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(]LYHNL :WLJ[YHS +PMMLYLUJL ¶
5L^ 4L[YPJ [V ,]HS\H[L [OL
5H[\YHSULZZ VM (Y[PÄJPHS 3PNO[
:V\YJLZ
3PNO[PUN OHZ TVYL LMMLJ[ VU WLVWSL [OHU Q\Z[ LUHISPUN \Z [V ZLL ¶ P[
JHU HSZV PTWHJ[ HUK HMMLJ[ V\Y TVVK HUK OLHS[O� (K]HUJLK
ZWLJ[YHS LUNPULLYPUN TL[OVKVSVNPLZ LUHISL ZWLJ[YHS THUPW\SH[PVU
[V LUOHUJL VY YLK\JL LTPZZPVU H[ ZWLJPÄJ ^H]LSLUN[OZ� ;OPZ
[LJOUVSVN` JHU IL \ZLK [V H\NTLU[ VY Z\WWYLZZ ZWLJPÄJ [HYNL[LK
^H]LSLUN[OZ PU [OL LTPZZPVU ZWLJ[YH� VY [V YLK\JL ZWLJ[YHS ZWPRLZ
HUK ]HSSL`Z [V PTWYV]L [OL ZWLJ[YHS JVUZPZ[LUJ` [V [OH[ VM UH[\YHS
SPNO[� IV[O VM ^OPJO TH` HMMLJ[ O\THU WO`ZPVSVN �̀ >OPSL [OLYL HYL
KPMMLYPUN ZJOVVSZ VM [OV\NO[ PU [OL SPNO[PUN PUK\Z[Y �̀ KLSP]LYPUN UH[\YHS
SPNO[ PZ VM WYPTHY` PU[LYLZ[ [V THU` O\THU JLU[YPJ SPNO[PUN
HK]VJH[LZ� ;OPZ YHPZLZ [OL X\LZ[PVU! OV^ KV ^L VIQLJ[P]LS`
X\HU[PM` UH[\YHSULZZ& :[HUKHYK SPNO[PUN X\HSP[` TL[YPJZ Z\JO HZ *90
HUK ;4��� KV UV[ M\SS` HKKYLZZ [OPZ UH[\YHSULZZ X\LZ[PVU� ;OPZ
HY[PJSL WYLZLU[Z H UL^ TL[YPJ� (]LYHNL :WLJ[YHS +PMMLYLUJL �(:+��
^OPJO WYV]PKLZ H X\HU[P[H[P]L TLHZ\YLTLU[ VM OV^ JSVZLS` H SPNO[
ZV\YJL TH[JOLZ [OL ZWLJ[YH VM UH[\YHS SPNO[�
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1DWXUDO /LJKW 6RXUFHV

0U YLJLU[ `LHYZ� [OL SPNO[PUN PUK\Z[Y` OHZ IL�
N\U [V L_WSVYL ^H`Z [V PTWYV]L [OL X\HSP[ �̀
HZ T\JO HZ [OL X\HU[P[ �̀ VM SPNO[ WYVK\JLK
I` 3,+ SPNO[ ZV\YJLZ� 4VYL IYVHKS �̀ SPNO[�
PUN KLZPNULYZ� ZWLJPÄLYZ� HUK LUK�\ZLYZ
HYL L_WSVYPUN [OL JVUJLW[ VM O\THU�JLU[YPJ
SPNO[PUN �/*3�� /*3 OHZ THU` KLÄUP[PVUZ�
I\[ P[ PZ IYVHKS` HNYLLK [OH[ P[ LUJVT�
WHZZLZ [OL LMMLJ[Z VM SPNO[PUN VU [OL WO`ZP�
JHS HUK LTV[PVUHS OLHS[O HUK ^LSS�ILPUN VM
WLVWSL�

>OPSL [OLYL HYL THU` MHJ[VYZ [OH[ JHU IL
JVUZPKLYLK PU KL]LSVWPUN H O\THU JLU[YPJ
SPNO[ ZV\YJL Z\JO HZ JVSVY [LTWLYH[\YL�
JVSVY YLUKLYPUN� NSHYL� ÅPJRLY� HUK TVYL�
[OL ZWLJ[YHS WV^LY KPZ[YPI\[PVU �:7+� VM [OL
ZV\YJL PZ H M\UKHTLU[HSS` PTWVY[HU[ MHJ[VY
[V JVUZPKLY� ;OLYL HYL [^V THPU HYLHZ VM
YLZLHYJO HUK KL]LSVWTLU[ MVY ZWLJ[YHS LU�

OHUJLTLU[ VM 3,+Z [HPSVYLK MVY \ZL PU /*3
HWWSPJH[PVUZ! L_HNNLYH[PVU VY UH[\YHSULZZ�

;OL ÄYZ[ HYLH MVJ\ZLZ VU PUÅ\LUJPUN O\THU
ILOH]PVY� :L]LYHS Z[\KPLZ OH]L ZOV^U [OH[
LUOHUJPUN VY YL[HYKPUN JLY[HPU ^H]LSLUN[OZ
JHU HMMLJ[ O\THU WO`ZPVSVN �̀ ;OYV\NO PU�
JYLHZPUN PU[LUZP[` PU [OL IS\L [V J`HU ^H]L�
SLUN[O YHUNLZ� TLSH[VUPU ZLJYL[PVU JHU IL
Z\WWYLZZLK� PUJYLHZPUN HSLY[ULZZ� *VU�
]LYZLS �̀ [OYV\NO YLK\JPUN LTPZZPVU PU [OLZL
^H]LSLUN[O YHUNLZ� [OL VWWVZP[L LMMLJ[ JHU
IL HJOPL]LK� PUJYLHZPUN YLZ[M\SULZZ HUK
YLSH_H[PVU� >OPSL ]HYPV\Z ZJPLU[PÄJ Z[\KPLZ
OH]L ILLU JVUK\J[LK [V Z\WWVY[ [OPZ PU�
[LYHJ[PVU ^P[O SPNO[ H[ ZWLJPÄJ ^H]LSLUN[OZ
HUK O\THU WO`ZPVSVN �̀ [OL SVUN�[LYT LM�
MLJ[Z VM [OPZ HY[PÄJPHS PUÅ\LUJL VU O\THUZ
YLTHPUZ \URUV^U�

;OL ZLJVUK HYLH MVJ\ZLZ VU YLWSPJH[PUN
[OL ZWLJ[YH VM UH[\YHS SPNO[� \UKLY ^OPJO
O\THUZ OH]L L]VS]LK MVY O\UKYLKZ VM [OV\�
ZHUKZ VM `LHYZ� ;OLYL PZ H Z[YVUN WYLZ\TW�
[PVU HTVUN SPNO[PUN L_WLY[Z HUK /*3 HK]V�

JH[LZ [OH[ [OL TVYL UH[\YHS H SPNO[ ZV\YJL
PZ� [OL IL[[LY MVY [OL VIZLY]LY� 4PTPJRPUN
[OL ZWLJ[YH VM UH[\YHS SPNO[ ZV\YJLZ VMMLYZ
HK]HU[HNLZ PU IYPUNPUN UH[\YHS SPNO[PUN [V
PU[LYPVY LU]PYVUTLU[Z ^OLYL O\THUZ ZWLUK
TVZ[ VM [OLPY [PTL� HUK SPNO[PUN ZWLJPÄLYZ MVY
IV[O YLZPKLU[PHS HUK JVTTLYJPHS ZWHJLZ
Z\JO HZ VMÄJLZ� ZJOVVSZ� JHYL OVTLZ�
HUK OVZWP[HSZ TPNO[ HSZV WYLZ\TL [OH[ [OL
ZHMLZ[ VW[PVU PZ [V H]VPK L_WVZPUN WLVWSL [V
UVU�UH[\YHS H\NTLU[LK SPNO[PUN�
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)LJXUH � ZOV^Z ZWLJ[YHS WV^LY KPZ[YPI\[PVU
J\Y]LZ MVY [^V ����2 3,+ SPNO[ ZV\YJLZ
HNHPUZ[ [OL ����2 )SHJR )VK` *\Y]L
�))*�� ;OL LUOHUJLK ZWLJ[Y\T WLY[HPUZ
[V [OL ÄYZ[ HYLH VM 9
+ ^OLYL [OL :7+
PZ ZLSLJ[P]LS` L_HNNLYH[LK [V U\KNL O\�
THU WO`ZPVSVN` PU[V H ¸^HRLM\SULZZ¹ Z[H[L�
^OLYLHZ [OL UH[\YHS SPNO[ :7+ PZ PUKPJH[P]L
VM [OL ZLJVUK HYLH VM 9
+ PU ^OPJO [OL
ZWLJ[Y\T PZ LUNPULLYLK [V TH[JO UH[\YHS
SPNO[� )` SVVRPUN H[ [OLZL :7+Z� ^L JHU
X\HSP[H[P]LS` ZLL [OH[ [OL UH[\YHS SPNO[ J\Y]L
TH[JOLZ [OL ))* T\JO TVYL JSVZLS` [OHU
[OL LUOHUJLK ZWLJ[Y\T J\Y]L� OV^L]LY
HYYP]PUN H[ H X\HU[P[H[P]L JVTWHYPZVU OHZ
LS\KLK PUK\Z[Y` L_WLY[Z� \U[PS UV �̂

,]VS\[PVU OHZ JVUKP[PVULK O\THUZ [V M\UJ�
[PVU PU KH`SPNO[ OV\YZ I` [OL SPNO[ VM [OL Z\U�
HUK HM[LY K\ZR� PU [OL ^HYT NSV^ VM ÄYL�
;O\Z� ^L KLÄUL UH[\YHS SPNO[ ZV\YJLZ HZ
[OVZL VM Z\USPNO[ HUK ÄYLSPNO[� *VU]LUPLU[S �̀
[OLZL UH[\YHS SPNO[ ZV\YJLZ OH]L Z[HUKHYK�
PaLK ZWLJ[YHS KLÄUP[PVUZ� \IPX\P[V\Z PU [OL
SPNO[PUN PUK\Z[Y �̀ ;OL TVZ[ ^PKLS` \ZLK ZJP�
LU[PÄJ TL[OVK MVY KLÄUPUN H SPNO[ ZV\YJL PZ
[OL :7+� [`WPJHSS` WSV[[LK VU H NYHWO VM [OL
[`WL ZOV^U PU )LJXUH ��

3PRL^PZL� )LJXUH � WSV[Z [OL Z[HUKHYKPaLK
ZWLJ[YHS KLÄUP[PVUZ VM UH[\YHS SPNO[� ;OL`
YLWYLZLU[ [OL L_HJ[ IHSHUJL VM ^H]LSLUN[OZ
[V ^OPJO L]VS\[PVU OHZ JVUKP[PVULK [OL
O\THU IVK` [V YLZWVUK� HUK \UKLY ^OPJO
O\THUZ OH]L L]VS]LK HUK [OYP]LK�

:7+Z JHU IL WSV[[LK MVY HU` ]PZPISL SPNO[
ZV\YJL� 0M HU HY[PÄJPHS SPNO[ ZV\YJL ^P[O H
JVSVY [LTWLYH[\YL VM ����2� MVY L_HTWSL�
OHZ H ZWLJ[YHS WV^LY KPZ[YPI\[PVU JSVZLS`
TH[JOPUN [OL +�� J\Y]L PU )LJXUH �� P[
^PSS OH]L H OPNOLY *VSVY 9LUKLYPUN 0UKL_
�*90� ]HS\L JVTWHYLK [V H SPNO[ ZV\YJL [OH[
KVLZ UV[ TH[JO [OL Z[HUKHYKPaLK ZWLJ[YHS
YLMLYLUJL HZ JSVZLS �̀

*VSVY X\HSP[` TL[YPJZ Z\JO HZ *90 HUK ;4�
�� WYV]PKL PTWVY[HU[ PUMVYTH[PVU HIV\[ [OL
L_[LU[ [V ^OPJO H SPNO[ ZV\YJL TH[JOLZ [OL
SPNO[PUN LMMLJ[ VM H UH[\YHS YLMLYLUJL ZV\YJL
Z\JO HZ KH`SPNO[ �H[ JVVSLY JVSVY [LTWLYH�
[\YLZ VM ≥����2� VY [OL ISHJR IVK` J\Y]L
�H[ ^HYTLY JVSVY [LTWLYH[\YLZ VM ≤����2��
/V^L]LY� [^V KPMMLYLU[ SPNO[ ZV\YJLZ ^P[O
[OL ZPTPSHY *90� ;4��� Rf � HUK ;4��� Rg

]HS\LZ TH` HWWLHY KPMMLYLU[S` ^OLU ]PL^LK
ZPKL I` ZPKL� VY TH` OH]L ]HZ[S` KPMMLYLU[
WO`ZPVSVNPJHS PTWHJ[Z� ILJH\ZL [OL` OH]L
ZPNUPÄJHU[S` KPMMLYLU[ :7+Z� ;O\Z� [OLZL
TL[YPJZ HSVUL HYL PUZ\MÄJPLU[ [V KLÄUL [OL
UH[\YHSULZZ VM SPNO[� )LJXUH � JVTWHYLZ H
����2 3,+ ^P[O ULHY WLYMLJ[ *90 VM  �� [V

[OL Z[HUKHYKPaLK KLÄUP[PVU VM H ����2
UH[\YHS SPNO[ ZV\YJL �P�L� [OL ISHJR IVK`
J\Y]L�� ;OL JVTWHYPZVU ZOV^Z [OH[ ZPTWS`
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OH]PUN OPNO *90 HUK ;4��� ]HS\LZ KVLZ
UV[ ULJLZZHYPS` TLHU [OH[ [OL ZV\YJL PZ H
JSVZL TH[JO [V [OL ZWLJ[YH VM UH[\YHS SPNO[�
HZ PUKPJH[LK I` [OL OPNOSPNO[LK ZWLJ[YHS
WLHR HUK ]HSSL �̀

$YHUDJH 6SHFWUDO
'LIIHUHQFH� $ 'HðQLWLYH
0HDVXUH RI 1DWXUDOQHVV
;V X\HU[PM` [OL YLSH[P]L KPMMLYLUJL PU UH[\YHS�
ULZZ IL[^LLU :7+Z� ^L T\Z[ ÄYZ[ JVUZPKLY
[OL ZWLJ[YHS YHUNL PU ^OPJO [OL JVTWHYP�

ZVU PZ THKL� (S[OV\NO [OL ZWLJ[YHS YHUNL
VM O\THU ]PZPVU Z[YL[JOLZ MYVT ��� UT [V
��� UT� [OL Z\IZL[ VM [OPZ YHUNL [OH[ JVYYL�
ZWVUKZ [V [OL WOV[VWPJ YLZWVUZL J\Y]L� VY
=�λ�� PZ PKLHS MVY [OPZ JHSJ\SH[PVU� =�λ� PZ [OL
S\TPUV\Z LMÄJPLUJ` M\UJ[PVU KLZJYPIPUN [OL
H]LYHNL ZWLJ[YHS ZLUZP[P]P[` VM O\THU ]PZ\HS
WLYJLW[PVU VM IYPNO[ULZZ� ;OL ^H]LSLUN[O
YHUNL VM ��� UT [V � � UT ^HZ JOVZLU
[V YLTV]L [OL [HPSZ VM [OL =�λ� NH\ZZPHU
KPZ[YPI\[PVU ILSV^ �� VM [OL WLHR ]HS\L
H[ ��� UT� >OPSL [OL =�λ� J\Y]L Z[YL[JOLZ
MYVT ��� UT [V ��� UT� [OL YH[PVUHSL MVY YL�
K\JPUN [OL [V[HS YHUNL PZ YVV[LK PU TH_PTPa�
PUN [OL \ZLM\SULZZ VM [OL JVTWHYPZVU IL�

[^LLU SPNO[ ZV\YJLZ� (Z [OL (:+ HJYVU`T
YLHKZ� [OL TL[YPJ \ZLZ HU ¸H]LYHNL¹ VM [OL
ZWLJ[YHS KPMMLYLUJLZ IL[^LLU [^V :7+Z
HJYVZZ H YHUNL VM ZWLJ[YH� :PUJL ULHYS` HSS
3,+ SPNO[ ZV\YJLZ OH]L SV^ LTPZZPVU H[ [OL
SV^ HUK OPNO LUKZ VM [OL ]PZPISL ZWLJ[Y\T�
H]LYHNPUN [OL ZWLJ[YHS KPMMLYLUJLZ V]LY [OL
LU[PYL YHUNL YLZ\S[Z PU H SLZZ TLHUPUNM\S
JVTWHYPZVU HZ [OL KH[H PZ ZRL^LK I` [OL
SHJR VM LTPZZPVU H[ [OL [HPSZ VM [OL KPZ[YPI\�
[PVU� ;OL YHUNL WYVWVZLK JV]LYZ   � � VM
[OL [V[HS HYLH \UKLY [OL WOV[VWPJ YLZWVUZL
J\Y]L� ZOV^U PU )LJXUH ��

;V HYYP]L H[ H X\HU[P[H[P]L ]HS\L MVY KLWPJ[�
PUN [OL UH[\YHSULZZ VM [OL SPNO[ ZV\YJL� [OL
:7+Z VM LHJO ZV\YJL HYL ÄYZ[ @�UVYTHSPaLK
ZV [OH[ [OL` HYL JVTWHYHISL PU [OL ]PZPISL
ZWLJ[Y\T� ;OL ZWLJ[Y\T PZ [OLU KP]PKLK
PU[V ��� � UT ^PKL ZLNTLU[Z IL[^LLU
[OL ]PZPISL SPNO[ ^H]LSLUN[OZ VM ��� UT
HUK � � UT� ;OL KPMMLYLUJL PU YHKPVTL[YPJ
WV^LY IL[^LLU [OL HY[PÄJPHS SPNO[ ZV\YJL
HUK P[Z YLMLYLUJL SPNO[ H[ LHJO UHUVTL[LY
ZLNTLU[ PZ TLHZ\YLK HUK L_WYLZZLK HZ
H WLYJLU[HNL KL]PH[PVU� ;OL HIZVS\[L ]HS�
\LZ VM HSS ��� ]HS\LZ HYL [OLU H]LYHNLK [V
WYVK\JL H ZPUNSL ]HS\L� ;OPZ JHSJ\SH[PVU
JHU IL L_WYLZZLK HZ HU (]LYHNL :WLJ[YHS
+PMMLYLUJL� VY (:+� 3PNO[PUN WYVMLZZPVUHSZ
JHU JVTWHYL [OPZ ZPUNSL ]HS\L [V HZZLZZ [OL
YLSH[P]L UH[\YHSULZZ VM KPMMLYLU[ SPNO[ ZV\YJLZ
\UKLY JVUZPKLYH[PVU�

;OL LX\H[PVU MVY JHSJ\SH[PUN [OL (:+ ]HS\L
PZ!

ASD =

690∑
λ=425

∣∣∣φref−φ
φref

∣∣∣
λ
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���

;OL (:+ ]HS\L� L_WYLZZLK HZ H WLYJLU[�
HNL� HS^H`Z JVTWHYLZ H [LZ[ ZV\YJL [V H
YLMLYLUJL ZV\YJL H[ [OL ZHTL **;� ;OL YLM�
LYLUJL ZV\YJL \ZLK PU [OPZ JHSJ\SH[PVU PZ [OL
ISHJRIVK` J\Y]L �))*� MVY SPNO[ ZV\YJLZ VM
����2 HUK ILSV �̂ HUK [OL KH`SPNO[ ZWLJ�
[Y\T �Z[HUKHYK PSS\TPUHU[Z Z\JO HZ +���
+��� HUK +��� MVY SPNO[ ZV\YJLZ VM ����2
HUK HIV]L� ;OLZL UH[\YHS SPNO[ YLMLYLUJL
ZWLJ[Y\TZ HYL LX\P]HSLU[ [V [OVZL \ZLK I`
[OL 0,: MVY JHSJ\SH[PUN ;4��� JVSVY X\HSP[`
TL[YPJZ�

( JVTWHYPZVU VM [OL ����2 3,+ :7+Z
PU )LJXUH � ZOV^Z [OL Z\WLYPVY X\HSP[H[P]L
UH[\YHSULZZ VM [OL )YPKNLS\_ ;OYP]L� ZV\YJL
JVTWHYLK [V V[OLY )YPKNLS\_ Z[HUKHYK 3,+
ZV\YJLZ H[ �� *90�  � *90� HUK  � *90�
)` \ZPUN [OL UL^S` KLÄULK (:+ TL[YPJ�
[OL X\HU[P[H[P]L KPMMLYLUJL PZ Z[HYR� >OPSL
[OL ILZ[ VM [OL [OYLL Z[HUKHYK 3,+Z PZ [OL
 � *90 WYVK\J[� ^P[O HU (:+ VM ���� [OL
;OYP]L 3,+ OHZ HU (:+ VM Q\Z[  �� J\[[PUN
[OL KL]PH[PVU MYVT UH[\YHS SPNO[ PU OHSM�
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0[ TPNO[ ZLLT JV\U[LYPU[\P[P]L [OH[ [OL  �
*90 WYVK\J[ ^V\SK OH]L H ZPTPSHY� HUK UV[
ZPNUPÄJHU[S` SV^LY� (:+ ]HS\L PU JVTWHYPZVU
[V [OL  � *90 WYVK\J[� OV^L]LY� [OL  � *90
WYVK\J[ OHZ ILLU ZWLJ[YHSS` LUNPULLYLK [V
KLSP]LY H OPNO *90� UV[ [V KLSP]LY H JSVZLY
TH[JO [V UH[\YHS SPNO[� ;OPZ ]HSPKH[LZ [OL
WYLTPZL [OH[ *90 HSVUL PZ UV[ HU HJJ\YH[L
TLHZ\YLTLU[ VM UH[\YHSULZZ�

>OPSL OPNO *90 HUK ;4��� ]HS\LZ JHU IL
WYVK\JLK I` H SPNO[ ZV\YJL [OH[ OHZ H WVVY
�OPNO� (:+ ]HS\L� H SPNO[ ZV\YJL ^P[O H NVVK
�SV^� (:+ ]HS\L ^PSS HS^H`Z JVYYLZWVUK [V
OPNO *90 HUK ;4��� YH[PUNZ K\L [V [OL UH[�
\YHSULZZ VM [OL SPNO[� 7DEOH � L_LTWSPÄLZ
[OPZ I` ZOV^PUN [OH[ [OL [^V ZV\YJLZ ^P[O
[OL SV^LZ[ (:+ ]HS\LZ �UH[\YHS SPNO[ HZ KL�
ÄULK I` [OL ISHJR IVK` J\Y]L HUK ;OYP]L�
OH]L ULHY WLYMLJ[ *90� ^OLYL [OL  � *90
WYVK\J[ HSZV OHZ H ULHY WLYMLJ[ *90 I\[ H
T\JO ^VYZL �OPNOLY� (:+�

>OLU JVTWHYPUN [OL X\HSP[` VM SPNO[ IL�
[^LLU [^V ZV\YJLZ� P[ PZ PTWVY[HU[ [V \U�
KLYZ[HUK [OL SPTP[Z VM O\THU ]PZPVU� ;OL
SPTP[ VM WLYJLW[PISL KPZ[PUJ[PVU VM JVSVY Ä�
KLSP[` IL[^LLU [^V ZV\YJLZ JHU IL ZWLJP�
ÄLK HUK PZ [`WPJHSS` YLMLYYLK [V HZ [OL Q\Z[�
UV[PJLHISL KPMMLYLUJL� 9LZLHYJO JVUK\J[LK
H[ [OL *HSPMVYUPH 3PNO[PUN ;LJOUVSVN` *LU�
[LY �*3;*� H[ [OL <UP]LYZP[` VM *HSPMVYUPH
H[ +H]PZ WYVK\JLK HU PU[LYLZ[PUN ÄUKPUN
HIV\[ O\THU WLYJLW[PVU VM HY[PÄJPHS SPNO[
ZV\YJLZ \ZPUN [OL ;4��� MYHTL^VYR� ;OL
*3;* YLZLHYJO Z\NNLZ[LK [OH[ PM HU PSS\TP�
UH[LK YLMLYLUJL JVSVY ZHTWSL OHZ Rf ≥ ��
[OL H]LYHNL VIZLY]LY TH` UV[ IL HISL [V
KPZ[PUN\PZO IL[^LLU [OH[ ZV\YJL HUK [OL
YLMLYLUJL ZV\YJL� UH[\YHS SPNO[� ;O\Z� MVY H
O\THU VIZLY]LY� SPNO[ ZV\YJLZ ^P[O ;4���
Rf ]HS\LZ ≥ � HYL LZZLU[PHSS` LX\P]HSLU[ [V
YLMLYLUJL UH[\YHS SPNO[ ZV\YJLZ ^P[O Rf VM
����

)LJXUH � JVTWHYLZ [OL PUKP]PK\HS JVSVY
ZHTWSL ÄKLSP[` ZJVYLZ VM [OL ����2 ;OYP]L
3,+ HUK [OL ����2  � *90 3,+� -VY [OL
����2 ;OYP]L 3,+�  � VM [OL   ;4���
JVSVY ZHTWSL ÄKLSP[` ]HS\LZ HYL ≥ � ^P[O
[OL [^V ]HS\LZ ILSV^  � Z[PSS NYLH[LY [OHU
 �� -VY [OL ����2  � *90 3,+� VUS` ��
VM [OL   JVSVY ZHTWSL ÄKLSP[` ]HS\LZ HYL
≥ �� ^P[O �� VM [OL �� ]HS\LZ ILSV^  �
HSZV ILSV^  ��

>OPSL [OL KH[H YLWVY[LK [OYV\NOV\[ [OPZ HY�
[PJSL PZ IHZLK VU ����2 SPNO[ ZV\YJLZ� [OL
ZHTL JVTWHYPZVU JHU VM JV\YZL IL THKL
MVY V[OLY **;Z ^P[O ZPTPSHY YLZ\S[Z� 7DEOH �
ZOV^Z [OL JVTWHYPZVU VM L_PZ[PUN JVSVY
X\HSP[` TL[YPJZ ]Z� (:+ MVY )YPKNLS\_ ;OYP]L
HUK V[OLY )YPKNLS\_ OPNO *90 SPNO[ ZV\YJLZ
H[ JVTTVUS` \ZLK **;Z� >OPSL [OLYL HYL
TPUVY KPMMLYLUJLZ PU [OL *90 HUK ;4���
TL[YPJZ� [OL KPMMLYLUJLZ PU [OL (:+ ]HS\LZ

thriveTM

perfectly natural
full spectrum tunable white light 
sources engineered to match the 

spectra of natural light

bridgelux.com/products/vesta-thrive

https://bit.ly/2ZgGrsX
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**;
)YPKNLS\_
7YVK\J[

(:+ *90 Ra ;4��� Rf ;4��� Rg
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;OYP]L ��  �  �   

����2
>  � *90 ���  �  �  �
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IL[^LLU [OLZL ZV\YJLZ HYL ZPNUPÄJHU[S`
OPNOLY� HZ [OPZ TL[YPJ OHZ ILLU KL]LSVWLK
ZWLJPÄJHSS` [V WYV]PKL H X\HU[P[H[P]L TLH�
Z\YLTLU[ VM UH[\YHSULZZ� ;OPZ KH[H M\Y[OLY
PUKPJH[LZ [OH[ OPNO *90 VY ;4��� ]HS\LZ KV
UV[ ULJLZZHYPS` JVYYLSH[L [V SV^ (:+ ]HS\LZ�
I\[ PU HSS JHZLZ H SV^ (:+ ]HS\L JVYYL�
ZWVUKZ [V OPNO *90 HUK ;4��� ]HS\LZ�

;OL UH[\YHS SPNO[PUN ZWLJ[Y\T KLSP]LYLK
I` [OL )YPKNLS\_ ;OYP]L WYVK\J[Z JHU HSZV
IL \ZLK [V PTWSLTLU[ HK]HUJLK MVYTZ VM
[\UHISL O\THU�JLU[YPJ SPNO[PUN ZVS\[PVUZ�
;\UHISL ^OP[L SPNO[PUN NP]LZ [OL LUK \ZLY
ÅL_PIPSP[` HUK JVU[YVS [V M\Y[OLY WLYZVUHSPaL
[OLPY LU]PYVUTLU[ IL`VUK [OL OPZ[VYPJHS SPT�
P[H[PVU VM VUS` HKQ\Z[PUN PU[LUZP[` [OYV\NO
KPTTPUN� :PUJL [OL **; HUK :7+ VM Z\U�
SPNO[ JOHUNLZ [OYV\NOV\[ [OL KH �̀ OH]PUN H
UH[\YHS ZWLJ[YH SPNO[ ZV\YJL [OH[ PZ HSZV :7+
HUK **; [\UHISL LUHISLZ ZWLJ[YHS HSPNU�
TLU[ IL[^LLU P[ HUK Z\USPNO[ [OYV\NOV\[
[OL KH �̀ ;OPZ HWWYVHJO TH_PTPaLZ OHY�
TVU` IL[^LLU [OL PUKVVY SP[ LU]PYVUTLU[

HUK PUOHIP[HU[ JPYJHKPHU YO`[OT� 6[OLY \ZL
JHZLZ MVY UH[\YHS [\UHISL ^OP[L ZV\YJLZ
PUJS\KL M\UJ[PVU�VYPLU[LK SPNO[PUN HUK WLY�
ZVUHSPaH[PVU WLY PUKP]PK\HS WYLMLYLUJL�

;OL H^HYK ^PUUPUN )YPKNLS\_ =LZ[H ;OYP]L
WYVK\J[Z KLSP]LY M\SS� UH[\YHS ZWLJ[YH PU HU
LHZ` [V \ZL [^V JOHUULS [\UHISL ^OP[L
ZVS\[PVU� ;OL =LZ[H ;OYP]L ZWLJ[YH KLSP]LYZ
SV^ (:+ ]HS\LZ HJYVZZ [OL [\UPUN YHUNL�
KLSP]LYPUN H ZPNUPÄJHU[S` JSVZLY TH[JO [V
UH[\YHS SPNO[ [OHU V[OLY [^V JOHUULS [\UHISL
^OP[L SPNO[PUN VW[PVUZ� ;OL (:+ ]HS\LZ MVY H
����¶����2 =LZ[H ;OYP]L *6) YHUNL MYVT
�� [V ����

&RQFOXVLRQV
;OL SPNO[PUN PUK\Z[Y` PZ YLHK` [V TV]L VU
MYVT M\UKHTLU[HS JVTWHYPZVUZ VM YH^ S\�
TLU V\[W\[ HUK WV^LY JVUZ\TW[PVU [V [OL
WYVMV\UK KPMMLYLUJLZ PU [OL UH[\YHSULZZ VM
SPNO[ MYVT VUL ZV\YJL [V HUV[OLY� ;V KH[L�

X\HSP[` VM SPNO[ TL[YPJZ OH]L ILLU UHYYV^S`
JVUÄULK [V JVSVY ÄKLSP[` HUK JVSVY NHT\[�
JVTWHYPUN [OL YLUKLYPUN HUK ZH[\YH[PVU VM
JVSVY ^P[O H YLMLYLUJL SPNO[ ZV\YJL� <ZLYZ
HYL ILJVTPUN PUJYLHZPUNS` TPUKM\S VM [OL
LMMLJ[ VM 3,+ SPNO[ VU O\THU OLHS[O HUK
^LSS�ILPUN� KYP]PUN [OL KLTHUK MVY UH[\YHS
SPNO[PUN WYVK\J[Z ^OPJO TPTPJ [OL ZWLJ[YHS
WV^LY KPZ[YPI\[PVU VM UH[\YHS SPNO[ ZV\YJLZ�
(:+ PZ H JVTWYLOLUZP]L HUK ZJPLU[PÄJHSS`
JYLKPISL TL[YPJ� PUKLWLUKLU[ VM O\THU
VIZLY]H[PVU VY WYLMLYLUJL ]HYPHISLZ� [OH[
THYRZ H ZPNUPÄJHU[ PTWYV]LTLU[ VU L_PZ[�
PUN SPNO[PUN TL[YPJZ [OH[ HPT [V X\HU[PM` [OL
UH[\YHSULZZ VM H SPNO[ ZV\YJL�

,_PZ[PUN X\HSP[` TL[YPJZ KV UV[ HKKYLZZ [OL
UH[\YHSULZZ VM SPNO[ ZV\YJLZ� HUK HZ Z\JO
[OLYL OHZ ILLU ZPNUPÄJHU[ PU[LYLZ[ PU \UKLY�
Z[HUKPUN HUK \[PSPaPUN (:+ HZ H UL^ X\HU�
[P[H[P]L TL[YPJ� >VYR ^PSS JVU[PU\L� [VNL[OLY
^P[O PUK\Z[Y` WHY[ULYZ� [V KLÄUL HWWYVWYP�
H[L PUK\Z[Y` Z[HUKHYK TL[YPJZ [V X\HU[PM`
ZWLJ[YHS TH[JOPUN [V UH[\YHS SPNO[ [V LUHISL
Z[YHPNO[MVY^HYK JVTWHYPZVUZ IL[^LLU HY[P�
ÄJPHS SPNO[ ZV\YJLZ� (Z V\Y PUK\Z[Y` L]VS]LZ
^P[O HU PUJYLHZLK MVJ\Z VU O\THU JLU[YPJ
SPNO[PUN� )YPKNLS\_ ^PSS JVU[PU\L [V KL]LSVW
PUUV]H[P]L WYVK\J[Z [OH[ [YHUZMVYT [OL SP[
LU]PYVUTLU[ [V TPTPJ [OL UH[\YHSULZZ VM
Z\USPNO[� "

$87+25� %ULDQ &8036721� 'U�
)YPHU *\TWZ[VU ZLY]LZ HZ =PJL 7YLZPKLU[
VM :VS\[PVUZ +L]LSVWTLU[ H[ )YPKNLS\_�
YLZWVUZPISL MVY [LJOUVSVN` PUUV]H[PVU KLSP]�
LYPUN JVUULJ[LK SPNO[PUN ZVS\[PVUZ KLZPNULK
MVY [OL M\[\YL� >P[O V]LY �� `LHYZ VM L_WLYP�
LUJL PU KL]LSVWPUN WYVK\J[Z MVY [OL KPZWSH �̀
WOV[V]VS[HPJ� HUK 3,+ SPNO[PUN PUK\Z[YPLZ�
OL OHZ OLSK LUNPULLYPUN HUK [LJOUVSVN`
KL]LSVWTLU[ WVZP[PVUZ H[ IV[O WYP]H[L HUK
Z[HY[�\W JVTWHUPLZ ^P[O YLZWVUZPIPSP[PLZ
YHUNPUN MYVT WYVK\J[ HUK WYVJLZZ KL]LSVW�
TLU[ [V WPSV[ THU\MHJ[\YPUN HUK OHYK^HYL
WYV[V[`WPUN� )YPHU OVSKZ H )�:� PU JOLTPJHS
LUNPULLYPUN MYVT [OL <UP]LYZP[` VM (YPaVUH�
H 7O�+� PU JOLTPJHS LUNPULLYPUN MYVT [OL
4HZZHJO\ZL[[Z 0UZ[P[\[L VM ;LJOUVSVN �̀
HUK JVUK\J[LK [^V `LHYZ VM WVZ[�KVJ[VYHS
Z[\K` H[ [OL *HSPMVYUPH 0UZ[P[\[L VM ;LJOUVS�
VN �̀

)XUWKHU $XWKRUV� 1HZVU 7VZZLS[� 3PUKLU
>PSSPZ�2PSNYVL
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!NNUAL 3UBSCRIPTIONS
/S5 'LJLWDO 0DJD]LQH
� L4HNHaPUL �7+- KV^USVHK�
� � 0ZZ\LZ WLY @LHY �)P�TVU[OS`�
� -\SS (YJOP]L (JJLZZ

�HSS WYL]PV\Z L4HNHaPUL PZZ\LZ�
� ,<9 �����

/S5 3ULQWHG 	 'LJLWDO 0DJD]LQH
� 7YPU[ 4HNHaPUL PUJS\KPUN ZOPWWPUN
� L4HNHaPUL �7+- KV^USVHK�
� � 0ZZ\LZ WLY @LHY �)P�TVU[OS`�
� -\SS (YJOP]L (JJLZZ

�HSS WYL]PV\Z L4HNHaPUL PZZ\LZ�
� :OPWWPUN JVZ[Z PUJS\KLK
� ,<9  ����

3UBSCRIBE

?iiTb,ffrrrXH2/@T`Q72bbBQM�HX+QKfbm#
b+`BTiBQM

!DVERTISE

?iiTb,ffrrrXH2/@T`Q72bbBQM�HX+QKf�/p
2`iBb2
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)NTERVIEW n !) AND )O4 #ONTROLS
(Y[PÄJPHS 0U[LSSPNLUJL� 0U[LYUL[ VM ;OPUNZ� *VU�
[YVSZ� ,ULYN` :H]PUNZ� 7YVQLJ[ 9LZ\S[Z

,IGHTING &IXUTURE $ESIGN
*\S[\YHS ,UOHUJLTLU[� ;YHKP[PVU� 0UUV]H[PVU

-ICRO
,%$ $ISPLAYS
9LK 5P[YPKL +PZWSH`Z� 9LX\PYLTLU[Z� 7LYMVY�
THUJL

0HOSPHORS
)PVNLUPJ 7OVZWOVYZ� 9LZLHYJO 9LZ\S[Z� ,\YV�
WLHU 7YVQLJ[

#HROMATICITY 3HIFT
9LZLHYJO :[\K �̀ 3,+ *VTWHYPZVUZ� 3,+
7HJRHNLZ

56
# $ISINFECTION
*6=0+�� � <=�3,+Z� 0U[LUZP[PLZ� >H]LSLUNO[Z

,I&I #OMMUNICATION
7YVQLJ[ 9LWVY[� (S[LYUH[P]L 3P-P ;LJOUVSVN`

,%$ 0ROJECTORS
9LWSHJLTLU[ VM 9V[H[PUN 7YVQLJ[VYZ� 0UUV]H�
[P]L 3\TPUHY` ;LJOUVSVN`

'REEN 7ALLS
/VY[PJ\S[\YL 3PNO[PUN� 6W[PT\T >OP[L 3,+Z�
7SHU[ /LHS[O

,P2 �� \ .OV�$EC ����
$%!$,).%3

!$ #,/3%
6*;6),9 ��� ����

-!4%2)!, $5%
6*;6),9 � � ����

$)')4!, 05",)#!4)/.
56=,4),9 ��� ����

02).4 05",)#!4)/.
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,P2 �� \ .OV�$EC ����
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)MPRINT

,%$ PROFESSIONAL 2EVIEW �,P2	
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���8

0UBLISHING #OMPANY
3\NLY 9LZLHYJO L�<� c � ���������
0UZ[P[\[L MVY 0UUV]H[PVU 
 ;LJOUVSVN`
4VVZTHOKZ[YHZZL ��� (����� +VYUIPYU�
(\Z[YPH� ,\YVWL
PUMV'S\NLYYLZLHYJO�JVT c ^^ �̂S\NLYYLZLHYJO�JVT
7 ��� ���� � �� � 
- ��� ���� � �� �  �

3XEOLVKHU
:PLNMYPLK 3\NLY ��� �  ���� ����

Z�S\NLY'S\NLYYLZLHYJO�JVT

(GLWRUV
(YUV .YHIOLY�4L`LY ��� �  ���� ����

H�N�T'SLK�WYVMLZZPVUHS�JVT

+Y� .�U[OLY :LQRVYH ��� �  ���� ����
N�ZLQRVYH'S\NLYYLZLHYJO�JVT

:HYHO ;V^HYK ��� �  ���� ����
ZHYHO�[V^HYK'S\NLYYLZLHYJO�JVT

;OLYLZH 2�UPN ��� �  ���� ����
[OLYLZH�RVLUPN'SLK�WYVMLZZPVUHS�JVT

$FFRXQW 0DQDJHU
*OYPZ[PUL 3\NLY ��� �  ���� ����

J�S\NLY'S\NLYYLZLHYJO�JVT

&KLQD� +RQJ�.RQJ
3VSV @V\UN ����  � � ����

SVSV'JHZ[PU[S�JVT
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