T] TS SR[R \ STVT[R X]\ ]
y ± Ey ⇒ ȳ ± σȳ ,

Ýc MLg Þ
t SY SZZ]Z ZSY[`Vu] RSZ_

εy =
σȳ

ȳ
.

Ýc MLjÞ
�ã ?�IHm �s¥^ZSR[\ ]R X]ZZSX`[\ SW`S SW Y[ y]Z\ [ ZSRPY`[T] ± SZZ]Z Y[R \ STVT[R TS
T1

t
T2

�
T1 σT̄1

= 0,0078 s ; T1 = 0,779 ± 0,008 s

εT1
= 0,010 ' 1 %

T2 σT̄2
= 0,0375 s ; T2 = 0,76 ± 0,04 s

εT2
= 0,053 ' 5 %

�ã ?�IHm �� Y \ STVZ
N = 20

uSXSR Y[ TVR`[WXV[ SW`ZS T]R ^PW`]R RS ]U`VSWSW Y]Ru[Y]ZSR
l (m) 2,356 2,357 2,359 2,361 2,362 2,363 2,365
Ni 1 2 3 8 4 1 1

l̄ (m) 2,3605

dl (m) −0,005 −0,004 −0,002 0,000 0,001 0,002 0,004
d2

l (m2) 2,5 10−5 1,6 10−5 4 10−6 0,000 10−6 4 10−6 1,6 10−5

σl̄ (m) 4,8 10−4 ' 5 10−4eSRPY`[T]
2,3605 ± 0,0005 m

~[Z[ `Z[`[Z TS y]Z\ [ X]ZZSX`[ Y]R ZSRPY`[T]R SR WSXSR[ZV] `]\ [Z SW XPSW·`[ Y[ ^ ]RVU YS [^[ZVXVqW TS ?>>m>?@ @E@B?�JBEDm@ t `[\UVQW SY ?>>m> G??@DCHC M ßV RS RP^ ]WS �PS RS ¤[ X]WRSfPVT] SYV\ VW[Z ^ ]Z X]\^YS`] Y]R SZZ]ZSRRVR`S\ _`VX]R Ï ?H ?>>m> BmBCH A�ADC G?�?>J @?> �?Am> ��? ?H ?>>m> G??@DCHC M
Ð ¹3 ¹ 4 ÆÉÊÇóÇÄÂ�Ã À¿ ¿ÆÆÉÆ¿¾ ¿Ã È¿ÀÂÀÇ¾ ÂÃÀÂÆ¿ÄÌÇ¾

sW fSWSZ[Y Y]R ZSRPY`[T]R ]U`SWVT]R [ `Z[uQR TS Y[R \ STVT[R YYSu[T[R [X[U ] Ýù ÖÛæÛÚÜ ÛæØÖëøÚÜÞ R]W \ [WV^PY[T[R \ [`S\ _`VX[\ SW`S ^[Z[ SY X_YXPY]TS ]`Z[R \ [fWV`PTSR TS VW`SZQR Ýù ÖÛæÛÚÜ æìÛæØÖëøÚÜÞ M �SWTZS\ ]R �PS [^ZSWTSZX]\ ] ä Ø×ä Úû ÚØ SY SZZ]Z TS Y[R \ STVT[R TVZSX`[R [ Y[R VWTVZSX`[R M sR TSXVZ Ï[W[YV�[ZS\ ]R SW SR`S [^[Z`[T] �PQ SZZ]Z RS X]\ S`S [Y X[YXPY[Z PW[ \ [fWV`PT
L}



[ ^[Z`VZ TS u[Y]ZSR TS ]`Z[R \ [fWV`PTSR �PS [ RP uS� SR`_W [ySX`[T[R TS XVSZ`[VWXSZ`VTP\UZS M� X]W`VWP[XVqW uSZS\ ]R Xq\ ] X[YXPY[Z SY SZZ]Z TS PW[ yPWXVqW TS T]Ru[ZV[UYSR Ï X[T[ PW[ TS Y[R XP[YSR `VSWS PW SZZ]Z [RVfW[T] M hSWSZ[YV�[ZS\ ]R[Y X[R] TS
n
u[ZV[UYSR Ï RVSWT] SY X[R] TS PW[ u[ZV[UYS PW Y{\ V`S `ZVu V[Y TS Y]R[W`SZV]ZSR MßP^ ]Wf[\ ]R �PS

z = f(x, y)
SR PW[ yPWXVqW TS T]R u[ZV[UYSR VWTS^ SW·TVSW`SR 5 M dW S� S\^Y] TS yPWXVqW TS T]R u[ZV[UYSR ^PSTS RSZ SY ^ SZV]T]

T
TSPW ^ QWTPY] \ [`S\ _`VX] Ï �PS ^ ]TS\ ]R X]WRVTSZ[Z yPWXVqW TS Y[ Y]WfV`PT

l
TSY^ QWTPY] t TSY u[Y]Z TS Y[ [XSYSZ[XVqW TS Y[ fZ[uST[T

g
SW SY YPf[Z T]WTS RSSWXPSW`Z[ SY ^ QWTPY] �

T = f(l, g)
M~[Z[ PW[ yPWXVqW TS T]R u[ZV[UYSR

z = f(x, y)
Y[ TSRuV[XVqW SR`_WT[Z TSYu[Y]Z \ STV] TS

z
SR

σ2
z̄ =

(

∂f(x, y)

∂x

)2

x̄ȳ

σ2
x̄ +

(

∂f(x, y)

∂y

)2

x̄ȳ

σ2
ȳ .

Ýc ML}Þ
�]\ [WT] Y[ Z[{� XP[TZ[T[ ]U`SWTZ{[\ ]R SY SZZ]Z X]ZZSR^ ]WTVSW`S M hSWSZ[YV·�[WT] ^[Z[ PW[ yPWXVqW TS

n
u[ZV[UYSR

z = f(x1, x2, . . . , xn)
`SWS\ ]R

σz̄ =

√

√

√

√

√

n
∑

j=1

(

∂f

∂xj

)2

x̄

σ2
x̄j

,
Ýc MLrÞ

T]WTS (

∂f
∂xj

)2

x̄

SR Y[ TSZVu[T[ ^[ZXV[Y TS
f
ZSR^ SX`] [

xj
Su[YP[T[ ^[Z[

x1 = x̄1
Ï

x2 = x̄2
Ï M M M Ï

xn = x̄n
M sW SY XP[TZ] c Mb RS ^ZSRSW`[W Y]R ZSRPY`[T]R ^[Z[ Y[^Z]^[f[XVqW TS SZZ]ZSR ^[Z[ [YfPW[R TS Y[R yPWXV]WSR \ _R yZSXPSW`SR M
eSY[XVqW sZZ]Z

z = exp(x) σ2
z = exp(2x)σ2

x

z = ln(x) σ2
z = σ2

x

x2

z = x ± y σ2
z = σ2

x + σ2
y

z = xy σ2
z

z2 = σ2
x

x2 +
σ2

y

y2

z = x/y σ2
z

z2 = σ2
x

x2 +
σ2

y

y2xP[TZ] c Mb �
�ã ?�IHm �ßP^]Wf[\ ]R �PS W]R ^VTSW X[YXPY[Z Y[ TSWRVT[T TS PW[ ^VS�[ ¤]\ ]fQWS[TS y]Z\ [ XqWVX[ R[UVSWT] �PS RP \ [R[ SR

m = 300,23 ± 0,05 g
Ï RP [Y`PZ[

h = 12,3 ± 0,1 cm
t SY Z[TV] TS Y[ U[RS

r = 7,44 ± 0,01 cm
M

6789 :;< =;>?;@ :9< <9;A ?AB9C9AB?9AD9< @E<?F;G 9AD9 H8?9>9 B9F?> H89 8A; AI <9 =9;J9FD;B; CI> F;G@?I< 9A :; ID>; K
Lr



£[ TSWRVT[T SR VfP[Y [Y X]XVSW`S TS Y[ \ [R[ SW`ZS SY u]YP\ SW TS Y[ ^VS�[Ý[Y RSZ SR`[ ¤]\ ]fQWS[Þ YPSf]
ρ = ρ(m, h, r) =

m

πr2h/3
= 0,42109 g/cm3 .

Ýc MLvÞ
x[YXPY[\ ]R [ X]W`VWP[XVqW Y[R TSZVu[T[R ^[ZXV[YSR WSXSR[ZV[R ^[Z[ SY X_YXPY]TSY SZZ]Z

∂ρ

∂m
=

3

πr2h
;

(

∂ρ

∂m

)

m̄,r̄,h̄

= 1,40310−3 cm−3

∂ρ

∂h
= − 3m

πr2h2
;

(

∂ρ

∂h

)

m̄,r̄,h̄

= −3,4210−2 g/cm4

∂ρ

∂r
= − 6m

πr3h
;

(

∂ρ

∂r

)

m̄,r̄,h̄

= −1,13210−1 g/cm4 ,

t RPUR`V`PtSWT] SW Y[ yqZ\PY[ TSY SZZ]Z ]U`SWS\ ]R
σρ̄ =

√

(1,403 10−3)20,052 + (−3,42 10−2)20,12 + (−1,132 10−1)20,012 = 0,003603 g/cm3 ,Ýc MLwÞt SY ZSRPY`[T] iW[Y RSZ{[
ρ = 0,421 ± 0,004 g/cm3 .

Ýc MczÞ
Ð ¹L ¹ ò ¿ÄÌÇ À¿ Æ¿óÆ¿¾Â�Ã M NO¼¾Ì¿ À¿ Ä¼Æ�Ç¾ � È½ÌÉÀÉ

À¿ ÅÉ¾ È $ÃÂÈÉ¾ Ä¼ÇÀÆÇÀÉ¾
� �P �	� QR ���� �� S����

ßVSWT] PW[ ¤SZZ[\ VSW`[ TS fZ[W [tPT[ Ï Y[ SR`V\ [XVqW \ STV[W`S \ Q`]T]RfZ_iX]R W] ^Z]^ ]ZXV]W[ ZSRPY`[T]R ^ZSXVR]R M sR WSXSR[ZV] PW ^Z]XSTV\ VSW`]\ [`S\ _`VX] �PS W]R ^ SZ\ V`[ VTSW`ViX[Z èÚ ù Öú ×Ø ëêØ�Ú ^[Z[ PW X]W�PW`]T[T] TS T[`]R S¥^ SZV\ SW`[YSR M ~]Z RP^PSR`] SR WSXSR[ZV] TSiWVZ PW XZV`SZV]XY[Z] TS Y] �PS �PSZS\ ]R TSXVZ [Y ZSySZVZW]R [ Y[ ù Öú ×Ø XPZu[ MßP^ ]Wf[\ ]R �PS Y[R T]R \ [fWV`PTSR
X

S
Y

SR`_W ZSY[XV]W[T[R ^ ]Z PW[yqZ\PY[ X]W]XVT[ Ï SW Y[ �PS [TS\ _R VW`SZuVSWSW
r
^[Z_\ S`Z]R

Y = f(X; a1, . . . , ar) .
Ýc Mc LÞ

�ã ?�IHm �� YfPW[R TS Y[R yPWXV]WSR �PS \ _R yZSXPSW`S\ SW`S [^[ZSXSW R]W
eSX`[ �

Y = a1X + a2~[Z_U ]Y[ �
Y = a1X

2 + a2X + a3

Lv



~[Z_U ]Y[ X]W S� S RS RV\ S`Z{[
OY

�
Y = a1X

2 + a3�PWXVqW ^Z]^ ]ZXV]W[Y VWuSZR[ Ýî V^ QZU ]Y[Þ �
Y = 1/(a1X + a2)s¥^]WSWXV[Y �

Y = a1 exp (a2X)dW[ uS� �PS SRX]� [\ ]R PW[ y]Z\ [ yPWXV]W[Y ^[Z[ Y[ TS^ SWTSWXV[ TS
YyZSW`S [

X
¤S\ ]R TS TS`SZ\ VW[ZY[ UPRX[WT] Y]R u[Y]ZSR TS Y]R

r
^[Z_\ S`Z]R

ai
�PS W]R ^Z]^ ]ZXV]WSW SY �?ã m> Cã �@B? [ Y]R T[`]R S¥^ SZV\ SW`[YSR MßV `SWS\ ]R

r
^[Z_\ S`Z]R t \ STV\ ]R

N = r
^[ZSR

(Xi, Yi)
^]TZ{[\ ]R^Y[W`S[Z PW RVR`S\ [ X]W

r
SXP[XV]WSR t

r
VWXqfWV`[R t ZSR]YuSZY] ^[Z[ TS`SZ·\ VW[Z WPSR`Z]R ^[Z_\ S`Z]R M ßVW S\U[Zf] Ï ^[Z[ ZSTPXVZ Y[ VW�PSWXV[ TS SZZ]ZSRS¥^ SZV\ SW`[YSR tÏ R]UZS `]T] Ï RV RS �PVSZS VWuSR`Vf[Z RV Y[ yPWXVqW SRX]fVT[ SR[TSXP[T[ ] W] Ï SR WSXSR[ZV] ZS[YV�[Z PW \ [t]Z Wô\ SZ] TS \ STVT[R �

N > r
M�¤]Z[ UVSW Ï RV

N > r
SW`]WXSR `SWS\ ]R PW \ [t]Z Wô\ SZ] TS SXP[XV]WSR�PS TS VWXqfWV`[R t SW fSWSZ[Y RS W]R ^Y[W`S[ PW RVR`S\ [ VWX]\^[`VUYS �PSW] ^ ]TS\ ]R ZSR]YuSZ M �PRX[\ ]R SW`]WXSR PW XZV`SZV] �PS ^ SZ\ V`[ ¤[YY[Z PW]R^[Z_\ S`Z]R q^`V\ ]R M

� �P �� � T U���� �� V WX�V�� S������
sR`S \ Q`]T] ^Z]^ ]ZXV]W[ PW[ y]Z\ [ RVR`S\ _`VX[ TS UPRX[Z Y]R ^[Z_\ S`Z]R^[Z[ ]^`V\ V�[Z SY [XPSZT] TS PW[ yPWXVqW X]W PW X]W�PW`] TS T[`]R S¥^ SZV·\ SW`[YSR M s Y \ Q`]T] ^Y[W`S[ �PS Y]R ^[Z_\ S`Z]R q^`V\ ]R R]W [�PSYY]R �PS\ VWV\ V�[W

χ2 ÝX¤V·XP[TZ[T]ÞY �PS RS TSiWS X]\ ]
χ2 =

N
∑

i=1

[

f(Xi; a1, . . . , ar) − Yi

EYi

]2

,
Ýc MccÞ

T]WTS
N

SR SY Wô\ SZ] TS \ STVT[R S¥^ SZV\ SW`[YSR M sW Y[ UVUYV]fZ[y{[ RS ^PSTSSWX]W`Z[Z PW[ X]\^YS`[ VW`Z]TPXXVqW [Y ^Z]UYS\ [ TS SR`V\ [Z [TSXP[T[\ SW`SSY fZ[T] TS X]Wi[W�[ �PS ^PSTS [RVfW[ZRS [ PW [�PR`S Ï PW `S\ [ �PS u[ \ _R[YY_ TSY ]U� S`Vu] TS SR`[ ^Z_X`VX[ M� Y V\^]WSZ Y[ X]WTVXVqW TS \ {WV\ ] R]UZS
χ2 Ï [WPY[WT] Y[R ^ZV\ SZ[R TS·ZVu[T[R ZSR^ SX`] [ X[T[ PW] TS Y]R ^[Z_\ S`Z]R Ï RS ]U`VSWSW

r
SXP[XV]WSR X]W

r
VWXqfWV`[R Ï XPt[ R]YPXVqW W]R T[ Y]R ^[Z_\ S`Z]R UPRX[T]R MsR`]R R]W Y]R ^ZVWXV^ V]R fSWSZ[YSR TSY \ Q`]T] TS \ {WV\ ]R XP[TZ[T]R M �X]W`VWP[XVqW u[\ ]R [ T[Z Y[R yqZ\PY[R ^[Z[ SY X[R] SW �PS Y[ yPWXVqW

f
RS[PW ^]YVW]\ V] TS ^ZV\ SZ fZ[T] Ï SR`] SR Ï PW[ ZSX`[ M

� �P �Z � [ �S� �� ��\����]X
sW SR`S [^[Z`[T] RS T[W Y[R yqZ\PY[R WSXSR[ZV[R ^[Z[ SY X_YXPY] TS Y[ >?DBCG? �?ã m> Cã �@B? ] >?DBC G? >?�>?@EFA Ï

Y = f(X; a, b) = aX + b
Ï [ PW

^_A :; @ ?@ :?I`>;Ja; C89B9 9AFIAD>;><9 8A D>;D;G ?9ADI G E< FIGC:9DI B9 9<D9 D9G ; b H89<c:I D>;D;>9GI< <IG 9>;G 9AD9 K
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X]W�PW`] TS
N

T[`]R S¥^ SZV\ SW`[YSR M sR`S SR SY X[R] \ _R ^Z_X`VX] Ï t X]WYYSu[PW _YfSUZ[ \ SW]R SWf]ZZ]R[ �PS SY ZSR`] TS yPWXV]WSR ^ ]RVU YSR M �[\ ]R [RP^ ]WSZ �PS SY SZZ]Z TS Y[ \ [fWV`PT y{RVX[
X

SR TSR^ZSXV[UYS Ï \ VSW`Z[R �PS Y]RSZZ]ZSR ^[Z[ `]T]R Y]R u[Y]ZSR TS
Y

R]W VTQW`VX]R M ~[Z[ X[R]R \ _R X]\^YS� ]R^PSTS X]WRPY`[ZRS Y[ UVUYV]fZ[y{[ MßSfôW SY \ Q`]T] TS \ {WV\ ]R XP[TZ[T]R ¤S\ ]R TS \ VWV\ V�[Z

χ2(a, b) =
N

∑

i=1

[

(aXi + b) − Yi

EYi

]2

=
1

E2
Y

N
∑

i=1

[(aXi + b) − Yi]
2 ,

T]WTS ¤S\ ]R `SWVT] SW XPSW`[ Y[ VfP[YT[T TS Y]R SZZ]ZSR TS Y[ \ [fWV`PT
Y
Mp\^]WVSWT] Y[R X]WTVXV]WSR TS \ {WV\ ]

∂χ2(a, b)

∂a
= 0 ;

∂χ2(a, b)

∂b
= 0 ,

Ýc McbÞ
t ZSR]Yu VSWT] Y[R T]R SXP[XV]WSR �PS ZSRPY`[W Ï ]U`SWS\ ]R �PS Y]R u[Y]ZSR TSY[ ^ SWTVSW`S t Y[ ]ZTSW[T[ SW SY ]ZVfSW R]W

a =
NSxy − SxSy

NSx2 − (Sx)2

b =
Sx2Sy − SxSxy

NSx2 − (Sx)2
,

T]WTS
Sx =

N
∑

i=1

Xi ; Sy =
N

∑

i=1

Yi

Sx2 =
N

∑

i=1

X2
i ; Sy2 =

N
∑

i=1

Y 2
i

Sxy =
N

∑

i=1

XiYi .

ßS ^PSTS TS\ ]R`Z[Z y_XVY\ SW`S �PS Y[ ZSX`[ TS ZSfZSRVqW ^[R[ ^ ]Z SY ^PW`]
(X̄, Ȳ )

YPSf] PW[ uS� X[YXPY[T[ Y[ ^ SWTVSW`S TS Y[ ZSX`[ SR \Pt y_XVY X[YXPY[ZY[ ]ZTSW[T[ SW SY ]ZVfSW TSR^ S� [WT] TS
Ȳ = aX̄ + b

MdW[ VTS[ TS Y] XSZX[W]R �PS SR`_W WPSR`Z]R ^PW`]R S¥^ SZV\ SW`[YSR [ PW[ZSX`[ Ï SR TSXVZ Ï TS Y] X]ZZSX`] �PS SR [^Z]¥ V\ [Z SY X]\^]Z`[\ VSW`] TS
YyZSW`S [

X
X]\ ] PW ^]YVW]\ V] TS ^ZV\ SZ fZ[T] Ï W]R Y] ^Z]^ ]ZXV]W[ SY YY[\ [T]

cz



Dm?�DE?AB? G? Dm>>?HCDEFA Ý
r
Þ XPt[ S¥^ZSRVqW uVSWS T[T[ ^]Z

r =
NSxy − SxSy

√

(NSx2 − S2
x)(NSy2 − S2

y)
. à/ á/d â

sY \ qTPY] TSY X]SiXVSW`S TS X]ZZSY[XVqW u[Z{[ SW`ZS XSZ] t PW] �
0 ≤ |r| ≤ 1

MxP[WT] Y]R ^PW`]R RS SWXPSW`Z[W \Pt ^Zq¥ V\ ]R [ PW[ ZSX`[ SY X]SiXVSW`S TSX]ZZSY[XVqW SR \Pt ^Zq¥V\ ] [
1
Ý−1

RV Y[ ^ SWTVSW`S TS Y[ ZSX`[ SR WSf[`Vu[Þ ÏXP\^YVQWT]RS Y[ VfP[YT[T ôWVX[\ SW`S SW SY X[R] TS PW [YVWS[\ VSW`] ^ SZySX`] MdW u[Y]Z TS
r
^Zq¥ V\ ] [ XSZ] �PVSZS TSXVZ �PS RS ¤[ ]U`SWVT] PW \ [Y [� PR`St Y]R ^PW`]R RVfPSW PW[ yPWXVqW TVySZSW`S [ Y[ ZSX`[ M � Y SRXZVU VZ SY X]SiXVSW`STS X]ZZSY[XVqW TS PW [�PR`S YVWS[Y ì× ÛÖçÖ Úä Ø×+ æù ÚØÜÖ Ú ±1

Ï t TSU S T[ZRS¤[R`[ Y[ ^ZV\ SZ[ XVyZ[ �PS ZSRPY`S TVySZSW`S TS WPSuS M�[\UVQW RS ^PSTS X[YXPY[Z Ï \ STV[W`S ^Z]^[f[XVqW TS SZZ]ZSR SW Y]R ^[Z_·\ S`Z]R X[YXPY[T]R Ï SY SZZ]Z TS Y]R \ VR\ ]R M | [\ ]R ôWVX[\ SW`S Y]R ZSRPY`[T]R ÏRVW TS\ ]R`Z[ZY]R M £[ TSRuV[XVqW TS Y[ ^ SWTVSW`S t Y[ ]ZTSW[T[ SW SY ]ZVfSWZSRP Y`[W Ï SW yPWXVqW TSY X]SiXVSW`S TS X]ZZSY[XVqW

σā =
a

r

√

1 − r2

N − 2

σb̄ =
a

r

√

√

√

√

Sx2(1 − r2)

N(N − 2)

t SY SZZ]Z TSY ^[Z_\ S`Z] Y] `]\ [\]R X]\ ] SY u[Y]Z TS Y[ TSRuV[XVqW `{^ VX[ MsR V\^]Z`[W`S TVUP� [Z Y]R ^PW`]R S¥^ SZV\ SW`[YSR [W`SR TS X[YXPY[Z Y[ ZSX`[TS ZSfZSRVqW M sR`] W]R ^ SZ\ V`S SYV\ VW[Z ^PW`]R �PS `SWf[W SZZ]ZSR V\^ZSuVR`]Rt SR`QW yPSZ[ TS Y[R X]WTVXV]WSR S¥^ SZV\ SW`[YSR M �TS\ _R W]R ^ SZ\ V`S ^ZSTSXVZY] [XSZ`[T] ] W] TS [� PR`[Z Y]R T[`]R [ PW[ ZSX`[ M�PW�PS
Y

TS^ SWT[ TS
X

TS y]Z\ [ \ _R X]\^YVX[T[ �PS Y[ YVWS[Y Ï SW\PX¤[R ]X[RV]WSR SR ^ ]RVU YS ZSy]Z\PY[Z SY ^Z]UYS\ [ \ STV[W`S PW X[\UV] TSu[ZV[UYSR �PS W]R ^ SZ\ V`[ X]WuSZ`VZY] TS WPSu] SW SY X[R] YVWS[Y ^ZSRSW`[T] M�ã ?�IHm �ßS \ VTS SY Wô\ SZ] TS XPSW`[R �PS ZSfVR`Z[ PW TS`SX`]Z hSVfSZ [ TVySZSW`SRTVR`[WXV[R TS PW[ yPSW`S Z[TV[X`Vu[ Ï ]U`SWVQWT]RS Y]R ZSRPY`[T]R TS Y[ `[UY[c Mg Ms Y Wô\ SZ] TS XPSW`[R �PS ZSfVR`Z[ PW TS`SX`]Z X]Wy]Z\ S Y] [YS� [\ ]R TSPW[ yPSW`S Z[TV[X`Vu[ SR ^Z]^ ]ZXV]W[Y [ Y[ VWuSZR[ [Y XP[TZ[T] TS Y[ TVR`[WXV[TS`SX`]Z·yPSW`Se M ßV ZS^ZSRSW`[\ ]R TVZSX`[\ SW`S SY Wô\ SZ] TS XPSW`[R yZSW`S[ Y[ TVR`[WXV[ [ Y[ yPSW`S ]U`SWS\ ]R Y[ fZ_iX[ c MLÏ SW Y[ �PS ^[ZSXS �PS RSX]WiZ\ [ SR[ TS^ SWTSWXV[ M
fgIAJI>G 9 ;:9h ;GI< 9: B9D9FDI> B9 :; J89AD9 >;B?;FD?=; 9: EA`8:I <c:?BI H89 C>9<9AD; :;=9AD;A; B9: B9D9FDI> B?<G ?A8i9 FIGI
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Cuentas detector Geiger para diferentes distancias a la fuente 

�VfPZ[ c ML�
Medida

|VR`[WXV[
d
Ý
m
Þ

1/d2 Ý
m−2 Þ xPSW`[R ^ ]Z RSf Ý

s−1 Þ
1 0,20 25,00 901
2 0,25 16,00 652
3 0,30 11,11 443
4 0,35 8,16 339
5 0,40 6,25 283
6 0,45 4,94 281
7 0,50 4,00 240
8 0,60 2,78 220
9 0,75 1,78 180
10 1,0 1,00 154xP[TZ] c Mg �

~[Z[ ¤[XSZ PW [�PR`S YVWS[Y W]R U[R`[ SW`]WXSR ZS^ZSRSW`[Z SY Wô\ SZ] TSXPSW`[R yZSW`S [ èÚ æì�ÖØÜÚ ÛÖ èÚ ÛæÜøÚìëæÚ Úè ëêÚÛØÚÛ×M | S SR`S \ ]T] `Z[WR·y]Z\ [\]R Y[ TS^ SWTSWXV[ XP[TZ_`VX[ SW YVWS[Y Ý�SZ `[UY[ c Mg Þ M sW Y[ `[UY[c Mj RS SWXPSW`Z[W Y]R ZSRPY`[T]R TS Y[ ZSfZSRVqW Ï VWXYPtSWT] Y]R ZSRPY`[T]RVW`SZ\ STV]R ^[Z[
Sx

Ï
Sy

Ï S`X M �PS W] SR WSXSR[ZV] SR^ SXViX[Z SW Y[ ^Z_X`VX[ Ms Y ZSRPY`[T] iW[Y Ï X]W Y]R ^PW`]R S¥^ SZV\ SW`[YSR t Y[ ZSX`[ TS \ S� ]Z [� PR`SRS SWXPSW`Z[ SW Y[ fZ_iX[ c Mc M
Ð ¹j ¹ k ÂÁ ÅÂÉóÆÇ �$Ç

s¥VR`S PW[ S¥`SWR[ UVUYV]fZ[y{[ R]UZS ÕÖ×ØÙÚ ÛÖ ÖØØ×ØÖÜ M �PW�PS SW [Y·fPW]R YVUZ]R TS �{RVX[ hSWSZ[Y RS ^PSTS SWX]W`Z[Z PW[ VW`Z]TPXXVqW [ SR`S
cc
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Cuentas frente inversa al cuadrado de la distancia a la fuente 

NC = 31.5/d
2
+114 (s

−1
)

r = 0.996

�VfPZ[ c Mc �
N Sx Sy Sx2 Sxy Sy2

10 81,02 3693 1162,4 4,585 104 1,869 106

a
Ý
m2/s

Þ
σā

Ý
m2/s

Þ
b
Ý
s−1Þ σb̄

Ý
s−1Þ r

31,5 1,0 114 11 0,995996xP[TZ] c Mj �

`S\ [ Ï Y]R YVUZ]R TS X]WRPY`[ �PS RS RPfVSZSW R]W
| M x M �[VZT l m+ä ÖØæù ÖìøÚëæüì n êìÚ æìøØ×Ûêëëæüì Ú èÚ øÖ×ØÙÚ ÛÖ ù ÖÛæ,ëæ×ì ÖÜ � Úè ÛæÜÖo× ÛÖ Ö+ä ÖØæù Öìø×Ü M sT M ~ZSW`VXS î [YY ÝLww LÞ M
x[ZY]R ß_WX¤S� TSY e {] l pìq èæÜ æÜ ÛÖ ÖØØ×ØÖÜ M sPTS\ [ dWVuSZRVT[T ÝLwvwÞ M
~M e M �SuVWf`]W t | M ¦ M e]UVWR]W l r ÚøÚ s ÖÛêëøæ×ì ÚìÛ m ØØ×Ø pìÚè�ÜæÜå ×Ø ø Ö & �ÜæëÚè t ëæÖìëÖÜM sT M � XhZ[u îVYY ÝLwwcÞ M
v M £ VX¤`SW l r ÚøÚ ÚìÛ m ØØ×Ø pìÚè�ÜæÜM sT M � YYtW [WT �[X]W Ï pWX ÝLwvvÞ M
w M e M TS � M � ]WS] t h]W�[Y] � [TPZf[ l '×Ü ÖØØ×ØÖÜ Öì èÚÜ ù ÖÛæÛÚÜå ÙÜæëÚÜ � Úú êÜøÖ ä ×Ø ù Ùìæù ×Ü ëêÚÛØÚÛ×ÜM �^PW`SR TS^[Z`[\ SW`] �{RVX[�`q\ VX[ �]YSXPY[Z t ÎPXYS[Z Ï dWVuSZRVT[T TS ßSuVYY[ M

Ð ¹x ¹ #O ¿ÆÄÂÄÂÉ¾ ÊÆÉÊ¼¿¾ÌÉ¾

R ��S�S�� 	
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ßV SY TV_\ S`Z] TS PW[ \ SR[ XVZXPY[Z RS X]W]XS X]W PW SZZ]Z ZSY[`Vu] TSY
1 %

Ï N x]W �PQ SZZ]Z ZSY[`Vu] RS X]W]XS RP _ZS[a N ßSZ{[ \ S� ]Z TS`SZ\ VW[ZX]W PW SZZ]Z ZSY[`Vu] TSY
1 %

SY Z[TV] TS Y[ \ SR[ SW uS� TSY TV_\ S`Z]a

R ��S�S�� �

xP[WT] PW Z[t] TS YP� VWXVTSW`S �PS uV[� [ SW PW \ STV] TS {WTVXS TSZSyZ[XXVqW
n1

^[R[ [ ]`Z] \ STV] X]W {WTVXS TS ZSyZ[XXVqW
n2

Ï SY Z[t] RS TSR·u {[ t RS TVXS �PS RS ZSyZ[X`[ M s Y _WfPY] TS ZSyZ[XXVqW TS^ SWTS TSY _WfPY]TS VWXVTSWXV[ t TS Y]R {WTVXSR TS ZSyZ[XXVqW TS [XPSZT] X]W Y[ YSt TS ßWSYY �
n1senα1 = n2senα2

Ï T]WTS `]T]R Y]R _WfPY]R RS ZSiSZSW [ Y[ W]Z\ [Y [Y ^Y[W]TS RS^[Z[XVqW SW`ZS Y]R \ STV]R M î [YY[Z
n2

Ï RP VWXSZ`VTP\UZS [UR]YP`[
En2t RP VWXSZ`VTP\UZS ZSY[`Vu[

εn2

Ï RV ¤S\ ]R ]U`SWVT] SW PW S¥^ SZV\ SW`] Y]RRVfPVSW`SR u[Y]ZSR ^[Z[
α1

Ï
α2

t
n1

M
α1 = 22,3± 0,4◦ , α2 = 14,44± 0,15◦ , n1 = 1,0003± 0,0005 .

Ýc McjÞ
sW SY X[R] �PS WSXSRV`[Z[\ ]R PW[ \ STVT[ \ _R ^ZSXVR[ TS Y[ ]U`SWVT[ ^[Z[

n2
Ï N�PQ \ STVT[ RSZ{[ \ _R SySX`Vu[ Ï \ STVZ X]W PW SZZ]Z TVS� uSXSR \ SW]Z SY{WTVXS TS ZSyZ[XXVqW

n1
] ZSTPXVZ [ Y[ \ V`[T SY SZZ]Z SW Y[ \ STVT[ TS Y]R_WfPY]Ra e[�]W[ `P ZSR^PSR`[ MýmBC � sY {WTVXS [UR]YP`] TS ZSyZ[XXVqW

n
TS PW \ STV] RS TSiWS X]\ ] SYX]XVSW`S TS Y[ uSY] XVT[T TS Y[ YP� SW SY u[X{] Ý
c
Þ t Y[ uSY] XVT[T TS Y[ YP� SWSY \ STV] Ý

v
Þ �

n = c/v
M ~]Z `[W`] SR PW[ \ [fWV`PT [TV\ SWRV]W[Y t RVS\^ZS\ [t]Z �PS PW] M


R ��S�S�� Z
ßP^]WVSWT] �PS SY ZSRPY`[T] TS RSVR \ STVT[R TVySZSW`SR TS Y]R ^[Z_\ S`Z]RZSYSu[W`SR TS Y]R T]R u]Yô\ SWSR TS Y[ ifPZ[ c Mb RS ZSRP\ S SW Y[ `[UY[ c M} lX[YXPY[Z Y]R u]Yô\ SWSR TS Y]R T]R RqYVT]R Ï SR`V\ [WT] X]ZZSX`[\ SW`S SY SZZ]ZX]ZZSR^ ]WTVSW`S M ßP^ ]WVSWT] �PS SY XPSZ^ ] TS y]Z\ [ XôUVX[ SR ¤]\ ]fQWS] t`VSWS PW[ \ [R[

m = 100,6 ± 0,5 g
Ï X[YXPY[Z RP TSWRVT[T t Y[ VWXSZ`VTP\UZS�PS SR`[ YYSu[ [R]XV[T[ M


R ��S�S�� y
ßS ZS[YV�q PW S¥^ SZV\ SW`] ^[Z[ \ STVZ Y[ V\^ ST[WXV[ TS PW XVZXPV`] e·£SW RSZVS M £[ V\^ ST[WXV[

Z
TS^ SWTS TS Y[ ZSRVR`SWXV[

R
Ï Y[ yZSXPSWXV[ TS Y[yPSW`S

ν
t Y[ VWTPX`[WXV[

L
X]\ ]

Z2 = R2 + 4π2ν2L2 .
Ýc Mc}Þ

sW SY S¥^ SZV\ SW`] RS \ VTVq
Z

SW yPWXVqW TS
ν
M £[ YSX`PZ[R ]U`SWVT[R RS T[WSW Y[ `[UY[ c Mr MßS RP^ ]WS �PS `]T[R Y[R \ STVT[R TS Y[ V\^ ST[WXV[ SR`_W [ySX`[T[R TSPW[ VWXSZ`VTP\UZS VTQW`VX[ t �PS Y[ VWXSZ`VTP\UZS SW Y[ \ STVT[ TS

ν
SRTSR^ZSXV[UYS M �]T[R Y[R PWVT[TSR TSY ^Z]UYS\ [ RS S¥^ZSR[W SW SY ßp Ï T]WTS Y[PWVT[T TS ZSRVR`SWXV[ SR SY ]¤\ V] Ý

Ω
Þ t Y[ TS VWTPX`[WXV[ SY ¤SWZV] Ý

H
Þ M

cg



�STVT[ e Ý\\ Þ Z Ý\\ Þ ¤ ÝX\ Þ [ ÝX\ Þ U ÝX\ Þ X ÝX\ ÞL gv Mj L gb Mgc cw MLc c Mbgr b Mrbr LMwc Lc gr Mbw gc Mwg cw MLg c Mbj L b Mrb L LMw Lwb gv Mv L gc Mjw cv Mww c Mbgv b Mrb L LMwcbg gr Mjc gb MLL cw MLb c Mbgr b Mrbc LMwczj gr Mwb gc Mgj cw MLb c Mbjz b Mrbj LMw Lw} gr Mvv gc Mg L cw Mz} c Mbj L b Mrb} LMwcc
xP[TZ] c M} � eSRPY`[T]R TS Y[R \ STVT[R M

r
R

h

a

b

c

�VfPZ[ c Mb � | V[fZ[\ [R TS Y]R u]Yô\ SWSR [ X[YXPY[Z
LM | VUP� S Y]R ^PW`]R S¥^ SZV\ SW`[YSR ZS^ZSRSW`[WT]

Z2 yZSW`S [
ν2 M

c M �U`SWf[ Y[ ^ SWTVSW`S t Y[ ]ZTSW[T[ SW SY ]ZVfSW TS Y[ ZSX`[ TS \ S� ]Z[� PR`S M �U`QWf[WRS `[\UVQW RP ZSR^ SX`Vu]R SZZ]ZSR M
b M pWXYPt[ Y[ ZSX`[ TS \ S� ]Z [� PR`S SW Y[ fZ_iX[ X]W Y]R ^PW`]R S¥^ SZV·\ SW`[YSR M
g M � ^[Z`VZ TS Y]R ZSRPY`[T]R TSY [^[Z`[T] RSfPWT] X[YXPYS SY u[Y]Z TS Y[VWTPX`[WXV[

L
t RP SZZ]Z Ï S¥^ZSR_WT]Y]R TS y]Z\ [ [TSXP[T[ M

j M � ^[Z`VZ TS Y]R ZSRPY`[T]R TSY [^[Z`[T] RSfPWT] X[YXPYS SY u[Y]Z TS Y[
ν (Hz) 12,3 15,8 19,4 20,0 22,9 24,5 26,9 29,2 29,6
Z (Ω) 7,4 8,4 9,1 9,6 10,3 10,5 11,4 11,9 12,2

xP[TZ] c Mr �
cj



ZSRVR`SWXV[ t RP SZZ]Z Ï S¥^ZSR_WT]Y]R TS y]Z\ [ [TSXP[T[ M

� VfPZ[ c Mg � xPSR`VqW g � eS^ZSRSW`[XVqW TSY XP[TZ[T] TS Y[ V\^ ST[WXV[ yZSW`S[Y XP[TZ[T] TS Y[ yZSXPSWXV[ M

c}



z���

cr



z���

cv



¨©ª«¬®¯ {

|9:�84} 6³8�9 ~ |¶:5� :� 36:
6�� 4�9:62³6 62 97�9 36 �2
59:�8�} 6³8� � 36: 59:�8
6²µ 65 �� 5� 36 �2 :��� 43�

sY ]U� S`Vu] TS SR`[ ^Z_X`VX[ SR Y[ y[\ VYV[ZV�[XVqW TSY [YP\W] X]W [YfPW[RYStSR U_RVX[R TS Y[ `SZ\ ]TVW_\ VX[ Ï X]W SY X]WXS^`] TS S�P Vu[YSW`S SW [fP[ TSPW X[Y]Z{\ S`Z] t SY X_YXPY] TSY X[Y]Z SR^ SX{iX] TS PW[ RPUR`[WXV[ ^Z]UYS\ [ M
ñ ¹¸¹ �¼ÃÀÇÈ¿ÃÌÉ Ì¿�ÆÂÄÉ

ßP^]Wf[\ ]R �PS RS `Z[WRiSZS PW[ ^ S�PSÔ[ X[W`VT[T TS X[Y]Z
δQ

SW`ZSPW RVR`S\ [ TS \ [R[
m

t RP SW`]ZW] M ßV SR[ `Z[WRySZSWXV[ TS X[Y]Z ¤[XS �PSSY RVR`S\ [ S¥^ SZV\ SW`S PW[ u[ZV[XVqW TS `S\^SZ[`PZ[
dT

Ï RS TSiWS SY DCHm>?@I ?Dn�Dm Ý`[\UVQW YY[\ [T] DCICDEGCG DCHm>n�DC ?@I ?Dn�DC Þ TSY RVR`S\ [ Ï
c
Ï X]\ ]

c =
1

m

δQ

dT
.

Ýb MLÞ
~]Z `[W`] Y[ X[W`VT[T TS X[Y]Z WSXSR[ZV[ ^[Z[ [P\ SW`[Z SW

dT
Y[ `S\^ SZ[`PZ[TS PW[ \ [R[

m
TS WPSR`Z] RVR`S\ [ SR

δQ = mc dT .
Ýb McÞ

£[R PWVT[TSR \ _R PRP[YSR S\^YS[T[R SW SY X_YXP Y] TS X[Y]ZSR SR^ SX{iX]R R]W
J/gK

t
cal/gK

M ~[Z[ ^[R[Z TS PW[ [ Y[ ]`Z[ U[R`[ ZSX]ZT[Z �PS
1 cal =

4,18 J
M �[\UVQW RS PR[ yZSXPSW`S\ SW`S SY DCHm> ?@I ?Dn�Dm �mHC> Ý] DC�ICDEGCG DCHm>n�DC �mHC>Þ

C = Mc
Ï T]WTS

M
SR SY ^ SR] \ ]YSXPY[Z TS Y[RP R`[WXV[ �PS SR`S\ ]R SR`PTV[WT] MßV SY X[Y]Z SR^ SX{iX] TS PW[ RPUR`[WXV[ SR X]WR`[W`S SW SY VW`SZu[Y] X]\ ·^ZSWTVT] SW`ZS Y[R `S\^SZ[`PZ[R

T1
t

T2
SW`]WXSR RS TSTPXS TS Y[ yqZ\PY[

cw



Ýb McÞ �PS Y[ X[W`VT[T TS X[Y]Z WSXSR[ZV[ ^[Z[ YYSu[Z PW XPSZ^ ] TS \ [R[
m

TSY[ `S\^SZ[`PZ[
T1

[ Y[ `S\^SZ[`PZ[
T2

SR
Q = m

∫ T2

T1

cdT = mc(T2 − T1) .
Ýb MbÞ

ßV
T2

SR \ SW]Z �PS
T1

Ï
Q

SR WSf[`Vu] VWTVX[WT] �PS SY RVR`S\ [ YVU SZ[ X[Y]Z^[Z[ TS SR`S \ ]T] TVR\ VWPVZ RP `S\^SZ[`PZ[ 5 M£[ ZS[YV�[XVqW TS \ STVT[R ^ZSXVR[R TS DC Hm>?@ ?@I ?Dn�Dm@ ZSRPY`[ TVy{XVYTSRTS PW ^PW`] TS uVR`[ S¥^ SZV\ SW`[Y ^PSR SR X[RV V\^]RVUYS SuV`[Z `Z[WRyS·ZSWXV[R TS X[Y]Z W] TSRS[T[R SW`ZS Y[ \PSR`Z[ t RP SW`]ZW] M£[R S¥^ SZVSWXV[R X[Y]ZV\ Q`ZVX[R RS YYSu[W [ X[U ] SW DCHm>n�?B>m@ M sR`]RVW`SZiSZSW X]W RP ^Z]^V[ X[^[XVT[T X[Y]Z{iX[ SW SY S¥^ SZV\ SW`] Ï ^ ]Z Y] �PS¤[ TS `SWSZRS SW XPSW`[ RP X]\^]Z`[\ VSW`] `QZ\ VX] [ Y[ ¤]Z[ TS ZS[YV�[Z Y]RX_YXPY]R MßS TSiWS SY ?��E�CH?AB? ?A C��C G? �A DCHm>n�?B>m Ï
A
Ï X]\ ] Y[ \ [R[TS

A
fZ[\ ]R TS [fP[ �PS [UR]ZU SZ{[ Ý] XSTSZ{[Þ Y[ \ VR\ [ X[W`VT[T TS X[Y]Z�PS SY X[Y]Z{\ S`Z] ^[Z[ PW[ \ VR\ [ u[ZV[XVqW TS `S\^SZ[`PZ[ Ms Y X_YXP Y] TSY S�PVu[YSW`S SW [fP[ TS PW X[Y]Z{\ S`Z] SR Y] \ VR\ ] �PSX]W]XSZ RP X[^[XVT[T X[Y]Z{iX[ Ï �PS `SWTZ_ �PS `SWSZRS SW XPSW`[ XP[WT]`Z[`S\ ]R TS PR[Z SY X[Y]Z{\ S`Z] ^[Z[ TS`SZ\ VW[Z SY X[Y]Z SR^ SX{iX] TS [YfPW[RPUR`[WXV[ M£[R \ STVT[R SW Y]R X[Y]Z{\ S`Z]R RS YYSu[Z[W [ X[U ] RP\ VWVR`Z[WT] SWSZf{[[ `Z[uSR TSY X[Y]Z �PS RS TVRV^[ SW PW[ ZSRVR`SWXV[ ^ ]Z SySX`] w]PYS [Y Y{�PVT]�PS RS SWXPSW`ZS SW RP VW`SZV]Z M £[ SWSZf{[ �PS RS RP\ VWVR`Z[ ^ ]Z PW[ X]ZZVSW`SSYQX`ZVX[ TS VW`SWRVT[T

I
Ï [ PW[ ZSRVR`SWXV[

R
ÝX]W PW[ TVySZSWXV[ TS ^ ]`SWXV[Y

V
SW RPR S¥`ZS\ ]RÞ TPZ[W`S PW `VS\^]

t

E = I2Rt = V It .
Ýb Mg Þ

ßV SR`[ SWSZf{[ RS RP\ VWVR`Z[ TVZSX`[\ SW`S Ï SW y]Z\ [ TS X[Y]Z Ï [ PW[ \ [R[
mTS PW[ RPR`[WXV[ TS X[Y]Z SR^ SX{iX]

c
�PS RS SWXPSW`Z[ [ PW[ `S\^SZ[`PZ[

TSW SY VW`SZV]Z TSY X[Y]Z{\ S`Z] Ï Y[ `S\^SZ[`PZ[ RS SYSu[Z_ ¤[R`[
T ′

XP\^YVQW·T]RS
I2Rt = V It = mc(T ′ − T ) .

Ýb MjÞ
Z �	�	� ���S��� ��� �������X�� �X \� ��� S���WV ����

~[Z[ SY X_YXPY] TSY ?��E�CH?AB? ?A C��C Y[ RPR`[WXV[ �PS PR[\ ]R SR[fP[ Ï X]W X[Y]Z SR^ SX{iX]
ca = 1 cal/g K

M sW SR`S X[R] RV [Ô[TV\ ]R PW[ \ [R[
m0

TS [fP[ [Y X[Y]Z{\ S`Z] t ZSSRXZVU V\ ]R Y[ SXP[XVqW Ýb MjÞ `SWVSWT] SW XPSW`[Y[ VW�PSWXV[ TSY X[Y]Z{\ S`Z] Ï YY[\ [WT]
T0

[ Y[ `S\^SZ[`PZ[ VWVXV[Y t
T

[ Y[`S\^SZ[`PZ[ `Z[R PW `VS\^]
t
Ï ]U`SWS\ ]R

V It = (m0 + A)ca(T − T0) ,
Ýb M}Þ
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T]WTS TSR^ S� [WT]
T

W]R �PST[
T = T0 +

V I

(m0 + A)ca
t .

Ýb MrÞ
£[ TS^ SWTSWXV[ TS Y[ `S\^SZ[`PZ[

T
yZSW`S [ `VS\^]

t
SR YVWS[Y Ï YPSf] RV \ STV·\ ]R Y[ `S\^SZ[`PZ[ SW TVySZSW`SR VW`SZu[Y]R TS `VS\^] ^]TS\ ]R ]U`SWSZ X]WY]R T[`]R S¥^ SZV\ SW`[YSR Y[ ZSX`[ TS \ S� ]Z [� PR`S Ï t TSY u[Y]Z TS Y[ ^ SWTVSW`S

a = V I
(m0+A)ca

TS Y[ \ VR\ [ ]U`SWSZ SY S�PVu[YSW`S SW [fP[ TSY X[Y]Z{\ S`Z]
A
M

Z �	�� � ���S��� ��� S��� ��� �SW�S� �� �X ����XS� ������V
ßV �PSZS\ ]R \ STVZ SY X[Y]Z SR^ SX{iX]

cp
TS PW[ RPR`[WXV[ ^Z]UYS\ [ ^]·TS\ ]R SRXZVU VZ Y[ SXP[XVqW Ýb MjÞ Ï `SWVSWT] SW XPSW`[ SY S�PVu[YSW`S SW [fP[

A
Ï X]\ ]

V It = (mpcp + Aca)(T − T0) ,
Ýb MvÞ

T]WTS
mp

SR Y[ \ [R[ TS RPR`[WXV[ ^Z]UYS\ [ SW SY X[Y]Z{\ S`Z] M | S WPSu] Y[TS^ SWTSWXV[ TS
T

yZSW`S [Y `VS\^]
t
SR YVWS[Y tÏ X]W Y]R ZSRPY`[T]R TS Y[ ZSX`[TS ZSfZSRVqW Ï ^PSTS X[YXPY[ZRS Y[ X[^[XVT[T

cp
M

ñ ¹Ð ¹ �ÁO ¿ÌÂ�É¾
£]R ]U� S`Vu]R TS SR`[ ^Z_X`VX[ R]W Y[ y[\ VYV[ZV�[XVqW X]W Y[R ^ZVWXV^[YSRYStSR TS Y[ X[Y]ZV\ S`Z{[ t X]W SY X]WXS^`] TS X[Y]Z SR^ SX{iX] TS PW[ RPR`[WXV[ M� RV\ VR\ ] RS VW`Z]TPXS SY X]WXS^`] TS S�PVu[YSW`S SW [fP[ t Y[ y]Z\ [ TS\ STVZY] [R{ X]\ ] Y[ \ STVT[ TSY X[Y]Z SR^ SX{iX] TS PW[ RPR`[WXV[ M

ñ ¹ñ ¹ � ÇÌ¿ÆÂÇÅ ¿ÈÊÅ¿ÇÀÉ
X[Y]Z{\ S`Z] X]W ZSRVR`SWXV[ X[YSy[X`]Z[
`SZ\ q\ S`Z]
^ ]Y{\ S`Z]
yPSW`S TS [YV\ SW`[XVqW
XZ]Wq\ S`Z]
^Z]U S`[
U[Y[W�[

b L
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Z �y �	� 
������X�� �X \�
LM ~SR[Z SY X[Y]Z{\ S`Z] u[X{] Ý\ [R[ �

m0
Þ

c M �Ô[TVZ PW]R
200 cc

TS [fP[ [Y X[Y]Z{\ S`Z] t ^ SR[Z TS WPSu] Ï ]U`SWVSW·T] Y[ \ [R[ TS [fP[ [Ô[TVT[ X]\ ] Y[ TVySZSWXV[ SW`ZS SR`[ ^ SR[T[ tY[ [W`SZV]Z M �[\UVQW ^PSTS YYSu[ZRS [ X[U ] SR`[ \ STVT[ TVZSX`[\ SW`S¤[XVSWT] �PS SY XSZ] TS Y[ U[Y[W�[ X]ZZSR^ ]WT[ [
m0

M
b M � STVZ X]W SY ^ ]Y{\ S`Z] SY u[Y]Z TS Y[ ZSRVR`SWXV[ X[YSy[X`]Z[Y �

R
M

�B?ADEFA � Î] X]WSX`[Z Y[ ZSRVR`SWXV[
R

RVW �PS SR`Q RP\ SZfVT[ ^PSRRS �PS\ [Z{[ M
g M x]Y]X[Z SY `SZ\ q\ S`Z] SW SY X[Y]Z{\ S`Z] Ï XSZZ_WT]Y] Ï t \ STVZ Y[ `S\ ·^ SZ[`PZ[ VWVXV[Y TSY [fP[

T0
M

j M ��PR`[Z Y[ yPSW`S TS [YV\ SW`[XVqW [ Y[ `SWRVqW TS `Z[U[� ] ÝSW`ZS
9
t

12 V
Þ t ^ ]WSZ SW \ [ZX¤[ SY XZ]Wq\ S`Z] RV\PY`_WS[\ SW`S [Y SWXSWTVT]TS Y[ yPSW`S M

} M �]\ [Z \ STVT[R [^Z]¥V\ [T[\ SW`S X[T[ T]R \ VWP`]R TS Y[ `S\^SZ[`PZ[TSY [fP[ Ï ZSYYSW[WT] Y[ `[UY[ b MLM �]\ [Z X]\ ] \ {WV\ ] PW[R RVS`S P]X¤] \ STVT[R M sR X]WuSWVSW`S [fV`[Z @�C�?�?AB? SY X[Y]Z{\ S`Z] ^[Z[`Z[`[Z TS ¤]\ ]fSWSV�[Z Y[ `S\^SZ[`PZ[ TSY Y{�PVT] SW RP VW`SZV]Z M
Z �y �� � ���� ��� �SW�S� �����XS� ������V
LM �Ô[TVZ PW u]YP\ SW TS RPUR`[WXV[ ^Z]UYS\ [ RV\ VY[Z [Y TS [fP[ [Ô[·TVT] ^[Z[ X[YXPY[Z SY S�PVu[YSW`S SW [fP[ SW SY ^[R] [W`SZV]Z t ^ SR[Z]U`SWVSWT] Y[ \ [R[ [Ô[TVT[ M
c M x]Y]X[Z SY `SZ\ q\ S`Z] SW SY X[Y]Z{\ S`Z] Ï XSZZ_WT]Y] Ï t \ STVZ Y[ `S\ ·^ SZ[`PZ[ VWVXV[Y TS Y[ RPUR`[WXV[ ^Z]UYS\ [ �

T0
M

b M ��PR`[Z Y[ yPSW`S TS [YV\ SW`[XVqW [ Y[ `SWRVqW TS `Z[U[� ] ÝSW`ZS
9
t

12 V
Þ t ^ ]WSZ SW \ [ZX¤[ SY XZ]Wq\ S`Z] RV\PY`_WS[\ SW`S [Y SWXSWTVT]TS Y[ yPSW`S M

g M �]\ [Z \ STVT[R X]\ ] SW SY X[R] [W`SZV]Z Ï [fV`[WT] SY X[Y]Z{\ S`Z] tZSYYSW[WT] Y[ `[UY[ b Mc M
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~ZSRSW`[Z X]W RP VWXSZ`VTP\UZS [R]XV[T[ `]T[R Y[R \ STVT[R �PS RS ¤[t[WYYSu[T] [ X[U ] MeS^ZSRSW`[Z fZ_iX[\ SW`S Y[ u[ZV[XVqW TS Y[ `S\^SZ[`PZ[ SW SY VW`SZV]Z TSX[Y]Z{\ S`Z] X]W SY `VS\^] Ï ^[Z[ Y]R T]R X[R]R \ STVT]R M ßVfPVSWT] Y[R VWR`ZPX·XV]WSR ZSRSÔ[T[R SW SY yPWT[\ SW`] `SqZVX] TS SR`[ ^Z_X`VX[ Ï X[YXPY[Z Y[R ZSX`[RTS ZSfZSRVqW SW [\U]R X[R]R S VWXYP VZY[R [TSXP[T[\ SW`S SW Y]R fZ_iX]R M� ^[Z`VZ TSY ZSRPY`[T] ]U`SWVT] SW SY [�PR`S TS \ {WV\ ]R XP[TZ[T]R TS Y]RT[`]R S¥^ SZV\ SW`[YSR SW SY ^ZV\ SZ X[R] Ï X[YXPY[Z SY S�PVu[YSW`S SW [fP[ TSYX[Y]Z{\ S`Z] Ï X]W RP VWXSZ`VTP\UZS [R]XV[T[ Md`VYV�[WT] SY ZSRPY`[T] [W`SZV]Z ^[Z[ SY S�PVu[YSW`S SW [fP[ TSY X[Y]Z{·\ S`Z] t SY [�PR`S [Y RSfPWT] X]W�PW`] TS T[`]R S¥^ SZV\ SW`[YSR Ý�[UY[ b McÞX[YXPY[Z SY X[Y]Z SR^ SX{iX] TS Y[ RPUR`[WXV[ ^Z]UYS\ [ t RP VWXSZ`VTP\UZS M| VRXP`S Z[�]W[T[\ SW`S Y]R ZSRPY`[T]R ]U`SWVT]R M
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ßV u[ZV]R XPSZ^ ]R X]W TVySZSW`S X[^[XVT[T X[Y]Z{iX[ SR^ SX{iX[ ^ SZ] Y[ \ VR·\ [ \ [R[ RS X]Y] X[W �PW`] [ PW y]X] X[Y]Z{iX] Ï NXP_Y TS SYY]R RS X[YSW`[Z_ [W`SR¤[R`[ PW[ `S\^SZ[`PZ[ TS`SZ\ VW[T[a
������]X �

NOPQ ZSRPY`[ \ _R X]WuSWVSW`S ^[Z[ \ [W`SWSZ X]WR`[W`S Y[ `S\^SZ[`PZ[TS PW[ ZSXVW`] Ï Z]TS[ZY] TS [fP[ ] TS [VZSa e[�]W[ Y[ ZSR^PSR`[ M
������]X Z

|[ XP[`Z] S� S\^Y]R TVySZSW`SR TS X]WuSZRVqW TS SWSZf{[ SW X[Y]Z M
������]X y

£[ TSWRVT[T TSY [fP[ u[Z{[ YSuS\ SW`S X]W Y[ `S\^SZ[`PZ[ M ßV W]R SWX]W·`Z_Z[\ ]R [ PW[ `S\^SZ[`PZ[ TS gr Mj
◦
x NxP_Y RSZ{[ Y[ TSWRVT[T TSY [fP[ [TVX¤[ `S\^SZ[`PZ[a |[`]R �

ρ(46,0◦
x
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f XX t

ρ(48,0◦
x
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xP[TZ] b ML�
x[Y]Z SR^ SX{iX] RPUR`[WXV[ ^Z]UYS\ [�VS\^] �S\^SZ[`PZ[

xP[TZ] b Mc �
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br



�VfPZ[ b Mc � �S\^SZ[`PZ[ SW yPWXVqW TSY `VS\^] ^[Z[ SY X_YXPY] TSY S�PVu[YSW`SSW [fP[ TSY Y{�PVT] ^Z]UYS\ [

bv



¨©ª«¬®¯ ¡

¢ £ µ 68462549 5�2 86²�8³6² ~
5�} µ8�¤954´2 36 :9 :6� 36
¥ � �¦6

õ ¹¸¹ �¼ÃÀÇÈ¿ÃÌÉ Ì¿�ÆÂÄÉ
sY ]U� S`Vu] TS SR`[ ^Z_X`VX[ X]WRVR`S SW Y[ uSZViX[XVqW TS Y[ YSt TS î]]íSt SY SR`PTV] TVW_\ VX] TS PW ZSR]Z`S MßV RS XPSYf[ PW[ \ [R[

m
TSY S¥`ZS\ ] VWySZV]Z TS PW ZSR]Z`S \ S`_YVX] ¤S·YVX]VT[Y Ï QR`S RS [Y[Zf[ ¤[R`[ �PS [YX[W�[ PW[ WPSu[ ^ ]RVXVqW TS S�PVYVUZV] tSY ZSR]Z`S R]\ S`S [ Y[ \ [R[ [ PW[ yPSZ�[ YY[\ [T[ å êÖØ�Ú ØÖëêä ÖØÚÛ×ØÚ M £[èÖ� ÛÖ § ××¨Ö SR`[UYSXS �PS Y[ yPSZ�[ ZSXP^ SZ[T]Z[ SR ^Z]^ ]ZXV]W[Y [Y ÛÖÜä èÚ,�Úù æÖì ø×Ï SR`] SR Ï [Y [Y[Zf[\ VSW`] ] SY]Wf[XVqW �PS S¥^ SZV\ SW`[ SY ZSR]Z`SZSR^ SX`] [ Y[ ^ ]RVXVqW TS S�PVYVUZV] M sR`] RS XP\^YS ^[Z[ TSy]Z\ [XV]WSR ^ S·�PSÔ[R Ï RVS\^ZS �PS W] RS R]UZS^[RS SY Y{\ V`S TS SY[R`VXVT[T ] Y{\ V`S SY_R`VX]TSY ZSR]Z`S M~]Z `[W`] Ï RV

F
SR Y[ yPSZ�[ [^YVX[T[ [Y ZSR]Z`S t

x
SR SY TSR^Y[�[\ VSW`] ÏY[ ZSY[XVqW SW`ZS [\U[R X[W`VT[TSR RS ^PSTS S¥^ZSR[Z X]\ ] �

F = k x ,
Ýg MLÞ

T]WTS
k
SR Y[ YY[\ [T[ ë×ìÜøÚì øÖ ÖèqÜøæëÚ ÛÖè ØÖÜ×ØøÖ ] ë×ìÜøÚì øÖ ÛÖè ØÖÜ×Ø,øÖÏ X]W TV\ SWRV]WSR TS yPSZ�[ ^ ]Z PWVT[T TS Y]WfV`PT M £[ yPSZ�[ ZSXP^ SZ[T]Z[TS PW ZSR]Z`S XP[WT] RS SR`VZ[ PW[ TVR`[WXV[

x
`SWTZ_ SY \ VR\ ] \qTPY] �PSY[ yPSZ�[ SW Y[ SXP[XVqW Ýg MLÞ Ï ^ SZ] X]W RSW`VT] ]^PSR`] Ï Y] �PS VWTVX[ �PS Y[yPSZ�[ RS ]^ ]WS [Y TSR^Y[�[\ VSW`]

x
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dz

dt
= vl

[

1 −
(

1 − v0

vl

)

e
−

9η

2R2ρ
t
]

,
Ýj MvÞ

T]WTS
v0

SR Y[ uSY] XVT[T VWVXV[Y TSY \ quVY M pW`SfZ[WT] Y[ SXP[XVqW Ýj MvÞ RS]U`VSWS �PS Y[ `Z[tSX`]ZV[ TSY \ quVY SW SY RSW] TSY �PVT] SR
z − z0 = vl t + Zte

−
9η

2R2ρ
t
,

Ýj MwÞ
RVSWT] ^[Z[ SY X[R] TS Y[ X[{T[ YVUZS

Zt =
(

2R2

9η

)2
ρ(ρ − ρf )g

Ms R`[ ôY`V\ [ SXP[XVqW TSRXZVU S Y[ `Z[tSX`]ZV[ TS X[{T[ YVUZS TS PW \ quVYSRyQZVX] TS Z[TV]
R

t TSWRVT[T
ρ
SW SY RSW] TS PW �PVT] TS TSWRVT[T

ρf
tX]SiXVSW`S TS uVRX]RVT[T

η
M

) ¹ñ ¹ �ÁO ¿ÌÂ�É¾
� ^[Z`VZ TS Y]R ZSRPY`[T]R Ýj Mv Ïj MwÞ TS Y[ RSXXVqW [W`SZV]Z SR y_XVY uSZ �PS Ï RVTS� [\ ]R ^[R[Z PW `VS\^] RPiXVSW`S\ SW`S fZ[WTS Ý

t >> 2R2ρ/(9η)
Þ Ï SY \ quVYTSRXZVU S [^Z]¥ V\ [T[\ SW`S PW ù ×�æù æÖìø× êìæå ×Øù Ö ÛÖ �Öè×ëæÛÚÛ ë×ìÜøÚìøÖ

vl
M �TS\ _R TVX¤[ uSY] XVT[T

vl
SR VWTS^ SWTVSW`S TS Y[ uSY] XVT[T VWVXV[Y X]W Y[�PS VWVXVq Y[ X[{T[ YVUZS M£]R ]U� S`Vu]R TS Y[ ^ZSRSW`S ^Z_X`VX[ R]W �

jz



sR`PTV[Z Y[ `Z[tSX`]ZV[ TS PW XPSZ^ ] SRyQZVX] SW X[{T[ YVUZS SW SY RSW]TS PW Y{�PVT] ^Z]UYS\ [ \Pt uVRX]R] M
| S`SZ\ VW[Z RV RS [YX[W�[ ] W] SY ZQfV\ SW SR`[XV]W[ZV] TS uSY] XVT[T Ï SWSY �PS Y[ uSY] XVT[T RS ^PSTS X]WRVTSZ[Z X]WR`[W`S S VfP[Y [ Y[ uSY] XVT[TY{\ V`S X[YXPY[T[ SW Y[ RSXXVqW [W`SZV]Z M
| S [YX[W�[ZRS TVX¤] ZSfV\ SW Ï ]U`SWSZ Y[ uSY] XVT[T Y{\ V`S t [ ^[Z`VZ TSY[ \ STVT[ TVZSX`[ TS Y[R TSWRVT[TSR TSY �PVT] t TSY \ quVY t TSY Z[TV]TS SR`S ôY`V\ ] Ï X[YXPY[Z PW[ SR`V\ [XVqW VWTVZSX`[ TS Y[ uVRX]RVT[T TSY�PVT] X]W RP X]ZZSR^ ]WTVSW`S SZZ]Z M

) ¹õ ¹ � ÇÌ¿ÆÂÇÅ ¿ÈÊÅ¿ÇÀÉ
sW SR`[ ^Z_X`VX[ RS TVR^ ]WS TS Y]R SYS\ SW`]R RVfPVSW`SR �
| VS� SRySZV`[R TS ^Y_R`VX] ï æÛ-ìøæëÚÜð �PS PR[ZS\ ]R X]\ ] \quVYSR M
dW[ ^Z]U S`[ TS RSXXVqW \PX¤] \ [t]Z �PS SY Z[TV] TSY \ quVY SRyQZVX] M
|]R Y{�PVT]R ^Z]UYS\ [ TS uVRX]RVT[T TSRX]W]XVT[ M
dW XZ]Wq\ S`Z] M
dW ^VXWq\ S`Z] Ï PW[ U[Y[W�[ t PW X[YVUZS M

) ¹) ¹ ò ¿ÇÅÂ�ÇÄÂ�Ã
~[Z[ Y[ ZS[YV�[XVqW TS SR`[ ^Z_X`VX[ SR WSXSR[ZV] YYSu[Z [ X[U ] Y[R RVfPVSW`SR`[ZS[R �

LM | S`SZ\ VW[Z SY TV_\ S`Z] TS Y[R SRySZ[R PR[T[R X]\ ] \quVYSR [ ^[Z`VZTS Y[ \ STVT[ X]W SY X[YVUZS TSY TV_\ S`Z] TS PW[R Lz SRySZ[R M î[YY[Z RPTSWRVT[T \ STV[ Ï S\^YS[WT] SY ^VXWq\ S`Z] Ï \ STV[W`S SY ^Z]XSTV\ VSW`]TSRXZV`] SW Y[ ^Z_X`VX[ pp t [^YVX[WT] Y[ yqZ\PY[ �
ρ =

ms

ms + m1 − m2
ρpatr ;

Ýj MLzÞ
T]WTS �

ms =
\[R[ TSY RqYVT] RSX] SW SY [VZS Ï

m1 =
\[R[ TSY ^ VXWq\ S`Z]YYSW] TS [fP[ ÝY{�PVT] ^[`ZqW Þ t

m2 =
\[R[ TSY ^VXWq\ S`Z] YYSW] TS[fP[ X]W SY RqYVT] SW RP VW`SZV]Z M

c M | S`SZ\ VW[Z Ï PR[WT] SY ^VXWq\ S`Z] TS WPSu] Ï Y[ TSWRVT[T TS Y]R Y{�PVT]R^Z]UYS\ [ Ï PR[WT] Y[ yqZ\PY[ �

j L



ρ =
m2 − m0

m1 − m0
ρpatr ;

Ýj MLLÞ
T]WTS �

m0 =
\[R[ TSY ^VXW]q\ S`Z] u[XV] Ï

m1 =
\[R[ TSY ^ VXWq\ S`Z]YYSW] TS [fP[ Ý^[`ZqW Þ t

m2 =
\[R[ TSY ^VXWq\ S`Z] YYSW] TS Y{�PVT]^Z]UYS\ [ M sW Y[ `[UY[ j ML RS SWXPSW`Z[ Y[ TSWRVT[T TSY [fP[ ^[Z[ TVyS·ZSW`SR `S\^SZ[`PZ[R Ï WSXSR[ZV[ SW Y[R SXP[XV]WSR Ýj MLzÞ t Ýj MLLÞ M

b M ßP� S`[WT] X]W Y[R ^VW�[R PW[ ïSRySZV`[ð Ï RP\ SZfVZY[ SW SY Y{�PVT] ^Z]UYS·\ [ t YVU SZ[ZY[ SW`]WXSR ^[Z[ �PS VWVXVS SY \ ]uV\ VSW`] TS X[{T[ YVUZS Mx]Wy]Z\ S SY \ quVY X[S Ï `]\ [Z @E?B? `VS\^]R [ @E?B? [Y`PZ[R TVySZSW`SR M~[Z[ SYY] `]\ [Z X]\ ] ZSySZSWXV[ ^PW`]R SW Y[ fZ[TP[XVqW TS Y[ ^Z]U S`[ M
g M eS^ S`VZ DEADm uSXSR Y[ \ STVT[ TS `VS\^]R ^[Z[ Y[ X[VT[ TS PW[ SRySZ[ Ï`]\ [WT] RVS\^ZS `VS\^]R ^[Z[ Y[R \ VR\ [R RVS`S [Y`PZ[R t ZSYYSW[Z X]WY]R T[`]R ]U`SWVT]R Y[ `[UY[ j Mc M
j M p�~�e��Î�s � s\^YSS X]\ ] TSWRVT[T TSY [XSV`S SY u[Y]Z

ρ = 0,88034±
0,00016

f XX M
) ¹3 ¹ ò ¿¾¼ÅÌÇÀÉ¾ � ÀÂ¾Ä¼¾Â�Ã

sY [YP\W] ZS[YV�[Z_ PW[ `[UY[ X]W Y]R u[Y]ZSR TS ^ ]RVXVqW t `VS\^] ]U`S·WVT]R SW SY S¥^ SZV\ SW`] M £]R u[Y]ZSR TS TVX¤[ `[UY[ RS P`VYV�[Z_W ^[Z[ X[YXPY[ZY[ \ STV[ TS Y]R `VS\^]R ^[Z[ X[T[ X[T[ PW] TS Y]R ^PW`]R TS ZSySZSWXV[ M dW[uS� X[YXPY[T[R SR`[R \ STV[R RS ZS^ZSRSW`[Z_ TVZSX`[\ SW`S ^ ]RVXVqW yZSW`S [`VS\^] SW PW RVR`S\ [ TS S� SR X]]ZTSW[T]R M | VX¤[ ZS^ZSRSW`[XVqW ^ SZ\ V`VZ_TS`SZ\ VW[Z ^[Z[ SY Y{�PVT] ^Z]UYS\ [ SW �PQ ZSfVqW SY \ quVY RS ¤[YY[ SW SYZQfV\ SW TS uSY] XVT[T X]WR`[W`S MdW[ uS� TS`SZ\ VW[T]R Y]R ^PW`]R SW Y]R �PS SY \ quVY RS \PSuS X]W uSY] XV·T[T X]WR`[W`S Ï SY [YP\W] ZS[YV�[Z_ PW[ >?�>?@EFA HEA?CH [� PR`[WT] PW[ ZSX`[[ SR`]R ^PW`]R ÝX[R] TS ¤[U SZ \ _R TS T]R l TS ¤[U SZ R]Y] T]R RS TS`SZ\ VW[Z_Y[ ^ SWTVSW`S [ ^[Z`VZ TVZSX`[\ SW`S TS Y]R ^PW`]RÞ M£[ �?Hm DEGCG Hn� EB? RS ]U`SWTZ_ X]\ ] ZSRPY`[T] TS SR`[ ZSfZSRVqW YVWS[YtÏ PR[WT] Y[ SXP[XVqW Ýj MrÞ Ï RS TSTPXVZ_ SY u[Y]Z TSY X]SiXVSW`S TS uVRX]RVT[T Ï
η
Ï t RP SZZ]Z S¥^ SZV\ SW`[Y M �[\UVQW RS TVRXP`VZ_W Y[R ^ ]RVU YSR yPSW`SR TSSZZ]Z SW SY ^Z]XSTV\ VSW`] TSRXZV`] ^[Z[ Y[ \ STVXVqW S\^{ZVX[ TSY X]SiXVSW`STS uVRX]RVT[T M

) ¹L ¹ �¼¿¾ÌÂÉÃ¿¾ ÊÆÉÊ¼¿¾ÌÇ¾
������]X 	

ßSfôW Y] [^ZSWTVT] SW Y[ ^ZSRSW`S ^Z_X`VX[ Ï NRSZ_ TVySZSW`S Y[ uSY] XVT[TTS T]R f]`[R TS YYPuV[ �PS X[SW TSRTS WPU SR [ TVySZSW`S [Y`PZ[a N~]Z �PQa
jc



������]X �
� ^[Z`VZ TS Y[ S¥^ZSRVqW TS Y[ uSY] XVT[T Y{\ V`S SW X[{T[ YVUZS Ýj MrÞ Ï N�PQRS X]ZZVfS X]W PW ^[Z[X[{T[R ^[Z[ SuV`[Z PW[ X[{T[ y[`[Ya

������]X Z
eSR]Yu[\ ]R PW[ ïuVS� [ð XPSR`VqW � RV Y[W�[\ ]R TSRTS RPiXVSW`S [Y`PZ[ T]RSRySZ[R \ [XV�[R TS VfP[Y Z[TV] Ï Y[ ^ZV\ SZ[ TS ¤VSZZ] t Y[ RSfPWT[ TS PW \ [·`SZV[Y `ZSR uSXSR \ _R TSWR] � NXP_Y X[SZ_ [W`SR t X]W \ [t]Z uSY] XVT[Ta N0 RVY[R T]R SRySZ[R SW uS� TS VTQW`VX] Z[TV] `VSWSW Y[ \ VR\ [ \ [R[a

jb



z���

jg



z���

jj



° �
◦

g�
ρ(g/cm3)

° �
◦

g�
ρ(g/cm3)

° �
◦

g�
ρ(g/cm3)± ± K²²²³ �´ ± K²²�µ µ¶ ± K²µ´µ¶ ± K²²²² �³ ± K²²�± µ· ± K²µ��· ¸K±±±± ·± ± K²²¶¶ µ´ ± K²µ·�´ ± K²²²² ·¶ ± K²²¸� µ³ ± K²µ� ¸³ ± K²²²³ ·· ± K²²±µ ³± ± K²µ¸³¸± ± K²²²µ ·´ ± K²²³² ³¶ ± K²µ±´¸¶ ± K²²²� ·³ ± K²³²± ³· ± K²´²³¸· ± K²²²� �± ± K²³³ ¸ ³´ ± K²´³±¸´ ± K²²²± �¶ ± K²³µ¶ ³³ ± K²´´µ¸³ ± K²²³´ �· ± K²³´¶ ²± ± K²´��¶± ± K²²³¶ �´ ± K²³�� ²¶ ± K²´·±¶¶ ± K²²µ³ �³ ± K²³·� ²· ± K²´¶´¶· ± K²²µ³ ´± ± K²³�¶ ²´ ± K²´¸¶¶´ ± K²²´³ ´¶ ± K²³¶¶ ²³ ± K²�³·¶³ ± K²²´³ ´· ± K²³¸¸ ¸±± ± K² ¸µ±�± ± K²²�´ ´´ ± K²³± ¸ ¸�± ± K³´��¶ ± K²²�¸ ´³ ± K²µ³² ¶±± ± K³�±�· ± K²²·· µ± ± K²µµ³ �±± ± Kµ±±

xP[TZ] j ML� | SWRVT[T TSY [fP[ SW yPWXVqW TS Y[ `S\^SZ[`PZ[ M

x_YXPY] TS Y[ uSY] XVT[T Y{\ V`SsR^[XV] ZSX]ZZVT]
t1 t2 t3 t4 t5 t̄

xP[TZ] j Mc � | [`]R S¥^ SZV\ SW`[YSR TS Y[ ^Z_X`VX[ ^[Z[ SY X_YXPY] TS Y[ uVRX]·RVT[T TS PW Y{�PVT]

j}



�VfPZ[ j ML� x_YXPY] TS Y[ uSY] XVT[T Y{\ V`S TS PW �PVT] � TSR^Y[�[\ VSW`] yZSW`S[ `VS\^] M

jr
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3 ¹¸¹ �¼ÃÀÇÈ¿ÃÌÉ ¿ ÂÃÌÆÉÀ¼ÄÄÂ�Ã
¾ �	�	� ¿�� �� ÀÁV

£[ ZSY[XVqW SW`ZS Y[ `SWRVqW Ï u]Y`[� S ] TVySZSWXV[ TS ^ ]`SWXV[Y
(V )

[^YVX[T[[ PW X]WTPX`]Z t Y[ VW`SWRVT[T
(I)

�PS XVZXPY[ ^ ]Z QY Ï u VSWS T[T[ ^]Z �
V = RI,

Ý} MLÞ
T]WTS

R
SR Y[ ZSRVR`SWXV[ TSY X]WTPX`]Z Ï

V
RS S¥^ZSR[ SW u]Y`V]R

(V )
Ï
R

SW]¤\ V]R
(Ω)

S
I
SW [\^SZV]R

(A)
M

¾ �	�� � ��X�Â�]X �� �������XS�� �X �����
dW S¥`ZS\ ] TS PW[ TS Y[R ZSRVR`SWXV[R RS X]WSX`[ [ PW] TS Y[ RVfPVSW`S Ï SYS¥`ZS\ ] YVUZS TS SR`[ RSfPWT[ RS X]WSX`[ [ Y[ `SZXSZ[ Ï t [R{ RPXSRVu[\ SW`S Ï�PST[WT] YVUZSR PW S¥`ZS\ ] TS Y[ ^ZV\ SZ[ t ]`Z] TS Y[ ôY`V\ [ Ï �PS RSZ_W Y]R^PW`]R TS X]WS¥ VqW [ Y[ yPSW`S M£[ VW`SWRVT[T �PS ^[R[ ^ ]Z SY X]W� PW`] TS ZSRVR`SWXV[R SR Y[ \ VR\ [ �PSY[ �PS XVZXPY[ ^ ]Z X[T[ PW[ TS Y[R ZSRVR`SWXV[R Ï t[ �PS SR SY ôWVX] X[\ VW]^ ]Z SY �PS ^PSTSW XVZXPY[Z Y]R SYSX`Z]WSR M £[ TVySZSWXV[ TS ^ ]`SWXV[Y SW`ZS Y]RS¥`ZS\ ]R TS X[T[ ZSRVR`SWXV[ TS^ SWTSZ_ TS RP u[Y]Z Ï RSfôW Y[ YSt TS �¤\ M£[ RP\ [ TS Y[R TVySZSWXV[R TS ^ ]`SWXV[Y SR VfP[Y [ Y[ TVySZSWXV[ TS ^ ]`SWXV[Y[^YVX[T[ [Y XVZXPV`] ÝuSZ ifPZ[ } MLMcÞ M

I = I1 = I2 = I3,

V1 = R1 × I1 = R1 × I,

jv



V2 = R2 × I2 = R2 × I,
Ý} McÞ

V3 = R3 × I3 = R3 × I,

V1 + V2 + V3 = V.

£[ ZSRVR`SWXV[ S�PVu[YSW`S ZSRPY`[ RSZ Y[ RP\ [ TS Y[R ZSRVR`SWXV[R P`VYV�[T[R M ßP

V

R R R

V V V1 2 3

I
I

1

V

2 3

�VfPZ[ } ML� � ]W`[� S TS ZSRVR`SWXV[R SW RSZVS M
u[Y]Z RSZ_ RVS\^ZS \ [t]Z �PS SY TS XP[Y�PVSZ[ TS Y[R ZSRVR`SWXV[R VWTVuVTP[YSR Ï

V = ReqI,

V = V1 + V2 + V3 = I × (R1 + R2 + R3),
Ý} MbÞ

Req = R1 + R2 + R3.

¾ �	�Z � ��X�Â�]X �� �������XS�� �X ������
dW] TS Y]R S¥`ZS\ ]R TS X[T[ PW[ TS Y[R ZSRVR`SWXV[R RS X]WSX`[ SW PW\ VR\ ] ^PW`] Ï Y]R S¥`ZS\ ]R R]UZ[W`SR RS X]WSX`[W SW ]`Z] M �\U]R ^PW`]RRSZ_W Y]R �PS RS X]WSX`SW [ Y[ yPSW`S M£[ TVySZSWXV[ TS ^ ]`SWXV[Y �PS RS [^YVX[ [Y XVZXPV`] SR Y[ \ VR\ [ �PS RS[^YVX[ [ X[T[ PW[ TS Y[R ZSRVR`SWXV[R M £[ VW`SWRVT[T �PS XVZXPY[ ^ ]Z X[T[ZSRVR`SWXV[ TS^ SWTSZ_ TS RP u[Y]Z RSfôW Y[ YSt TS �¤\ M £[ RP\ [ TS Y[RVW`SWRVT[TSR VWTVu VTP[YSR SR VfP[Y [ Y[ VW`SWRVT[T �PS XVZXPY[ ^ ]Z SY XVZXPV`] Ït[ �PS Y]R SYSX`Z]WSR �PS [YX[WXSW SY X]W� PW`] XVZXPY[Z_W ^ ]Z PW[ P ]`Z[ZSRVR`SWXV[ ZS^[Z`VQWT]RS ^ ]Z Y]R TVySZSW`SR X[\ VW]R Ï ZSPWVQWT]RS TSR^PQR Ï

V = V1 = V2 = V3

I1 = V/R1; I2 = V/R2; I3 = V/R3,
Ý} Mg Þ

I = I1 + I2 + I3.£[ VWuSZR[ TS Y[ ZSRVR`SWXV[ S�PVu[YSW`S ZSRPY`[ RSZ Y[ RP\ [ TS Y[R VWuSZ·R[R TS Y[R ZSRVR`SWXV[R P`VYV�[T[R M s Y u[Y]Z TS Y[ ZSRVR`SWXV[ S�PVu[YSW`S RSZ_
jw



I I
I

I

I R

R

R3

2 2 

3

1 1

V

V

Nudo
    A

�VfPZ[ } Mc � � ]W`[� S TS ZSRVR`SWXV[R SW ^[Z[YSY] M

RVS\^ZS \ SW]Z �PS SY TS XP[Y�PVSZ[ TS Y[R ZSRVR`SWXV[R VWTVuVTP[YSR M
I = V/Req,

I = I1 + I2 + I3 = V × (1/R1 + 1/R2 + 1/R3),
Ý} MjÞ

1/Req = 1/R1 + 1/R2 + 1/R3

¾ �	�y � ¿���� �� Ã ��SÁÁ�Ä
ßVSWT] PW Îd|� SY ^PW`] TS PWVqW TS \ _R TS T]R X]WTPX`]ZSR Ï PW[e��� SY X]WTPX`]Z SW`ZS T]R WPT]R Ï t PW[ ��££� PW X]W�PW`] TS Z[\ [R�PS y]Z\ SW PW XVZXPV`] XSZZ[T] M sW PW XVZXPV`] y]Z\ [T] ^]Z ZSRVR`SWXV[R tfSWSZ[T]ZSR TS X]ZZVSW`S X]W`VWP[ RS `VSWS �PS �;a Å?� � £[ RP\ [ TS Y[R X[{T[R TS ^ ]`SWXV[Y SW PW[ \ [YY[ SR XSZ] M s� S\^Y] �Ýx]WS¥ VqW SW ßSZVSÞ

V1 + V2 + V3 − V = 0
Mka Å?� � £[ RP\ [ [YfSUZ[VX[ TS Y[R VW`SWRVT[TSR SW PW WPT] SR XSZ] Ms� S\^Y] � Ýx]WS¥ VqW SW ^[Z[YSY] WPT] � Þ

I − I1 − I2 − I3 = 0
l X]WRVTSZ[WT]^]RV`Vu[ Y[ VW`SWRVT[T �PS SW`Z[ M

3 ¹Ð ¹ �ÁO ¿ÌÂ�É¾
x]\^Z]U[Z S¥^ SZV\ SW`[Y\ SW`S Y[ YSt TS �¤\ M
�SZViX[Z S¥^ SZV\ SW`[Y\ SW`S Y[R YStSR TS ¦ VZX¤¤]§ \ STV[W`S [R]XV[XV]·WSR TS ZSRVR`SWXV[R M
�[\ VYV[ZV�[ZRS X]W SY PR] TS PW[ yPSW`S TS `SWRVqW Ï t X]W SY \ [WS� ] TSPW ^]Y{\ S`Z] P`VYV�[T] X]\ ] u]Y`{\ S`Z] Ï [\^SZ{\ S`Z] t ]¤\ {\ S`Z] M
� STVZ ZSRVR`SWXV[R S¥^ SZV\ SW`[Y\ SW`S [ `Z[uQR TS PW ]¤\ {\ S`Z] t TSY[ YSt TS �¤\ Ï t `SqZVX[\ SW`S S\^YS[WT] SY XqTVf] TS X]Y]ZSR P`VYV�[T]^[Z[ VWTVX[Z RP u[Y]Z M

}z



3 ¹ñ ¹ � ÇÌ¿ÆÂÇÅ ¿ÈÊÅ¿ÇÀÉ
x[UYSR M
~[WSY TS \ ]W`[� S M
�ZSR ZSRVR`SWXV[R M
~]Y{\ S`Z] M
�PSW`S TS `SWRVqW

3 ¹õ ¹ ò ¿ÇÅÂ�ÇÄÂ�Ã
�s|p|� |s esßpß�sÎxp�ß

1 cifra 2 cifra exponente tolerancia

Resistencia

�VfPZ[ } Mb � s R�PS\ [ TS X]Y]ZSR TS PW[ ZSRVR`SWXV[ M
s Y y[UZVX[W`S [RSfPZ[ �PS SY u[Y]Z TS PW[ ZSRVR`SWXV[ SR`_ SW SY Z[Wf]Ý
R\_¥ − R\{W Þ Ï T]WTS �
• R\_¥ = R + R ×

`]Y
100 = R × (1 +

`]Y
100)

• R\{W = R − R ×
`]Y
100 = R × (1 −

`]Y
100)

• R
RSZ{[ SY u[Y]Z \ STV] �PS RS VWTVX[ \ STV[W`S PW XqTVf] TS X]Y]ZSRÝuSZ ifPZ[ t `[UY[Þ M

• R =
Îô\SZ] y]Z\ [T] ^]Z La t ca XVyZ[R × 10XΩ

M
• ø×è RS TSW]\ VW[ `]YSZ[WXV[ Ï u VSWS SW Æ S VWTVX[ SY Æ TS TSRuV[XVqW^ ]RVUYS ZSR^ SX`] [ e M

Ò?B?>� EAC> ?H �CHm> G? HC@ B>?@ >?@E@B?ADEC@ �BEHE1CGC@ �?G ECAB??H DFG E�m G? DmHm>?@ � �BEHE1CAGm ?H m � n�?B>m Ç >?È?ã C>Hm ?AHC BC�HC @E�� E?AB? <
} L



x�£�e La xp�e� ca xp�e�
10X ��£se�Îxp�Îshe� z z
100��ee!Î L L
101e�w� c c
102 c ÆÎ�e�Î w� b b
103���ep££� g g
104�se|s j j
105�Éd£ } }
106�p�£s�� r r
107hepß v v
108�£�Îx� w w
109�e�
10−1 j Æ~£���
10−1 Lz Æ
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