CHAPTER 44 – Elementary Particles



Note:	A useful expression for the energy of a photon in terms of its wavelength is

			E = hf = hc/l = (6.63 ´ 10–34 J · s)(3 ´ 108 m/s)(109 nm/m)/(1.60 ´ 10–19 J/eV)l;

			E = (1.24 ´ 103 eV · nm)/l = (1.24 ´ 10–12 MeV · m)/l.



1.	The total energy of the proton is

		E = K + mpc2 = 6.35 GeV + 0.938 GeV =      7.29 GeV.



2.	The total energy of the electron is

		E = K + mec2 = 35 GeV + 0.511 MeV = 35 GeV.

	Because the mass is negligible, the momentum is p = E/c.

	We find the wavelength from

		l 	= h/p = hc/E 

			= (1.24 ´ 10–12 MeV · m)/(35 GeV)(103 MeV/GeV) =      3.5 ´ 10–17 m.



3.	We find the magnetic field from the cyclotron frequency:

		f = qB/2pm;

		2.8 ´ 107 Hz = (1.60 ´ 10–19 C)B/2p(1.67 ´ 10–27 kg), which gives B =       1.8 T.



4.	Very-high-energy protons will have a speed v ˜ c.  Thus the time for one revolution is

		t = 2pr/v = 2p(1.0 ´ 103 m)/(3.00 ´ 108 m/s) = 2.1 ´ 10–5 s =      21 ms.



5.	The cyclotron frequency is

		f = qB/2pm;

	If we form the ratio for the two particles, we get

		f2/f1 = (q2/q1)(m1/m2);

		f2/(26 MHz) = (2)(1/4), which gives f2 =      13 MHz.



6.	(a)	The maximum kinetic energy is

			K = !mv2 = q2B2R2/2m. 

		If we form the ratio for the two particles, we get

			Ka/Kp = (qa/qp)2(mp/ma);

			Ka/(8.7 MeV) = (2)2(1/4) = 1, which gives Ka =      8.7 MeV.

		We find the speed from

			Ka = !mva2;

			(8.7 MeV)(1.60 ´ 10–13 J/MeV) = !(4)(1.67 ´ 10–27 kg)va2, which gives va =      2.0 ´ 107 m/s.

	(b)	For deuterons we get

			Kd/Kp = (qd/qp)2(mp/md);

			Kd/(8.7 MeV) = (1)2(1/2) = 1/2, which gives Kd =      4.3 MeV.

		We find the speed from

			Kd = !mvd2;

			(4.3 MeV)(1.60 ´ 10–13 J/MeV) = !(2)(1.67 ´ 10–27 kg)vd2, which gives vd =      2.0 ´ 107 m/s.

	Note that the a particle and the deuteron have the same q/m.

	(c)	The cyclotron frequency is

			f = qB/2pm;

		If we form the ratio for the two particles, we get

			fd/fa = (qd/qa)(ma/md) = (1/2)(4/2) = 1,

		so they require the same frequency.  We find the frequency from

			fd/fp = (qd/qp)(mp/md);

			fd/(26 MHz) = (1)(1/2), which gives fd = fa =      13 MHz.



7.	The size of a nucleon is

		d ˜ 2(1.2 ´ 10–15 m) = 2.4 ´ 10–15 m.

	Because 30 MeV « mc2, we find the momentum from

		K = p2/2m, so the wavelength is

		l = h/p = h/(2mK)1/2.

	For the a particle we have

		la 	= (6.63 ´ 10–34 J · s)/[2(4)(1.67 ´ 10–27 kg)(30 MeV)(1.60 ´ 10–13 J/MeV)]1/2 

			=      2.6 ´ 10–15 m ˜ size of nucleon.

	For the proton we have

		lp	= (6.63 ´ 10–34 J · s)/[2(1.67 ´ 10–27 kg)(30 MeV)(1.60 ´ 10–13 J/MeV)]1/2 

			=      5.2 ´ 10–15 m ˜ 2(size of nucleon).

	Thus the      a particle is better.



8.	The alternating frequency means the proton is accelerated by the voltage twice in each revolution.  The number of revolutions is

		n = E/2eV = (25 MeV)(103 keV/MeV)/2(1 e)(55 kV) =     2.3 ´ 102 rev.



9.	The total energy of the proton is

		E = K + mc2 = 900 GeV + 0.938 GeV = 900 GeV.

	Thus v ˜ c and the momentum is p = E/c.

	We find the wavelength from

		l 	= h/p = hc/E 

			= (1.24 ´ 10–12 MeV · m)/(900 GeV)(103 MeV/GeV) =      1.4 ´ 10–18 m.

	This is the minimum resolving distance, or the maximum resolving power.



10.	(a)	We find the magnetic field from the maximum kinetic energy:

			K = !mv2 = q2B2R2/2m;

			(10 MeV)(1.60 ´ 10–13 J/MeV) = (1.60 ´ 10–19 C)2B2(1.0 m)2/2(2)(1.67 ´ 10–27 kg), 

		which gives B =      0.65 T.

	(b)	The cyclotron frequency is

			f 	= qB/2pm

				= (1.60 ´ 10–19 C)(0.65 T)/2p(2)(1.67 ´ 10–27 kg) = 4.9 ´ 106 Hz =      4.9 MHz.

	(c)	The deuteron is accelerated by the voltage twice in each revolution.  The number of revolutions is

			n = K/2eV = (10 MeV)(103 keV/MeV)/2(1 e)(22 kV) = 227 rev =     2.3 ´ 102 rev.

	(d)	Because the time for each revolution is the same, we have

			t = nT = n/f = (227)/(4.9 ´ 106 Hz) = 4.6 ´ 10–5 s =      46 ms.

	(e)	If the initial speed is zero, after N revolutions the speed is given by

			!mvN2 = 2NeV, with !mvmax2 = 2neV = K,  or  vN = (4NeV/m)1/2 = vmax(N/n)1/2.

		Because each revolution takes the same time, the average speed is

			�

		Thus for the total distance we have

			d 	= vavt = %vmaxt = %(2K/m)1/2t  

				= %[2(10 MeV)(1.60 ´ 10–13 J/MeV)/(2)(1.67 ´ 10–27 kg)]1/2(4.6 ´ 10–5 s) 

				= 9.5 ´ 102 m =     0.95 km.













11.	The number of revolutions is

		n = ?E/2eV = (900 GeV – 8.0 GeV)(103 MeV/GeV)/(1 e)(2.5 MV) = 3.57 ´ 105 rev.

	The total distance traveled is

		d = n2pR = (3.57 ´ 105)2p(1.0 km) =      2.2 ´ 106 km.

	Very-high-energy protons will have a speed v ˜ c.  Thus the time is

		t = d/v = (2.2 ´ 109 m)/(3.00 ´ 108 m/s) =      7.5 s.



12.	Very-high-energy protons will have a speed v ˜ c.  Thus the time for one revolution is

		T = 2pR/v = 2p(1.0 ´ 103 m)/(3.00 ´ 108 m/s) = 2.09 ´ 10–5 s.

	The number of turns is

		n = t/T = (20 s)/(2.09 ´ 10–5 s) = 9.57 ´ 105 turns.

	We find the energy provided on each turn from

		?E/n = (900 GeV – 150 GeV)/(9.57 ´ 105 turns) = 7.8 ´ 10–4 GeV/turn =      0.78 MeV/turn.



13.	In the relativistic limit v ˜ c, and E = pc.    For Newton’s law we have

		F = dp/dt = d[m/(1 – v2/c2)1/2v]/dt = [m/(1 – v2/c2)1/2] dv/dt,

	because v is constant.  The magnetic field provides the radial acceleration:

		qvB = [m/(1 – v2/c2)1/2]v2/r,  or   

		B = [m/(1 – v2/c2)1/2]v/qr = p/qr = E/qrc.

	Thus the energy is

		E = qBrc.

	If the energy is in eV, the charge is 1 e, so we have

		E(eV) = Brc.



14.	Because the kinetic energy is much greater than the rest energy, E = pc and v ˜ c.  We use the result from Problem 13:

		E(eV) = Brc;

		900 GeV = 900 ´ 109 eV = B(1.0 ´ 103 m)(3.00 ´ 108 m/s), which gives B =       3.0 T.



15.	For the reaction p+ ® m+ + nm , we determine the Q-value:

		Q 	= [m(p+) – m(m+)]c2 

			= [(139.6 MeV/c2) – (105.7 MeV/c2)]c2 = 33.9 MeV.

	Thus      33.9 MeV      is released.



16.	For the reaction L0 ® n + p0, we determine the Q-value:

		Q 	= [m(L0) – m(n) – m(p0)]c2 

			= [(1115.7 MeV/c2) – (939.6 MeV/c2) – (135.0 MeV/c2)]c2 = 41.1 MeV.

	Thus      41.1 MeV      is released.



17.	The minimum energy must provide the rest energy of the pair:

		E = 2mnc2 = 2(939.6 MeV) = 1879 MeV =      1.879 GeV.



18.	We estimate the range from

		mc2 = hc/2pd;

		(497.7 MeV) = (1.24 ´ 10–12 MeV · m)/2pd, 

	which gives d = 4.0 ´ 10–16 m =      0.40 fm.



19.	Because two protons are present before and after the process, and the total momentum is zero, the minimum kinetic energy will produce all three particles at rest.  Thus the total initial kinetic energy must provide the rest energy of the p0 meson:

		2K = mp0c2 = 135 MeV, which gives K =      67.5 MeV.





20.	(a)	For the decay X0 ® S+ + p–, the conservation laws are

			Charge:  	 		0 = + 1 – 1;

			Energy (mass):		1314.9 MeV < 1189.4 MeV + 139.6 MeV;

		Thus this decay is      forbidden, energy is not conserved.

	(b)	For the decay W– ® S0 + p– + n, the conservation laws are

			Charge:  	 		– 1 = 0 – 1;

			Energy (mass):		1672.5 MeV > 1192.6 MeV + 139.6 MeV;

			Baryon number:	+ 1 = + 1 + 0 + 0;

			Lepton number:	0 ? 0 + 0 + 1.

		Thus this decay is      forbidden, lepton number is not conserved.

	(c)	For the decay S0 ® L0 + g + g, the conservation laws are

			Charge:  	 		0 = 0 + 0 + 0;

			Energy (mass):		1192.6 MeV > 1115.7 MeV + 0 + 0;

			Baryon number:	+ 1 =  + 1 + 0 + 0;

			Lepton number:	– 1 =  – 1 + 0 + 0.

		Thus this decay is      possible.



21.	If we use the average mass, we estimate the range from

		mc2 = hc/2pd;

		(85 GeV)(103 MeV/GeV) = (1.24 ´ 10–12 MeV · m)/2pd, 

	which gives d =      2.3 ´ 10–18 m.



22.	The energy of the two photons must be the rest energy of the proton and antiproton:

		2mpc2 = 2hf = 2hc/l;

		2(938.3 MeV/c2)c2 = 2(1.24 ´ 10–12 MeV · m)/l, which gives l =      1.32 ´ 10–15 m.



23.	(a)	For the reaction e– ® e– + g, the isolated electron is at rest.  For the photon, we have Eg = pg c.  

		For energy conservation we have

			mec2 = [(pec)2 + (mec2)2]1/2 + Eg .

		For momentum conservation we have

			0 = pe – pg .

		When we eliminate pe in the energy equation and rearrange, we have

			mec2 – Eg =  [Eg 2 + (mec2)2]1/2.

		When we square both sides, we have

			(mec2)2 + Eg2 – 2Eg mec2  = Eg 2 + (mec2)2, which gives Eg = 0.

		Thus no photon is emitted.

	(b)	For the photon exchange in Fig. 44–10, the photon exists for such a short time that the 

		      uncertainty principle allows energy to not be conserved       during the exchange.



24.	We assume the momentum of the electron-positron pair is zero.  The two photons must have opposite and equal momenta, therefore, equal energies.  

	The energy of the two photons must be the total energy of the pair:

		2(K + mec2) = 2hf = 2hc/l;

		2[(0.420 MeV) + (0.511 MeV/c2)c2] = 2(1.24 ´ 10–12 MeV · m)/l, 

	which gives l = 1.33 ´ 10–12 m =      1.33 ´ 10–3 nm.















25.	The total kinetic energy after the decay of the stationary p+ is the Q-value:

		Q 	= [m(p+) – m(e+) – m(n)]c2 

			= [(139.6 MeV/c2) – (0.511 MeV/c2) – 0]c2 = 139.1 MeV.

	For momentum conservation we have

		0 = pe – pn ,   or   (pn c)2 = (pec)2 = Ee2 – (mec2)2 = Ke2 + 2Kemec2.

	For energy conservation we have

		Q = Ke + pn c = Ke + pec,   or   (pec)2 = (Q – Ke)2 = Q2 – 2KeQ  + Ke2.

	When we combine this with the result from momentum conservation, we get

		Ke 	= Q2/2(Q + mec2)

			= (139.1 MeV)2/2(139.1 MeV + 0.511 MeV) =      69.3 MeV.



26.	The minimum initial kinetic energy of the neutron and proton must provide the rest energy of the 

	K+K– pair:

		Kp + Kn = 2mKc2 = 2(493.7 MeV) = 987.4 MeV.

	Because the neutron and proton have the same speed but different masses, they have slightly different kinetic energies:

		K = ({1/[1 – (v/c)2]1/2} – 1)mc2 µ m.

	Thus we have

		Kn/(Kp + Kn) = mn/(mp + mn);

		Kn/(987.4 MeV) = (939.6 MeV)/(938.3 MeV + 939.6 MeV), which gives Kn =      494.0  MeV;

		Kp/(Kp + Kn) = mp/(mp + mn);

		Kp/(987.4 MeV) = (938.3 MeV)/(938.3 MeV + 939.6 MeV), which gives Kp =      493.4  MeV.

	Note that we have ignored the small total momentum of the system.



27.	The total kinetic energy after the decay of the stationary X– is the Q-value:

		KL + Kp = Q 	= [m(X–) – m(L0) – m(p–)]c2 

						= [(1321.3 MeV/c2) – (1115.7 MeV/c2) – (139.6 MeV/c2)]c2 = 66.0 MeV.

	For energy conservation we have

		mXc2 = EL + Ep ,   or   Ep = mXc2 – EL .

	For momentum conservation we have

		0 = pp – pL ,   or   (pLc)2 = (ppc)2 = EL2 – (mLc2)2 = Ep2 – (mpc2)2 .

	When we combine this with the result from energy conservation, we get

		EL	= [(mXc2)2 + (mLc2)2 – (mpc2)2]/2mXc2

			= [(1321.3 MeV)2 + (1115.7 MeV)2 – (139.6 MeV)2]/2(1321.3 MeV) = 1124.3 MeV.

	For the kinetic energies we have

		KL = EL – mLc2 = 1124.3 MeV – 1115.7 MeV =      8.6 MeV;

		Kp = Q – KL = 66.0 MeV – 8.6 MeV =      57.4 MeV.



28.	     No,      because the kinetic energy of the incoming proton is less than the rest energy of the 

	p+ meson, which is 139.6 MeV.  

	The reaction is p + p ® p + n + p+.  The minimum initial kinetic energy produces the three particles moving together with the same speed, which we can consider to be a single particle with mass 

		M = mp + mn + mp .

	For energy conservation we have

		Ep + mpc2 = EM .

	For momentum conservation we have

		pp + 0 = pM ,   or   (ppc)2 = (pMc)2 = Ep2 – (mpc2)2 = EM2 – (Mc2)2 .

	When we combine this with the result from energy conservation, we get

		Ep 	= [(Mc2)2 – 2(mpc2)2]/2mpc2 = {[(mp + mn + mp)c2]2 – 2(mpc2)2}/2mpc2 

			= [(938.3 MeV + 939.6 MeV + 139.6 MeV)2 – 2(938.3 MeV)2]/2(938.3 MeV) = 1230.7 MeV.

	For the kinetic energy we have

		Kp = Ep – mpc2 = 1230.7 MeV – 938.3 MeV =      292.4 MeV.



29.	For the decay � , the electron will have maximum kinetic energy when the two neutrinos have the same momentum and move opposite to the direction of the electron.  

	For a neutrino En = pn c.  For energy conservation we have

		mmc2 = Ee + 2En ,   or   2En = Ee – mmc2.

	For momentum conservation we have

		0 = pe – 2pn ,   or   (2pn c)2 = 4En2 = (pec)2 = Ee2 – (mec2)2.

	When we combine this with the result from energy conservation, we get

		Ee	= [(mmc2)2 + (mec2)2]/2mmc2

			= [(105.7 MeV)2 + (0.511 MeV)2]/2(105.7 MeV) = 52.85 MeV.

	For the maximum kinetic energy we have

		Ke = Ee – mec2 = 52.85 MeV – 0.511 MeV =      52.3 MeV.



30.	From Fig. 44–14 we estimate the energy width as      140 MeV.

	We estimate the lifetime from

		?t = h/2p ?E = hc/2pc ?E = (1.24 ´ 10–12 MeV · m)/2p(3.00 ´ 108 m/s)(140 MeV) =     4.7 ´ 10–24 s.



31.	We estimate the lifetime from

		?t = h/2p ?E = hc/2pc ?E = (1.24 ´ 10–12 MeV · m)/2p(3.00 ´ 108 m/s)(0.088 MeV) =     7.5 ´ 10–21 s.



32.	We estimate the lifetime from

		?t = h/2p ?E = hc/2pc ?E = (1.24 ´ 10–12 MeV · m)/2p(3.00 ´ 108 m/s)(0.277 MeV) =     2.37 ´ 10–21 s.



33.	We find the energy width from the lifetime given in Table 44–2.

	(a)	For h0 we have

			?E 	= h/2p ?t = hc/2pc ?t 

				= (1.24 ´ 10–12 MeV · m)/2p(3.00 ´ 108 m/s)(5 ´ 10–19 s) = 1.3 ´ 10–3 MeV =     1.3 keV.

	(b)	For S0 we have

			?E 	= h/2p ?t = hc/2pc ?t 

				= (1.24 ´ 10–12 MeV · m)/2p(3.00 ´ 108 m/s)(7.4 ´ 10–20 s) = 8.9 ´ 10–3 MeV =     8.9 keV.



34.	(a)	For � we have

			Charge:  	 		– 1 = – @ – %;

			Spin:  	 			0 = + ! – !;

			Baryon number:		0 = + @ – @;

			Strangeness:		0 = 0 + 0;

			Charm:				0 = 0 + 0;

			Bottomness:		– 1 = – 1 + 0;

			Topness:			0 = 0 + 0.

	(b)	Because B+ is the antiparticle of B–, we have      �EMBED Word.Picture.8���.

		For B0, to make the charge zero, we need the antiquark with the same properties as �EMBED Word.Picture.8���, but with a 

		charge of + @.  Thus we have      �EMBED Word.Picture.8���.

		Because � is the antiparticle of B0, we have      �EMBED Word.Picture.8���.



















35.	(a)	For the neutron we must have charge, strangeness, charm, bottomness, and topness = 0.

		For the baryon number to be 1, we need three quarks:      n = d d u.

	(b)	For the antineutron we have      �EMBED Word.Picture.8���.

	(c)	For the L0 we must have charge, charm, bottomness, and topness = 0.  To get strangeness = – 1, we 

		need an s quark.  To get a baryon number of 1, we need three quarks.  To get a charge = 0, we have

			L0 = u d s.

	(d)	For the � we must have charge, charm, bottomness, and topness = 0.  To get strangeness = + 1, 

		we need an � quark.  To get a baryon number of – 1, we need three antiquarks.  To get a charge = 0, 

		we have      �EMBED Word.Picture.8���.



36.	(a)	For u u d we have charge +1, baryon number = + 1, while strangeness, charm, bottomness, and 

		topness = 0.  Thus we have      p.

	(b)	For  � we have charge = – 1, baryon number = – 1, strangeness = + 1, while charm, 

		bottomness, and topness = 0.  Thus we have      �EMBED Word.Picture.8���.

	(c)	For � we have charge = – 1, baryon number = 0, strangeness = – 1, while charm, bottomness, and 

		topness = 0.  Thus we have     K–.

	(d)	For � we have charge = – 1, baryon number = 0, strangeness = 0, while charm, bottomness, and 

		topness = 0.  Thus we have     p–.

	(e)	For � we have charge = – 1, baryon number = 0, strangeness = – 1, charm = – 1, while bottomness, 

		and topness = 0.  Thus we have     �EMBED Word.Picture.8���.



37.	For the D0 we have charge, baryon number, strangeness, bottomness, and topness = 0.  

	To get charm = + 1 we need the c quark.  To get baryon number = 0, we need an antiquark.  

	Thus we have       D0 = �EMBED Word.Picture.8���.





38.	For the � we have baryon number, bottomness, and topness = 0.  

	To get charm = + 1 we need the c quark.  To get baryon number = 0, we need an antiquark.  

	To get strangeness = + 1 we need the � quark. 

	Thus we have      �EMBED Word.Picture.8���.



39.	(a)										(b)	From Table 44–3 we see that the p0 could be 

�

				either � or �.  Actually it is a combination of 

				the two, but we will simplify the diagram by 

				assuming that one p0 is � and the other is �.  

�



	



















		We see that the exchanged particle is p+.





												We see that the exchanged particle is p.

												Note that high-energy  p �EMBED Word.Picture.8��� collisions 

												usually produce many particles.

�



40.	

























		We see that the exchanged particle is p0.



41.	The total energy of the proton is

		E = K + mc2 = 25 GeV + 0.938 GeV =      26 GeV.

	We find the momentum from

		(pc)2 = E2 – (mc2)2 = (26 GeV)2 – (0.938 GeV)2, which gives pc = 26 GeV.

	We find the wavelength from

		l 	= h/p = hc/pc

			= (1.24 ´ 10–12 MeV · m)/(26 GeV)(103 MeV/GeV) =       4.8 ´ 10–17 m.



42.	(a)	At the high energy of 900 GeV the speed of the protons ˜ c.  Thus the time for one proton to make 

		a revolution is

			T = 2pr/c = 2p(1.0 ´ 103 m)/(3.00 ´ 108 m/s) = 2.09 ´ 10–5 s.

		The current carried by the beam of N protons is

			I = Ne/T = (5 ´ 1013)(1.60 ´ 10–19 C)/(2.09 ´ 10–5 s) =      0.38 A.

	(b)	We find the speed of the car from

			K = !mv2;

			(5 ´ 1013)(900 GeV)(1.60 ´ 10–10 J/GeV) = !(1500 kg)v2, which gives v =      98 m/s      (350 km/h).



43.	Because 7.0 TeV » mpc2, we have

		K = E = pc.

	We use the result from Problem 13:

		E(eV) = Brc;

		(7.0 TeV)(1012 eV/TeV) = B(4.25 ´ 103 m)(3.00 ´ 108 m/s), which gives B =       5.5 T.



44.	(a)	We assume the momentum of the electron-positron pair is zero.  The released energy is

			E = 2mec2 = 2(0.511 MeV) =      1.022 MeV.

	(b)	We assume the momentum of the proton-antiproton pair is zero.  The released energy is

			E = 2mpc2 = 2(938.3 MeV) =      1876.6 MeV.





















45.	(a)	For the reaction p– + p ® K+ +  S–, the conservation laws are

			Charge:  	 		– 1 + 1 = + 1 – 1;		Spin:		0 + ! = 0 + !;

			Baryon number:		0 + 1 = 0 + 1;		Lepton number:	0 + 0 = 0 + 0;

			Strangeness:		0 + 0 = + 1 – 1.

		Thus the reaction is      possible, through the strong interaction.

	(b)	For the reaction p+ +  p ® K+ +  S+, the conservation laws are

			Charge:  	 		+ 1 + 1 = + 1 + 1;	Spin:		0 + ! = 0 + !;

			Baryon number:		0 + 1 = 0 + 1;		Lepton number:	0 + 0 = 0 + 0;

			Strangeness:		0 + 0 = + 1 – 1.

		Thus the reaction is      possible, through the strong interaction.

	(c)	For the reaction p– +  p ® L0 + K0 + p0, the conservation laws are

			Charge:  	 		– 1 + 1 = 0 + 0 + 0;	Spin:		0 + ! = ! + 0 + 0;

			Baryon number:		0 + 1 = + 1 + 0 + 0;	Lepton number:	0 + 0 = 0 + 0 + 0;

			Strangeness:		0 + 0 = – 1 + 1 + 0.

		Thus the reaction is      possible, through the strong interaction.

	(d)	For the reaction p+ + p ® S0 + p0, the conservation laws are

			Charge:  	 		+ 1 + 1 ? 0 + 0;

		Thus the reaction is      forbidden, charge is not conserved.

	(e)	For the reaction p– + p ® p + e– + � , the conservation laws are

			Charge:  	 		– 1 + 1 = + 1 – 1 + 0;	Spin:		0 + ! = ! + ! – !;

			Baryon number:		0 + 1 = + 1 + 0 + 0;	Lepton number:	0 + 0 = 0 + 1 – 1;

			Strangeness:		0 + 0 = 0 + 0 + 0.

		Thus the reaction is      possible, through the weak interaction.

	(f)	For the reaction p– + p ® K0 + p  + p0, the conservation laws are

			Charge:  	 		– 1 + 1 ? 0 + 1 + 0;

		Thus the reaction is      forbidden, charge is not conserved.

	(g)	For the reaction K– + p ® L0 + p0, the conservation laws are

			Charge:  	 		– 1 + 1 = 0 + 0;		Spin:		0 + ! = ! + 0;

			Baryon number:		0 + 1 = + 1 + 0;		Lepton number:	0 + 0 = 0 + 0;

			Strangeness:		– 1 + 0 = – 1 + 0.

		Thus the reaction is      possible, through the strong interaction.

	(h)	For the reaction K+ + n ® S+ + p0 + g , the conservation laws are

			Charge:  	 		+ 1 + 0 = + 1 + 0 + 0;	Spin:		0 + ! = – ! + 0 + 1;

			Baryon number:		0 + 1 = + 1 + 0 + 0;	Lepton number:	0 + 0 = 0 + 0 + 0.

			Strangeness:		+ 1 + 0 ? – 1 + 0 + 0.

		Thus the reaction is      forbidden, strangeness is not conserved.

	(i)	For the reaction K+ ® p0 + p0 + p+, the conservation laws are

			Charge:  	 		+ 1 = 0 + 0 + 1;		Spin:		0 = 0 + 0 + 0;

			Baryon number:		0 = 0 + 0 + 0;		Lepton number:	0 = 0 + 0 + 0;

			Strangeness:		+ 1 = 0 + 0 + 0.

		Thus the reaction is      possible, through the weak interaction.

	(j)	For the reaction p+ ® e+ + ne , the conservation laws are

			Charge:  	 		+ 1 = + 1 + 0;		Spin:		0 = ! – !;

			Baryon number:		0 = 0 + 0;		Lepton number:	0 = – 1 + 1;

			Strangeness:		0 = 0 + 0.

		Thus the reaction is      possible, through the weak interaction.















46.	(a)	For the decay L0 ® p + p–, the Q-value is

			Q 	= [m(L0) – m(p) – m(p–)]c2 

				= [(1115.7 MeV/c2) – (938.3 MeV/c2) – (139.6 MeV/c2)]c2 =      37.8 MeV.

	(b)	The total kinetic energy after the decay of the stationary L0 is the Q-value:

			Kp + Kp = Q = 37.8 MeV.

		For energy conservation we have

			mLc2 = Ep + Ep ,   or   Ep = mLc2 – Ep .

		For momentum conservation we have

			0 = pp – pp ,   or   (ppc)2 = (ppc)2 = Ep2 – (mpc2)2 = Ep2 – (mpc2)2.

		When we combine this with the result from energy conservation, we get

			Ep	= [(mLc2)2 + (mpc2)2 – (mpc2)2]/2mLc2

				= [(1115.7 MeV)2 + (938.3 MeV)2 – (139.6 MeV)2]/2(1115.7 MeV) = 943.7 MeV.

		For the kinetic energies we have

			Kp = Ep – mpc2 = 943.7 MeV – 938.3 MeV =      5.4 MeV;

			Kp = Q – Kp = 37.8 MeV – 5.4 MeV =      32.4 MeV.



47.	We estimate the energy from

		?x ˜ h/2p ?p = hc/2p ?pc = hc/2p ?E;

		10–18 m = (1.24 ´ 10–12 MeV · m)/2p ?E , which gives ?E = 2 ´ 105 MeV = 2 ´ 102 GeV.

	This is on the order of the 80 GeV rest energy of the W particles.



48.	For energy conservation we have

		mp–c2 + mpc2 = Ep0 + En = Ep0 + Kn + mnc2;

		139.6 MeV + 938.3 MeV = Ep0 + 0.60 MeV + 939.6 MeV, which gives Ep0 = 137.7 MeV.

	For momentum conservation we have

		0 = pp0 – pn ,   or   (pnc)2 = (pp0c)2 = En2 – (mnc2)2 = Ep02 – (mp0c2)2;

		(0.60 MeV + 939.6 MeV)2 – (939.6 MeV)2 = (137.7 MeV)2 – (mp0c2)2, 

	which gives mp0 =      133.5 MeV/c2.



49.	For the reaction p + p ® p + p + p0, the Q-value is

		Q 	= [2mp – 2mp – mp0]c2 = – mp0c2 =      – 135.0 MeV.

	For the reaction p + p ® p + n + p+, the Q-value is

		Q 	= [2mp – mp – mn – mp+]c2 = 938.3 MeV – 939.6 MeV – 139.6 MeV =      – 140.9 MeV.



50.	For the reaction p– + p ® L0 + K0, the Q-value is

		Q 	= [m(p–) + m(p) – m(L0) – m(K0)]c2 

			= [(139.6 MeV/c2) + (938.3 MeV/c2) – (1115.7 MeV/c2) – (497.7 MeV/c2)]c2 =      – 535.5 MeV.

	The minimum initial kinetic energy produces the two particles moving together with the same speed, which we can consider to be a single particle with mass 

		M = mL + mK .

	For energy conservation we have

		Ep + mpc2 = EM .

	For momentum conservation we have

		pp + 0 = pM ,   or   (ppc)2 = (pMc)2 = Ep2 – (mpc2)2 = EM2 – (Mc2)2 .

	When we combine this with the result from energy conservation, we get

		Ep 	= [(Mc2)2 – (mpc2)2 – (mpc2)2]/2mpc2 = [(mLc2 + mKc2)2 – (mpc2)2 – (mpc2)2]/2mpc2 

			= [(1115.7 MeV + 497.7 MeV)2 – (139.6 MeV)2 – (938.3 MeV)2]/2(938.3 MeV) = 907.6 MeV.

	For the threshold kinetic energy we have

		Kp = Ep – mpc2 = 907.6 MeV – 139.6 MeV =      768.0 MeV. 







51.	We consider the quarks and leptons as the fundamental fermions.  A water molecule consists of two hydrogen atoms and one oxygen atom, or 2 + 8 = 10 protons, 2 + 8 = 10 electrons, and 8 neutrons.  Each of the protons and neutrons is made up of three quarks, so the number of fundamental fermions is

		N = (10 + 8)(3) + 10 =      64.



52.	(a)	For the decay K0 ® p– + e+ + ne , the positron will have maximum kinetic energy when the pion 

		has no kinetic energy.  Note that the neutrino, with essentially zero mass, cannot have zero kinetic 

		energy.  The total kinetic energy after the decay of the stationary K0 is the Q-value:

			Ke + Kn = Q 	= [m(K0) – m(p–) – m(e+)]c2 

						= [(497.7 MeV/c2) – (139.6 MeV/c2) – (0.511 MeV/c2)]c2 = 357.6 MeV.

		For energy conservation we have

			mKc2 = mpc2 + Ee  + En ,   or   En  = (mKc2 – mpc2) – Ee .

		The positron and neutrino must move in opposite directions.  For momentum conservation we have

			0 = pe – pn ,   or   (pec)2 = Ee2 – (mec2)2 = (pnc)2 = En2.

		When we combine this with the result from energy conservation, we get

			Ee	= [(mKc2 – mpc2)2 + (mec2)2]/2(mKc2 – mpc2)

				= [(497.7 MeV – 139.6 MeV)2 + (0.511 MeV)2]/2(497.7 MeV – 139.6 MeV) = 179.1 MeV.

		For the kinetic energies we have

			Kn = En = (497.7 MeV – 139.6 MeV) – 179.1 MeV = 179.0 MeV;

			Ke = Q – Kn = 357.6 MeV – 179.0 MeV =      178.6 MeV.

		Alternatively, 

			Ke = Ee – mec2 = 179.1 MeV – 0.511 MeV = 178.6 MeV.

	(b)	For the decay K0 ® p– + e+ + ne , the pion will have maximum kinetic energy when the positron 

		has no kinetic energy.  Note that the neutrino, with essentially zero mass, cannot have zero kinetic 

		energy.  The total kinetic energy after the decay of the stationary K0 is the Q-value:

			Kp + Kn = Q 	= [m(K0) – m(p–) – m(e+)]c2 

							= [(497.7 MeV/c2) – (139.6 MeV/c2) – (0.511 MeV/c2)]c2 = 357.6 MeV.

		For energy conservation we have

			mKc2 = mec2 + Ep  + En ,   or   En  = (mKc2 – mec2) – Ep .

		The pion and neutrino must move in opposite directions.  For momentum conservation we have

			0 = pp – pn ,   or   (ppc)2 = Ep2 – (mpc2)2 = (pnc)2 = En2.

		When we combine this with the result from energy conservation, we get

			Ep	= [(mKc2 – mec2)2 + (mpc2)2]/2(mKc2 – mec2)

				= [(497.7 MeV – 0.511 MeV)2 + (139.6 MeV)2]/2(497.7 MeV – 0.511 MeV) = 268.2 MeV.

		For the kinetic energies we have

			Kn = En = (497.7 MeV – 0.511 MeV) – 268.2 MeV = 229.0 MeV;

			Kp = Q – Kn = 357.6 MeV – 229.0 MeV =      128.6 MeV.

		Alternatively, 

			Kp = Ep – mpc2 = 268.2 MeV – 139.6 MeV = 128.6 MeV.



53.	(a)	If the momentum is taken to be the minimum allowed by the uncertainty principle, we have

			E = pc = c ?p.

		Thus we estimate the energy from

			?x ˜ h/2p ?p = hc/2pc ?p = hc/2pE;

			10–30 m = (1.24 ´ 10–12 MeV · m)/2pE , which gives E = 2 ´ 1017 MeV = 2 ´ 1014 GeV.

	(b)	We find the temperature from

			E = kT;

			(2 ´ 1014 GeV)(1.60 ´ 10–10 J/GeV) = (1.38 ´ 10–23 J/K)T. which gives T ˜     1027 K.









54.	For the reaction p + p ® 3p + �  the Q-value is

		Q = [2mp – 4mp]c2 = – 2mpc2.

	The minimum initial kinetic energy produces the four particles moving together with the same speed, which we can consider to be a single particle with mass 

		M = 4mp .

	For energy conservation we have

		Ep + mpc2 = EM .

	For momentum conservation we have

		pp + 0 = pM ,   or   (ppc)2 = (pMc)2 = Ep2 – (mpc2)2 = EM2 – (Mc2)2.

	When we combine this with the result from energy conservation, we get

		Ep = [(Mc2)2 – 2(mpc2)2]/2mpc2 = [(4mpc2)2 – 2(mpc2)2]/2mpc2 = 7mpc2.

	For the threshold kinetic energy we have

		Kp = Ep – mpc2 = 7mpc2 – mpc2 = 6mpc2.

	This is three times the magnitude of the Q-value.



55.	We find the speed of the tau-lepton from its kinetic energy:

		K = {[1/(1 – v2/c2)1/2] – 1}mc2;

		450 MeV = {[1/(1 – v2/c2)1/2] – 1}(1777 MeV), which gives 1/(1 – v2/c2)1/2 = 1.25, and v = 0.603c.

	In the lab the lifetime of the tau-lepton will be dilated:

		?t = ?t0/(1 – v2/c2)1/2.

	Thus the length of the track will be

		?x = v ?t = (0.603)(3.00 ´ 108 m/s)(2.91 ´ 10–13 s)(1.25) =      6.58 ´ 10–5 m.



56.	For energy conservation of the particle’s decay, we have

		mPc2 = ED1 + ED2 = KD1 + mD1c2 + KD2 + mD2c2.

	The two decay fragments must move in opposite directions.  For momentum conservation we have

		0 = pD1 – pD2 ,   or   (pD1c)2 = (pD2c)2 = ED12 – (mD1c2)2 = ED22 – (mD2c2)2.

	When we use the result from energy conservation, we get 

		ED12 – (mD1c2)2 = (mPc2 – ED1)2 – (mD2c2)2, which gives

		ED1	= [(mPc2)2 + (mD1c2)2 – (mD2c2)2]/2mPc2.

	Thus the kinetic energy is

		KD1	= ED1 – mD1c2 = {[(mPc2)2 + (mD1c2)2 – (mD2c2)2]/2mPc2} – (2mPc2mD1c2/2mPc2) 

			= [(mPc2 – mD1c2)2 – (mD2c2)2]/2mPc2.



57.	From Table 44–2 we see that the p0 has charge = 0, B = 0, L = 0, and S = 0.  From Table 44–3 we see that the p0 could be either � or �.  Actually it is a combination of the two, but we will simplify the analysis by assuming the p0 is �.  Thus we can write the reaction as

		�EMBED Word.Picture.8��� + n ® p– + p0;

		�EMBED Word.Picture.8���.

	Thus we see the annihilation of a � pair.



58.	We find the speed of the proton from its kinetic energy:

		K = {[1/(1 – v2/c2)1/2] – 1}mc2;

		7.0 ´ 106 MeV = {[1/(1 – v2/c2)1/2] – 1}(938 MeV), which gives g = 1/(1 – v2/c2)1/2 = 7.46 ´ 103.

	This means the speed is very close to the speed of light.  If we rearrange and use the approximation 

	(1 – x)1/2 ˜ 1 – x/2, we get

		v/c = [1 – (1/g 2)]1/2 ˜ 1 – (1/2g 2) = 1 – [1/2(7.46 ´ 103)2], which gives      v/c = 1 – 9 ´ 10–9.
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