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Êâàðöåâûå îïòè÷åñêèå âîëîêíà (ÎÂ) ñ äèàìåòðîì ñâåòîâåäóùåé ñåðäöåâèíû 400 –

800 ìêì, èçãîòîâëåííûå èç áèîñîâìåñòèìûõ ìàòåðèàëîâ, øèðîêî ïðèìåíÿþò â ëàçåðíîé

ìåäèöèíå. Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ îïòè÷åñêèõ ïàðàìåòðîâ

êâàðö-ïîëèìåðíîãî ÎÂ ñî ñâåòîîòðàæàþùåé îáîëî÷êîé èç òåðìîïëàñòè÷íîãî ñîïîëèìåðà

òåòðàôòîðýòèëåíà ñ ýòèëåíîì è âëèÿíèÿ íà ýòè ïàðàìåòðû óñëîâèé íàíåñåíèÿ îáîëî÷êè.

Ïîêðûòèå èç ðàñïëàâà ïîëèìåðà íàíîñèëè íà ïîâåðõíîñòü êâàðöåâîãî âîëîêíà ôèëüåð-

íûì ñïîñîáîì íà âûòÿæíîé óñòàíîâêå íåïîñðåäñòâåííî âî âðåìÿ âûòÿæêè. ×èñëîâóþ àïåð-

òóðó îïðåäåëÿëè ïî ðàñïðåäåëåíèþ âûõîäÿùåãî èç ÎÂ ëàçåðíîãî èçëó÷åíèÿ â äàëüíåì

ïîëå, îïòè÷åñêèå ïîòåðè — ïî ðàñïðåäåëåíèþ ðàññåÿííîãî ñâåòîîòðàæàþùåé îáîëî÷êîé

èçëó÷åíèÿ ïî äëèíå ÎÂ. Ïàðàìåòðû ðàññåÿíèÿ ïðîõîäÿùåãî ïî ÎÂ ëàçåðíîãî èçëó÷åíèÿ

îöåíèâàëè ïî èíòåíñèâíîñòè è èíäèêàòðèñå ðàññåÿíèÿ. Èññëåäîâàëè îáðàçöû ÎÂ ñ êâàðöå-

âîé ñåðäöåâèíîé (äèàìåòð — 400 ìêì) è ñâåòîîòðàæàþùåé îáîëî÷êîé (òîëùèíà —

70 – 90 ìêì) äëèíîé äî 50 ì, ó êîòîðûõ ñâåòîîòðàæàþùàÿ îáîëî÷êà âûïîëíÿëà îäíîâðå-

ìåííî è çàùèòíóþ ôóíêöèþ. Âûÿâèëè, ÷òî êà÷åñòâî íàíåñåííîãî ïîêðûòèÿ è îïòè÷åñêèå

ïàðàìåòðû âîëîêíà çàâèñÿò îò ñêîðîñòè âûòÿæêè ÎÂ (ñêîðîñòè íàíåñåíèÿ ïîêðûòèÿ) Vd.

Ïðè Vd � 2 ì/ìèí ôîðìèðîâàëîñü ãëàäêîå ïîêðûòèå, ïðè Vd > 2 ì/ìèí — øåðøàâîå, êîòî-

ðîå (ïðè Vd = 6 ì/ìèí) ïåðåõîäèëî â òàê íàçûâàåìóþ «àêóëüþ êîæó». Óñòàíîâèëè òàêæå,

÷òî ðàññåÿíèå ïðîõîäÿùåãî ïî ÎÂ èçëó÷åíèÿ âûçâàíî ñòðóêòóðîé ïîëèìåðà, êîòîðàÿ â

ñâîåì ñîñòàâå èìååò êðèñòàëëè÷åñêóþ è àìîðôíóþ ôàçû ñ ðàçëè÷íûìè ïîêàçàòåëÿìè ïðå-

ëîìëåíèÿ. Íàèìåíüøåå ðàññåÿíèå ôèêñèðîâàëè ó îáðàçöîâ ÎÂ ñ ãëàäêèì ïîêðûòèåì. Ñóì-

ìàðíûå îïòè÷åñêèå ïîòåðè íà äëèíå âîëíû ë = 532 íì ó íèõ ñîñòàâèëè 300 – 720 äÁ/êì,

íîìèíàëüíàÿ ÷èñëîâàÿ àïåðòóðà — 0,44. Êðîìå òîãî, ïîëó÷åííûå äàííûå ïîêàçàëè, ÷òî êî-

ðîòêèå (1,5 – 3 ì) îáðàçöû îáåñïå÷èâàþò ïðîïóñêàíèå 80 – 93 % ââåäåííîé ìîùíîñòè.
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Silica optical fibers (OF) having a core diameter of 400 – 800 ìm made of biocompatible materials are

widely used in laser medicine. The results of studying the optical parameters of novel silica-polymeric opti-

cal fiber with a reflective thermoplastic copolymer coating (tetrafluoroethylene – ethylene) and the influ-

ence of coating conditions on these optical parameters are presented. Coatings from polymer melt were

applied to the silica fiber surface by orifice drawing. The numerical aperture of the drawn OF was mea-

sured by distribution of the laser radiation emerging from OF in the far field. The optical losses were de-

termined by the distribution of the radiation scattered by the reflective coating along the OF length. The

scattering parameters of the laser radiation transmitted through OF were estimated by the intensity and

indicatrix of scattering. We studied OF samples up to 50 m in length with a silica core of about 400 ìm in

diameter and reflective coating with a thickness of 70 – 90 ìm, the reflective coating also performed a pro-

tective function. The quality of applied coating and optical parameters of the OF samples depended on the

speed of fiber drawing (coating speed) Vd. A smooth coating was obtained at Vd � 2 m/min. When

Vd > 2 m/min the coating became rough, turning into the so-called “shark skin” at Vd = 6 m/min. Ob-

served scattering of radiation passing through the studied OF samples was attributed to the polymer

structure which contained both crystalline and amorphous phases with different values of the refractive

index. The smallest scattering was observed in a smooth-coated OF. The total optical loss at a wavelength

ë = 532 nm amounted to 300 – 720 dB/km (a nominal numerical aperture was 0.44). Short (1.5 – 3 m) OF

samples were shown to provide a transmission of 80 – 93% of the input power.

Keywords: silica-polymeric optical fiber; thermoplastic fluoropolymer reflective coating; light scattering;

numerical aperture; optical losses.

Ââåäåíèå

Êâàðöåâûå îïòè÷åñêèå âîëîêíà (ÎÂ) ñ äèà-

ìåòðîì ñâåòîâåäóùåé ñåðäöåâèíû 400 – 800 ìêì

øèðîêî ïðèìåíÿþò â ëàçåðíîé ìåäèöèíå äëÿ

òðàíñïîðòèðîâêè ëàçåðíîãî èçëó÷åíèÿ â îïòè÷å-

ñêîì è áëèæíåì ÈÊ-äèàïàçîíàõ èçëó÷åíèÿ

[1 – 4]. Ñóùåñòâóåò äâà îñíîâíûõ òèïà òàêèõ ÎÂ:

êâàðö-êâàðöåâûå è êâàðö-ïîëèìåðíûå. Ó ïåðâûõ

â êà÷åñòâå ñâåòîîòðàæàþùåé îáîëî÷êè èñïîëü-

çóþò êâàðöåâîå ñòåêëî, ëåãèðîâàííîå ôòîðîì,

ó âòîðûõ — êðåìíèéîðãàíè÷åñêèå ýëàñòîìåðû

[5, 6]. Ïîâåðõ îáîëî÷åê íàíîñÿò çàùèòíîå ïîêðû-

òèå èç áèîñîâìåñòèìîãî òåðìîïëàñòè÷íîãî ïîëè-

ìåðà. Íåäîñòàòîê êâàðö-êâàðöåâûõ ÎÂ — íèçêàÿ

÷èñëîâàÿ àïåðòóðà (0,22). Ó êâàðö-ïîëèìåðíûõ

ÎÂ ÷èñëîâàÿ àïåðòóðà âûøå (0,4), íî äëÿ èõ

ôîðìèðîâàíèÿ òðåáóåòñÿ äâîéíîå ïîëèìåðíîå

ïîêðûòèå.

Èñïîëüçîâàíèå â êà÷åñòâå ìàòåðèàëà äëÿ ïî-

êðûòèÿ òåðìîïëàñòè÷íûõ ïîëèìåðîâ ñ âûñîêèì

ñîäåðæàíèåì ôòîðà (ïîêàçàòåëü ïðåëîìëåíèÿ

ìåíüøå, ÷åì ó êâàðöåâîãî ñòåêëà) [7] ïîçâîëÿåò

èçãîòîâèòü ìíîãîìîäîâûå êâàðö-ïîëèìåðíûå ÎÂ

ñ âûñîêîé (>0,4) ÷èñëîâîé àïåðòóðîé. Â ýòîì ñëó-

÷àå ñâåòîîòðàæàþùàÿ îáîëî÷êà îäíîâðåìåííî

âûïîëíÿåò è çàùèòíóþ ôóíêöèþ.

Öåëü ðàáîòû — èññëåäîâàíèå îïòè÷åñêèõ ïà-

ðàìåòðîâ êâàðö-ïîëèìåðíîãî ÎÂ ñî ñâåòîîòðà-

æàþùåé îáîëî÷êîé èç òåðìîïëàñòè÷íîãî ñîïîëè-

ìåðà òåòðàôòîðýòèëåíà ñ ýòèëåíîì è âëèÿíèÿ íà

ýòè ïàðàìåòðû óñëîâèé íàíåñåíèÿ îáîëî÷êè.

Îáîðóäîâàíèå, ìàòåðèàëû, ìåòîäû

Ïîêðûòèå èç ðàñïëàâà ïîëèìåðà íàíîñèëè íà

ïîâåðõíîñòü êâàðöåâîãî âîëîêíà ôèëüåðíûì ñïî-

ñîáîì íà âûòÿæíîé óñòàíîâêå (âûñîòà óñòàíîâ-

êè — 3,5 ì) íåïîñðåäñòâåííî âî âðåìÿ âûòÿæêè.

Óñòàíîâêà âêëþ÷àëà: ìåõàíèçì ïîäà÷è çàãîòîâêè

(ñêîðîñòü Vf = 0,5 – 10 ì/ìèí), âûñîêîòåìïå-

ðàòóðíóþ ïå÷ü ñ ãðàôèòîâûì íàãðåâàòåëüíûì

ýëåìåíòîì (òåìïåðàòóðà Tm = 500 – 2200 °C),

èçìåðèòåëü äèàìåòðà âûòÿãèâàåìîãî âîëîêíà,

ìåõàíèçì âûòÿãèâàíèÿ (ñêîðîñòü Vd =

= 0,5 – 10 ì/ìèí).

Äëÿ ïëàâëåíèÿ òåðìîïëàñòà èñïîëüçîâàëè

òðóá÷àòóþ ïå÷ü ñîïðîòèâëåíèÿ, âíóòðü êîòîðîé

ïåðåä âûòÿæêîé ïîìåùàëè ñòåêëÿííóþ ôèëüåðó

ñ ãðàíóëàìè òåðìîïëàñòà (äèàïàçîí òåìïåðàòó-

ðû — 100 – 350 °C, òî÷íîñòü ïîääåðæàíèÿ òåìïå-

ðàòóðû — 0,5 °C). Ïëàâëåíèå ãðàíóë ïðîèñõî-

äèëî íåïîñðåäñòâåííî â ôèëüåðå. Ïîêðûòèå íà

âûòÿãèâàåìîå êâàðöåâîå âîëîêíî íàíîñèëîñü çà

ñ÷åò àäãåçèè ðàñïëàâà ê ïîâåðõíîñòè ÎÂ ïðè åãî

ïðîõîæäåíèè ÷åðåç ôèëüåðó ñ ðàñïëàâîì [8].

Ôèëüåðû èçãîòàâëèâàëè èç òîíêîñòåííûõ

ñòåêëÿííûõ òðóá ìàðêè ÑË-96-1 (âíåøíèé äèà-

ìåòð — 26 èëè 32 ìì) ñ êîíè÷åñêèìè ó÷àñòêàìè

íà êîíöàõ. Äëèíà öèëèíäðè÷åñêîé ÷àñòè ôèëüå-

ðû ñîñòàâëÿëà 150 – 160, êîíè÷åñêîé — 35 –

40 ìì. Âíóòðåííèé âûõîäíîé äèàìåòð ôèëüå-

ðû — 0,7 – 1 ìì.

Èçìåðåíèÿ ïðîâîäèëè ñ èñïîëüçîâàíèåì ëà-

çåðà LG 303 (äëèíà âîëíû ë = 532 íì). ×èñëîâóþ

àïåðòóðó îöåíèâàëè ïî ðàñïðåäåëåíèþ âûõîäÿ-

ùåãî èç ÎÂ ëàçåðíîãî èçëó÷åíèÿ â äàëüíåì ïîëå.

Çà âåëè÷èíó àïåðòóðíîãî óãëà ïðèíèìàëè óãîë,

ïðè êîòîðîì èíòåíñèâíîñòü ïîëÿ èçëó÷åíèÿ

óìåíüøàëàñü äî óðîâíÿ 0,05 îò ìàêñèìàëüíîé èí-

òåíñèâíîñòè.

Ñõåìû îïðåäåëåíèé îïòè÷åñêèõ ïàðàìåòðîâ

ÎÂ ïðèâåäåíû íà ðèñ. 1. Âõîäíóþ àïåðòóðó âîç-

áóæäàþùåãî ëó÷à èçìåðÿëè ñ ïîìîùüþ ðåãóëè-

ðóåìîãî ñäâèãà îñè ëàçåðà îòíîñèòåëüíî îñè îáú-
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åêòèâà íà âåëè÷èíó ä < 5 ìì. Ìàêñèìàëüíûé

ñäâèã (ä = 5 ìì) ñîîòâåòñòâîâàë âõîäíîé àïåð-

òóðå 0,4. Äèàìåòð âõîäíîé äèàôðàãìû ôîòî-

ïðèåìíèêà ÔÝÓ-51 ñîñòàâëÿë 10, ðàññòîÿíèå îò

äèàôðàãìû äî îòêðûòîãî ó÷àñòêà îáîëî÷êè —

120 ìì.

Äëÿ ïîâûøåíèÿ ÷óâñòâèòåëüíîñòè ðåãèñòðà-

öèè ðàññåÿííîãî èçëó÷åíèÿ è âîçìîæíîñòè èçìå-

ðåíèÿ ðàñïðåäåëåíèÿ åãî èíòåíñèâíîñòè ïî äëè-

íå ÎÂ ðàññòîÿíèå îò ñâåòî÷óâñòâèòåëüíîãî ñëîÿ

ôîòîïðèåìíèêà äî ðàññåèâàþùåé îáîëî÷êè ÎÂ

ñîñòàâëÿëî ~20 ìì (àíàëîãè÷íîå ðàññòîÿíèå ïðè

èçìåðåíèè èíäèêàòðèñû ðàññåÿíèÿ — 120 ìì).

Îïòè÷åñêèå ïîòåðè â ÎÂ îöåíèâàëè ìåòîäîì

áîêîâîãî ðàññåÿíèÿ èçëó÷åíèÿ [9]. Ïîñêîëüêó èí-

òåíñèâíîñòü ðàññåÿíèÿ Is(l) ïðîïîðöèîíàëüíà èí-

òåíñèâíîñòè ïðîõîäÿùåãî ïî ÎÂ èçëó÷åíèÿ I(l),

äëÿ îïòè÷åñêèõ ïîòåðü ñïðàâåäëèâà ôîðìóëà

�
�
�

10 0

l

I

I l

s

s

lg
( )

( )
, (1)

ãäå l — ðàññòîÿíèå âäîëü îñè ÎÂ îò âõîäíîãî òîð-

öà äî ìåñòà ðåãèñòðàöèè èçëó÷åíèÿ.

Äëÿ ñâåòîâåäóùèõ ñåðäöåâèí èñïîëüçîâàëè

øòàáèêè èç îïòè÷åñêîãî êâàðöåâîãî ñòåêëà ìàðîê

ÊÓ-1 (äëÿ ÓÔ-äèàïàçîíà), ÊÂ (äëÿ âèäèìîãî äèà-

ïàçîíà) è ÊÓÂÈ-1 (äëÿ áëèæíåãî ÈÊ-äèàïàçîíà).

Â êà÷åñòâå ìàòåðèàëà äëÿ ïîêðûòèÿ ïðèìåíÿëè

ñîïîëèìåð òåòðàôòîðýòèëåíà ñ ýòèëåíîì ìàðêè

Tefzel.

Îáñóæäåíèå ðåçóëüòàòîâ

Èññëåäîâàëè îáðàçöû ÎÂ ñ êâàðöåâîé ñåðäöå-

âèíîé (äèàìåòð — 400 ìêì) è ñâåòîîòðàæàþùåé

îáîëî÷êîé (òîëùèíà — 70 – 90 ìêì) äëèíîé äî

50 ì, ó êîòîðûõ ñâåòîîòðàæàþùàÿ îáîëî÷êà îäíî-

âðåìåííî âûïîëíÿëà è çàùèòíóþ ôóíêöèþ.

Óñòàíîâèëè, ÷òî êà÷åñòâî íàíîñèìîãî ïîêðûòèÿ

è îïòè÷åñêèå ïàðàìåòðû ÎÂ çàâèñÿò îò ñêîðîñòè

âûòÿæêè âîëîêíà (ñêîðîñòè íàíåñåíèÿ ïîêðû-

òèÿ) Vd. Ïðè Vd < 2 ì/ìèí ôîðìèðîâàëîñü ãëàä-

êîå ïîêðûòèå, ïðè Vd � 2 ì/ìèí — øåðøàâîå, êî-

òîðîå ñ âîçðàñòàíèåì Vd (ïðè Vd = 6 ì/ìèí) ïåðå-

õîäèëî â òàê íàçûâàåìóþ «àêóëüþ êîæó» [10].

Ïðè äàëüíåéøåì óâåëè÷åíèè ñêîðîñòè (Vd �

� 7 ì/ìèí) ôèêñèðîâàëè ñðûâ íàíîñèìîãî ïîêðû-

òèÿ, ÷òî ïðåäïîëîæèòåëüíî ìîæíî îáúÿñíèòü

ïåðåõîäîì ðàñïëàâà ïîëèìåðà èç âÿçêîòåêó÷åãî â

âûñîêîýëàñòè÷íîå ñîñòîÿíèå.

Íà ðèñ. 2 ïðèâåäåíû ÎÂ ñ ïîêðûòèÿìè, ñôîð-

ìèðîâàííûìè ïðè ðàçëè÷íûõ ñêîðîñòÿõ âûòÿæ-

êè. Âèäíî, ÷òî ñ ðîñòîì ñêîðîñòè êà÷åñòâî ïîêðû-

òèÿ óõóäøàåòñÿ. Ýòî ñâÿçàíî ñ íåóñòîé÷èâîñòüþ

òå÷åíèÿ ðàñïëàâà â ôèëüåðå, îáóñëîâëåííîé âîç-

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 7 29

1

1

1

2

3

3

3

à

á â

4

ö

ö

4

5

5

6

6

6

7

8 8

9

9

10

Ðèñ. 1. Ñõåìû èçìåðåíèé ïðîôèëÿ ïîëÿ èçëó÷åíèÿ ÎÂ â äàëüíåé çîíå (à), èíäèêàòðèñû ðàññåÿíèÿ (á) è ðåãèñòðàöèè ðàñ-

ñåÿííîãî ñâåòîîòðàæàþùåé îáîëî÷êîé ëàçåðíîãî èçëó÷åíèÿ (â): 1 — ëàçåð LG 303; 2 — ðàñøèðèòåëü ëàçåðíîãî ëó÷à; 3 —

ôîêóñèðóþùèé îáúåêòèâ; 4 — èññëåäóåìûé îáðàçåö ÎÂ; 5 — ãîíèîìåòð; 6 — ôîòîïðèåìíèê ÔÝÓ-51; 7 — îòêðûòûé ó÷àñ-

òîê îáîëî÷êè ÎÂ äëèíîé 10 ìì; 8 — ýêðàíèðóþùèå òðóáî÷êè íà ÎÂ; 9 — þñòèðîâî÷íûé ñòîëèê, îáåñïå÷èâàþùèé ñäâèã

îñè ëàçåðà îòíîñèòåëüíî îñè îáúåêòèâà; 10 — êîæóõ ÔÝÓ; ö — óãîë íàáëþäåíèÿ

Fig. 1. The measurement schemes of the far-field radiation profiles of the OF (a), scattering indicatrix (b), and scheme for

registration of laser radiation scattered by reflective coating (c): 1 — laser LG 303; 2 — laser beam expander; 3 — focusing

lens; 4 — OF sample; 5 — goniometer; 6 — photodetector FEU-51; 7 — open section of the OF coating (length — 10 mm); 8 —

screening tubes on the OF; 9 — the laser feed mechanism providing a shift of the laser axis relative to the lens axis; 10 —

photodetector cage; ö — viewing angle



íèêàþùèìè â ðàñïëàâå óïðóãèìè (âûñîêîýëà-

ñòè÷íûìè) íàïðÿæåíèÿìè, êîòîðûå íàêëàäûâà-

þòñÿ íà ñäâèãîâûå íàïðÿæåíèÿ âÿçêîãî òå÷åíèÿ.

Çàìåòèì, ÷òî íåóñòîé÷èâîñòü òèïà «àêóëüåé

êîæè» (ýëàñòè÷íàÿ òóðáóëåíòíîñòü) âîçíèêàåò

ïðè íàïðÿæåíèÿõ ñäâèãà ôñ = 0,1 – 0,3 ÌÏà [11].

Ïðè ïðîõîæäåíèè ëàçåðíîãî èçëó÷åíèÿ ïî

ñôîðìèðîâàííûì ÎÂ ôèêñèðîâàëè åãî ðàññåÿíèå

îáîëî÷êîé, ÷òî âûçâàíî ñòðóêòóðîé ïîëèìåðà,

èìåþùåãî â ñâîåì ñîñòàâå êðèñòàëëè÷åñêóþ è

àìîðôíóþ ôàçû ñ ðàçëè÷íûìè çíà÷åíèÿìè ïîêà-

çàòåëÿ ïðåëîìëåíèÿ. Èíòåíñèâíîñòü ðàññåÿííîãî

èçëó÷åíèÿ, êîòîðîå ìîæíî áûëî íàáëþäàòü ïîä

ëþáûì óãëîì íàáëþäåíèÿ ê îñè ÎÂ, çàâèñåëà îò

êà÷åñòâà íàíåñåííîãî ïîêðûòèÿ è àïåðòóðû ââå-

äåííîãî èçëó÷åíèÿ.

Êàê èçâåñòíî, èíäèêàòðèñà ðàññåÿíèÿ ñâåòà

õàðàêòåðèçóåò îïòè÷åñêóþ íåîäíîðîäíîñòü ìàòå-

ðèàëà, ïî êîòîðîìó îí ðàñïðîñòðàíÿåòñÿ [12 –

15]. Íà ðèñ. 3 ïðèâåäåíû èíäèêàòðèñû ðàññåÿíèÿ

äëÿ îáðàçöîâ ÎÂ, ñôîðìèðîâàííûõ ïðè ðàçíûõ

ñêîðîñòÿõ âûòÿæêè. Âèäíî, ÷òî ôîðìà êðèâîé

ïðàêòè÷åñêè íå çàâèñèò îò ñêîðîñòè íàíåñåíèÿ

ïîêðûòèÿ. Îòìåòèì, ÷òî ôîðìà èíäèêàòðèñû

ðàññåÿíèÿ íå çàâèñèò è îò àïåðòóðû ââåäåííîãî â

ÎÂ èçëó÷åíèÿ.

Çàâèñèìîñòè èíòåíñèâíîñòè ðàññåÿíèÿ Js îò

âõîäíîé àïåðòóðû ââåäåííîãî èçëó÷åíèÿ NAin

äëÿ ðàçëè÷íûõ ñêîðîñòåé íàíåñåíèÿ ïîêðûòèÿ

ïðåäñòàâëåíû íà ðèñ. 4. Ðàññåÿííîå èçëó÷åíèå

ðåãèñòðèðîâàëè íà ó÷àñòêàõ ÎÂ, îòñòîÿùèõ íà

ðàññòîÿíèè 30 ñì îò âõîäíîãî òîðöà ÎÂ. Èçìåðå-

íèÿ ïðîâîäèëè íà êîðîòêèõ (0,4 – 0,6 ì) îòðåçêàõ

ÎÂ, äëÿ êîòîðûõ àïåðòóðà âîçáóæäàþùåãî èçëó-

÷åíèÿ NAin ñîâïàäàëà ñ âûõîäíîé àïåðòóðîé

NAout. Ïîñëåäíþþ îöåíèâàëè ïî ôîðìóëå

NAout � sin[arctg(H/2D)], (2)

ãäå D — äèàìåòð ïÿòíà èçëó÷åíèÿ; H = 60 ìì —

ðàññòîÿíèå îò âûõîäíîãî òîðöà ÎÂ.

Âèäíî, ÷òî ÷åì áîëüøå àïåðòóðà ââåäåííîãî

èçëó÷åíèÿ, òåì âûøå èíòåíñèâíîñòü ðàññåÿíèÿ.

Ýòî ñâÿçàíî ñ òåì, ÷òî ãëóáèíà ïðîíèêíîâåíèÿ

ìîäû èçëó÷åíèÿ â îáîëî÷êó òåì áîëüøå, ÷åì

áîëüøå åå àïåðòóðà. Óâåëè÷åíèå èíòåíñèâíîñòè

ðàññåÿíèÿ ïðè ïîâûøåíèè ñêîðîñòè íàíåñåíèÿ

ïîêðûòèÿ ñâÿçàíî ñ ðîñòîì øåðîõîâàòîñòè íàíå-

ñåííîãî ïîêðûòèÿ.

Íà ðèñ. 5 ïðåäñòàâëåíû ðàñïðåäåëåíèÿ èí-

òåíñèâíîñòè ðàññåÿííîãî èçëó÷åíèÿ ïî äëèíå âî-

ëîêíà Js(x) äëÿ ÎÂ äëèíîé 18,5 ì, èçìåðåííûå

ïðè ðàçëè÷íûõ çíà÷åíèÿõ àïåðòóðû âîçáóæäàþ-

ùåãî ëó÷à NAin. Âèäíî, ÷òî ÷åì áîëüøå àïåðòóðà,

òåì âûøå èíòåíñèâíîñòü ðàññåÿíèÿ íà íà÷àëü-

íîì ó÷àñòêå ÎÂ è òåì ñèëüíåå îíà îñëàáåâàåò ïðè

óâåëè÷åíèè ðàññòîÿíèÿ x äî âõîäíîãî òîðöà ÎÂ.

Ýòî ñâèäåòåëüñòâóåò î çíà÷èòåëüíîì âêëàäå ðàñ-

ñåÿíèÿ â ñóììàðíûå îïòè÷åñêèå ïîòåðè, îñîáåí-

íî ïðè áîëüøîé (>0,3) àïåðòóðå. Ðàñ÷åòû ïîêà-
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Ðèñ. 2. Êâàðöåâûå âîëîêíà ñ ïîêðûòèåì, âûòÿíóòûå ïðè

ñêîðîñòÿõ 2 (à), 3 (á) è 6 ì/ìèí (â) (òåìïåðàòóðà ðàñïëàâà
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êðûòèÿ ~70 ìêì)

Fig. 2. Coated silica fibers drawn at a speed of 2 (a), 3 (b)

and 6 m/min (c) (melt temperature T = 270°C, die diameter

da = 720 ìm, coating thickness ~70 ìm)
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Ðèñ. 3. Çàâèñèìîñòè èíòåíñèâíîñòè ðàññåÿííîãî ñâåòî-

îòðàæàþùåé îáîëî÷êîé èçëó÷åíèÿ îò óãëà íàáëþäåíèÿ

äëÿ ÎÂ, ñôîðìèðîâàííûõ ïðè ñêîðîñòÿõ íàíåñåíèÿ ïî-

êðûòèÿ 2 (1) è 7 ì/ìèí (2)

Fig. 3. Dependences of the intensity of radiation scattered

by the reflective coating on the viewing angle for OF formed

at different speed of coating 2 (1) and 7 m/min (2)



çûâàþò, ÷òî ïðè NAin = 0,4 ñóììàðíîå ðàññåÿí-

íîå îáîëî÷êîé èçëó÷åíèå ìîæåò â íåñêîëüêî

(3 – 5) ðàç ïðåâûøàòü èçëó÷åíèå, ïðîøåäøåå

÷åðåç ÎÂ.

Ñóììàðíûå îïòè÷åñêèå ïîòåðè á (äëèíà âîë-

íû ë = 532 íì) îöåíèâàëè, èñïîëüçóÿ ôîðìóëó

(1). Ïîëó÷èëè: á = 720 äÁ/êì — ïðè NAin = 0,4,

á = 500 — ïðè NAin = 0,3 è á = 320 äÁ/êì — ïðè

NAin = 0,2. Ïîëó÷åííûå çíà÷åíèÿ ñóùåñòâåííî

âûøå äàííûõ ïî îïòè÷åñêèì ïîòåðÿì â êâàðö-ïî-

ëèìåðíûõ ÎÂ ñî ñâåòîîòðàæàþùåé îáîëî÷êîé èç

êðåìíèéîðãàíè÷åñêîãî ýëàñòîìåðà ìàðêè ÑÈÝË

159/167 è çàùèòíûì ïîêðûòèåì èç ïîëèàìèäà

Ï610 [6]. Îäíàêî êîðîòêèå (1,5 – 3 ì) êóñêè èñ-

ñëåäóåìûõ ÎÂ îáåñïå÷èâàþò ïðîïóñêàíèå 80 –

90 % ââåäåííîãî èçëó÷åíèÿ è èìåþò íîìèíàëü-

íóþ ÷èñëîâóþ àïåðòóðó 0,4, ÷òî ïîçâîëÿåò èñ-

ïîëüçîâàòü èõ â ëàçåðíîé ìåäèöèíå.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ïðîâåäåííûå èññëåäîâàíèÿ

ïîêàçàëè, ÷òî ìíîãîìîäîâûå ÎÂ ñ êâàðöåâîé

ñåðäöåâèíîé è ñâåòîîòðàæàþùåé îáîëî÷êîé èç

òåðìîïëàñòè÷íîãî ñîïîëèìåðà òåòðàôòîðýòèëåíà

ñ ýòèëåíîì õàðàêòåðèçóþòñÿ çíà÷èòåëüíûì áîêî-

âûì ðàññåÿíèåì ñâåòà ñâåòîîòðàæàþùåé îáîëî÷-

êîé. Èíòåíñèâíîñòü ðàññåÿíèÿ çàâèñèò îò óñëî-

âèé ââîäà èçëó÷åíèÿ (÷åì âûøå àïåðòóðà ââåäåí-

íîãî èçëó÷åíèÿ, òåì èíòåíñèâíåå ðàññåÿíèå).

Ïðè ýòîì äîëÿ ðàññåÿííîãî èçëó÷åíèÿ ìîæåò

ñîñòàâëÿòü ñóùåñòâåííóþ ÷àñòü ââåäåííîãî â ÎÂ

èçëó÷åíèÿ. Íåñìîòðÿ íà äîïîëíèòåëüíûå îïòè-

÷åñêèå ïîòåðè âñëåäñòâèå ðàññåÿíèÿ ñâåòîîòðà-

æàþùåé îáîëî÷êîé êîðîòêèå (1,5 – 3 ì) îòðåçêè

ìíîãîìîäîâûõ ÎÂ èìåþò âûñîêóþ ÷èñëîâóþ

àïåðòóðó (0,4) è îáåñïå÷èâàþò ïðîïóñêàíèå äî

90 % ââåäåííîãî èçëó÷åíèÿ.

Ôèíàíñèðîâàíèå

Ðàáîòà âûïîëíåíà â ðàìêàõ ãîñóäàðñòâåííîãî

çàäàíèÿ.
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Ðèñ. 5. Çàâèñèìîñòè èíòåíñèâíîñòè ðàññåÿííîãî îáîëî÷-

êîé èçëó÷åíèÿ J
s

îò ðàññòîÿíèÿ x ìåæäó âõîäíûì òîðöîì

ÎÂ è ìåñòîì ðåãèñòðàöèè èçëó÷åíèÿ (âäîëü îñè ÎÂ) äëÿ
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in

= 0,2 (1), 0,3 (2) è 0,42 (3) (ñêîðîñòü âûòÿæêè

V
d

= 2 ì/ìèí)

Fig. 5. Dependences of the intensity of radiation scattered

by the coating Js on the distance x between the input

endface and the site of radiation registration (along the OF

axis) for NAin = 0.2 (1), 0.3 (2), and 0.42 (3) (drawing speed

Vd = 2 m/min)
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Ðèñ. 4. Çàâèñèìîñòè èíòåíñèâíîñòè ðàññåÿííîãî îáîëî÷-

êîé èçëó÷åíèÿ J
s

îò âõîäíîé àïåðòóðû âîçáóæäàþùåãî

ëó÷à NA
in

äëÿ ÎÂ, ñôîðìèðîâàííûõ ïðè ñêîðîñòÿõ âû-

òÿæêè 1 (1), 3 (2) è 7 ì/ìèí (3)

Fig. 4. Dependences of the intensity of radiation scattered

by the coating Js on the input aperture of the excitatory

beam NAin for OF formed at different drawing speed 1 (1),

3 (2), and 7 m/min (3)
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